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ABSTRACT

Problem: Utility All-Terrain Vehicles (ATVs) are one major cause of youth injuries and fatalities on farms.
Utility ATVs have heavy weights and fast speeds that require complex maneuvering. Youth’s physical
capabilities may not be sufficient to perform those complex maneuvers correctly. Therefore, it is hypoth-
esized that most youth engage in ATV-related incidents because they ride vehicles unfit for them. There is
a need to assess ATV-youth fit based on youth anthropometry. Method: This study focused on evaluating
potential inconsistencies between the operational requirements of utility ATVs and the anthropometric
measures of youth through virtual simulations. Virtual simulations were performed to assess 11
youth-ATV fit guidelines proposed by several ATV safety advocacy organizations (National 4-H council,
CPSC, IPCH, and FReSH). In total, 17 utility ATVs along with male-and-female-youth of nine ages (8 to
16 years old) and three height percentiles (5th, 50th, and 95th) were evaluated. Results: The results
demonstrated a physical mismatch between ATVs’ operational requirements and youth’s anthropometry.
For example, male-youth aged 16 of the 95th height percentile failed to pass at least 1 out of the 11 fit
guidelines for 35 % of all vehicles evaluated. The results were even more concerning for females. Female
youth 10 years old and younger (from all height percentiles) failed to pass at least one fit guideline for all
ATVs evaluated. Discussion: Youth are not recommended to ride utility ATVs. Practical Applications: This
study provides quantitative and systematic evidence to modify current ATV safety guidelines.
Furthermore, youth occupational health professionals could use the present findings to prevent ATV-

related incidents in agricultural settings.
© 2022 The Authors. Published by the National Safety Council and Elsevier Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Problem

Chou, Khorsandi, Vougioukas, & Fathallah, 2022; House,
Schwebel, Mullins, Sutton, Swearingen, Bai, & Aitken, 2016). Due

The use of utility All-Terrain Vehicles (ATVs) as working machi-
nes adds a heavy burden to the American public health system
(Helmkamp, Marsh, & Aitken, 2011). According to data from the
2019 National Electronic Injury Surveillance System, over 95,000
emergency department (ED) visits were due to an ATV-related inci-
dent. Around 36.8 % of those ED visits involved youth younger than
18 years old, and 15.3 % of the incidents happened on farms or
ranches (Wiener, Waters, Harper, Shockey, & Bhandari, 2022).
Indeed, using utility ATVs in the farm setting is extremely danger-
ous for youth; ATVs are one of the most frequently cited causes of
incidents among farm youth (Hendricks & Hard, 2014; Weichelt &
Gorucu, 2018).

ATVs have three or four low-pressure tires, narrow wheelbase,
and high center of gravity (Ayers, Conger, Comer, & Troutt, 2018;
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to safety concerns, the production of three-wheelers ceased in
the United States in 1987 (Voreacos, 1987). Three-wheelers were
known to be even more prone to rollovers than four-wheeled ATVs
(David, 1998).

Utility ATVs and sport models (which include youth ATV mod-
els) have several design differences. Utility models have higher
ground clearance, stronger torque for hauling and towing, rear
and front racks for carrying loads or mounting equipment, a hitch
to pull implements, and heavyer weights (Khorsandi et al., 2021).
Accordingly, utility ATVs are more suitable and more commonly
used for tasks in agricultural settings. Therefore, in this study, agri-
cultural ATVs are defined as utility ATVs used on farms and
ranches.

Agricultural ATVs have heavy weights and fast speeds that
require complex maneuvering. Youth’s physical capabilities may
not be sufficient to perform those complex maneuvers correctly.
In fact, many studies have shown that youth are more vulnerable
to injuries than adults because of their less developed physical
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Nomenclature

Name  Abbreviation

4-Wheel-Drive 4WD

All-terrain vehicle ATV

American Academy of Pediatrics AAP
American National Standards Institute ANSI
ATV Safety Institute ASI

Cohen’s Kappa Coefficient K
Computer-Aided Design CAD

Crush Protection Device CPD

Cubic Capacity cc

Department of Trade Industry DTI

Electric Power Steering EPS

Emergency Department ED

Farm and Ranch eXtension in Safety and Health FReSH
General Accounting Office GAO

Intermountain Primary Children’s Hospital IPCH

Loss of Control Event LCE

National 4-H Council N4-HC

National Children’s Center for Rural and Agricultural Health and

Safety NCCRAHS
Safe  Tractor

gram NSTMOP

Seat Reference Point SRP

Specialty Vehicle Institute of America SVIA

Three-dimensional 3-D

U.S. Consumer Product Safety Commission CPSC

Virtual Reality VR

National and Machinery Operation Pro-

capabilities and psychological and behavioral characteristics
(Brison et al., 2006; Hard & Myers, 2006; Hendricks, Myers,
Layne, & Goldcamp, 2005; Marlenga, Pickett, & Berg, 2001;
Pollack-Nelson, Vredenburgh, Zackowitz, Kalsher, & Miller, 2017;
Reed, Ebert-Hamilton, Manary, Klinich, & Schneider, 2005; Serre
et al.,, 2010; Towner & Mytton, 2009), which likely affect their abil-
ity to safely operate agricultural vehicles (Bernard et al., 2010;
Chang, Fathallah, Pickett, Miller, & Marlenga, 2010; Fathallah,
Chang, Berg, Pickett, & Marlenga, 2008; Fathallah, Chang, Pickett,
& Marlenga, 2009). Furthermore, previous studies have shown that
ATV-rider misfit is another important risk factor (Bernard et al.,
2010; Jennissen, Miller, Tang, & Denning, 2014).

Despite compelling evidence showing that utility ATVs are
unsuitable for youth, the most popular guidelines for ATV-youth
fit disregard the rider’s physical capabilities. Instead, those recom-
mendations are based on the rider’s age (Academy, 2018), vehicle’s
maximum speed (ANSI/SVIA, 2017), vehicle’s engine size (CPSC,
2006), or farm machinery training certificate (Garvey, Murphy,
Yoder, & Hilton, 2008). For instance, youth as young as 14 can oper-
ate utility ATVs while employed on non-family-owned farms if
they receive training through an accredited farm machinery safety
program, such as the National Safe Tractor and Machinery Opera-
tion Program (NSTMOP) (Garvey et al., 2008). The NSTMOP training
includes tractor and ATV education, where students must pass a
written knowledge exam and a functional skills test to receive a
certificate (Murphy, 2020). Nevertheless, programs such as the
NSTMOP lack appropriate coverage of specific ATV-related sub-
jects, such as active riding and physical matches of ATVs and youth.

If the ATV is not fit to the rider, they will likely be unable to
properly operate the ATV’s controls, which increases their chance
of incidents and consequently may lead to injuries and fatalities.
In addition, the traditional guidelines adopted to fit ATVs for youth
are inconsistent in evaluating their preparedness to ride. The sug-
gested fitting criteria are subject to variances in state law and lack
scientifically-based evidence. While some recommendations based
upon the riders’ physical capabilities exist (CPSC, 2006; FReSH,
2012; IPCH, 2018; National 4-H Council, 2005), the adoption of
these recommendations has not gained attention because they
are not comprehensive and lack quantitative and systematic data.

Recommendations based on riders’ physical capabilities appear
to provide a better foundation to determine if the machine is suit-
able for the rider (Bernard et al., 2010). Therefore, there is a need to
evaluate youth-ATV fit based on the riders’ physical capabilities
(e.g., anthropometry, strength, and field of vision).

Since 95 % of all ATV-related fatalities involving youth between
1985 and 2009 included agricultural ATVs (Denning, Harland, &
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Jennissen, 2014), the purpose of this study is to evaluate the mis-
matches between the operational requirements of utility ATVs
and the anthropometric characteristics of youth.

It has been hypothesized that youth are mainly involved in ATV
incidents because they ride vehicles unfit for them. This study eval-
uated ergonomic inconsistencies between youth’s anthropometric
measures and utility ATVs’ operational requirements. The ability of
youth to safely operate ATVs was evaluated through computer
simulations that comprised 11 fit criteria and male-and-female
youth of varying ages (8-16years old) and height percentiles
(5th, 50th, and 95th) operating 17 utility ATV models.

2. Methods

Youth-ATV fit was analyzed through virtual simulations and
was carried out in five steps. First, 11 guidelines were identified
for the fit of youth and ATVs. The second step consisted of identi-
fying a database containing anthropometric measures of youth of
various ages (8-16 years old), genders (males and females), and
height percentiles (5th, 50th, and 95th). The third step consisted
of collecting the dimensions of 17 ATV models to create a three-
dimensional (3-D) representation of them. The fourth step con-
sisted of using SAMMIE CAD (SAMMIE CAD Inc., Leics., UK) and
Matlab (Matlab, v2021a; Mathworks, Natick, MA) to evaluate if
the youth’s anthropometric measures conform to the guidelines
identified in step one. Lastly, the results of the virtual simulations
were validated in field tests with actual riders and ATVs.

2.1. Fit criteria

The fit criteria provide movement-restraint thresholds that
check if the rider can safely reach all controls and perform active
riding, which requires the operator to shift their center of gravity
to maintain the vehicle’s stability, especially when turning or trav-
eling on slopes (Thorbole, Aitken, Graham, Miller, & Mullins, 2012).
Maintaining a correct posture is essential because, otherwise, the
rider’s ability to control the vehicle is compromised, which puts
them and potential bystanders at risk.

The reach criteria considered in this study were selected based
on the recommendations of the following institutions: (a) National
4-H Council (2005), (b) U.S. Consumer Product Safety Commission
(CPSC) (2006), (c) Intermountain Primary Children’s Hospital
(IPCH) (2018), and (d) Farm and Ranch eXtension in Safety and
Health (FReSH) Community of Practice (2012). Disregarding over-
laps, these guidelines consisted of 11 anthropometric measures
of fit, which are presented in Table 1.
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ATV-rider fit criteria.
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ID Criterion Institution(s) “Fit success” and reasoning for each criterion
1 Handlebar-knee National 4-H Handlebar-knee distance > 200 mm. This is necessary to ensure the rider can reach the
distance Council, CPSC handlebar and steer around obstacles.
2 Hand size compared to National 4-H With hand placed in the normal operating position and fingers straight out, the first joint from
ATV handlebar reach Council, IPCH the tip of the middle finger extends beyond the brake lever. This is important to guarantee that
the rider can activate the brake lever.
3 Brake-foot position National 4-H Distance from the “ball” of the foot (at its most rearward position in the ATV’s foot well) to the
Council brake pedal divided by the length of the foot < 105 %. A disproportional rate indicates a risk for
) ineffective foot-brake operation.
4 Standing-seat clearance National 4-H Clearance zone between rider’s crotch and ATV seat > 150 mm. This is important to guarantee
Council, CPSC, that the rider can rise the torso up from the ATV seat to maintain balance and avoid distracting
| FReSH longitudinal torso impacts that occur while traversing rough terrains.
5 Elbow angle National 4-H A narrow elbow angle (<90°) indicates excessive arm flexion, while an angle too wide (>135°)
Council, IPCH indicates the arms are excessively straight due to the grips being too far apart, which forces
the rider to lean the torso to the outside of the turn to achieve an adequate range of handlebar
turning
6  Upper leg National 4-H Upper leg within 10° of parallel to the ground. An upper leg too far off from parallel to the
Council ground can compromise the rider’s ability to activate the foot brake and keep balance.
7 Angle of lean from CPSC Angle of lean from vertical < 30°. This is important to guarantee a correct posture while riding
vertical the ATV. Leaning forward significantly over the handlebars to steer when raised off the seat,
can shift the system’s center of gravity, increasing the likelihood of the ATV tipping forward.
8 Control reach CPSC Riders must be able to reach all ATV controls while seated upright.
9  Footrest reach CPSC Riders must keep their feet firmly on the footrests when not activating the foot-brakes. This is
- important to ensure the rider can maintain balance and not lose control of the ATV.
10 Knee angle CPSC Knee angle at least 45° while sitting and with the feet flat on the footrest. An angle wider than
o 45¢ indicates a risk for ineffective foot-brake operation.
11 Control grip CPSC, FReSH Riders must keep a grip on the handlebar and maintain throttle and brake control when

turning the handlebar from lock to lock position. This is especially important while performing
a sharp turn or a swerve.

2.2. Human mockups

Human mockups were developed in SAMMIE CAD. This com-
puter program allows users to create customized virtual humans
based on eight anthropometric dimensions, as shown in Fig. 1a.
In total, 54 youth mockups were created, a combination of two
genders, nine ages (8-16), and three body size percentiles in height
(5th, 50th, and 95th). The age range was selected because most
youth start operating farm machinery at 8 years old (Marlenga
et al., 2001), and most ATV-related crashes occur with riders
younger than 16 years old (Denning et al., 2014). Two adult mock-
ups (male and female of the 50th body-size percentile) were also
created to establish a baseline for comparisons. The anthropomet-
ric measures used as input to SAMMIE CAD were retrieved from
the database of Snyder et al. (1977), which includes measurements
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from 3,900 subjects from 2 to 18 years of age for both genders. The
adopted anthropometric measures were based on the mean values
of groups of subjects with the same age, gender, and height.

One of the required inputs (seated shoulder height) was not
available in the database used for this study. Therefore, the missing
input was computed using the available data. The seated shoulder
height was calculated by subtracting the head and neck length
from the seated height (Fig. 1b).

2.3. ATV mockups

In total, 17 utility ATV models were evaluated. Selected models
consisted of vehicles of varying engine sizes (200-700 cc) from the
most common ATV manufacturers on U.S. farms (Apollo, Arctic Cat,
CF Moto, Honda, Polaris, and Yamaha). General descriptive vari-
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Fig. 1. SAMMIE CAD human creation. (a) Selected input variables (source: SAMMIE CAD Inc.); (b) Interpolation of missing variable (seated shoulder height) - Adapted from

Snyder et al. (1977).

ables such as manufacturer, model, series, engine capacity (cc),
drive terrain (4 W/2W), transmission, and suspension type were
recorded.

ATV mockups were developed based on the spatial coordinates
(X, Y, Z) of selected ATV features (e.g., ATV seat, chassis, handle-
bars, footrests, and controls). An original attempt to record spatial
coordinates of ATV features consisted of using Photogrammetry, a
technique in which several pictures of an object are taken from
various angles and then processed to create a 3-D model. Never-
theless, this technique proved inefficient, as initial trials were
time-consuming, and the results had unsatisfactory accuracy. A
second attempt consisted of using a virtual reality (VR) tracking
system. This alternative proved fast to implement with excellent
accuracy (+x1 mm); hence, this technique was selected and pre-
sented in the following section.

2.3.1. Data acquisition

The VR tracking system (Vive - HTC Corporation, China) utilized
in this experiment consisted of two controllers and two infrared
laser emitter units (lighthouses). The system allows the user to
move in 3-D space and use motion-tracked handheld controllers
to interact with the environment. The system uses the lighthouses
to shoot horizontal and vertical infrared laser sweeps that are
detected by photodiodes positioned in the surrounding of the con-
troller’s surface (Niehorster, Li, & Lappe, 2017). The position and
orientation of the controllers are calculated by the difference in
time at which each photodiode is hit by the laser (Kreylos, 2016).
By placing the controller over selected vertices of ATV features, it
was possible to record their spatial coordinates, which allowed
the development of the 3-D ATV mockups.

A custom program was developed to calibrate the system, log,
and manipulate data. This program was initially retrieved from
Kreylos (2016) and then modified to meet the specific needs of
the present study. The software runs in Linux operating systems
and has several functionalities that are useful to the user. Examples
of these functionalities are a 3-D grid, which allows for real-time
visualization of labeled points, and a measuring tool (to verify
the measurement scale).

A probe was custom-manufactured and attached to the con-
trollers to ease the calibration process and data collection. The
probe was made of metal and had a rounded tip, which made it
wear-resistant and prevented it from damaging the ATVs. The
measurements were collected inside a tent covered by a white
rooftop that reduces the interference of solar rays in the communi-
cation between the lighthouses and the photodiodes in the con-
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trollers. In total, 38 points were collected per ATV. The points
were selected aiming to get an efficient representation of all
selected ATV controls (hand brake lever, foot brake pedal, steering
handlebar, throttle lever, hand gearshift lever, and foot gearshift
pedal) and additional features that were used to assist the virtual
simulations, such as the seat and the footrests. After data filtering,
the data were processed in SAMMIE CAD for a 3-D representation
of the evaluated vehicle, as shown in Fig. 2.

2.4. Data analysis

ATV-rider fit was evaluated through SAMMIE CAD and Matlab.
Fit criteria 4, 5, 6, 7, 8,9, and 10 (Table 1) were evaluated in SAM-
MIE CAD because their assessment involved complex interactions
between riders and ATVs, such as measuring the angle of the rider’s
knee while riding. SAMMIE CAD provides a 3-D environment and
full control of human mockups, which makes it possible to evalu-
ate those complex interactions. The simulations performed in
SAMMIECAD consisted of: (1) creating 3-D human mockups; (2)
creating 3-D ATV mockups; and (3) integrating (1) and (2) in the
virtual environment to simulate their interaction. For each simula-
tion, the correct reach posture was achieved by positioning the
human limbs according to the specific task’s requirement. For
example, a seated position was adopted when evaluating fit crite-
rion 10 (knee angle), as shown in Fig. 3a. On the other hand, a
standing straddling posture was selected when evaluating fit crite-
rion 4 (clearance zone between the rider’s crotch and ATV seat), as
shown in Fig. 3b.

Some criteria involve the youth reaching a specific control (e.g.,
criteria 5, 7, 8, and 9). The feature “Reach” under the “Human”
menu on SAMMIE CAD was used to evaluate the ability of the
youth mockups to reach the selected controls. The “Reach” was
set as “Absolute,” and “Object Point” was set as “Control.” When
the selected control could be successfully reached, the software
would display an animation of the human limb reaching the
desired object (the rider was assigned a score of 1 — meaning that
they fulfilled the requirements of that criterion). On the other
hand, if the control was out of reach, SAMMIE CAD would show
an error window and display the required distance for the human
limb to reach the desired control (the rider was assigned a score of
0 - meaning that they failed to pass that specific criterion).

Simulations involving buttons and levers were performed with
the fingertip of the index finger or the thumb, accordingly. Simula-
tions involving levers or the handlebars were performed with
palm-grip-hand postures. All controls on the right side of the
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(a)

(b)

Fig. 2. 3-D representation of ATV mock-ups. (a) Fully assembled model - for visualization purposes only; (b) Example of a 3-D ATV mock-up used for the virtual simulations

in SAMMIE CAD.

(@)

ATV were simulated with the right hand/foot, and all controls on
the left side of the ATV were simulated with the left hand/foot.
Specific controls that required using both hands, such as the han-
dlebars, were simulated with both hands.

Criteria 1, 2, 3, and 11 were evaluated through Matlab because
their assessment required the computation of simpler calculations,
such as the distance between the rider’s knee and the ATV’s han-
dlebars. Matlab also provided the ability to automate the calcula-
tions for a more efficient data analysis. A code was generated
based on conditional statements to assess whether riders’ anthro-
pometric measures conformed to the constraints imposed by the
ATV design. For instance, when evaluating criterion 1, the distance
between the ATV footrests and the handlebars minus the rider’s
knee height must be greater than 200 mm (Table 1).

For each reach criterion, riders received a binary score (1 if the
rider fulfilled the requirements of that criterion; and 0 otherwise).
Riders with a total score of 11 (adequate reach for all evaluated cri-
teria) were classified as “capable of riding the ATV.” On the other

357

(b)

Fig. 3. Different reach postures. (a) Seated posture (9 yr. old — 5th percentile boy); (b) Standing straddling posture (16 yr. old - 95th percentile boy).

hand, riders with a total score below 11 (inadequate reach of at
least one or more criteria) were classified as “not capable of riding
the ATV.”

2.5. Validation

In order to validate the results of the virtual simulations, an
experiment including three adults (two males and one female)
and one study ATV (model Yamaha Grizzly EPS — 700) was carried
out. Each subject had completed an ATV safety riding course prior
to the experiment and was awarded a certificate from the ATV
Safety Institute (ATV-Safety-Institute, 2009). The capability of the
subjects to fulfill each fit criterion was evaluated and recorded.
For the field tests, a measuring tape graduated in mm was used
to measure distances and a digital angle finder (General Tools &
Instruments LLC., New York, NY, USA) to measure angles. To assist
in some of the angle measurements, a straight edge 48" ruler
(model J48EM, Johnson level & Tool, Mequon, WI, USA) and a mag-
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netic level (model 7500 M, Johnson level & Tool, Mequon, WI, USA)
were used.

The anthropometric measures of the subjects were taken with a
body-measuring tape and then used as input in SAMMIE CAD to
create 3-D mockups. The results observed in the experimental set-
ting were then compared to those observed in the virtual simula-
tions through the Cohen’s Kappa coefficient (K) (Landis & Koch,
1977), which is a statistic widely used to measure inter-rater reli-
ability for qualitative (categorical) items (McHugh, 2012). A Z-test
(o0 =0.05) was performed to evaluate whether the value of K was
statistically different than zero, which would imply that the virtual
simulations are reasonable.

3. Results

Seventeen ATV models were evaluated from eight different
manufacturers. Engine capacity ranged from 174-686 cc, with
most vehicles in 100-400 cc (35 %). Moreover, 58 % of the ATVs
evaluated included electric power steering (EPS), 4 wheel-drive
(58 %), solid suspension (88 %), and manual transmission (48 %).

Findings of individual reach criteria for the ATV models are pre-
sented in Tables 2 and 3, for males and females, respectively. The
last column of those tables (Total) represents the percent of obser-
vations for which riders scored 11 points (i.e., they fulfilled the
requirements of all 11 fit guidelines). Criterion 1 (Handlebar-
knee distance) seemed difficult for 16-year-old-males of the 95th
body-size percentile. This result may be attributed to the height
of these subjects, which decreases the gap between their knee
and the handlebars (Bernard et al., 2010).

Journal of Safety Research 84 (2023) 353-363

Unlike criterion 1, criterion 2 (hand size compared to ATV han-
dlebar reach) did not present any difficulty for the virtual youth
(Tables 2 and 3). Indeed, virtual subjects of all ages, body-size per-
centiles, and genders succeeded in this criterion for all (100 %)
evaluated vehicles.

Criteria 3, 4, 6, 7, 8,9, 10, and 11 all presented a similar trend
where young riders do not conform well to these criteria, but older
riders do (Tables 2 and 3). The contrast in success rate among sub-
jects of different ages and height percentiles are likely also attrib-
uted to the variations in height among the subjects. For example,
virtual 8-year-old-female riders of the 95th percentile did not pass
criterion 5 for any of the evaluated ATVs. In contrast, their 16-year-
old-counterpart passed the same criterion for 75 % of the evaluated
ATVs (Table 3), a surprising difference of 75 %.

The results from Tables 2 and 3 indicate that 8-year-old youth
would probably not be able to control utility vehicles when
traversing rough or uneven terrains (Criterion 4 - Standing seat
clearance). This finding likely explains the fact that youth are more
subject to loss of control events (LCEs) than adults (McBain-Rigg,
Franklin, McDonald, & Knight, 2014).

The results of the simulations related to Criterion 7 (Angle of
lean from vertical) indicated that youth 9 years old and younger
are more likely to lean forward over 30° (safety threshold) when
raised off the seat to reach the handlebars of agricultural ATVs.
As a result, the center of gravity of the ATV can shift forward, thus
increasing the chances of a tip over.

Lastly, some results of the simulations related to Criterion 5 (el-
bow angle) were concerning. Males up to 11 years old and females
up to 13 of the 50th percentile passed this criterion for less than
50 % of the evaluated ATVs.

Table 2
Percent of observations (n = 17) for which reach criteria did not limit adult-sized ATV usage by males of various ages and percentiles.
Age Percentile Criteria
e e = = y ‘:’ L. \
Y W e £ i Y ;ﬁ;
s LN el v T
1 2 3 4 5 9 10 11 Total
8 5th 94 100 65 25 0 1] 0 6 0
50th 94 100 77 33 0 8 8 12 0
95th 94 100 94 67 0 8 8 35 0
9 5th 94 100 77 50 0 0] 0 12 0
50th 94 100 94 83 0 8 8 29 0
95th 94 100 94 92 8 50 50 411 8
10 5th 94 100 77 42 0 8 8 12 0
50th 94 100 94 92 8 25 25 35 8
95th 94 100 94 100 8 58 58 65 8
11 5th 94 100 94 92 0 8 92 100 8 8 29 0
50th 94 100 94 100 8 50 92 100 50 50 41 8
95th 94 100 94 100 8 58 92 100 58 58 71 8
12 5th 94 100 94 92 8 42 92 100 42 42 41 8
50th 94 100 94 100 33 58 92 100 58 58 65 29
95th 88 100 94 100 58 92 92 100 92 92 88 47
13 5th 94 100 94 100 8 50 92 100 50 50 35 8
50th 94 100 94 100 42 92 92 100 92 92 71 42
95th 82 100 94 100 67 92 92 100 92 92 88 47
14 5th 94 100 94 100 33 58 92 100 58 58 71 33
50th 94 100 94 100 58 92 92 100 92 92 88 53
95th 82 100 94 100 92 92 92 100 92 92 88 53
15 5th 94 100 94 100 42 58 92 100 58 58 71 41
50th 88 100 94 100 83 92 92 100 92 92 88 59
95th 82 100 94 100 100 100 92 100 100 100 88 65
16 5th 88 100 94 100 67 92 100 100 92 92 88 59
50th 82 100 94 100 92 92 100 100 92 92 88 59
95th 71 100 94 100 92 100 100 100 100 100 88 65
Adult 50th 82 100 94 100 100 92 100 100 92 92 88 65
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Table 3
Percent of observations (n = 17) for which reach criteria did not limit adult-sized ATV usage by females of various ages and percentiles.
Age Percentile Criteria
r P A 8
(_'}I 3 UL ) /
1 2 3 4 5 6 7 8 9 10 11 Total
8 5th 94 100 53 17 0 0 8 8 0 0 6 0
50th 94 100 77 25 0 0 25 25 0 0 12 0
95th 94 100 94 75 0 8 83 83 8 8 12 0
9 5th 94 100 77 42 0 0 58 58 0 0 12 0
50th 94 100 88 75 0 8 83 83 8 8 12 0
95th 94 100 94 83 0 33 92 92 33 33 41 0
10 5th 94 100 82 58 0 0 67 67 0 0 12 0
50th 94 100 94 75 0 25 92 92 25 25 35 0
95th 94 100 94 100 25 67 100 100 67 67 65 24
11 5th 94 100 88 75 0 8 100 100 8 8 18 0
50th 94 100 94 92 8 42 100 100 42 42 41 8
95th 94 100 94 100 25 75 100 100 75 75 77 25
12 5th 94 100 94 83 0 33 100 100 33 33 29 0
50th 94 100 94 100 17 58 100 100 58 58 65 17
95th 94 100 94 100 67 92 100 100 92 92 88 65
13 5th 94 100 94 92 8 33 100 100 33 33 41 8
50th 94 100 94 100 25 67 100 100 67 67 77 25
95th 88 100 94 100 67 92 100 100 92 92 88 59
14 5th 94 100 94 92 17 33 100 100 33 33 65 17
50th 94 100 94 100 58 83 100 100 83 83 77 53
95th 88 100 94 100 67 92 100 100 92 92 88 59
15 5th 94 100 94 100 33 58 100 100 58 58 71 33
50th 94 100 94 100 67 92 100 100 92 92 88 65
95th 82 100 94 100 75 92 100 100 92 92 88 59
16 5th 94 100 94 100 25 67 100 100 67 67 77 25
50th 94 100 94 100 67 83 100 100 83 83 88 59
95th 82 100 94 100 75 92 100 100 92 92 88 59
Adult 50th 94 100 94 100 67 75 100 100 75 75 77 59
The percent of ATVs in which riders passed all criteria is pre- less than 60 % of the evaluated vehicles. That number decreases
sented in Fig. 4. The main finding is that certain youth should sharply for younger youth or youth of the same age but smaller
not ride most utility ATVs. For instance, the average (50th per- height percentile. A similar trend was also observed for female
centile) male operator aged 16 passed all 11 safety criteria for operators.
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Fig. 4. Percent of observations for which riders passed all 11 fit criteria. (a) Males and (b) Females.
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3.1. Validation

The results of the validation tests are presented in Table 4 and
summarized in a confusion matrix (Table 5). In the confusion
matrix, the outcome of the test (pass/no pass) is labeled in both
horizontal and vertical axes. The horizontal axis represents the
number of outcomes predicted by the virtual simulations, and
the vertical axis represents the ground truth data (field experi-
ments). The results of the virtual simulations were very close to
those of the field tests, with a total accuracy of 88 %.

The Z-test determined that the Cohen’s Kappa coefficient
(K'=0.45) was significantly greater than zero (p = 0.036), indicating
that the virtual simulations are reasonable. This approach to eval-
uate ergonomic inconsistencies between youth’s anthropometry
and the operational requirements of ATVs proved to be an effective
and accurate technique.

Not all results of the virtual simulations matched those of the
field tests. One unexpected result is related to criterion 6 (upper
leg angle). It was observed that the mean angle between the riders’
upper leg and the horizontal plane (parallel to the ground) was
16.7°, slightly above the recommended threshold (10°). Similarly,
two subjects failed to pass criterion 5 (elbow angle) in the actual
field tests but passed it in the virtual simulation.

During the field tests, riders were asked to sit comfortably as if
they were just about to start riding the ATV. We argue that it
would be possible for riders to adjust their way of sitting so they
would pass both fit criteria; however, it would not result in the
most ergonomic posture from the rider’s standpoint. On the other
hand, in the virtual simulations, our ultimate goal was to place the
3-D subjects’ mockups to physically conform to the proposed fit
criteria. Thus, it was impossible to predict whether the final
adopted postures in the simulations would match those selected
by the riders in the validation tests. Therefore, we argue that
despite some outcomes of the virtual simulations did not match
those of the field tests, the results of the virtual simulations are still
reasonable. One just has to be cognizant that the outcomes of the
virtual simulations represent a hypothetical scenario where the
rider is able to attain a posture based on their anthropometric mea-
sures relative to the ATV, not on their preferences.

5. Discussion

This study evaluated limitations in youth’s anthropometric
dimensions when riding commonly used ATVs. Using a combina-
tion of actual field measurements and a novel digital simulation
approach, the present study evaluated 11 ATV fit criteria for youth.
The major finding was that youth are not recommended to ride
adult-sized ATV models, which is a common practice in the United
States (Bernard et al., 2010; Office (GAO), 2010; Jennissen et al.,

Table 4
Validation tests separated by subject and specific fit criterion.
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Table 5
Confusion matrix based on the validation tests.
Actual outcome (field tests) Pass No Pass
Pass 27 0
No pass 4 2

Predicted outcome
(virtual simulations)

2014). This finding raises serious concern regarding youth'’s ability
to ride ATVs, especially when unsupervised.

5.1. Limitations of youth

The present findings outlined that some youth are too small,
which makes them incapable of properly reaching the vehicle’s
hand/foot brakes, resting their feet on the footrests, or having to
lean forward beyond 30° to reach the handlebars when rising off
the seat. Failing to activate the ATV brakes limits the youth’s ability
to reduce the speed or to stop the vehicle, which likely prevents
them from avoiding unexpected hazards, such as obstacles or
bystanders (Fathallah et al., 2008). In fact, previous research has
shown that a significant number of ATV incidents include hitting
a stationary object (Balthrop et al., 2007; Concannon et al., 2012;
Helmkamp et al, 2011; Jennissen, Wetjen, Hoogerwerf,
O’Donnell, & Denning, 2018; Lower & Herde, 2012).

In addition, the inability to place the feet on the footrests when
not breaking the ATV entails a functional loss of control of the vehi-
cle. ATV LCEs occur frequently and are a significant cause of injury
and death in agriculture (Carman et al., 2010; Clay, Treharne, Hay-
Smith, & Milosavljevic, 2014; Milosavljevic et al., 2011). This find-
ing indicates an opportunity for manufacturers to consider chang-
ing the design of their machines, allowing riders to adjust the ATV’s
seat height, which would likely reduce longitudinal torso impact
while traversing rough and uneven terrains. Furthermore, leaning
beyond 30° can cause the ATV to tip forward, resulting in a roll-
over. Most ATV-related crashes on farms and ranches, especially
those resulting in deaths, involve rollovers (Cavallo, Gorucu, &
Murphy, 2015; Chou et al., 2022; Khorsandi, Ayers, & Fong, 2019;
Lower & Herde, 2012; Lower, Monaghan, & Rolfe, 2016;
McIntosh, Patton, Rechnitzer, & Grzebieta, 2016).

On the other hand, some youth are too tall, which decreases the
clearance zone between their legs and the handlebars. A clearance
zone smaller than 200 mm makes it difficult for the rider to prop-
erly reach and steer the handlebars (CPSC, 2006; National 4-H
Council, 2005). Consequently, riders may lose control of the vehicle
(Clay, Hay-Smith, Treharne, & Milosavljevic, 2015; McIntosh et al.,
2016) or have difficulty keeping it at a safe speed. As mentioned
before, these series of events can lead to injuries and deaths.
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Furthermore, despite some results showing that youth are cap-
able of riding many of the ATVs evaluated in this study, other risk
factors such as experience, psychological, and cognitive develop-
ment cannot be overlooked (FReSH, 2012; NCCRAHS, 2018). Youth
who are high in thrill-seeking are more likely to engage in risky
ATV riding behaviors, regardless of their safety awareness (Jinnah
& Stoneman, 2016). Those cases require external interventions,
such as changes in legislation, improved ATV design, and use of
crush protection devices (Jinnah & Stoneman, 2016).

5.2. Lack of inclusive designs

The results indicated that most utility ATV models are unfit for
youth. As such, there is an increased chance of incidents when
youth ride these vehicles. There is a need to design ATVs that bet-
ter accommodate riders of various sizes.

5.3. Assessment of ATV-youth fit guidelines

The results of this validation experiment showed that some rid-
ers failed criteria 5 and 6 even though they seemed able to operate
the study vehicle comfortably and safely according to our ATV
safety research team. Particularly, subjects 1, 2 and 3 presented
elbow angles of 129°, 170° and 172.5°, respectively. While fit crite-
rion 5 recommends an elbow angle between 90 ° and 135¢, it is not
uncommon to see motorcycle riders reporting comfortable elbow
angle values up to 168° (Arunachalam, Singh, & Karmakar, 2021).

Moreover, subjects 1, 2, and 3 presented upper leg angles of 14°,
14.7°, and 21.4°, respectively (above the recommended threshold
of 10°). A previous survey regarding motorcycle riders’ perceived
comfortable posture reported optimum upper leg angles as high
as 23° (Arunachalam et al., 2021). It is our understanding that fit
guidelines 5 and 6 are rather conservative, and their proposed
thresholds may rule out riders that are perfectly able to ride utility
ATVs safely and comfortably. As such, we propose some modifica-
tions to those fit guidelines.

First, we recommend that the rider’s elbow angle should be
between 90° and 170° as long as the rider feels comfortable steer-
ing the handlebars and is able to pass fit criteria 8 (control reach)
and 11 (control grip). Moreover, we recommend that the rider’s
upper leg angle should be within 23° of parallel to the ground as
long as the rider is able to pass criteria 3 (brake-foot position), 8
(control reach), and 9 (footrest reach). These new thresholds were
selected based on the empirical results of our validation experi-
ments and the angle values reported in the previously mentioned
survey (Arunachalam et al., 2021).

Lastly, we stress that the fit guidelines are essential to assess
whether the machine is suitable to the rider. We strongly recom-
mend that stakeholders consider the fit criteria when evaluating
youth’s readiness to ride a utility ATV.

5.4. Changes in guidelines and policies for youth operating ATVs

Current guidelines for ATV-youth fit are mainly based on the
rider's age (Academy, 2018) and vehicle’s engine size (CPSC,
2006) and maximum speed (ANSI/SVIA, 2017). However, these rec-
ommendations are not supported by the present findings, which
clearly showed that some fit criteria favor smaller youth while
some benefit taller youth, regardless of the rider’s age and vehicle’s
engine size or maximum speed. Furthermore, previous studies
have also demonstrated that only rider’s age and ATV characteris-
tics are insufficient to evaluate youth-ATV fit (Bernard et al., 2010;
De Moura Araujo and Khorsandi, 2020; De Moura Araujo,
Khorsandi, Kabakibo, & Kreylos, 2021). As such, we strongly recom-
mend that parents, dealerships, youth occupational health profes-
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sionals, and policy makers adopt fit guidelines based on the reach
ability of youth for the assessment of youth-ATV fit.

5.5. Study limitations

There are noteworthy limitations of this study that need to be
considered when interpreting the results. First, one may argue that
the database selected for this study (Snyder et al., 1977) is out-
dated. Nevertheless, to the best of our knowledge, this is the only
available source that includes enough parameters to create youth
mockups on SAMMIE CAD. In addition, there is no clear evidence
of the secular trend in anthropometry over U.S. youth over the past
40 years (Fathallah et al., 2009). For instance, when investigating
other sources (CHILDATA - DTI (1995)), we did not observe any
significant differences (p-value < 0.05) in the mean values of shoul-
der breadth and hand length for youth aged 5 or 10 years old. How-
ever, it is reasonable to assume that there might be differences in
the sizes of the youth population of 2022 and their counterparts of
1977. This potential difference should be considered in the inter-
pretation and generalizability of the present findings.

Second, although we used a systematic approach to identify
common ATVs used in the United States, the sample is subject to
sampling error and may not be necessarily representative of the
models ridden specifically by youth. Moreover, safe and effective
riding of utility ATVs involves consideration of factors other than
the ability of youth to reach its controls or attain a specific posture.
ATVs are rider-active vehicles, which means that riders must be
able to shift their body weight to safely perform maneuvers such
as turning, negotiating hills, and crossing obstacles (Jennissen
et al., 2014; National 4-H Council, 2005). These circumstances war-
rant further investigation.

Third, we had to determine the absolute location of each control
due to feasibility issues. The further-most position was used as the
standard position for all controls with gradual adjustment such as
the hand gearshift, while pedals were set to resting position.

Fourth, all the human mockups were placed at the ATVS’ seat
reference point (SRP). This may not be the “best-case” scenario
from a reach standpoint since many riders, especially small youth,
tend to sit closer to the handlebars (ahead of the SRP) to allow con-
trol reaching. However, the SRP is a standardized expected seat
position, which allowed for a consistent evaluation approach
among the various conditions. The effect of seating adaption to
reach controls while riding requires further assessment.

Finally, the reach simulations were performed with static mock-
ups (i.e., we did not evaluate any trunk or hip movement). In real
riding situations, riders may shift their hips forward and/or bend
their trunks to reach an otherwise unreachable control and per-
form active riding. However, while active riding can increase the
ATV’s stability by 10-30 % (Shortland, 2013), there is no clear evi-
dence that active riding and rider separation reduces the risk of
rollover for agricultural ATVs specifically (Grzebieta, Rechnitzer,
& McIntosh, 2015).This warrants further investigation.

6. Summary

This study evaluated the potential mismatches between youth’s
anthropometric measures and operational requirements of 17 ATV
models. The study’s main findings/reccommendations were: (1)
Most riders failed to pass at least 1 out of the 11 fit criteria for
the evaluated vehicles; (2) Youth are not recommended to ride
utility ATVs; and (3) Only engine size, maximum speed, and rider’s
age are insufficient indicators of youth-ATV fit.

The present findings, along with the results of a recent study
regarding the forces required for effective ATV operation (De
Moura Araujo & Khorsandi, 2020), raise serious questions about
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the ability of youth to safely operate utility ATVs in common use on
U.S. farms and about the validity of current youth-ATV fit guide-
lines. Therefore, we recommend that the readiness of youth to ride
ATVs, especially for occupational purposes, should be carefully
evaluated by their parents/guardians. Moreover, we argue that cur-
rent youth-ATV fit guidelines should be reviewed and updated
based on quantitative and systematic data comparing the physical
ability of youth and the operational requirements of ATVs.

7. Practical applications

The present study provides such quantitative and systematic
data comparing the physical ability of youth and the operational
requirements of ATVs. These data support manufacturers in con-
sidering design changes or manufacturing new machines and pro-
vides critical evidence contributing to the scientific basis for
modifying regulatory/advisory guidelines for youth operating util-
ity ATVs.
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Introduction: Automated vehicle (AV) technology is a promising technology for improving the efficiency
of traffic operations and reducing emissions. This technology has the potential to eliminate human error
and significantly improve highway safety. However, little is known about AV safety issues due to limited
crash data and relatively fewer AVs on the roadways. This study provides a comparative analysis between
AVs and conventional vehicles on the factors leading to different types of collisions. Method: A Bayesian
Network (BN) fitted using the Markov Chain Monte Carlo (MCMC) was used to achieve the study objec-
tive. Four years (2017-2020) of AV and conventional vehicle crash data on California roads were used.
The AV crash dataset was acquired from the California Department of Motor Vehicles, while conventional
vehicle crashes were obtained from the Transportation Injury Mapping System database. A buffer of 50
feet was used to associate each AV crash and conventional vehicle crash; a total of 127 AV crashes and
865 conventional vehicle crashes were used for analysis. Results: Our comparative analysis of the associ-
ated features suggests that AVs are 43% more likely to be involved in rear-end crashes. Further, AVs are
16% and 27% less likely to be involved in sideswipe/broadside and other types of collisions (head-on, hit-
ting an object, etc.), respectively, when compared to conventional vehicles. The variables associated with
the increased likelihood of rear-end collisions for AVs include signalized intersections and lanes with less
than 45 mph speed limit. Conclusions: Although AVs are found to improve safety on the road in most
types of collisions by limiting human error leading to vehicle crashes, the current state of the technology
shows that safety aspects still need improvement.

© 2022 National Safety Council and Elsevier Ltd. All rights reserved.
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1. Background

Vehicular crashes occur due to various causes, but most of these
causes are human errors (Singh, 2015). Examples of human errors
contributing to road crashes include distracted driving, driving
under the influence of alcohol and/or drugs, or mere fatigued driv-
ing (Goetz & Haleem, 2021; Khan & Habib, 2021; Monyo et al.,
2021). Automated vehicle (AV) technology is anticipated to address
these human errors by reducing human involvement in controlling
the vehicle and therefore improving safety (Favaro et al., 2017).
Currently, little is known about AV safety due to limited crash data
and relatively fewer AVs on the road. However, strategic efforts are
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in place to ensure AV safety aspects are evaluated and tested
before fully manifesting this technology.

One proposed way is to assess safety by testing AVs in a mixed
traffic environment and observing their performance (Kalra &
Paddock, 2016). The authors show that AVs would have to be dri-
ven hundreds of millions of miles to demonstrate their safety and
reliability. This is due to limited miles-driven data and the capacity
to test enough AVs on the road. That being the case, manufacturers,
transportation officials, and researchers ought to principally come
up with more ways of studying the safety extent of AVs, such as the
use of statistical comparisons of AVs to human driver performance.
Most current AV safety studies use simulations or survey question-
naires (Bansal & Kockelman, 2017; Combs et al., 2019; Arvin et al.,
2020; Rahman, Abdel-Aty, & Wu, 2021). Tibljas et al. (2018) used
safety simulation analysis with a surrogate safety simulation
model (SSAM) to assess AVs’ safety levels at roundabouts. The
study found that rear-end crashes are typical in AVs. Similarly,
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Papadoulis et al. (2019) developed a decision-making algorithm in
VISSIM software and used the SSAM for safety analysis. It was
found that traffic conflicts were minimized with increased market
penetration rates, although rear-end crashes were typical. Further-
more, Arvin et al. (2020) evaluated AVs’ safety in a mixed traffic
setting at intersections in a simulation framework. The study
assessed the volatility of conflicts and crashes at different market
penetration rates. It was concluded that the lower the market pen-
etration rates, the minimal the conflicts, and the ideal road safety
could be achieved with an optimal market penetration rate of
40%. Although in this study, Arvin et al. (2020) signify the safety
importance of AVs over conventional vehicles in a simulation
study, validation with actual field data was not incorporated in
the analysis.

Few studies have been conducted on AV crashes using field
data. Recent application of the publicly available California AV
dataset has included researchers conducting mainly exploratory
data analysis of the limited crash samples (Favaro et al., 2017;
Favaro, Eurich, & Nader, 2018; Boggs, Arvin, & Khattak, 2020;
Petrovic, Mijailovi¢, & Pesic, 2020). This is partly due to limited
market penetration; therefore, few crash data involving AVs are
available. Favaro, Eurich, and Rizvi (2019) utilized the data pub-
lished by the California Bureau of Motor Vehicles (CA BMV) from
2014 to 2018 to study AV Advanced Driver Assistance Systems
potential risks in case of technology failures. This study found that
AVs are susceptible to rear-end crashes and observed that most
crashes occur at 10 miles per hour (mph). Furthermore, due to
the integration of the two-vehicle types, if the penetration rate of
AVs rises, the overall number of crashes may also rise.

Despite the difference not being statistically significant, Teoh
and Kidd (2017) found that the crash rates of AVs were lower than
conventional vehicles. Even though there is no confirmation in the
police reports, the authors suspect that because Google cars are
regularly impacted from behind, the technology may force the
vehicles to brake abruptly. Additionally, Chen et al. (2021)
explored the occurrence of AV crashes using machine learning
algorithms on the CA DMV crash data. The study found that AVs
are more prone to rear-end crashes. It was also established that
factors such as vehicle damage, weather conditions, accident loca-
tion, and driving mode are some of the most critical factors associ-
ated with AV crashes. A study by Boggs, Wali, and Khattak (2020)
employed text analytics on the AV crash reports and a hierarchical
Bayesian regression to examine AV crashes. The authors also found
that rear-ended crashes are the most frequent type of collision
(61.1%), while injury-resulting crashes are about 13.3%. This study
also suggests that the likelihood of rear-end crashes is higher when
the AV is engaged than when the AV is disengaged (human-
driven). The study also indicated that the AVs have a higher crash
propensity in areas of mixed land use settings compared to other
land uses, with lower chances observed in public areas and school
zones. Kutela, Das, and Dadashova (2022) evaluated non-motorists
direct and indirect involvement in AV crashes in California. The
study found that bicyclists and scooterists are likely to be directly
involved, while pedestrians are likely to be indirectly involved in
AV crashes. Even more, Kutela, Avelar, and Bansal (2022) jointly
analyzed the associated factors of three interrelated outcome vari-
ables vehicle at fault, collision type, and injury outcome in AV-
involved crashes. They showed that irrespective of the collision
type, when the AV is at fault, the chance of the physical injury in
a crash increases significantly. Nonetheless, the above-mentioned
studies did not assess injuries and other contributing factors such
as intersection signalization and, above all, did not draw out a com-
parative analysis of conventional vehicles type of collision.

Although studies have attempted to evaluate the safety aspects
of AVs using crash data, the pattern of collision type has not been a
topic of interest for most researchers. In fact, no study has com-
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pared characteristics of AV and conventional vehicle crashes that
occurred in the same vicinity and explained the safety benefits of
AVs. Furthermore, some road users appear concerned about AV
system failure, system breaching/hacking, and safety issues
(Bansal, Kockelman, & Singh, 2016). One study found that even
though AVs can potentially minimize chances of crash occurrence,
be environmentally friendly, timesaving, and increase mobility
(Payre, Cestac, & Delhomme, 2014), users “do not feel safe if the
car is driving itself,” and most parents would not let their kids ride
alone in a car with full driving automation (Kénig & Neumayr,
2017). It will be several years before all vehicles on the roadways
transition to AV; AVs and conventional vehicles may have different
responses in different conditions (e.g., hard braking, deceleration).
Nonetheless, limited published research tried to address the con-
cern: What is the safety advantage of AVs when compared to con-
ventional vehicles? What type of collisions are AVs most likely to
be involved in? What strategies are needed to improve AVs safety?
The current study seeks to answer the question of how well AVs
that are currently on the road perform in comparison to conven-
tional vehicles in terms of safety (manner of collision). For compa-
rability purposes, only crashes involving conventional vehicles in a
50 ft buffer zone to crashes involving AVs were considered in the
current study, assuming they share common characteristics such
as road geometry and surface conditions.

Bayesian Networks (BNs) approach is used to investigate the
prominent factors and compare various crash types associated
with AVs and conventional vehicles. Furthermore, the study
explored whether the predicted probabilities for AVs and conven-
tional vehicles on the manner of collisions are statistically differ-
ent. This comparison was made using the predicted posterior
distributions. The graphical representation of BNs and how it
accounts for interdependency between variables makes BNs supe-
rior to the classical regression models (Kidando et al., 2019). The
study utilizes the AV crash data from California as reported by
CA DMV (California DMV, 2021) and conventional vehicle crash
data (TIMS, 2021).

The contribution of this study is twofold. First, this study pro-
vides a comparative assessment of limitations on road safety issues
due to human driving (conventional vehicles) as opposed to AVs.
Second, the inferences from the model will help transportation
officials, manufacturers, and researchers, especially in the mixed
traffic era, quantify the safety expectations of AVs as the technol-
ogy is being developed and improved. The potential benefit of
using BN over other traditional analytical approaches is its capacity
to condition several explanatory variables. Moreover, the BN model
provides an outstanding interpretation, explicitly presenting the
probability relationships among variables in the model. The rest
of the manuscript is structured as follows. The next section
describes the study data followed by the approach used to geo-
graphically merge data from AV and conventional vehicles. Then
the descriptive statistics of the merged data are presented, fol-
lowed by the methodology used to develop BNs, results, and dis-
cussion, and finally, the conclusion and recommendation section.

2. Data

This study obtained crash data from CA DMV and the Trans-
portation Injury Mapping System (TIMS). The CA DMV is an open
repository, and it was initiated in 2014 to collect all the AVs crash
data from manufacturers in California (California DMV, 2021). The
AV manufacturers that have reported their vehicle crashes in this
database include Google, General Motors, Delphi, Nissan, and
Cruise Automation, to mention a few (Boggs et al, 2020;
California DMV, 2021). The published data in the CA DMV reposi-
tory contains a detailed report of each AV crash, including the
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geolocation of the crashes, type of collision, weather, road surface
condition, and date and time of the collision. After auditing the
published AVs’ crash reports and screening erroneous and incon-
sistent data reporting, AV crashes that occurred between 2017
and 2020 were found to have consistent reporting and complete
data to be used for accurate analysis. The data auditing process
involved screening AV crash records that were not in fully autono-
mous mode; that is, the AV was disengaged, and the driver was in
control of the vehicle. This data screening step was vital for the
study in order to establish an effective comparison between con-
ventional vehicles and AVs (when not under the influence of a
human driver). A total of 127 reported AV crashes were then used
for analysis in the selected study period. On the other hand, the
TIMS database provides conventional vehicle crash data. This data-
base is hosted and maintained by the Center for Safe Transporta-
tion Research and Education at the University of California
Berkeley (TIMS, 2021). A total of 865 crash observations were used
in this study. This count was obtained by the procedure explained
in the merging section discussed in the following section.

2.1. Data merging

The AVs and conventional vehicle crashes were mapped in the
geographic information system (GIS) application using geolocation
(latitudes and longitudes) of the crashes. Only crashes in close
vicinity were compared to perform a fair comparison between
AVs and conventional vehicles. It is assumed that the closer the
AV and conventional vehicle crashes, the higher the likelihood that
the two crashes share similar physical attributes. Thus, a buffer of
50 feet (ft) radius around each AV crash was used to extract all
associated conventional vehicle crashes. A similar geo-filtering
approach to vehicle crashes has been used by the previous studies
to identify traffic volume (i.e., annual average daily traffic (AADT),
data within a proximity of 50 ft, as well as using to narrow down to
crashes within 50 ft of an intersection; Mammadrahimli, 2015;
Estep, Kim, & Nixon, 2016). This procedure revealed a total of
865 conventional vehicle (2017-2020) crashes to be within the
vicinity of the 50 feet buffer zone of AV crashes. Fig. 1 presents a
GIS map that shows the geo-filtered locations of the conventional
vehicle crashes (green) and AV crashes (red) that occurred within
the same area.
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Fig. 1. Map of AVs and conventional vehicle crashes in California.
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Based on the literature review, the study explored the following
explanatory variables: type of collision, road classification, seg-
ment type, crash whether occurred near signalized, unsignalized
intersection or segment, number of lanes, land use characteristics,
and posted speed limit. These variables were obtained from the
Google map.

2.2. Descriptive statistics of the data

Table 1 presents the descriptive statistics of the gathered data.
The type of collision is divided into three categories: rear-end
crashes, sideswipe/broadside crashes, and other types of crashes,
composed of crashes that were infrequent to AV collisions (i.e.,
head-on, overturned, hit an object, pedestrian, etc.). The distribu-
tion for rear-end, sideswipe/broadside, and other crashes are 67%,
28%, and 6%, respectively, for AVs and 20%, 43%, and 37%, respec-
tively, for conventional vehicles.

Table 1 also shows a distribution between AV and conventional
vehicle crashes under different highway functional classifications.
Many crashes occurred on local and collector roads, followed by
arterial and fewer crashes on freeways/expressways for both con-
ventional vehicles and AVs. Given the number of lanes on the cor-
ridor, crash occurrence appears to be increasing with an increase in
the number of lanes for AVs (i.e., one lane, 29%; and two or more
lanes, 71%), and conventional vehicles (i.e., one lane, 19%; and
two or more lanes, 81%).

3. Methodology

This study developed a BN to establish a comparative analysis
between AVs and conventional vehicles on the manner of colli-
sions. The BN is one of the hybrid artificial intelligence (data + hu-
man knowledge) models, which expresses a probabilistic
relationship between variables (Mittal & Kassim, 2007; Sheehan
et al., 2019). The nodes are connected by links known as edges or
sometimes referred to as arcs. The edge direction originates from
the parent node to a child node, and the relationship between
the two nodes is defined by conditional probability (Kidando
et al., 2019; Kutela & Teng, 2019). The best network structure of
the BNs in this study was established from learning the dataset
using a scoring search algorithm and expert’s knowledge to eluci-
date meaningful node connections of the BN. The search algorithm
adopted is based on greedy hill climbing with Akaike Information
Criterion (AIC) as a scoring function. This search algorithm involves
an iteration process of adding and reversing the nodes and edges
until the best network is obtained. The AIC scoring function used
to establish the optimal network structure is presented in Equation

(1).

AIC=2+L+2xn (1)

where, L is the maximized log-likelihood; n is the number of param-
eters in a Bayesian Network.

3.1. Probabilistic reasoning and comparison

Once the optimal network structure was established, the pre-
dictive inference was conducted to evaluate the cause-effect rela-
tionship between the target (child) and parent variables. The
predictive inference can also be referred to as the sensitivity anal-
ysis and is conducted by assigning evidence in the network struc-
ture and evaluating the impact on the target variable (e.g., collision
type). Since the focus of this study is to compare the AV and CV on
the manner of collisions, the probabilistic inference was computed
following the two approaches. The first approach was to investi-
gate individual evidence of AV and conventional vehicles on the
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Table 1
Descriptive analysis of variables.
Variable Category Conventional Vehicles AVs
Count % Count %
Collision type Rear end 171 20 85 67
Sideswipe 376 43 35 28
Others 318 37 7 6
Road classification Collector and local 603 70 82 65
Arterial 189 22 29 23
Freeway/Expressway 73 8 16 13
Segment type Non-intersection 22 3 13 7
Unsignalized intersection 74 9 38 20
Signalized intersection 769 89 141 73
Number of lanes One lane 166 19 56 29
Two or more lanes 699 81 136 71
Land use Residential 154 18 36 28
Commercial 448 52 50 39
Mixed land use 263 30 41 32
Speed limit Less than 45 mph 708 82 99 78
45 mph or higher 157 18 28 22

outcome. This was conducted by setting certainty on a particular
vehicle category (conventional vehicle or AV) in the BNs and
observing the impact on the manner of collision. Equation 5
describes how the inference on the first approach was made in
the analysis. In this equation, i is the probability of a certain type
of crash and x represents the evidence of a hypothesis variable x.

(2)

On the second approach, the inference was made by evaluating
the combined impact of conventional vehicles or AV with other
hypothesis variables in predicting the manner of collisions. The
combined evidence inference involves setting multiple pieces of
evidence and predicting the probability of a target variable. This
type of analysis can be used to reveal how, for example, the AV
and segment type is associated with the likelihood of rear-end
crashes. Herein, the hypothesis variable is referred to as the parent
node, which has a direct connection with the target variable in the
optimal network. The analysis was done using Equation (3)
whereby the e, is the evidence of a hypothesis variable n, and
h,, is the observed evidence category, v of hypothesis variable n.
As with the individual evidence analysis, for the combined evi-
dence, each observed evidence was assigned a certainty value of 1.

3)

Generally, the BN parameters, which are also referred to as con-
ditional probabilities, are estimated using the maximum likelihood
approach. While the BN gives us the estimated parameters, it does
not account for the uncertainty, and it is difficult to estimate the
confidence interval of the estimates. This study used a Bayesian
framework based on the Markov Chain Monte Carlo (MCMC) sim-
ulations to address these limitations. The simulations were fitted
using an open-source Python package called NumPyro version
0.7.2, developed by Uber Al Labs (Bingham et al., 2019; Phan,
Pradhan, & Jankowiak, 2019). As with Bayesian inference, the dis-
tributions of the inferences were assumed to follow a non-
informative prior. For variables with two groups, a Beta distribu-
tion was used to calibrate the probabilities, while with more than
two groups, the Dirichlet distribution was adopted in the analysis.
During sampling, the No-U-Turn Sampler (NUTS) with three chains
was applied to calibrate the parameters of all variables in the net-
work. The initial burn-in phases were set to 2,000 iterations, and
subsequently, 2,000 iterations were used for inference. The model
convergence was evaluated using the Gelman-Rubin diagnostic
statistic. For a model to achieve convergence, the difference
between chain variances, which is the Gelman-Rubin diagnostic

P(type of collision = i|Evidence, = 1)

P(type of collison =ile; = hvy,e =hv,---.ey = hy)
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statistic, must be equal to 1 (Makowski et al., 2019). Moreover,
visual diagnostics based on the autocorrelation plot, density, and
trace plot of each inference were also produced for visual
interpretation.

4. Results and discussion

Fig. 2 shows the optimized Bayesian network structure. From
this network, four variables had a direct dependence on the colli-
sion type: the number of lanes, segment type, speed limit, and vehicle
type. These variables are also referred to as hypothesis variables.
Other variables, including road classification and land use vari-
ables, were observed to influence collision type through the
hypothesis variables. Sensitivity analysis and comparison of AVs
and conventional vehicles were conducted using the optimal BN
shown in Fig. 2.

4.1. Individual evidence prediction inference

This analysis was conducted to determine the probability of a
specific crash type given a particular vehicle type (i.e., crashes
involving AVs and those involving conventional vehicles). The
probabilities were estimated by querying the optimal BN and set-
ting the evidence probability to 1 on the vehicle type. Fig. 3 shows
the optimal BN with the predicted average probabilities for differ-
ent types of collisions involving AVs and conventional vehicles. The
figure also shows the 95% highest density interval (HDI) and stan-
dard deviation (SD) of the predicted probabilities. The HDI and SD
summarize the uncertainty of an estimate by indicating the range
of most probable values. It is worth understanding that this study
only compared different crash types involving AVs and conven-
tional vehicles. It is also possible to conduct a sensitivity analysis
and comparison of any node in the network and evaluate the prob-
ability change on the target variable.

The results in Fig. 3 show that AV-involved rear-end crashes are
more prevalent than rear-end crashes involving conventional vehi-
cles and other road users. Specifically, given that a collision
involves an AV, the probability of that crash being a rear end is
0.64 (95% HDI [0.56, 0.71]). On the other hand, the probability of
a collision involving a conventional vehicle being a rear end was
0.20 (95% HDI [0.18, 0.23]). Previous studies also reported a similar
finding (Boggs, Wali, & Khattak, 2020; Wang et al., 2020; Kutela,
Das, & Dadashova, 2022). Sideswipes and other crashes involving
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Fig. 2. Optimized BN structure.
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Fig. 3. Sensitivity analysis results for vehicle type, Note: COV refers to as conventional vehicles and AV is automated vehicles.
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conventional vehicles were more prevalent than AV-involved side-
swipes and other crashes.

Taking advantage of rich information produced by the Bayesian
framework, the study further investigated whether the predicted
probabilities for AVs and conventional vehicles on the manner of
collisions are statistically different. This comparison was made
using the predicted posterior distributions. In particular, the poste-
rior indices were established by computing the posterior difference
between the conventional vehicles’ and AVs’ probabilities of the
same collision type. The null hypothesis for comparison was
framed as the difference between the two fitted probabilities is
the same. In contrast, the alternative hypothesis was that the prob-
abilities between AVs and conventional vehicles are credibly differ-
ent. Several previous studies have adopted this type of analysis to
conduct the Bayesian hypothesis test or group comparison
(Kruschke, 2011, 2013; Kidando, Moses, & Sando, 2019). Unlike
the conventional maximum likelihood hypothesis testing, which
relies on the p-value, Bayesian hypothesis testing describes the
estimates in probability terms, accounts for uncertainty, and is
not significantly affected by the data variations (Kruschke, 2011,
2013; Kidando, Moses, & Sando, 2019).

Fig. 4 shows the indices’ posterior distribution (differences) for
each collision type along with the mean difference and the 95% HDI
represented by the horizontal line near the x-axis. The mean differ-
ence and 95% HDI are summary statistics, which facilitate conclud-
ing the null and alternative hypothesis. The mean credible values
represent the best guess of the actual difference, and the 95%
HDI represents the range where the actual difference has 95% cred-

Rear end

mean = -0.43

95% HDI
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ibility. When the difference in the posterior distributions is strictly
positive or negative in the 95% HDI, the difference is considered
credible at 95% HDI (Kruschke, 2013; Kidando, Moses, & Sando,
2019). This indicates that the limits of the 95% HDI, which are
2.5% and 97.5%, do not include zero as one of the credible values.
Therefore, we reject the null hypothesis that the predicted proba-
bilities are the same in favor of the alternative hypothesis. On
the other hand, if the estimated HDI line in Fig. 4 crosses zero,
the difference of zero is one of the credible values, and we fail to
reject the null hypothesis that the conventional vehicles and AVs
probabilities are statistically the same.

As shown in Fig. 4, the average probability difference between
conventional vehicles and AVs is —0.43, with 95% HDI limits of
—0.52 and —0.36 for rear-end crashes. The mean difference in
probabilities for sideswipe is 0.16 with 95% HDI of 0.08 and 0.23.
For other group types of collision, the estimated mean difference
is estimated to be 0.27 with HDI limits of 0.22 and 0.33. The fitted
95% HDI limits for the differences are all positive (sideswipe and
others) or negative (rear-end collisions) for all types of collision.
Therefore, zero is not one of the credible values in the calculated
posterior distributions. These results indicate that the estimated
differences in probabilities between conventional vehicles and
AVs among collision types are significant at 95% HDI.

4.2. Combined evidence prediction inference

In addition to assessing the influence of vehicle type alone on
the predicted probabilities of collision type, the impact of concur-

Sideswipe

mean = 0.16

95% HDI
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Probability Change (Probcoys - Probays)
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Note: COVs refers to as conventional vehicles and AVs is automated vehicles

Fig. 4. Comparison of predicted probabilities for AVs and conventional vehicles on the manner of collision, Note: COVs refers to as conventional vehicles and AVs is

automated vehicles.
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rent evidence was assessed. The combined evidence analysis was
conducted by setting evidence of concurrent variables, which are
vehicle type and each hypothesis variable. The results of this anal-
ysis are presented in Table 2.

The segment type was grouped into three categories: non-
intersection (segment), unsignalized, and signalized intersections.
As indicated in Table 2, AV-involved-rear-end crashes were more
prevalent in a segment than crashes involving conventional vehi-
cles. A similar pattern was observed on the predicted probabilities
for signalized and unsignalized intersections. The probabilities
change between conventional vehicles and AVs for a rear-end col-
lision are —0.42 (95% HDI [-0.61, —0.24]) and —0.44 (95% HDI
[-0.54, —0.36]) for unsignalized and signalized intersection,
respectively. These findings suggest that the large probability dif-
ference is at intersections compared to a segment for rear-end
crashes. In fact, the probability difference for the segment was
found insignificant at a 95% credible interval because the HDI
crosses zero, which implies that zero is one of the credible values.

A comparison of predicted probabilities on each vehicle type
reveals that rear-end collisions are more common at an intersec-
tion than a segment for AVs. This finding is similar to previous
studies (Wang & Abdel-Aty, 2006; Pande, Abdel-Aty, & Das,
2010). Moreover, at signalized intersection level, AVs are expected
to be more alert and respond to red-light stopping signal status, as
opposed to human drivers who could delay stopping or sometimes
deliberately run the red lights. Hence, this results in a higher like-
lihood for rear-end collision for AVs at signalized intersections as
opposed to unsignalized intersections. On the other hand, the con-
ventional vehicles estimated probabilities reveal a contradicting
finding on the comparison of different segment types. The highest
probability is recorded on the segment (mean = 0.27), followed by
signalized intersection (mean = 0.21), and the last is unsignalized
intersection (mean = 0.15).

The comparison of sideswipe type of a collision presented in
Table 2 shows that the AV’s probability is lower by 0.15 (95%
HDI [-0.12, 0.40]) compared to conventional vehicles at a segment.
For unsignalized intersections, the likelihood for a sideswipe colli-
sion is lower by 0.14 (95% HDI [-0.05, 0.33]) for AVs compared to

Table 2
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conventional vehicles. The difference between AVs’ and conven-
tional vehicles’ predicted probabilities are insignificant at 95%
HDI, suggesting that the estimated probabilities are statistically
the same. On the other hand, for signalized intersection the esti-
mated difference is statistically different (mean =0.16, 95% HDI
[-0.07, 0.24]). Notably, the difference in likelihoods for AVs over
conventional vehicles sideswipe type of collision is not that signif-
icant at the segment, unsignalized, or signalized intersection. The
observed low likelihood for AVs in sideswipe crashes is due to
advanced object detection features surrounding the vehicles, as
well as advanced lane changing mechanisms (Liu et al., 2019;
Rahman et al., 2019).

Moreover, the predicted probabilities on each vehicle type
across different segment types indicate that sideswipe collisions
are more common at an intersection than a segment for both con-
ventional vehicles and AVs. Studies by Polders et al. (2015) and
Alarifi, Abdel-Aty, and Lee (2018) also presented similar findings
for the high likelihood for crashes on the side of the vehicle to be
more apparent at intersections level than segment level due to fre-
quent turning movements that lead to more conflicts.

The group of others (i.e., head-on, hitting an object) shows the
predicted probability is lower by 0.02 (95% HDI [-0.24, 0.26]) for
AVs in comparison to conventional vehicles at the segment level.
For unsignalized intersections, the likelihood is lower by 0.29
(95% HDI [0.13, 0.44]) for AVs compared to conventional vehicles,
while at signalized intersections, the likelihood is lower by 0.28
(95% HDI [0.22, 0.34]) for AVs compared to conventional vehicles.
It is seen that, compared to conventional vehicles, AVs are less
likely to be involved in a collision from the front of the vehicle,
such as hitting an object at segment level than at intersection level
(both unsignalized and signalized). One reason is due to unim-
peded object detection at the segment level compared to the
required multiple object detection at the intersection level
(Aycard et al., 2011).

The number of lanes variable was grouped into highways with
one lane and more than one lane. For collisions in one lane corri-
dor, it was observed that AVs were 0.48 (95% HDI [-0.58,
—0.36]) more likely to be involved in rear-end collisions than con-

Probability of type of collision for AVs and conventional vehicle crashes BN MCMC inferences.

AVs Conventional Vehicles Difference in
Probabilities
Hypothesis Variable Target Variable (Collision type) Mean SD HDI Mean SD HDI Mean HDI
2.5%  97.5% 2.5% 97.5% 2.5% 97.5%
Segment type Rear end 0.43 0.11 0.21 0.64 0.27 0.07 0.14 0.42 -0.16 -0.43 0.09
Non intersection Sideswipe 0.26 0.11 0.08 0.47 0.41 0.08 0.25 0.57 0.15 -0.12 0.40
Others 0.31 0.11 0.12 0.52 0.32 008 0.18 0.48 0.02 -024 0.26
Unsignalized intersection Rear end 0.58 0.09 0.41 0.75 0.15 0.04 0.08 0.23 -0.42 -0.61 -0.24
Sideswipe 0.30 008 0.16 047 0.44 0.05 0.34 0.55 0.14 —0.05 0.33
Others 0.12 0.06  0.02 0.22 0.40 0.05 0.31 0.51 0.29 0.13 0.44
Signalized intersection Rear end 0.65 0.04 0.56 0.73 0.21 0.02 0.17 0.24 -0.44 -0.54 -0.36
Sideswipe 0.27 004 0.19 0.35 043 0.02 0.40 0.47 0.16 0.07 0.24
Others 0.08 0.03 0.03 0.13 0.36 0.02 0.33 0.40 0.28 0.22 0.34
Number of Lanes Rear end 0.62 0.06 0.51 0.72 0.14 002 0.11 0.18 -0.48 -0.58 -0.36
One lane Sideswipe 0.27 0.05 0.16 0.36 0.42 0.03 0.37 0.46 0.14 0.03 0.25
Others 0.10 0.04 0.04 0.17 0.44 0.03 0.39 0.49 0.33 0.25 0.42
Two or more lanes Rear end 0.65 0.05 0.54 0.74 0.25 0.02 0.21 0.29 —0.40 —0.50 -0.27
Sideswipe 0.27 0.05 0.18 0.37 0.44 0.02 039 0.48 0.17 0.06 0.27
Others 0.08 0.03 0.02 0.14 0.31 0.02 0.27 0.35 0.23 0.15 0.30
Speed limit Rear end 0.67 0.05 0.59 0.76 0.21 0.02 0.28 0.23 -047 -0.56 -0.37
Less than 45 mph Sideswipe 0.23 004 0.16 0.32 0.42 0.02 -029 046 0.19 0.10 0.27
Others 0.09 0.03 0.04 0.15 0.37 0.02 0.04 0.41 0.28 0.21 0.34
Rear end 0.48 0.08 034 0.64 0.19 0.03 0.25 0.25 -0.29 —0.46 -0.14
45 mph or higher Sideswipe 0.43 0.08 0.27 0.58 0.47 004 039 0.54 0.04 -0.12 0.21
Others 0.09 0.04 0.02 0.16 0.34 004 027 0.41 0.25 0.14 0.35

Note: The differences between conventional vehicles and AVs were computed as P yxi- conventional vehicles -

represent the differences that are statistically significant/credible at 95% HDI.
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ventional vehicles. While, for sideswipe collisions, AVs are 0.14
(95% HDI [0.03, 0.25]) less likely in comparison to conventional
vehicles. For other types of collisions, AVs are 0.33 (95% HDI
[0.25, 0.42]) less likely compared to conventional vehicles. Side-
swipe collisions are less likely to occur due to limited vehicle pass-
ing and lane-changing movement (Bakhit, Osman, & Ishak, 2017;
Rista et al., 2017; Wang et al., 2020).

Additionally, for collisions occurring on two or more lanes cor-
ridors, AVs were 0.40 (95% HDI [-0.50, —0.27]) more likely to be
involved in rear-end collisions than conventional vehicles. While,
for sideswipe collisions, AVs are 0.17 (95% HDI [0.06, 0.27]) less
likely when compared to conventional vehicles. For other types
of collisions, AVs are 0.23 (95% HDI [0.15, 0.30]) less likely com-
pared to conventional vehicles. The propensity for rear-end crashes
on a single-lane road (0.48) is higher than for two-lane roads
(0.40). Similarly, Rista et al. (2017) also found that rear-end crash
frequencies tend to decrease with increased lane width and the
number of lanes. This is due to improved room for lane changing
and maneuverability to avoid a rear-end crash.

The speed limit variable had two categories: corridors with a
speed limit of 45 mph and higher and corridors with a speed limit
lower than 45 mph. The likelihood for a rear-end collision is higher
by 0.47 (95% HDI [-0.56, —0.37]) for AVs compared to conven-
tional vehicles on corridors with a speed limit lower than 45
mph. For corridors with a speed limit of 45 mph and higher, the
likelihood for a rear-end collision is higher by 0.29 (95% HDI
[-0.46, —0.14]) for AVs compared to conventional vehicles. This
can be explained by the fact that when AVs travel at a slower speed
than the speed limit, they are more prone to suffer rear-end colli-
sions by conventional vehicles. This is contrary to the findings by
Wang and Abdel-Aty (2006) whereby they observed a high number
of rear-end collisions at areas with high-speed limits, although the
study was based on conventional drivers only. Also, Dowling et al.
(2016) argue that traveling under the speed limit creates queuing
conditions and presents significant safety concerns, particularly
with the increased potential for rear-end collisions.

On the contrary, the likelihood of sideswipe collision is lower by
0.19 (95% HDI [0.10, 0.27]) for AVs compared to conventional vehi-
cles when the speed limit is lower than 45 mph. In contrast, the
likelihood of sideswipe collision is lower by 0.04 (95% HDI
[-0.12, 0.21]) for AVs compared to conventional vehicles when
the speed limit is 45 mph or higher. The likelihood of a sideswipe
collision when traveling on corridors with a speed limit of 45 mph
and higher is higher compared to corridors with a speed limit of
less than 45 mph due to loss of traction, reduced lateral control,
and higher propensity to slip sideways (Duncan, Khattak, &
Council, 1998). In addition to that, the likelihood for another type
of collision is lower by 0.28 (95% HDI [0.21, 0.34]) for AVs com-
pared to conventional vehicles when the speed limit is less than
45 mph. Moreover, the other type of collision is lower by 0.25
(95% HDI [0.14, 0.35]) when the speed limit is 45 mph or higher
for AVs compared to conventional vehicles.

5. Conclusions and recommendations

Automated vehicle (AVs) technology has the potential to miti-
gate crashes associated with human behavior. Such behavior
includes careless driving, over speeding, or driving under the influ-
ence of alcohol and/or drugs and distractions. Several studies have
been conducted to understand the safety implications of AVs.
Although there has been observed safety improvement associated
with the introduction of AVs, less is known on the pattern changes
in the manner of collision. This is especially important at a time
with mixed conventional vehicles and AVs on the road. Under-
standing the changes in the pattern and manner of collisions would
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further improve the safety aspects of AVs by improving operations
and mitigating the factors associated with the identified collision
type.

This study presented a comparative analysis of the manner of
vehicle collisions between AVs and conventional vehicles using
CA BMV data. The study used AV and conventional vehicle crashes
that occurred within the same vicinity of the 50ft buffer zone. The
Bayesian Networks (BN) model was adopted to investigate promi-
nent factors associated with different manners of collision for both
AVs and conventional vehicles. The inferences were drawn from
the trained optimal network structure. The results indicate that
the patterns of the manner of collision for AVs and conventional
vehicles differ significantly. That is, from the predicted probabili-
ties, compared to conventional vehicles, AVs are 43% more likely
to be involved in rear-end crashes while being 16% and 27% less
likely to be involved in sideswipe/broadside and other types of col-
lisions. Furthermore, the study explored whether the predicted
probabilities for AVs and conventional vehicles on the manner of
collisions are statistically different. This comparison was made
using the predicted posterior distributions. The results also indi-
cated that AV-involved rear-end crashes are more prevalent than
rear-end crashes involving conventional vehicles and other road
users.

Further, among other findings, the number of lanes, intersection
signalization, speed limit, and vehicle type variables are influential
factors for a certain type of collision. Rear-end collisions are more
common at an intersection than a segment for AVs. The compar-
ison of the sideswipe type of a collision shows that for AVs the
mean credible value of probability is lower by 0.15 compared to
conventional vehicles at a segment. For unsignalized intersections,
the mean credible values likelihood of a sideswipe collision is
lower by 0.14. The group of others (i.e., head-on, hitting an object)
shows the predicted mean credible values probability is lower by
0.02 for AVs compared to conventional vehicles at the segment
level. For unsignalized intersections, the mean credible values like-
lihood is lower by 0.29 for AVs compared to conventional vehicles,
while for signalized intersections, the mean credible values likeli-
hood is lower by 0.28 for AVs compared to conventional vehicles.
Compared to conventional vehicles, AVs are less likely to be
involved in a collision from the front of the vehicle, such as hitting
an object at the segment level, than at the intersection level.

The study findings suggest that although AVs are expected to
improve safety on the road by limiting human error leading to
vehicle crashes, rear-end collisions are expected to increase with
the current state of the technology. This is because AVs and con-
ventional vehicles differ significantly in terms of operations. AVs
are designed to react to any unfamiliar/unconventional outside
environment (e.g., pedestrians waiting to cross a roadway at the
crosswalk). On the other hand, conventional vehicle operations
depend on the driver’s judgments. Thus, the AV acceleration and
deceleration behaviors do not cope with those of conventional
vehicles. As human drivers are naturally not accustomed to a
mixed traffic operation with AVs, this study calls for awareness
creation programs by manufacturers, transportation officers, and
planners. Such programs will hasten the adaptation of a harmo-
nious mixed traffic environment and minimize the observed high
risk for rear-end crash susceptibility of AVs.

Even so, this research suggests that the current state of AV tech-
nology in improving road safety can be maximized by modifying
AVs’ heavy braking intervention before a crash occurs. The manner
of collisions that proved difficult for the AV technology can be han-
dled by having controller area network (CAN) information readily
available to the AV. Such CAN information includes steering wheel
angle, real-time object detection, maneuverability, and so forth, so
that object driver intent can be detected and interpreted sooner
before a crash occurs. Moreover, improving availability of accurate
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real-world geo-positioning information to the AV by incorporating
accurate satellite positioning data will allow the technology to be
more versatile for rear-end, and near-collinear head-on crashes.
This is because low approach angles that are common in such
crashes are currently ignored to minimize false detection due to
positioning uncertainty.

As a follow-up study, we aim to collect more field data for AV
crashes and use the model to make inferences with a greater sam-
ple size and higher market penetration of AVs on the road. Further-
more, we plan to include other variables such as environmental
roadway surface conditions and weather conditions and study
how they differ in contributing to vehicle crashes. This model
can also be employed in future studies to compare inferences of
crashes per mile of conventional vehicles against AVs using mile-
age data reported to the CA DMV. The results of this study are
expected to be used for deriving valuable policies and coming up
with innovative and safer AV in-vehicle warning (e.g., rear-end col-
lision warning) technologies to fully exploit the benefits of AVs.
Nevertheless, this experiment has limitations including, a prior
assumption to this study is that there was no spatial-temporal
variation of factors such as land use, geometrical features, etc., dur-
ing the study period (2017-2020) that could affect the findings of
this study. Additionally, the data used were for selected roadbeds
in California. Although the methodology can produce inference to
other areas of study, the findings of this study may not necessarily
be replicated in another area. Nevertheless, the full market pene-
tration of AVs will not be accomplished in the near future. Thus,
at the moment it is difficult to incorporate an effective full-scale
field safety experiment with V2V communication.
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Introduction: The concept of addressing and minimizing construction site safety risks in the early phase of
a project has generated research interest, especially since the National Institute for Occupational Safety
and Health (NIOSH) launched its national Prevention through Design (PtD) initiative in July 2007. In the
last decade, several studies on PtD with differeing goals and methods have been published in construc-
tion journals. To date, few systematic examinations of the development and trends associated with PtD
research have been conducted in the discipline. Method: This paper presents a study of the latest PtD
research trends in construction safety management through analysis of publications in prominent con-
struction journals from 2008 to 2020. Both descriptive and content analyses were conducted based on
the number of papers published annually and clusters of topics covered in the papers. Results: The study
shows an increasing interest in PtD research in recent years. Research topics covered mainly focus on the
perspectives of PtD stakeholders, PtD resources/tools/procedures, and technology applications to facili-
tate PtD implementation in practice. This review study provides an improved understanding of the
state-of-the-art of PtD research in terms of accomplishments and research gaps. The study also compares
the findings from journal articles with industry best practices related to PtD to guide future research in
this domain. Practical Application: This review study is of significant value to researchers to overcome the
limitations of the current PtD studies, and to extend the scope of PtD research, and can be used by indus-
try professionals when considering and selecting appropriate PtD resources/tools in practice.

© 2022 National Safety Council and Elsevier Ltd. All rights reserved.
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1. Introduction severity of injuries could have been reduced if site safety was con-
sidered during design. Failing to address site hazards in the design
phase can also result in higher economic and social costs

(Gambatese et al., 2017).

Szymberski (1997) proposed a hypothetical time-safety influ-
ence curve, which suggests that the ability to influence safety

decreases as a project progresses. The curve implies that the most
effective phases during which to consider and address site safety
issues are the conceptual and preliminary design phases before
hazards are present on site. This hypothetical time-safety curve
was empirically tested and validated with workplace safety and
injury data in multiple previous studies including Lingard et al.
(2015) and Karakhan et al. (2018). Moreover, several studies have
attempted to quantify the relationship between construction
safety and design. For example, Behm (2005) found that 42% of
the reviewed fatality incidents could have been prevented or the
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Recognizing the importance and benefits of addressing site
safety during design and planning phases of a project, many coun-
tries/regions around the world have put in place Prevention through
Design (PtD) regulations. For instance, in Europe, Directive 92/57/
EEC “On the implementation of minimum safety and health require-
ments at temporary or mobile construction sites” (Directive, 1992)
is in place to address safety and health hazards throughout the
project lifecycle. But, currently, the United States lacks PtD regula-
tions that prescribe addressing construction safety in the design
(Poghosyan et al., 2018). In July 2007, NIOSH held the first PtD
workshop and launched a national initiative to advocate for PtD
practices (NIOSH, 2013). The ultimate goal of the PtD initiative
was to prevent or reduce occupational injuries, illnesses, and fatal-
ities through the inclusion of precautions into all designs (e.g., per-
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manent structures, temporary structures, and work environment)
that impact workers (e.g., construction and maintenance workers).
The PtD approach is aligned with the hierarchy of hazard controls
that focuses on eliminating, reducing, and minimizing hazards dur-
ing the design and re-design phases (NIOSH, 2015). PtD is also
commonly referred to as design for safety (DfS), design for con-
struction safety (DfCS), construction hazard prevention through
design (CHPtD), safety by design (SbD), safety in design, and safe
design (Goh & Chua, 2016; Toole et al., 2017).

Literature reviews about construction safety management have
been conducted that also covered the topic of PtD, but most of
them placed particular focus on specific aspects, such as digital
design tools for construction safety (Zhou et al., 2012) and PtD
implementation factors (Poghosyan et al., 2018). A 2019 study by
Hardison and Hallowell reviewed PtD studies to investigate the
efficacy of the concept at reducing actual risk (Hardison &
Hallowell, 2019). While the review provides useful information
on PtD, the focus of the review is narrow (based on research cate-
gories and the type of evidence). Additionally, a recent PtD work
(Ibrahim et al., 2022) provides a review from a scientometric per-
spective in terms of research trends, co-occurrence networks, arti-
cle citations, and co-occurring keywords. The study also provides
qualitative analysis on five main research themes: concept and
management, technological advancement, capability and compe-
tency, education, and sustainability, which are different than those
summarized in the present work. In contrast with the previous
review studies, the present study emphasizes PtD research from
2008 onward, aiming to provide a thorough and systematic review
to understand PtD research trends, achievements, and shortcom-
ings since the first PtD workshop held in 2007. The present study
also provides a broader overview of PtD research topics - reviews
twice the number of articles when compared to Hardison and
Hallowell (2019) - and the achievements and shortcomings for
each topic - critical components for formulating practical guidance
and directing future research agenda.

Based on the aforementioned discussion, the research objec-
tives of the study can be summarized in three main points: (1)
summarize the nature of PtD research based on information in
available publication; (2) provide an overview of main PtD
research topics related to the construction industry; and (3) iden-
tify research gaps and recommend future research directions
related to PtD in construction. Achieving these objectives con-
tributes to the body of knowledge and practice on PtD in construc-
tion in two aspects. First, it highlights the research trends and
themes of PtD studies and reinforces the crucial role of PtD in
the construction safety management domain; and second, it pro-
vides researchers and practitioners an in-depth and thorough
investigation of the extant PtD literature and offers potential
opportunities to fill the identified gaps and advance the PtD
frontier.

2. Methodology

The review of PtD research was performed using a systematic
review method recommended by Denyer and Tranfield (2009).
According to Denyer and Tranfield, a systematic review is different
from a traditional literature review, as it explores a clearly speci-
fied set of questions. Therefore, the first step in conducting a sys-
tematic review is to formulate specific research questions and
establish a set of relevance and quality criteria to identify literature
that should be included in the review, and what information
should be extracted from each document. The fundamental ques-
tions posed for the present study are: (1) What is known from
existing literature about the concept of PtD in the construction
industry? For example, who are the parties of interest? What are
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the common interventions of interest?; and (2) What are the
research trends of the existing studies, in terms of the number of
publications by year, by journal, by country/region, and by
research topic?

After the research questions are formulated, the subsequent
steps are to locate and select relevant studies to ensure the review
incorporates high-quality research contributions. The researchers
conducted a search of academic databases, similar to that con-
ducted by Poghosyan et al. (2018). To select literature of interest
and filter out irrelevant literature, the scope of the research is lim-
ited to the following criteria: (1) Databases: Science Direct, Taylor
and Francis, Emerald Insight, American Society of Civil Engineers
(ASCE), Engineering Village, and Google Scholar; (2) Publication
type: English peer-reviewed journals; (3) Article type: technical
papers, scholarly papers, and case studies; (4) Key descriptors:
“prevention through design,” “construction hazard prevention
through design,” “design for safety,” “design risk management,”
and “safety in design:” (5) Period: 2008 to 2020; and (6) Discipline:
architecture, engineering, and construction. The initial search was
performed to select papers having those keywords within the title,
abstract, or entire article. In addition to database searches, refer-
ence lists of review studies and reports related to the topic [e.g.,
CPWR (2018) and Poghosyan et al. (2018)] were included in the
initial search, and screened for titles that include key terms. The
initial search yielded 260 publications. The articles are further
examined to eliminate those that are irrelevant to the reviewed
subject (e.g., those that briefly mention the concept of PtD or sim-
ply cite a PtD-related research study). As a result, 140 articles of
the 260 publications were selected and included in the analysis.

The last step was to extract the pertinent information from the
collected documents, to make associations, and to summarize the
findings using both descriptive and content analyses. This
approach is helpful in providing an overview of the research stud-
ies, identifying research trends and gaps, and guiding future stud-
ies (Zhou et al., 2015). Five data fields were recorded during the
coding process: (1) paper title, (2) publication year, (3) journal
title, (4) the country/region of the first author’s institute/company,
and (5) research topic.

Lastly, the present paper summarizes the findings from the
descriptive analysis by presenting the results in terms of research
trends and research topics, as well as those from the content anal-
ysis. After reviewing the selected journal articles, the authors
attempted to associate the findings described in the journal articles
with current PtD industry practices and standards to discover gaps
between research and practice, and to provide further evidence to
support the findings and solidify recommendations for future
research. The authors selected the SmartMarket reports from
Dodge Data & Analytics (construction.com/toolkit/reports/), ANSI/
ASSP 7590.3 Prevention through Design Standard, as well as other
NIOSH and Centers for Disease Control and Prevention (CDC)
related documents that pertain to the concept of PtD as sources
to gain an understanding of the industry trends in the United
States. The authors believe that the findings described in the iden-
tified reports and documents are potential indicators of current
PtD practices given the large number of contractors and/or archi-
tects who participated in the studies. Based on the findings, con-
clusions are drawn and recommendations to future research are
provided.

3. Overview of the literature

3.1. Publications distributed by year

The year profile of PtD publications from 2008 to 2020 is shown
in Fig. 1. The dotted trend line in the figure was obtained using a
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Fig. 1. Year Profile of PtD Publications (from 2008 to 2020).

simple moving average method over a two-year period. The figure
reveals that the relevant papers published annually prior to 2011
were fewer than 10. There has been an increase in yearly journal
articles published since 2015, with the number of publications
more than doubling between 2008 and 2011. Fig. 1 highlights
the general increasing trend of PtD publications and shows that
more attention has been paid to the concept of PtD and its applica-
tions in the construction industry. The research finding is consis-
tent with that of Sinyai and Choi (2020) - the increase in the
number of publications pertaining to the topic of PtD is pro-
nounced, and has become a new area of research in the construc-
tion occupational safety and health domain.

3.2. Publications distributed by journals

The 140 reviewed articles are distributed across 42 journals.
The main sources are the Journal of Construction Engineering and
Management (21), Safety Science (19), Automation in Construction
(12), and Construction Management and Economics (10). This result
suggests that researchers prefer these sources as mediums for dis-
seminating PtD related findings.

3.3. Publications distributed by country/region

Based on the first/corresponding author’s affiliation/company,
25 countries/regions contributed at least one publication to PtD
research. Table 1 lists the countries/regions that published at least
five articles. Even though PtD practices remain voluntary in the
United States, the United States contributed the highest number
of PtD publications (39.3%). Apparently, the concept of PtD has
drawn researchers’ attention worldwide, especially in the United
States where PtD legislation is absent and efforts have been under-
taken to actively investigate and promote PtD. However, only peer-
reviewed journal articles published in English were included in the
analysis, which may limit the scope of the analysis in terms of the

Table 1

Contributions by country/region.
Country/Region Count Percentage
USA 55 39.3%
UK 15 10.7%
China 13 9.3%
Australia 12 8.6%
Spain 8 5.7%
Singapore 6 4.3%
Others 34 22.1%

countries/regions with PtD publications, and could limit general-
ization of the research findings to a larger group.

3.4. Publications distributed by research topic

The reviewed articles were categorized by content analysis
based on the research topics investigated and discussed. Six main
topic groups were identified based on the categorization, namely:
(1) design-related factors and Occupational Safety and Health
(OSH); (2) perspectives of PtD stakeholders; (3) barriers, enablers,
and motivators to PtD implementations; (4) PtD interventions,
including regulation and legislation as well as education and train-
ing; (5) PtD resources/tools/procedures and practical cases; and (6)
construction technologies in PtD research. These six groups add up
to more than 90% of all of the identified studies. Table 2 shows the
count and percentage distribution of the research topics. Some
articles discussed more than one identified theme and, therefore,
the total count amounts to more than 140 articles and the percent-
age adds up to more than 100%. The most frequent study topic is
PtD resources/tools/procedures and practical case descriptions,
accounting for 49.3% of all studies. Since the number of studies
on other PtD related topics such as PtD practice directions (Toole
& Gambatese, 2008; Gambatese et al., 2017) is relatively small
(n=5), the content analysis only focuses on the six main groups.

4. Content analysis and discussion
4.1. Design and OSH

Prior to the first NIOSH PtD workshop in the United States,
many studies (e.g., Behm, 2005) explored design’s potential to
reduce site risks through accident analysis. Several studies (16
were identified in the present study), using different methods,

Table 2

Topic categorization of the reviewed PtD articles.
Topics Count Percentage
Design and OSH 16 11.4%
Perspectives of PtD stakeholders 27 19.3%
PtD Barriers, Enablers and Motivators 14 10.0%
PtD Interventions Regulations and Legislations 6 4.3%

Education and Training 10 7.1%
PtD Resources/Tools/Procedures and Practical 69 49.3%
Cases

Technologies and PtD 45 32.1%
Other PtD Topics (e.g., PtD practice directions, risk 5 3.6%

and financial impacts, PtD with lean
construction etc.)

140
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have been conducted worldwide since then to validate the rela-
tionship between designs and OSH. Researchers mostly relied on
historical injury/fatality databases and/or experts’ perspectives
(e.g., Burlet-Vienney et al., 2015; Gambatese et al., 2008; Wong
et al., 2009) to examine and quantify if an injury/fatality related
to design factors. Multiple other approaches were adopted to con-
firm the influence of designs on OSH, such as surveys (Wong et al.,
2009), safety performance data along with interviews (Atkinson &
Westall, 2010), empirical analysis (Lingard et al., 2012), and a sys-
tems approach (Alomari & Gambatese, 2016; Pirzadeh & Lingard,
2017).

Notably, only a few studies have attempted to measure if PtD
design decisions actually reduced OSH risks during construction,
similar to that conducted in longitudinal studies carried out by
Weinstein et al. (2005) and Lingard (2013). Additionally, there is
no well-established system that identifies whether design-related
factors are relevant to OSH and helps in assessing the extent of
influence on the frequency, severity, and/or exposure of a risk fac-
tor. Continued research efforts are required to establish systematic
and consistent empirical methods to assess the causal relationship
between the concept of PtD and OSH for workers involved in the
entire life cycle of a project.

4.2. Perspectives of PtD Stakeholders

Recognizing design as a contributing factor in OSH incidents,
the roles of involved parties in construction projects, their atti-
tudes, awareness, and knowledge of PtD and related practices have
been investigated in studies. Approximately-one-fifth of the
reviewed articles (19.3%) discussed this topic.

e Designers

Most the investigated parties are designers. An essential ques-
tion posed in the analysis is “who is the designer in PtD?” Besides
architects, and civil and structural engineers, various occupations,
such as designers of temporary structures, mechanical engineers,
electrical engineers, interior designers, surveyors, and specialist
suppliers, contractors or subcontractors that provide design input,
have been included as “designers” in PtD studies (Breslin, 2007;
Kikwasi & Smallwood, 2016; Oney-Yazic1 & Dulaimi, 2015; Toh
et al., 2017). Indeed, a “designer” term has a broad meaning. For
example, in the UK (Construction Design and Management
[CDM] 2015), designers are defined as “organizations or individu-
als who as part of a business, prepare or modify designs for a build-
ing, product or system relating to construction work.” When
preparing or modifying designs, designers should eliminate,
reduce, or control foreseeable risks that may arise during construc-
tion, maintenance, and use of a building. For example, for rooftop
vegetation or skylights, designers could consider placing perma-
nent guardrails around roof openings to prevent construction
workers, maintenance workers, and end users from falling through
the openings to lower levels (Behm, 2012). The responsibility of
“designers” also includes providing information to other stake-
holders to help them fulfill their health and safety duties.

With a predominate role in PtD practices, designer awareness of
the concept, attitude towards the concept, and knowledge level of
PtD are extremely important factors in PtD implementation. Inves-
tigating designers’ PtD perspectives is the subject of interest. There
is general agreement amongst designers from different countries
(e.g., Goh & Chua, 2016; Karakhan & Gambatese, 2017a;
Abueisheh et al. (2020) that designers have a high level of aware-
ness of, and confidence in, the PtD concept, while they have limited
knowledge about the hierarchy of controls used for hazard and risk
mitigation in construction. As for PtD implementation practices, it
was found that the level of engagement is low, and the PtD prac-
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tices are immature, informal, and mostly a work-in-progress (Toh
et al,, 2017; Che Ibrahim & Belayutham, 2020). Furthermore, com-
pared to engineers, owners, and contractors, designers were gener-
ally more resistant to PtD implementation (Tymvios & Gambatese,
2016b; Karakhan & Gambatese, 2017a); this finding, however,
could be country-specific. Designer nationality, age, experience,
professional background, and the safety culture of the organization
they work in were found to be associated with their attitude
towards PtD (Oney-Yazici & Dulaimi, 2015).

o Owners/Clients

Owners/clients have also been identified as having a vital role in
construction safety. Their involvement can influence designer per-
formance and reduce potential onsite risks (Liu et al., 2017; Votano
& Sunindijo, 2014). Owner/client motivations for undertaking PtD
have the greatest influence on integrating safety in designs (Goh
& Chua, 2016; Toh et al., 2017). Owner influence, especially via
an owner’s effective leadership behaviors, was found to lead to
high safety performance (Tymvios & Gambatese, 2016a; Wu
et al,, 2015). In practice, clients rarely contributed to improving
the safety of construction workers in Tanzania (Kikwasi &
Smallwood, 2016). In the United States, Tymvios and Gambatese
(2016b), Toole et al. (2017) and Gambatese et al. (2017) found
the vast majority of employees in the owner organizations investi-
gated were unaware of the PtD concept. Nevertheless, the above-
mentioned U.S. studies revealed positive attitudes from owners/-
clients towards PtD as an intervention for improving OSH.

e Constructors

Constructors traditionally have the sole responsibility for main-
taining jobsite safety from legal and contractual perspectives,
especially in the United States. PtD implementation requires close
collaboration between the designer and constructor, such as hav-
ing the constructor review the design as an additional safety check
or having the designer observe construction progress periodically
for potential identification of safety concerns (Toole, 2005). A sur-
vey conducted by Tymvios and Gambatese (2016b) revealed that
only approximately 17% of the participating contractors stated that
they knew of the PtD concept before the survey. More than 80% of
the contractors felt that decisions made before the design phase,
made during the design, and made during construction could help
eliminate hazards. Larsen and Whyte (2013) reinforced the impor-
tance of PtD from the contractor’s perspective in their study, and
found that insufficient design documents increase unplanned
rework, and late design changes increase the difficulty of planning
safe procedures.

The involvement of designers and owners in enhancing con-
struction site safety through the design is strongly supported by
contractors (Tymvios & Gambatese, 2016b). However, contractors
feel that designers might lack knowledge about how construction
site operations and procedures take place to effectively adopt PtD
in their designs (Karakhan & Gambatese, 2017b), which is consis-
tent with designers’ perspectives of their knowledge of the PtD
concept.

To ensure successful PtD implementation, owners/clients,
designers, and constructors all have to play their roles in practice.
And the safety attitudes across PtD stakeholders can be compared
using the inter-organizational safety climate instrument proposed
by Saunders et al. (2017). In summary, PtD stakeholders generally
hold positive attitudes regarding the concept of PtD and agree on
the importance of addressing and dealing with safety and health
hazards in designs. However, implementation of PtD in practice
in the United States is quite limited due to identified barriers,
which are discussed in the next section of this manuscript. Contin-
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ued efforts are expected to explore ways to strengthen stakeholder
confidence in the concept itself and implementation of the con-
cept. For example, learning from experienced stakeholders who
are from countries/regions with PtD regulations could lead to fur-
ther understanding of how to successfully implement PtD in prac-
tice and quantify its impacts.

4.3. PtD barriers, enablers and motivators

Of the 140 reviewed articles, 14 articles (10.0%) discuss barriers,
enablers, and motivators for PtD diffusion. With respect to barriers,
most articles focus on the barriers experienced by designers. As
summarized in Table 3, investigations in countries/regions with
or without PtD regulations have revealed that design professionals
face some of the same obstacles to the diffusion of PtD. These
obstacles include: economic barriers (additional costs associated
with PtD implementation), contractual barriers (changes in con-
tract clauses), and knowledge/information barriers (designer lack
of knowledge about safety or construction means and methods).
Potential legal liability is identified as one of the most prominent
impediments for designers to implement PtD in countries/regions
without PtD regulations (Karakhan & Gambatese 2017a). There
might be an enhanced risk of lawsuits for design firms that adopt
PtD in their project designs (Karakhan & Gambatese, 2017c;
Toole & Erger, 2019).

Researchers have also identified several factors and practices
that enable PtD implementation. Examples of enablers include
designers having the requisite knowledge and skills, adequate time
available in the design to consider safety, construction safety given
a high priority similar to other project objectives, and construction
means and methods are well identified during design (Gambatese
et al,, 2017). Regarding motivators of PtD implementation, Bong
et al. (2015) found that legal and regulatory factors were consid-
ered to be major motivators for designers in South Australia
(where PtD regulations are present). For studies conducted in the
United States (where no PtD regulations exist), ethical behavior
was viewed by design professionals as the most prominent enabler
(Karakhan & Gambatese, 2017a). Lastly, advancing the concept of
social equity that requires design professionals to consider the

Table 3
Barriers to designer implementation of PtD.
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safety and well-being of all construction stakeholders, including
construction and maintenance workers, was found to be another
PtD motivator (Toole & Carpenter, 2013).

As stated in Gambatese et al. (2017), the findings regarding PtD
barriers, enablers, and motivators are mostly based on observa-
tional or anecdotal research. Quantitative studies supported by
empirical data are needed to confirm the existence or absence of
the identified barriers, enablers, and motivators to understand
and facilitate PtD diffusion across the construction industry.

4.4. PtD Interventions

Aiming to address the identified barriers to PtD implementa-
tion, 16 of the reviewed articles (11.4%) conducted PtD interven-
tion research. The 16 articles discuss two types of PtD
interventions and their effectiveness: regulations/legislation, and
PtD education and training.

e Regulation and Legislation

Many countries/regions (e.g., the UK, Australia, and Singapore)
have implemented regulations and legislation that impose site
safety duties on design professionals with the goal of encouraging
the adoption of PtD in practice. Six reviewed articles examined the
effectiveness of PtD-related regulations on OSH. In the EU, the
studies performed by Martinez-Aires et al. (2010, 2016) revealed
that from the year when the regulations were issued, 10 countries
in the EU have experienced a greater than 10% drop in the work-
place accident rate. Bong et al. (2015) found that the guidelines
in Australia promote PtD requirements without significantly
increasing designer and contractor workloads. Designers were
aware of site hazards and were willing to address them during
the design phase (Bong et al., 2015).

Saunders (2016) attempted to examine the reasons why the
United States performed poorly in construction worker safety
and health performance compared to Australia. Saunders found
that safety decisions in Australia were generally made further
upstream than in the United States due in part to U.S. designers’
fear of liability. One additional possible contributor to poorer
safety performance in the United States is the lack of PtD regula-

Items Previous Studies
Study Gambatese et al.  Bong Goh and Chua  Oney-Yazici and Tymvios and Karakhan and Manu et al. (2019)
(2017) et al. (2016) Dulaimi (2015) Gambatese Gambatese
(2015) (2016b) (2017a)
Country/Region UK Australia  Singapore United Arab Emirates us us Nigeria
Investigated
Has PtD Regulation? Yes Yes Yes No No No No
Investigated D,C O D, C D D D,CO D, C D
Stakeholders
Barriers Regulatory X X
Economic X X X X
Legal X X X X X
Contractual X X X
Ethical X
Cultural X
Knowledge | X X X
Information
Other Safety is not Client’s Lack of PtD Lack of Lack of PtD
given higher attitude education/training and motivation; education/training and
priority toward PtD resources resources

Safety is not
given higher
priority;
Schedule and
budget concerns

Notes Investigated Stakeholders: D = designers, C = constructors, O = owners.
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tions - implementing PtD remains a voluntary effort in the United
States. As a result, designers tend to avoid making OSH-related
decisions and leave health and safety concerns to the contractors
during the construction phase. Conversely, for countries with PtD
legislation, such as Australia, there is legislation that addresses
the liability of designers on construction projects; thereby OSH
decisions are made earlier in the project development process, dur-
ing the design and planning phases. The absence of PtD regulations
was recognized as one major barrier to PtD implementation by
many studies (see Table 3). Even though there is no obligation to
implement PtD in the United States, some U.S. professional organi-
zations have published new programs and standards to encourage
PtD practice, such as the PtD-related pilot credit in the U.S. Green
Building Council (USGBC) (2015) LEED rating system, and the ANSI/
ASSP 7590.3-2011 standard on prevention through design. How-
ever, no study was found that investigated the prevalence and
effectiveness of using these guidelines and standards.

To date, only limited studies (e.g., Mendeloff & Staetsky, 2014)
have been carried out to examine the effectiveness of PtD regula-
tions on reducing injuries and fatalities. The authors of the present
study did not find a comparative study that investigates the differ-
ences in PtD regulations that are put in place in different countries/
regions. For researchers from a country/region without PtD regula-
tions, such as the United States, studies could be carried out to
learn from countries that have successfully put PtD regulations in
place. For example, studies could be conducted on what should
be included in a PtD review process, how to clearly formulate con-
tractual obligations, and which PtD approach is more effective:
having principal designers and contractors (the approach used in
the UK) or having design for safety registers and/or professionals
(the approach used in Singapore).

e Education and Training

PtD has been a mandatory practice in Europe for over two dec-
ades, but studies have found that PtD is not embedded successfully
in civil engineering curricula throughout all EU countries. In Spain,
Cortés et al. (2012) proposed that a separate course on occupa-
tional risk prevention (a major PtD focus area) should be included
in all engineering degree programs. However, the inclusion of PtD
in courses is insufficient to help future professionals to be qualified
in practicing PtD. Significant improvements in course designs are
also needed (Lopez-Arquillos et al., 2015).

In the United States, Mann lii (2008) suggested that the most
effective way to introduce PtD in educational curricula is through
modules, rather than in complete courses. Behm et al. (2014)
developed and examined a PtD educational intervention, a 70-
min lecture as a part of an Engineering Project Management class,
through a before-and-after study of engineering students. The
study showed that such an intervention helped in the development
of students’ safe design thinking over time.

To identify the best approaches to deliver the PtD concept and
practices to students, researchers have discovered several innova-
tive safety training methods besides traditional methods (i.e., lec-
tures), such as a Building Information Modeling (BIM) enabled
training module (Clevenger et al., 2015), and an energy-based
training module (Tixier et al., 2018). These studies (Clevenger
et al., 2015; Tixier et al., 2018) have shown such innovative train-
ing methods improved trainee learning experiences and provide a
better platform to obtain PtD knowledge.

For designers no longer enrolled in university courses, there are
several PtD training materials, such as those from NIOSH (www.
cdc.gov/niosh/topics/ptd/pubs.html). However, after investigating
design professionals’ preferred type of PtD training in Nigeria,
Manu et al. (2019) found that professionals have a higher prefer-
ence for attending a seminar/workshop, and a moderate preference
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for an online course/study. Oney-Yazici and Dulaimi (2015) recom-
mended influencing designers by introducing hands on experience
with the concept because of the prevalence of the “learn by doing”
method in the industry.

Apparently, the current level of PtD education and training is
inadequate and there is no consensus on the best ways to intro-
duce the PtD concept, procedures, and best practices for students
(future professionals) and for existing professionals. Studies could
be conducted to examine ways to integrate PtD content into exist-
ing university curricula and convey the effectiveness in preventing
accidents when applying academic theories in practices. As for
training methods for professionals, except for exploring effective
ways for PtD knowledge dissemination, researchers are also
encouraged to investigate professionals’ preferred training meth-
ods and to develop an appropriate PtD training program.

4.5. PtD resources/tools/procedures and practical cases

Designers typically lack sufficient knowledge about construc-
tion safety to adopt PtD in designs, as well as to identify and assess
hazards during the design/planning phase. Indeed, the hazard
identification levels in construction projects are far from ideal
(Carter & Smith, 2006). Hallowell and Hansen (2016) found that
designers are only capable of identifying 38% of construction haz-
ards from design documents. However, formal identification of
hazards is one of the fundamental steps to ensure the success of
safety management (Carter & Smith, 2006). Meanwhile, conducting
a risk assessment is essential for designs as designers could benefit
from having information that enables analyzing potential hazards.
To improve designer hazard recognition skills, and their abilities to
assess potential hazards and select safe designs, 61 of the reviewed
articles proposed and developed PtD resources and tools. Examples
of the PtD resources and tools are shown in Table 4 and Table 5. In
addition, seven studies provide practical cases on how PtD was
implemented for different applications, such as for greenery sys-
tems (e.g., Behm 2012), for heavy construction projects (Ezisi &
Issa, 2019), and for solar installations (Ho et al., 2020).

Most of the proposed PtD tools (shown in Tables 4 and 5) fall
under the domain of risk management, especially for hazard iden-
tification and risk assessment. One set of research studies focuses
on identifying a single type of hazard only, such as falls (Cooke
et al., 2008; Zhang, Sulankivi, et al., 2015), and sight obstructions
(Cheng & Teizer, 2014; Marks & Teizer, 2013). Another set of stud-
ies emphasizes hazard identification and assessment for specific
types of construction operations, including underground construc-
tion (Seo & Choi, 2008), highway construction (Esmaeili &
Hallowell, 2013), and multistory buildings (Dharmapalan et al.,
2015). Few tools were developed to provide risk mitigation advice,
recommend design alternatives, or facilitate site-planning pro-
cesses (Dharmapalan et al., 2015), while such information could
be highly useful for designers and constructors when practicing
PtD. Even though it might be impossible to generalize successful
PtD work given that most findings are the results of experience-
based approaches (Lopez-Arquillos et al., 2015), it is important to
investigate ways to apply PtD consistently during design and to
ensure determined safety measures are implemented on sites.

Traditional PtD resources/tools (Table 4) consist of risk-
assessment matrices, design guides, and suggestions from lessons
learned databases, which are consistent with the findings from
Gambatese et al. (2017). With the help of construction technolo-
gies, safety management could be performed more effectively dur-
ing design through visualization, simulation, data mining, and
integration of a safe design database (details about construction
technology usage for PtD can be found in the next section).

The definition of PtD in the construction sector often applies to
“designing out” potential OSH hazards in the process of designing
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Table 4

Traditional PtD resources/tools.
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Author(s) (year)

Target Stakeholders

Function

Description

Designers Constructors HI RA DS SP
Seo and Choi X X X A risk assessment model linking risk events with design items for underground construction
(2008) projects (with a case study focused on an open-cut type subway construction project)
Frijters and X X X X A risk assessment method to evaluate construction risks at an activity level (with a case study
Swuste (2008) focused on the construction of different types of floor systems)

Zou et al. (2008) X X X X A program titled ROAD (Risk and Opportunity at Design) that helps to perform risk and
opportunity analyses at the design stage of building projects (with two case studies focused on a
five-star green rating office building and a modern university educational building project)

Nussbaum et al. X X X A tool that aims to assist panel designers minimize ergonomic risk for residential carpenters

(2009)
Gangolells et al. X X X X A risk assessment method that helps designers to assess safety-related performance of
(2010) residential construction designs
Fung et al. (2010) X X X A risk assessment model (RAM) that helps with assessing risk levels by analyzing risk factors of
major types of trades (with a case study focused on a construction project in Hong Kong)
Kim et al. (2011) X X X A risk assessment study that evaluates levels of risk related to the design of prefabricated
(panelized) walls
Dewlaney and X X Risk mitigation strategies for high performance sustainable building construction
Hallowell
(2012)

Fortunato et al. X X A risk identification approach for high-performance sustainable construction projects
(2012)

Dewlaney et al. X X X A risk quantification approach for high-performance sustainable construction projects
(2012)

Esmaeili and X X X X A risk assessment model to quantify highway construction risks by combining a safety risk
Hallowell database and a project schedule
(2013)

Gangolells et al. X X X X X An integrated model for assessing and controlling environmental, health, and safety risks at the
(2013) project level (with a case study focused on construction projects in a small construction

company)
Dharmapalan et al. X X X An online tool (SliDeRulE) that links specific design features with construction risks to assess
(2015) safety risks associated with the design of multistory buildings

Esmaeili et al. X X X An attribute-based risk identification and analysis method to help with assessing risks
(2015) associated with a set of construction activities or building components

Karakhan and X X X A risk identification and assessment method that assesses OSH risk associated with the
Gambatese Leadership in Energy and Environmental Design (LEED) rating system
(2017b)

Penaloza et al. X X X X Arisk identification and assessment method for temporary edge protection systems in buildings
(2017)

Ning et al. (2018) X X An ant colony site layout planning optimization model with considerations of the facility safety
relationship, geographic safety relationship, and cost reduction (with a case study focused on 13
temporary facilities on a construction site)

Fargnoli et al X X X A tool that integrates quality function deployment (QFD) and the analytic network process

(2018) method to help hazard identification and risk assessment at a working task level (with a case

study focused on a construction company)

Notes Function: HI = Hazard identification; RA = Risk assessment; DS = Design suggestions; SP = Site planning.

the end product to be constructed (Weidman et al., 2016). How-
ever, the definition of PtD goes beyond that; it could be applied
to the design of all tools, equipment, materials, temporary struc-
tures, and work processes that are used during the construction
process, and to the design of the constructed environment itself
(Young-Corbett, 2014). Only a small number of studies have
explored the applications of the PtD concept in relation to tempo-
rary structures (e.g., Zhang et al., 2013), construction equipment
designs (e.g., Marks et al., 2013), and the construction environment
(e.g., Gangolells et al., 2013). Moreover, only a few PtD research
studies have focused on developing PtD solutions for the OSH of
maintenance workers (Behm, 2012; Chew et al., 2019).

Furthermore, the majority of the PtD tools/resources developed
aim at addressing worker safety; only six articles place an empha-
sis on worker health issues, especially on work-related muscu-
loskeletal disorders (WMSDs) [e.g., Nussbaum et al. (2009)].
Thus, more studies are anticipated to explore PtD solutions for
temporary works, construction equipment, and the construction
environment, as well as other frequently experienced health issues
by construction and maintenance workers.
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4.6. Technologies and PtD

Thirty-nine of the reviewed articles (27.9%) discussed or applied
construction technologies to address and control OSH risks in early
stages of a project, a significant percentage that supports PtD diffu-
sion in the construction industry. Examples of technology-based
PtD tools/resources are shown in Table 5. Fig. 2 displays the num-
ber of different construction technologies discussed in the identi-
fied studies. It is evident that BIM and visualization technologies,
such as virtual prototyping (VP) and virtual reality (VR), are the
most popular technologies used in PtD research to improve health
and safety management in construction.

BIM is as a powerful information platform for stakeholders to
collaborate. With respect to safety, BIM mainly helps with the
identification, assessment, and control of construction safety haz-
ards in designs (Malekitabar et al., 2016), assists with site safety
planning, and shows potential to integrate with PtD regulations
(e.g., CDM regulations) Mzyece et al. (2019). A variety of BIM-
based PtD tools have been invented to assist designers with con-
ducting automatic safety checks (e.g., Zhang et al., 2013), perform-
ing 4D site safety planning (e.g., Jin et al., 2019), and offering safety



Z. Jin, J. Gambatese, A. Karakhan et al. Journal of Safety Research 84 (2023) 138-154

3D/4D CAD

BIM

Remote Sensing

Lingard (2018)

Benjaoran and
Bhokha (2010)

Rwamamara et al.
(2010)

Kim et al. (2011)

Zhang et al. (2013),
Melzner et al.
(2013) and Zhang
et al. (2015)

Qi et al. (2014)

Zhang et al. (2015)

Teo et al. (2016)

Ding et al. (2016)

Kim et al. (2016)

Hossain et al.
(2018)

Yuan et al. (2019)

Jin et al. (2019)

Cortes-Perez et al.
(2020)

Kim et al. (2020)
and Lee et al.
(2020)

Rodrigues et al.
(2021)

Marks et al. (2013)

Table 5
Technology-based PtD resources/tools.
Construction Author(s) (year) Target Stakeholders Function Description
Technology Designers Constructors Others HI RA DS SP
Infographics Edirisinghe et al. X X X An infographic approach that provides suggestions
(2016) for wicked design problems (with a case study

focused on facade design)

An infographics approach that helps designers to
identify potential hazards (with a case study
focused on facade design)

A CAD-based system to identify work-at-height
hazards, provide advice regarding proper safety
measures, and help with site planning (with a case
study focused on a three-floor hotel)

A 3D/4D CAD visualization approach to identify
safety risks in the design process (e.g., clash
detection, work tasks sequence, and workspace
congestion), and to assist in site planning (with a
case study focused on a construction project that
consists of four building blocks)

A BIM-based method to generate scaffold plans by
identifying locations of scaffolds, creating building
models, and simulating the work with schedules
(with a case study focused on a five-story office
building)

BIM-based rule-checking systems to identify
potential fall hazards, provide safety suggestions,
and perform site planning with schedules (with
case studies focused on building projects)

Two BIM-based PtD checking tools to check for fall
hazards in BIM models and provide design
alternative suggestions (with a case study focused
on a three-story building)

A BIM-based tool that supports automated
ontology-based job hazard analysis to assist site
safety planning (with a case study focused on a
masonry construction project)

A BIM-based Construction Safety Audit Scoring
System (ConSASS) that supports hazard checks and
provides control measure suggestions

A BIM-based tool that integrates risk knowledge to
facilitate a construction risk analysis process
including risk factor identification, risk path
reasoning and prevention plan recommendations
(with a case study focused on deep foundation pit
excavation activities)

A BIM-based tool that assists with scaffold planning
with considerations of work sequences and
movements of work crews (with a case study
focused on a single story commercial building
project)

A BIM-integrated rule-based risk review system for
building projects (with a case study of a 5-story
building project)

A Revit plug-in that helps designers check safety
risks in a building model (with a case study focused
on a six-story building project)

A BIM-based risk assessment approach that
integrates with a work breakdown structure and a
construction schedule for site planning (with a case
study focused on a three-story concrete building)
A BIM-based method that integrates with the
Spanish health and safety regulations to assess risks
and generate health and safety plans for building
projects

A BIM-based risk evaluation system that
incorporates safety guidelines to assess risks
associated with common construction hazards (e.g.,
falls and collisions)

BIM-based plugin that allows automation in fall
hazard detection and safety object generation, and
integrates with a safety database

An approach that measures construction equipment
blind spots by using laser scanning data, and
provides design suggestions based on the data

(continued on next page)
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Construction Author(s) (year) Target Stakeholders

Function Description

Technology

Designers Constructors

Others

HI RA DS SP

Cheng and Teizer X X

(2014)

Patrucco et al.
(2010)

Other Visualization
Technology

Chun et al. (2012)

Sacks et al. (2015)

Golabchi et al.
(2015)

Golabchi et al.
(2018)

Wearable Devices Nath et al. (2017)

Umer et al. (2018)

Antwi-Afari et al.
(2018)

Other Information
Technology

Cooke et al. (2008)

Tixier et al. (2017)

Goh and Guo
(2018)

Hare et al. (2020)

collected

An approach that identifies blind spaces that
obstruct the field-of-view of a tower crane operator
based on data sets collected by a laser scanner, and
assists in hazard identification and site-planning
(with a case study focused on the construction of a
four-story campus building)

A Computer Image Generation for Job Simulation
(CIGJS) system that assists job safety analysis (with
a case study focused on extractive activities in a
crushing plant)

A hazard identification approach in a virtual
environment (with a case study focused on a mega
structure consisting of an exhibition hall extension)
A Cave Automated Virtual Environment (CAVE) that
allows performing safety reviews through dialogues
between designers and builders

A risk assessment approach to evaluate ergonomic
risk factors of jobs (with a case study focused on a
production line of a construction modular
prefabrication company)

An integrated simulation and visualization-based
safety analysis framework that enables early
identification of ergonomic risks (with a case study
focused on a masonry operation)

A method that utilizes smartphone sensory data to
assess the risk levels of awkward postures for
ergonomic analysis (with an experiment on manual
screw driving tasks)

A static balance monitoring tool of construction
workers that enables early identification of
construction task hazards and personal risk factors
using a wearable inertial measurement unit (IMU)
and a smartphone (with an experiment on rebar
tying postures)

A wearable insole pressure system which could be
inserted into workers’ safety boot to alert workers
to mitigate the risks of work-related
musculoskeletal disorders

A web-based tool (ToolSHeD) to assist with
assessing the risks of falling from heights using
argument trees

A safety clash detection approach using data mining
techniques

A web-based tool (FPSWizard) that assists active
fall protection system (AFPS) selection (with a case
study focused on a work-at-height problem)

A web-based multi-media tool that assists
designers in identifying hazards and finding
suitable controls

X

Notes Function: HI = Hazard identification; RA = Risk assessment; DS = Design suggestions; SP = Site planning

Technologies mentioned:

3D/4D CAD: accurate visual representations of construction projects created using 3D CAD tools. 4D CAD models combine 3D CAD models with construction schedules to
create visual representations of construction sequences, and can be used to facilitate team collaboration (Benjaoran and Bhokha, 2010).

BIM: a virtual software and process that involves integration of design and construction elements into accurate virtual models digitally (Eastman et al., 2011).
Infographics: a chart, diagram, or illustration that uses graphic elements to present information in a visually striking way (Merriam-Webster.com, 2022).

Remote sensing: the process of detecting and monitoring an area’s physical properties by measuring its reflected and emitted radiation at a distance (USGS, 2022). Commonly
used remote sensing technologies in the design and construction phases include global positioning systems (GPS), digital imaging acquired by cameras, and point clouds

captured by laser scanners (Moselhi et al., 2020).

Wearable devices: a set of electronic devices that can be attached to humans as accessories or embedded in clothing to monitor worker physiological metrics, locations, or

environmental conditions (Awolusi et al., 2018).

Web-based tools: digital multimedia tools consisting of photographs, videos, databases, and web search capabilities (Hare et al., 2020).

control measures (e.g., Yuan et al., 2019). Additionally, BIM-based
training was found to be an effective method to introduce safety
knowledge (Clevenger et al., 2015). Other visualization technolo-
gies such as VP and VR provide a virtual and visual construction
environment, and are mainly used to assist safety training and
education (e.g., Sacks et al., 2013). Trainee learning interests and
performance related to attaining safety knowledge is improved
when using these technologies. Studies have also shown that VP
is an effective tool in assisting hazard identification (Chun et al.,
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2012). Similarly, VR helps users experience a strong sense of pres-
ence (Wang, 2002) when conducting a job safety analysis (Patrucco
et al., 2010).

Furthermore, 3D/4D computer-aided design (CAD) facilitates
the visualization of the design and planning of a construction pro-
ject, enables intuitive comprehension of the construction processes
for identifying space-time conflicts and potential safety hazards
including working-at-height hazards (Benjaoran & Bhokha, 2010),
and offers a collaboration tool for all parties of interest
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Fig. 2. Number of PtD publications by construction technology.

(Rwamamara et al., 2010). Different from 3D/4D CAD and BIM,
infographics provide graphic visual representations of information
in 2D. Prior studies (e.g., Edirisinghe et al., 2016) have shown that
the use of infographics increased the number of identified poten-
tial OSH issues in designs and enhanced communication.

Focusing on site safety planning, the use of laser scanning data
helps in the identification of hazard proximity including blind spot
measurement for operators of loaders (Marks et al., 2013) and
tower cranes (Cheng & Teizer, 2014). In addition, wearable devices
were used to understand and monitor the postures of construction
workers, and the devices were found to have great potential to pre-
vent work-related musculoskeletal disorders (WMSDs; Antwi-
Afari et al.,, 2018; Nath et al., 2017) and fall accidents (Umer
et al., 2018). The studies performed by Nnaji et al. (2020; 2021) fur-
ther show the potential of wearable smart devices for incident pre-
vention, and point out the important roles of the physiological and
environmental functions offered by wearable smart devices in
improving worker safety and health. Other information technolo-
gies such as artificial intelligence (AI) provide new means for
researchers to retrieve safety knowledge. Examples include the
work conducted by Goh and Guo (2018) for active fall protection
system designs, and that by Tixier et al. (2017) for clash identifica-
tion. Moreover, as demonstrated by Cooke et al. (2008) and Goh
and Guo (2018), web-interface offers an easy access platform for
sharing PtD knowledge among the construction industry.

Technology advancements have benefited the diffusion of PtD
by providing information platforms for stakeholders when identi-
fying and assessing OSH hazards, assisting pre-construction site
safety planning, sharing and communicating design and construc-
tion information, and providing PtD training and education effec-
tively. Though various types of PtD technology applications have
been developed, research-to-practice gaps exist since most of the
applications are limited to academic research, limited implementa-
tion has been carried out (Zhou et al., 2013), and the technologies
have not experienced wide-spread use in practice. Bridging the gap
between research and practice requires continuous efforts to
inform stakeholders regarding the availability, workability, and
effectiveness of the developed PtD tools.

4.7. Industry PtD practices

Two SmartMarket reports (Dodge Data & Analytics, 2017, 2020)
provide industry insights on the concept of PtD and the related
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industry practices. The 2017 study surveyed both contractors and
architects, and the 2020 study only surveyed contractors. The sur-
vey results are consistent with the findings from the reviewed
journal articles in terms of PtD awareness, barriers, and drivers,
and provide additional information on the specific PtD practices
implemented by architects and contractors. For example, some
PtD practices frequently implemented by architects are the identi-
fication of prefabrication opportunities in collaboration with con-
structors and performing safety reviews. As for constructors, the
installation of permanent safety features (e.g., permanent roof
anchors for fall protection), prefabrication/modularization, and
the use of BIM are cited as the most frequently implemented PtD
practices.

Both designers and contractors view prefabrication/modular-
ization as a PtD approach given that working with prefabricated
assemblies and modules may reduce worker exposure in confined
spaces, at heights, and in hazardous environmental conditions
compared to onsite construction. Prefabrication/modularization
was also mentioned as one of the PtD trajectories by Toole and
Gambatese (2008). But, because prefabricated assemblies are often
large in size, and may require additional heavy equipment (e.g.,
cranes) to assemble and/or install, the use of prefabricated mod-
ules may not always have a positive impact on site safety
(McGraw-Hill Construction, 2011). The topic of construction pre-
fabrication/modularization was rarely covered in the reviewed
journal articles. Only the study conducted by Rubio-Romero et al.
(2014) provided quantitative results showing that industrialized
building systems could not claim to be safer than on-site tradi-
tional construction systems in Spain. Future studies should be con-
ducted to investigate whether prefabrication/modularization is an
effective means to practice PtD and determine factors that influ-
ence its effectiveness on improving site safety.

Another topic that was not discussed in the reviewed journal
articles but was investigated in the 2017 report relates to the LEED
pilot credit for PtD. The pilot credit, launched in 2015, requires
conducting design reviews before the completion of schematic
design that consider worker safety and health in the construction
and operation phases. Most of the surveyed architects were not
familiar with the PtD pilot credit even though they are widely
familiar with LEED, and only a few expressed interest in using
the pilot credit at the time of this investigation. Research could
be conducted to compare the safety performance of projects that
have registered for the pilot credit to those that have not, and then
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identify challenges designers have faced when implementing such
a credit.

5. Proposed future research

Based on the increased number of publications on PtD topics
since the PtD initiative was first started by NIOSH in 2007, it can
be said that interest in PtD research is evident. The analysis of
140 PtD-related journal articles that were published between
2008 and 2020 revealed six primary research topics. Table 6 shows
the list of topics and provides a summary of the current achieve-
ments and shortcomings within each topic.

PtD diffusion is still at its early stage, especially in countries like
the United States that have no mandatory PtD-related require-
ments. Barriers to PtD implementation exist in both people and
processes, which include, among others, a low-level awareness of
and engagement in PtD, lack of support from clients/owners and
constructors due to schedule and budget concerns, lack of PtD
training and resources, and lack of regulatory and legislative sup-
port. Thus, there is a need for continuous effort in both research
and practice that influences and enhances the awareness and
implementation of PtD in the long run. The following section pro-
vides further discussion on the review findings and points out pos-
sible directions of future research. Conducting research in these
directions will eventually improve PtD research design, solidify
current research findings, and strengthen the understanding of
the need for, and adoption of, PtD.

5.1. Use of mixed research methods and empirical evidence

Regardless of the investigated PtD topics, a common issue is
related to the method employed to conduct the research. Through
a careful examination of the adopted research methods, only about
one-fifth of the studies described in the reviewed articles adopted
a mixed-methods approach. Case study and surveys are the two
most frequently adopted research methods, used by 36% and 24%
of the studies, respectively. For studies that utilized a case study
as the primary research method, the findings often could not be
generalized to all construction projects due to the limited number
of case study projects investigated. Data collected with surveys
were often based on participant perceptions or their ability to
recall information, which were often retrospective. Within the
reviewed articles, only the study conducted by Lingard et al.
(2015) provided empirical data to reveal the significance of PtD
from a prospective view. As stated by Abowitz and Toole (2009),
no single method is best. It is suggested to use a mixed-methods
approach for PtD research that aligns with the social sciences to
improve the validity and reliability of the results by combining
quantitative and qualitative approaches in research design and
data collection.

A lack of empirical studies is another notable issue with PtD
studies, which is in line with the findings from Tymvios et al.
(2020). In addition, there is minimal longitudinal research that
evaluates the impacts of OSH design decisions over the life cycles
of projects, not only on the effectiveness of PtD in reducing OSH
risks, but also on the impacts of other important performance indi-
cators such as cost, schedule, productivity, quality, and their poten-
tial influence on the choice of project delivery methods.
Comprehensive evaluations of PtD design decisions on multiple
performance indicators using a weighted system or other evalua-
tion methods could be conducted. To support diffusion, it is essen-
tial that information on the cost impacts of PtD be assessed. Even
though prefabrication/modularization was cited as one of the most
frequently used PtD industry practices in the United States, the
effectiveness of construction prefabrication/modulation on
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improving safety performance still needs further confirmation.
Additional understanding of the actual influence of implementa-
tion of PtD would help stakeholders make informed decisions
regarding whether to adopt PtD or not, when to adopt it, and to
what degree.

5.2. PtD regulations, legislations, education, and training

Compared to other PtD topics, fewer studies explored the topics
of PtD regulations and legislations, and PtD education and training,
which are two influential PtD implementation factors. To date, only
limited research studies have been carried out to examine the
effectiveness of existing PtD regulations, and no study was found
to compare the differences in the policies and practices from differ-
ent countries. For sustainable/green construction projects in the
United States, little research (Behm & Pearce, 2017; Karakhan &
Gambatese, 2017a) has investigated the influence of implementing
the LEED PtD pilot credit on project safety performance. Further
studies could be conducted to compare different sets of PtD regu-
lations in different countries and to investigate the status of apply-
ing the PtD pilot credit (or other PtD related guidelines and
regulations), including the level of awareness and interest, chal-
lenges faced, and effectiveness in OSH improvement. The incorpo-
ration of PtD in sustainable design and construction could yield
significant safety and non-safety gains (Karakhan & Gambatese,
2017a; Kamas et al., 2019). Moreover, utilizing visualization meth-
ods such as VR and augmented reality (AR) to develop training
courses/modules related to PtD is a topic that requires further
research. An increasing number of research studies have recently
attempted to develop training courses/modules related to con-
struction site safety (Jeelani et al., 2020; Le et al., 2015; Sacks
et al., 2013). However, there have been no studies that focused
on developing PtD training courses/modules for designers (both
architects and engineers) using VR and AR. Developing such train-
ing would help overcome one of the most notable barriers (de-
signer lack of knowledge about safety or construction means and
methods) to greater diffusion of PtD across the construction indus-
try. Emerging technology has been shown to be crucial for
improved workplace conditions and workplace safety manage-
ment (Nnaji et al., 2020).

5.3. PtD related to worker health and environment, construction
equipment, and temporary structures

Though a variety of PtD tools/resources, with or without the
integration of construction technologies, have been developed to
help designers and constructors implement the concept of PtD,
the primary focus is on worker safety when constructing perma-
nent structures. As a highly fragmented and complex industry,
additional attention should be given to address worker health
issues, improve construction equipment and the work environ-
ment, and enhance the safety of temporary structures. With these
research studies, the industry could better understand the feasibil-
ity of implementing PtD in broader aspects to improve worksite
conditions and ensure worker protection.

5.4. PtD solutions at high levels of hazard control

As shown in Tables 4 and 5, the majority of the currently avail-
able PtD tools focus on providing information on hazard identifica-
tion and risk assessment instead of providing viable and workable
PtD solutions for designers to use in design alternative selection or
site planning. Consistent with the findings of Hardison and
Hallowell (2019), further research studies are needed to examine
whether the risk-based tools are practical to use on real life pro-
jects, and whether they are effective in improving lifecycle safety



Table 6

Achievements and shortcomings of previous PtD research and possible future research directions.

PtD Topic

Achievement

Shortcomings

Future Directions

Design and OSH

Perspectives of PtD
Stakeholders

PtD Implementation
Barriers, Enablers
and Motivators

PtD Interventions

6v1

PtD resources/ tools/
procedures and
practical cases

Technologies and PtD

There is a relationship between
designs and construction accidents

Generally positive attitudes towards
PtD, a low level of PtD knowledge, and
low engagement in PtD

Identified barriers (e.g., legal,
economic, and contractual), enablers
(e.g., requisite PtD knowledge and
adequate time), and motivators (e.g.,
legal and regulatory factors, and
ethics) related to designer and
owner/client implementation of PtD

Regulations  PtD regulations
and worldwide
legislation

Education PtD education and

and training training materials and

opportunities

Developed PtD resources/tools/
procedures to help designers and
constructors identify hazards, assess
risk levels, propose design alternatives
and assist in site planning. Provided
practical cases to demonstrate how to
apply the PtD concept in real life
scenarios.

Identified frequently used PtD
construction technologies (e.g., BIM
and other visualization technology
such as VP and VR) and their usage
(e.g., safety reviews/checks and safety
training)

1
2

Studies relied on historical injury/fatality databases or experts’ opinions;
Studies focused on construction safety. There is a lack of research on PtD
related to health issues, and for other phases of the entire life cycle of a
project; and

3) No well-established method to identify the causal relationship and to
quantify the magnitude of the relationship.

—_

Limited samples were investigated;
Findings were based on the perspectives of stakeholders; and
No empirical data were provided.

w N

Findings were mostly based on observational or anecdotal research

1) For research studies conducted in countries/regions that have PtD regula-
tions, no comprehensive investigation was conducted to verify the effec-
tiveness of regulations on OSH; and

2) No studies investigated the differences in PtD regulations that have been
put in place in different countries.

1) No agreement on how to incorporate the PtD concept in existing university
curricula; and

No thorough investigation on the preference and effectiveness of PtD train-
ing methods for professionals.

Studies were not comprehensive:
1) The majority of the studies emphasized risk identification and assessment

for very specific hazards such as falls;
2) The majority of the studies focused on permanent structures;
3) Health issues and OSH of maintenance workers were barely discussed; and
4) The impacts of PtD solutions were not well assessed.

2

Limited practical implementations

1) Using a mixed-method approach to collect both quantitative and qual-
itative data to improve research validity and reliability;

Conducting longitudinal studies to evaluate the impacts of PtD design
decisions; and

Developing a systematic and consistent method to assess the relation-
ship between design factors and safety and health for workers over
the whole life cycle of a project.

Collecting more representative and randomly selected samples from a
wide range of PtD stakeholders; and

Soliciting empirical data to confirm the findings from previous PtD
research in terms of stakeholder knowledge levels of PtD and their
PtD practices.

Conducting quantitative studies to confirm the existence or absence of
barriers, enablers, and motivators

2

3

—_

N

1) Performing research to examine the effectiveness of PtD regulations
on accident prevention;

2) Conducting comparative studies to examine the differences in PtD reg-
ulations; and

3) For researchers from a country/region that has no PtD regulations,
performing studies to learn from countries that have successfully
put PtD regulations in place.

Establish a systematic PtD education and training program for both

students and professionals

1) More research required on health issues of workers, and on mainte-
nance workers;

More research on the interactions between workers and temporary
structures, construction equipment, and the work environment;
Developing more PtD tools that can be applied to a wide range of
applications, and can assist in design optimization; and

Conducting more research on the impacts of PtD solutions/ resources/
tools in terms of safety, cost, productivity, and quality from practical
cases.

2

3

&

‘ID 30 upYDADY 'Y ‘asapquuvy [ ‘uif 7

pSI-8€1 (£202) B8 Yo1pasay A1afvs fo [puinof



Z. Jin, J. Gambatese, A. Karakhan et al.

and health for workers. Through an exploratory study, Karakhan
et al. (2019) showed that construction technologies have great
potential to lessen or eliminate hazards, which are the two higher
levels of the hierarchy of controls and which are generally consid-
ered as the most effective means of risk control. However, only a
limited number of PtD tools have the capability of addressing the
most effective levels of the hierarchy of controls. It is expected that
design deficiencies related to jobsite hazards and time-space-
activity conflicts could be detected, lessened, or eliminated with
the help of visualization tools such as BIM, VR, and geographic
information systems (GIS) (Bansal, 2016), in order to achieve
improved effectiveness of risk control before hazards are present
on sites.

5.5. PtD knowledge integration

Currently, there is no consensus on the most effective formats
and contents for delivering PtD knowledge and skill training, and
how to inform designers of the available PtD resources and tools.
This deficiency is a major barrier that limits widespread PtD imple-
mentation. Future research could be conducted to determine what
key PtD concepts should be delivered (e.g., situational awareness,
and hierarchy of controls), to identify the existing PtD education
and training opportunities for both existing and future design pro-
fessionals, and to propose a systematic and practical PtD educa-
tional framework in construction to improve designer awareness
and their ability to ensure worker protection.

In addition, knowledge regarding PtD regulations, procedures,
tools, and best practices is scattered and fragmented. There is a
lack of clarity as to how to communicate the benefits of PtD imple-
mentation to legislators, professional societies, and designers and
constructors globally, and how the gap in research-to-practice
can be narrowed to better serve the industry. Researchers, practi-
tioners, and legislators could benefit from future studies on how
to foster effective communication of critical information. For
instance, providing information on the cost effectiveness or return
on investment associated with PtD could play a central role in inte-
grating PtD knowledge, given the important role that finance plays
in the adoption of new safety tools and processes. Providing a
streamlined process for informing practitioners and legislators on
the advancements in PtD research and practices would also
improve PtD awareness and knowledge integration.

Limited studies have attempted to integrate PtD knowledge
with design authoring tools to reduce or eliminate design flaws
identified during the design and planning phases. With the integra-
tion and development of emerging technologies including sensors,
drones, and data mining, researchers could collect more reliable
safety, health, and site data. Designers and constructors would cer-
tainly benefit by having additional information, if information is
exchanged in an explicit and efficient manner, and via a collabora-
tive platform. Future research could be conducted to explore the
framework of PtD information exchange, which includes what
types of data to collect, in what formats, when to exchange, on
what platforms, which parties are responsible for the information
exchange, and how to incorporate health and safety knowledge
to facilitate PtD diffusion.

6. Limitations

Similar to other review papers, the present work has some lim-
itations. Firstly, the analysis only covered journal articles in Eng-
lish, using a limited set of keywords for searching within specific
databases. The literature analyzed in this study could be affected
by the database used and choice of keywords. Moreover, additional
studies on PtD could be available in other languages. In addition, as
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shown in Table 1, the review only covers PtD research studies con-
ducted in 25 countries/regions. While reviewing studies from 25
countries provides valuable insight, it should be noted that the
findings presented in this study might be limited to the countries
covered and those with similar characteristics. Therefore, research-
ers and practitioners from countries not represented in this study
should be cautious when applying the findings presented in this
study. Secondly, the study placed a primary focus on PtD research
studies instead of industry practices. This action was largely driven
by the limited resources on industry practices that are currently
available (only a few reports from the United States were available
and included). The lack of discussion on PtD industry practices
from the perspective of different countries is another limitation
of this study. As construction means and methods vary by country,
so do the implementation of PtD industry practices and tools.

7. Conclusions and recommendations

The concept of PtD has attracted attention from both the con-
struction industry and academia since it has the potential to effec-
tively eliminate hazards and prevent worker injuries/fatalities
throughout the whole life cycle of a project. This study investigates
the current state-of-the-art of PtD research by examining 140 rel-
evant peer-reviewed journal papers that were published between
2008 and 2020. This paper provides a systematic review based
on descriptive and content analysis, and then compares the find-
ings with industry practices. The study reveals that the annual
number of publications shows a growing interest in the PtD con-
cept, and researchers in the United States contributed the most
PtD research.

A wide variety of PtD topics have been investigated in peer-
reviewed articles by researchers worldwide since 2007. The exist-
ing PtD research studies mainly fall into six topic categories:
design and OSH; perspectives of PtD stakeholders; PtD implemen-
tation barriers, enablers, and motivators; PtD interventions; PtD
resources/tools/procedures and practical cases; and construction
technologies in PtD research studies. The achievements and short-
comings of each topic have been discussed in the paper as well.

7.1. Recommendations for future research

Recommendations for future PtD research, which could be consid-
ered by researchers to overcome the limitations of the current stud-
ies and extend the scope of PtD research, are summarized in Table 6.
The most important recommendations are highlighted below:

o Utilize empirical data and adopting mixed research methods in
PtD studies to improve research quality;

e Conduct longitudinal studies to evaluate the impact of PtD
design decisions on OSH, as well as on other key indicators
(e.g., cost, productivity, and quality) for the entire life cycle of
a project;

e Perform studies on the effects of PtD when integrated with pre-
fabrication/modularization and sustainability (e.g., the imple-
mentation of the LEED PtD Pilot Credit);

e Conduct comparative studies that assess PtD legislation and
regulations;

e Conduct studies on the best ways to promote PtD awareness

and facilitate communication and collaboration between acade-

mia, industry, and governing organizations;

Develop a PtD education and training framework for existing

and future professionals;

e Conduct studies on implementing PtD concepts to address
worker health issues, improve construction equipment and
the work environment, and enhance safety related to temporary
structures;
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¢ Utilize technology (e.g., BIM, VR, and GIS) use and integration
with PtD to address the higher levels of the hierarchy of con-
trols; and finally

e Develop a PtD information exchange framework.

7.2. Recommendations for practitioners (practical applications)

Results presented in this paper, especially those related to the
available PtD tools/resources/procedures, could benefit industry
practitioners in understating the current status of PtD research
and in making decisions on when and how to adopt PtD, and iden-
tify the appropriate PtD tools to use in order to improve OSH
effectively.
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Introduction: Although the braking system plays a key role in a safe and smooth vehicular operation, it has
not been given proper attention and hence brake failures are still underrepresented in traffic safety. The
current body of literature on brake failure-related crashes is very limited. Moreover, no previous study
was found to extensively investigate the factors associated with brake failures and the corresponding
injury severity. This study aims to fill this knowledge gap by examining brake failure-related crashes
and assessing the factors associated with the corresponding occupant injury severity. Method: The study
first performed a Chi-square analysis to examine the relationship among brake failure, vehicle age, vehi-
cle type, and grade type. Three hypotheses were formulated to investigate the associations between the
variables. Based on the hypotheses, vehicles aged more than 15 years, trucks, and downhill grade seg-
ments seemed to be highly associated with brake failure occurrences. The study also applied the
Bayesian binary logit model to quantify the significant impacts of brake failures on occupant injury sever-
ity and identified various vehicle, occupants, crash, and roadway characteristics. Conclusions and Practical
Applications: Based on the findings, several recommendations regarding enhancing statewide vehicle
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inspection regulation were outlined.
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1. Introduction

Of all the features constituting a vehicle, the braking system is
likely to be the most important. Its function is to enable the driver
to control the vehicle speed when the need arises in order to pro-
tect the vehicle, driver, and other road users from crashes that
might be fatal. Vehicle stability and operation can deteriorate sig-
nificantly by defective brakes. Although the failures of modern
vehicle braking systems appears to be rare, their performance
can degrade constantly as vehicles age. In 2018, the National Motor
Crash Causation Survey (NMVCCS) reported that of the approxi-
mately 44,000 vehicle defect-related crashes, nearly 22% (10,000)
were due to defective brakes (USDOT, 2018). The distributions of
other vehicle defect types reported were tires/wheels-related (ac-
counting for about 35%), steering/suspension/transmission/engine
(accounting for about 3%), and other/unknown vehicle-related
problems (accounting for about 40%). Being unable to stop is
almost impossible to avoid a crash when it occurs. Considering
the fact, the National Traffic and Motor Vehicle Safety Act autho-
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https://doi.org/10.1016/j.jsr.2022.10.003
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rizes the National Highway Traffic Safety Administration (NHTSA)
to investigate issues relating to motor-vehicle safety, and requires
manufacturers to notify NHTSA of all safety-related defects (e.g.,
brakes, tires, lighting) involving unreasonable risk of a crash, death,
or injury (USDOT, 2020). Therefore, there is a need to conduct
research on investigating brake failure-related crashes and the cor-
responding injury severity.

Wyoming with its extensive network of mountainous roads has
the second-highest traffic fatality rate (21.2 death per 100,000 pop-
ulation) in the nation (NHTSA, 2019). A significant portion of
Wyoming roads goes through mountainous and rolling terrain,
resulting in severe vertical grades and horizontal curves. For
instance, Interstate 80 (I-80) provides a major corridor connection
between the west coast and major cities in the east. About 9% of I-
80 in Wyoming (in both directions) is within vertical grades of
more than 3%, where certain sections reach grades of close to 7%.
These conditions with a high elevation tend to accelerate the vehi-
cle defects quicker than the normal condition. Crashes involving
defective brakes are a growing concern in Wyoming because of
the presence of steep downgrades, which accelerates heavy vehi-
cles’ brake temperatures exceeding the critical temperature, lead-
ing to a higher level of injury severity and significant economic
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impact (Moomen et al., 2019, 2020; Rezapour, Moomen, & Ksaibati,
2019). Among the vehicle defect-related crashes in Wyoming,
brake failures contributed about 25% based on the Wyoming
Department of Transportation (WYDOT) 10 years of crash reports
(2010-2019). This study aims to provide some insights to fulfill
the knowledge gap by analyzing brake defect-related crashes in
Wyoming,.

2. Literature review

Crashes with vehicle defects tend to have consequences in
terms of property damage, loss of goods, and loss of life. Yet, a lim-
ited number of studies have been found investigating vehicle
defects and associated safety implications. Previous studies
reported brake and tire failures as the most significant factors in
mechanical failures resulting in crashes (Automobil, 2015;
Schoor, Niekerk, & Grobbelaar, 2001; Solah et al., 2017). In order
to explore the causes of brake failure, a study administered a struc-
tured questionnaire (Owusu-Ansah, Alhassan, Frimpong, &
Agyemang, 2014). The survey results indicated that overheating
of the brake assembly due to prolonging the application of the
brakes is the main reason behind brake failures. While investigat-
ing the effect of brake failure on road traffic, Oduru (2012) con-
cluded that brake failure could result in a fatal crash and, hence,
the vehicle should be inspected regularly to reduce brake failure.
Das, Dutta, and Geedipally (2021) examined the association
between crash severity and vehicle defect types by applying a
Bayesian data mining approach and found that vehicle age is asso-
ciated with severe injury crashes resulting from defective brakes
and worn tires. In order to detect and diagnose car brake failure,
Ibitayo, Mohammed, Rabiu, and Abdulrahman (2016) developed
Expert System (ES), one of the leading Artificial Intelligence tech-
niques that provides input and output equations in assisting
mechanical technicians for car brake failure detection and diagno-
sis via mathematical Differential Equations in form of Dynamic
Control System (DCS).

Trucks carrying huge loads are more prone to brake failures,
especially while descending downgrades because of the generation
of excessive heat on brakes. Yan and Xu (2018) showed that the
brake temperature is positively correlated to the truck weight
and the percentage and length of the downgrade. Dinh, Vu,
Mcllroy, Plant, and Stanton (2020) developed Systems Theoretic
Accident Model and Process and its corresponding Causal Analysis
using Systems Theory (STAMP-CAST) model to analyze downhill
truck crashes caused by a brake failure. The results indicated the
driver’s inexperience, together with the truck’s low quality and
severe road conditions, as potential factors directly leading to the
corresponding crashes. In order to improve the safety performance
of heavy commercial vehicles when a braking failure occurs under
turning conditions, Lu, Wang, and Zhang (2020) carried out the
Trucksim-Simulink joint simulation and hardware in the loop
experiment to jointly verify the control effect of the brake. The
results showed that the influence of vehicle brake failure on vehi-
cle driving stability is reduced, the performance of vehicle brake
under long and downhill conditions and turning conditions are
improved, and the safety stability of vehicle brake failure in hard-
ware loop is improved, which meets the requirements of national
standards for vehicle braking. While examining the injury severity
resulting from brake failure, Wang and Prato (2019) found a posi-
tive relation of truck brake failure with a significant rise in the
fatality probability (14.6%).

Based on the previous studies discussed, vehicle condition (e.g.,
vehicle age), vehicle configuration (e.g., vehicle type), and roadway
geometry (e.g., vertical grade) were reported as the most potential
factors associated with brake failure related crashes. On the other
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hand, occupant, vehicle, crash, and roadway characteristics were
frequently utilized in the literature to investigate injury severity
analysis. Table 1 summarizes the type of data previous studies
used with key findings and variables. Hence these factors were
used in this study to examine the occurrence of brake failures
and the corresponding injury severity.

The literature review indicates that the current research on
brake failure crashes is limited, and no study was found that exten-
sively investigated injury severity in brake failure-related crashes
considering various injury-related characteristics. The contribu-
tions of this study include: (a) exploring the relationship among
brake failure, vehicle age, vehicle type, and grade type; (b) assess-
ing the impacts of brake failures on occupant injury severity while
accounting for possible intra-crash correlation (effects of the com-
mon crash-specific unobserved factors in occupant injury severity
within the same crash); and (c) demonstrating the necessity of sta-
tewide vehicle inspection regulations.

3. Research methodology

The first analysis performed in this study was Chi-square anal-
ysis to examine the relationship among brake failure, vehicle age,
vehicle type, and grade type. Three hypotheses were formulated
to investigate the associations between the variables.

i. Null hypothesis (H,): The brake failure occurrence in newer
vehicles is the same as those in older vehicles regardless of
the vehicle type and the grade type.

Alternate hypothesis (H,): The brake failure occurrence in newer

vehicles is not the same as those in older vehicles regardless of

the vehicle type and the grade type.

ii. Null hypothesis (H,): The brake failure occurrence is the
same across different vehicle types regardless of the age of
the vehicle and the grade type.

Alternate hypothesis (H,): The brake failure occurrence is not the

same across different vehicle types regardless of the age of the

vehicle and grade type.

iii. Null hypothesis (H,): The brake failure occurrence is the
same across different grade types regardless of the age and
type of vehicle.

Alternate hypothesis (H,): The brake failure occurrence is not

the same across different grade types regardless of the age

and type of vehicle.

The Chi-square test is frequently used in the literature to test
the difference between what is actually observed and what would
be expected if there were truly no relationship between the vari-
ables of interest (Agresti, 2009). The vehicle age groups used for
the Chi-square analyses were categorized based on the previous
literature (Liu & Subramanian, 2020; Nambisan, Boakye, & Yu,
2021), which include 1-6years, 7-11years, 12-15years, and
greater than 15 years. Note that, less than 1% of total crashes inves-
tigated in this study do not have vehicle year information and thus
those crashes were discarded from the analysis.

To investigate the injury severity resulting from the brake fail-
ures, binary logit models with a Bayesian inference approach were
applied to examine the effects of the vehicle, occupant, crash, and
roadway factors contributing to fatal or any other injuries. Apart
from the traditional logit or probit models, Bayesian statistics are
gaining popularity in traffic safety analysis because of their better
performance over the traditional maximum likelihood estimation
(MLE) based approach (Haque, Chin, & Huang, 2010; Huang &
Abdel-Aty, 2010; Huang, Chin, & Haque, 2008; Ma & Kockelman,
2006; Xie, Zhang, & Liang, 2009). The benefits of using the Bayesian
inference model is listed below:
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Table 1

Previous studies related to vehicle defects.
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Authors Model/Method Variables Used Key Findings

Schoor et al.  Roadside survey Vehicle defects, maintenance history, Tires and brakes were found as the two most dominant components that contribute
(2001) overloading, high speed to the mechanical defects causing accidents, with overloading an additional factor to

consider.

Oduru A questionnaire Brake fluid, brake overheating, and brake The results indicated that brake failure is caused by low or shortage of brake fluid and

(2012) survey servicing period brake overheating. It was also recommended that vehicle should be inspected
regularly to reduce brake failure

Owusu- A structured Responses from bus terminals, The survey results showed that brake failure in commercial minibuses is caused
Ansah questionnaire automotive workshops, and government  mainly by Overheating of the brake assembly due to prolong application of the
et al. survey institutions brakes.
(2014)

Solah et al. Logistic Roadworthiness inspection results (Pass It was found that the two most common private passenger vehicle defects were worn
(2017) regression and Fail) out tire (or lack of tread) and structural integrity.

Yan and Xu Mathematical Vehicle, roadway, and environmental The results indicated that brake temperature is positively correlated to the truck
(2018) model characteristics weight and the percentage and length of the downgrade.

Wang and Partial Geometric, driver, crash, truck, and The study found a positive relation of truck brake failure with a significant rise in the
Prato proportional environmental characteristics. fatality probability.
(2019) odds model

Moomen Logistic Driver, environmental, crash, traffic,and  Geometric factors, driver, weather, lighting, and road conditions, and day of week
et al. regression geometric features contributed to truck crashes on downgrades.
(2019)

Rezapour Ordered logistic Driver, environmental, crash, traffic, and  Several variables including driver, vehicle, geometric and traffic factors were found to
et al. model geometric features impact single- and multi-vehicle crashes on downgrades.
(2019)

Dinh et al. Systems User, vehicle, and road environment The results indicated the driver’s inexperience, together with the truck’s low quality
(2020) Theoretic characteristics and severe road conditions as potential factors directly leading to the brake failure-

Accident Model related crashes.

Lu et al. TruckSim- Vehicle dynamics characteristics The results showed that the influence of vehicle brake failure is increased under long

(2020) Simulink joint and downhill conditions.
simulation

Moomen Negative Geometric factors Downgrade length, number of lanes, shoulder width, among others were identified as
et al. binomial model important geometric factors.
(2020)

Das et al. Bayesian data Crash, vehicle, and geometric The findings showed that vehicle age is associated with severe injury in vehicle
(2021) mining method characteristics defects-related crashes.

e The variables are treated as random and the data are used to
simulate the behavior of the variables in assessing their distri-
butional properties.

e There is flexibility in selecting the parametric family for prior
probability distributions.

¢ Bayesian inference performs better with small datasets with a
multitude of factors/variables and can handle complex models
much better than MLE-based methods with the power of Mar-
kov Chain Monte Carlo (MCMC) sampling techniques.

Having good knowledge of priors and selecting an appropriate
prior distribution help to overcome the drawbacks of the datasets
with a small sample size. On the other hand, the robust nature of
the Bayesian inference via MCMC methods makes it suitable to
handle complex models. Among the three priors, the selection of
informative prior was limited since there has not been any previ-
ous study that applied Bayesian analysis into occupant injury
severity resulting from brake failures. While selecting between
the weak informative and non-informative prior, Lemoine (2019)
in his study suggested the use of weak informative prior and indi-
cated that the use of non-informative prior produces a similar
result to the frequentist model. Moreover, it was found that models
with non-informative prior take an unreasonably long time to con-
verge compared to models with weakly informative prior. There-
fore, the authors decided to move away from the non-
informative prior and applied the weak informative prior to keep
the estimates as unbiased as possible. Recently, the No-U-Turn
Hamiltonian Monte Carlo (NUT HMC) has been introduced as an
advancement of the MCMC sampling technique (Hoffman &
Gelman, 2014). The application of the NUT HMC technique was
previously rare in the literature, mainly due to the underlying
sophisticated mathematics and statistics. However, recent

improvements in the Stan programming language in R® statistical
software (i.e.,, “brms;” Bayesian Regression Models using Stan)
make it more user-friendly to easily implement the Bayesian mod-
els and investigate the posterior distributions using NUT HMC
(Biirkner, 2017; Carpenter et al., 2017; Haq et al., 2020a, 2020b,
2020c, 2021a, 2021b). Therefore, this study developed Bayesian
binary logit models utilizing the NUT HMC sampling technique in
R® installed with the “brms” package.

The Bayesian inference model was developed by going through
rigorous fine-tuning of model specification, where the adaptive
rejection was set up as 3000 iterations with 1000 as burn-ins.
Three parallel MCMC chains were run to simulate posterior distri-
butions resulting in a total of 6000 (2000 runs x 3 chains) posterior
samples. Gelman-Rubin statistic (R) was used to ensure the con-
vergence of the model (Gelman & Rubin, 1992). The value equal
to 1 for each parameter in the model referred to perfect
convergence.

For this study, both response and explanatory variables were
converted into a binary format of either one or zero (1 or 0). If
the binary responses have respective probabilities of p and 1 — p,
then the general form of logistic regression can be expressed in
Equation (1).

logit(rt) = log (%) = (Bo+u)+ > pX (1)
where B, is the intercept, X is the vector of the explanatory vari-
ables, B is the regression coefficients for the explanatory variables
to be estimated, and u; is the random effect parameter accounting
for the random variation. In a Bayesian modeling framework, the
posterior distribution of the parameters is given by the following
equations.
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Likelihood x Prior

Posterior = Average Likelihood

(2)

py|0)xp(0)
pW)
where 6 = parameters to be estimated, p(y|0) = likelihood function,

p(0) prior information of the parameters, p(y)= marginal distribu-
tion of y as shown in Equation (4).

p(Oly) = 3)

Py) = /0 p(y, 0)d0 (@)

Since p(y) is independent of 0, the posterior is only proportional
to the product of likelihood and prior, which is clarified in Equation

(5)
p(0ly) o< p(y|0)xp(0) ()

An intra-class correlation (ICC) coefficient is defined as a quan-
titative measure that determines the similarity between individu-
als within groups. In this study, ICC coefficient was used to assess
the random effects, which can examine the correlation among
crashes within a specific group (Jones & Jargensen, 2003). ICC can
be defined in terms of random effects model (Gelman & Hill, 2007):

(6)

where, y; is i-th observation for j-th group, L is overall mean, g; is a
random effect, and ¢; is error term. o; is assumed to be normal with
a mean of zero and variance ¢2, denoted as a; ~ N(0, ¢2). ICC can be
calculated using the following equation (Huang et al., 2008).

Yij = L+ oG + &;

02

ICC= ———
0%+ 0,2

(7)
where .2 is the between-crash variance of the random intercept
model, and 6, is the occupant-level variance, which is equal to
= = 3.29 for a hierarchical logistic distribution. An ICC value close
to 1 indicates the significance of between-crash variance in describ-
ing total variance and justifies the use of the hierarchical model in
the study (Huang et al., 2008; Kutner, Nachtsheim, Neter, & Li,
2005).

4. Data preparation and description

The study was conducted using 10 years (2010 - 2019) of his-
torical crash data in Wyoming roadways. Two primary data
sources: Critical Analysis Reporting Environment (CARE) and
WYDOT’s Roadway Database were utilized to integrate and man-
age crash data. CARE database has a separate crash, vehicle, and
person file. The first step was to combine the three files based on
the unique crash case number to obtain more details about the
crash, vehicle, and occupant characteristics. The next step was to
merge the person-vehicle crash file to the roadway data file based
on the milepost. At this stage, the crashes with the involvement of
brake failures were filtered out and used for further analysis. This
resulted in 1,415 occupant-level brake failure-related crash data.
The comprehensive final crash data provided detailed information
associated with each crash. Table 2 shows the exact percentages of
crash observations in each of the five injury severity levels. Due to
the limited number of crash observations in each injury severity
level, the five injury severity outcomes were combined into two
categories (i.e., fatal or any injury type and no injury). Note that,
this aggregation is not expected to substantially affect the infer-
ence and a similar approach was commonly found in past studies
(Haq et al, 2020a, 2021a; Xu et al., 2016).

The variables used in the injury severity models were converted
into categorical predictors and set up as binary (1 or 0) whether the
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Table 2

Injury information of the brake failure-related crashes (occupant-level).
Injury Severity Type Count Percentage
Fatal 13 1%
Incapacitating Injury 38 3%
Non-Incapacitating Injury 141 10%
Possible Injury 96 7%
No Injury 1,127 80%
Total 1,415 100%

corresponding factor was involved in a fatal/injury-related crash
resulting from brake failure. Table 3 shows the descriptive statis-
tics of the investigated variables used for the injury severity model,
where the presence of fatal and any injuries (FI) or no injuries
involved in brake failure-related crashes was selected as the
response variable. The factors were broadly classified into vehicle
characteristics, occupant characteristics, crash characteristics, and
roadway geometrics to observe their effects on injury severity.
The analyzed vehicle characteristics included vehicle age and type.
Vehicles aged more than 15 years at the time of the brake failure-
related crash were explored. In this study, trucks are defined as any
light (weigh less than 10,000 pounds), medium (weight between
10,000 and 26,000 pounds), or heavy (weight more than 26,000
pounds). Note that, pickup trucks and SUVs are not considered
light trucks in the WYDOT database. Also, SUVs and pickups were
combined into one group because of their similar physical and
operational characteristics (Mokhtar & Pervez, 2012). The occupant
characteristics analyzed for this model included driver and passen-
ger involvement, age and gender, airbag deployment, drug use,
license type, and citation records. The driver’s license type was cat-
egorized as a commercial driving license (CDL) and non-CDL type
as the combination of heavy loads, steep inclines, and long down-
grade lengths raise the probability of brake failure to the commer-
cial vehicle resulting from brake heating. The investigated crash
characteristics included season, day of the week, and the possible
subsequent effects of brake failures (i.e., hitting a guardrail, roll-
over, and fixed object). The season was reduced to two levels, win-
ter and summer. The day of the week was labeled as weekday and
weekend. The horizontal alignment was categorized into curved
and straight segments. Table 3 presents a summary of the investi-
gated variables with the count and percentage of each category.
Zero (0) was taken as the reference category for each variable
and hence the modeling results were observed for the opposite
(1) coded factors.

Crash is a very complex process in which it is very difficult to
capture all the contributory factors during the modeling process.
This leads to a very important phenomenon called unobserved
heterogeneity. The possibility of such unobserved heterogeneity
in the crash modeling process could be substantial, for which sev-
eral previous studies analyzed and captured such heterogeneity
using random effects model (Saeed, Hall, Baroud, & Volovski,
2019; Waseem, Ahmed, & Saeed, 2019). Random effect models
have the ability to control for unobserved heterogeneity when
the heterogeneity is constant over time and not correlated with
independent variables. This constant can be eliminated from longi-
tudinal data through differencing, since taking a first difference
will eliminate any time invariant components of the model
(Wooldridge, 2010). There are two common assumptions for the
random effects and fixed effects model. The random effects
assumption considers the individual unobserved heterogeneity as
uncorrelated with the independent variables, while the fixed effect
assumption considers the individual specific effect as correlated
with the independent variables (Wooldridge, 2010). If the random
effects assumption holds, the random effects estimator performs
more efficient than the fixed effects model.
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Table 3
Descriptive statistics.
Variables Description Coded Response Count Percent
Vehicle characteristics Vehicle age Vehicle age 1 = More than 15 years 911 64%
0 = Otherwise 504 36%
SUV/pickup SUV/pickup involvement 1=Yes 626 44%
0=No 789 56%
Truck Truck involvement 1=Yes 451 32%
0=No 964 68%
Occupant characteristics Driver Driver presence 1 =If the injured person is a driver 922 65%
0 = Otherwise 493 35%
Passenger Passenger presence 1 = If the injured person is a passenger 493 35%
0 = Otherwise 922 65%
Young Young (Age < 25) 1=Yes 451 32%
0=No 964 68%
Middle Middle (25 < age < 55) 1=Yes 547 39%
0=No 868 61%
old Old (Age > 55) 1=Yes 304 21%
0=No 1111 79%
Gender Gender 1 = Female 378 27%
0 = Other 1037 73%
Airbag Airbag deployment 1 = Deployed 101 7%
0 = Not deployed 1314 93%
Illegal drugs Drug involvement 1 =Involved 18 1%
0 = Not involved 1397 99%
License License type 1=CDL 219 15%
0 = Other 1196 85%
Citation Citation records 1 = At least one 293 21%
0 = Otherwise 1122 79%
Crash characteristics Season Season 1 = Summer 769 54%
0 = Otherwise 646 46%
Day of week Day of week 1 = Weekend 372 26%
0 = Weekday 1043 74%
Guardrail Guardrail related 1=Yes 53 4%
0=No 1362 96%
Rollover Rollover related 1=Yes 191 13%
0=No 1224 87%
Fixed object Fixed object related 1=Yes 309 22%
0=No 1106 78%
Roadway geometrics Horizontal alignment Horizontal alignment 1 =Curve 367 26%
0 = Straight 1048 74%
Downhill grade Downhill grade 1=Yes 500 35%
0=No 915 65%

For occupant-level injury severity crash data, it is most likely
that the injury severity levels sustained by the occupants involved
in the same crash are correlated (Eluru, Paleti, Pendyala, & Bhat,
2010; Haq et al., 2020a, 2020b, 2020c, 2021a, 2021b; Shaheed,
Gkritza, Carriquiry, & Hallmark, 2016; Zhu & Srinivasan, 2011).
The parameter estimates could be biased for neglecting such
intra-crash correlation in crash data. Therefore, the variability in
the injury severity across occupants in the same crash was exam-
ined. To explore this unobserved heterogeneity, the random-effects
Bayesian approach is applied to the injury severity model.

5. Results and discussions
5.1. Brake failure by vehicle type and vehicle age

Table 4 shows the results for the first hypothesis tested. In
Table 4, the occurrence of brake failures was analyzed based on
the age of the vehicle for various vehicle types. In addition to this,
the analyses were performed by each vertical grade type separately
(i.e., level grade, downhill grade, and uphill grade), and the combi-
nation of all categories. In Table 4, the results were presented in a
set of rows for each vehicle type, sets of columns with results per-
taining to the three grade categories, and one column for all cate-
gories combined. Within each grade category, the table included
three columns for the sample size, the percentage, and the p-
value for the Chi-square test. Within individual rows were the four
age categories and a row that was for all specific vehicles with no
regard to age.
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As shown in Table 4, the lowest brake failure occurrence in all
vehicles (rows 16 to 19) was 6.4% (Cell N-16) among the vehicles
1-6 years old, with the highest rate (64.9%) among the vehicles
over 15 years old. The p-value of less than 0.05 from the Chi-
square test denotes a statistical significance of better than 95%.
Based on this, the null hypothesis is rejected and concludes that
the brake failure occurrence involved in crashes is NOT the same
across the age categories of the vehicle. Thus, the analysis suggests
that regardless of the type of vehicle (i.e., passenger cars, SUV/pick-
ups, and trucks) and grade type, people in older vehicles were more
likely to experience brake failures than those who traveled in
newer vehicles. This pattern was consistent across all combina-
tions of individual vehicle types and various grade categories,
except for two insignificant scenarios (i.e., Cells L-3 and L-13).
The reason behind the insignificance findings should be the pres-
ence of uphill segments, which made the drivers avoid brake appli-
cation while ascending, resulting in no potential difference of
brake failures across the age categories of vehicle.

5.2. Brake failure by vehicle age and vehicle type

Table 5 shows the results for the second hypothesis testing.
Here the brake failure occurrence in crashes was summarized
based on the type of vehicle for various vehicle age categories. In
addition to this, the analyses were performed by each vertical
grade type separately (i.e., level grade, downhill grade, and uphill
grade), and the combination of all categories. Table 5 was prepared
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Table 4
Brake failure occurrence by vehicle type and vehicle age.
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Vehicle Type Row #  Vehicle Age (years) Brake Failure (Level Grade)

Brake Failure(Downbhill

Brake Failure(Uphill Brake Failure (TOTAL)

Grade) Grade)
Total Percent P-Value Total Percent P-Value Total Percent P-Value Total Percent P-Value
A B C D E F G H I ] K L M N (¢]
PAS-CAR 1 1-6 16 6.6% <0.001 2 3.0% <0.001 0 0.0% 0.528 18 5.3% <0.001
2 7-11 24 9.9% 3 4.5% 4 13.3% 31 9.2%
3 12-15 49 20.2% 13 19.7% 8 26.7% 70 20.7%
4 > 15 153 63.2% 48 72.7% 18 60.0% 219 64.8%
5 Total 242 100.0% 66 100.0% 30 100.0% 338 100.0%
SUV/PU 6 1-6 4 1.0% 0.001 3 1.7% <0.001 4 6.5% 0.007 11 1.8% <0.001
7 7-11 31 7.9% 22 12.8% 4 6.5% 57 9.1%
8 12-15 46 11.7% 46 26.7% 6 9.7% 98 15.7%
9 > 15 311 79.3% 101 58.7% 48 77.4% 460 73.5%
10 Total 392 100.0% 172 100.0% 62 100.0% 626 100.0%
TRUCK 11 1-6 34 22.7% <0.001 23 8.8% <0.001 4 10.3% 0.534 61 13.5% <0.001
12 7-11 37 24.7% 26 9.9% 8 20.5% 71 15.7%
13 12-15 39 26.0% 30 11.5% 10 25.6% 79 17.5%
14 > 15 40 26.7% 183 69.8% 17 43.6% 240 53.2%
15 Total 150 100.0% 262 100.0% 39 100.0% 451 100.0%
TOTAL 16 1-6 54 6.9% <0.001 28 5.6% <0.001 8 6.1% <0.001 90 6.4% <0.001
17 7-11 92 11.7% 51 10.2% 16 12.2% 159 11.2%
18 12-15 134 17.1% 89 17.8% 24 18.3% 247 17.5%
19 > 15 504 64.3% 332 66.4% 83 63.4% 919 64.9%
20 Total 784 100.0% 500 100.0% 131 100.0% 1415 100.0%
Table 5

Brake failure occurrence by vehicle age and vehicle type.

Vehicle Age (years) Row #  Vehicle Type Brake Failure (Level Grade)

Brake Failure(Downhill

Brake Failure(Uphill Brake Failure (TOTAL)

Grade) Grade)
Total Percent P-Value Total Percent P-Value Total Percent P-Value Total Percent P-Value
B C D E F G H I ] K L M N 0]
1-6 1 PAS-CAR 16 29.6% 0.004 2 7.1% 0.081 0 0.0% 0.008 18 20.0% <0.001
2 SUV/PU 4 7.4% 3 10.7% 4 50.0% 11 12.2%
3 TRUCK 34 63.0% 23 82.1% 4 50.0% 61 67.8%
4 TOTAL 54 100.0% 28 100.0% 8 100.0% 90 100.0%
7-11 5 PAS-CAR 24 26.1% 0.015 3 5.9% 0.008 4 25.0% 0.447 31 19.5% <0.001
6 SUV/PU 31 33.7% 22 43.1% 4 25.0% 57 35.8%
7 TRUCK 37 40.2% 26 51.0% 8 50.0% 71 44.7%
8 TOTAL 92 100.0% 51 100.0% 16 100.0% 159 100.0%
12-15 9 PAS-CAR 49 36.6% 0.007 13 14.6% <0.001 8 33.3% 0.183 70 28.3% 0.081
10 SUV/PU 46 34.3% 46 51.7% 6 25.0% 98 39.7%
11 TRUCK 39 29.1% 30 33.7% 10 41.7% 79 32.0%
12 TOTAL 134 100.0% 89 100.0% 24 100.0% 247 100.0%
>15 13 PAS-CAR 153 30.4% <0.001 48 14.5% <0.001 18 21.7% 0.633 219 23.8% <0.001
14 SUV/PU 311 61.7% 101 30.4% 48 57.8% 460 50.1%
15 TRUCK 40 7.9% 183 55.1% 17 20.5% 240 26.1%
16 TOTAL 504 100.0% 332 100.0% 83 100.0% 919 100.0%
TOTAL 17 PAS-CAR 242 30.9% <0.001 66 13.2% <0.001 30 22.9% 0.002 338 23.9% <0.001
18 SUV/PU 392 50.0% 172 34.4% 62 47.3% 626 44.2%
19 TRUCK 150 19.1% 262 52.4% 39 29.8% 451 31.9%
20 TOTAL 784 100.0% 500 100.0% 131 100.0% 1415 100.0%

similarly to Table 4, but to reflect the difference in the hypothesis
being tested.

Table 5 shows that the lowest brake failure occurrence in all
vehicles (rows 17 to 19) was 23.9% (Cell N-17) among occupants
in passenger cars, with the highest rate (44.2%) among occupants
in SUV/pickups. The p-value of less than 0.05 from the Chi-
square test denotes the rejection of the null hypothesis and con-
cludes that the brake failure occurrence is NOT the same across dif-
ferent vehicle types regardless of the age of the vehicle and the
grade type. These results were similar across various vehicle age
categories, with the exception of a few for uphill grade categories.
As mentioned earlier, the possible explanation behind the insignif-
icant results should be the fact that drivers typically do not need to
apply brakes while ascending upgrades, resulting in a relatively
less vulnerable situation for brake failures to occur.
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The analysis results provided in Table 5 indicate that, overall,
occupants of SUV/pickups were more likely to encounter brake
failures compared to occupants in passenger cars and trucks.
However, it is interesting to note that the finding was not con-
sistent for the downhill grade category. Here trucks were found
to experience a major portion (Cell H-19) of brake failure-related
crashes. This is attributed to the fact that the combination of
heavy loads, steep inclines, and long downgrade lengths
increases the risk of brake failure resulting from brake heating.
As trucks descend downgrades, large amounts of potential
energy are generated and absorbed by the truck’s service brakes.
This potential energy is then converted to heat energy. This is
then absorbed by the braking system, which increases the brak-
ing temperature. This ultimately results in brake failure and
truck runaway.
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5.3. Brake failure by vehicle age and grade type

The results for the third hypothesis testing are summarized in
Table 6. The brake failure occurrence in crashes was analyzed
based on three grade types (i.e., level, downhill, and uphill) for
various vehicle age categories. In addition to this, the analyses
were conducted by each vehicle type separately (passenger car,
SUV/pickups, and trucks), and the combination of all the vehicle
types.

Table 6 shows that the lowest brake failure occurrence in all
vehicles (rows 17 to 19) was 9.3% (Cell N-19) among occupants
while traveling uphill segments, with the highest rate (55.4%)
among occupants traveling level segments. The p-value of less
than 0.05 from the Chi-square test denotes the rejection of the
null hypothesis and concludes that the brake failure occurrence
is NOT the same across different grade types regardless of age
and type of vehicle. These results were similar across various
vehicle type categories, with exceptions for passenger car cate-
gories. It is reasonable that passenger car has relatively good
braking performance because of their shorter braking distance
and time, compared to SUV/pickups and large trucks resulted in
comparatively less vulnerability to brake fades. Although the
overall result indicated the highest brake failure occurrence on
level grade segments, this was not the same when broken down
to various vehicle types. For example, the highest brake failure
occurrence for trucks was 58.1% (Cell K-18) among the truck
occupants while traveling downhill segments. As mentioned ear-
lier, trucks are typically more vulnerable to downgrade crashes
due to their heavy loads and large sizes causing brake overheat-
ing, fade, and failure.

The hypothesis results in this study are also found to be consis-
tent with other previous studies. It was indicated by several stud-
ies that the risk of crashes appears to be increased as the vehicles
ages (Anderson & Searson, 2015; Liu & Subramanian, 2020; NHTSA,
2013; NHTSA, 2018). Yan and Xu (2018) reported trucks as more
vulnerable to brake failures compared to other vehicle types as
the brake temperature was found to be positively correlated to
truck weight. Moreover, there are a number of studies that indi-
cated the prolonging application of the brakes under long downhill
condition as one of the critical factors behind brake failures (Dinh
et al., 2020; Lu et al., 2020; Moomen et al., 2019, 2020; Yan & Xu,
2018).

Table 6
Brake failure occurrence by vehicle age and grade type.
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5.4. Injury severity model

The factors affecting brake failure-related injury severities are
discussed in this section, where 95% Bayesian credible interval
(BCI) was applied to determine the significance of variables con-
tributing to the occupant injury severity. The possible presence
of multicollinearity was checked using the variance inflation factor
(VIF), calculated for each predictor. Typically, a VIF value of greater
than 10 is considered as an indication of the existence of multi-
collinearity (Kutner et al., 2005). However, no such issues were
observed since the VIF value of all factors in the model fell below
two, as shown in Table 7. The parameter estimates of the model
along with the 95% BCI, standard error, and odds ratio (OR) of
the variables are provided in Table 8. The table also includes the
area under the curve (AUC) as a goodness of fit parameter. The pre-
diction accuracy of the model can be measured using the AUC
value, where the value close to 1 implies a better fit of the model.
The result provided in Table 8 demonstrates an excellent overall
model fit (0.814), which implies that 81.4% of the observations
are in agreement with predictors when predicting occupant injury
severity. The number of effective variables (pD) in the model was
found closer to the actual number of significant variables, which
implies the non-complexity of the models.

5.4.1. Measure of unobserved heterogeneity

Intra-class correlation (ICC) coefficient was computed to deter-
mine the proportion of variance in the occupant injury severity
associated with the same crash, as provided in Table 8. The use
of a hierarchical model was highly encouraged for the presence
of unobserved heterogeneity associated with the model, although
no threshold of ICC was found in the literature (McElreath,
2018). Based on Table 8, the ICC value was 0.41 for the model
resulting from between-crash variance. This implies 41% of unex-
plained variations due to the presence of common crash-specific
unobserved factors affecting the occupant injury severity in the
same crash. Therefore, the use of the hierarchical model with ran-
dom effects was justified to explain such unexplained factors
within the same crash.

5.4.2. Significant factor analysis
The modeling results indicate the various vehicle, occupant,
crash, and geometrical characteristics that significantly con-

Vehicle Age (years) Row #  Grade Type Brake Failure (PAS-CAR)

Brake Failure (SUV/PU)

Brake Failure (TRUCK) Brake Failure (TOTAL)

Total Percent P-Value Total Percent P-Value Total Percent P-Value Total Percent P-Value

B C D E F G H I ] K L M N (6]

1-6 1 Level 16 88.9% 0.268 4 36.4% <0.001 34 55.7% <0.001 54 60.0% <0.001
2 Downbhill 2 11.1% 3 27.3% 23 37.7% 28 31.1%
3 Uphill 0 0.0% 4 36.4% 4 6.6% 8 8.9%
4 Total 18 100.0% 11 100.0% 61 100.0% 90 100.0%

7-11 5 Level 24 77.4% 0.249 31 54.4% 0.021 37 52.1% <0.001 92 57.9% <0.001
6 Downbhill 3 9.7% 22 38.6% 26 36.6% 51 32.1%
7 Uphill 4 12.9% 4 7.0% 8 11.3% 16 10.1%
8 Total 31 100.0% 57 100.0% 71 100.0% 159 100.0%

12-15 9 Level 49 70.0% 0.261 46 46.9% <0.001 39 49.4% <0.001 134 54.3% <0.001
10 Downbhill 13 18.6% 46 46.9% 30 38.0% 89 36.0%
11 Uphill 8 11.4% 6 6.1% 10 12.7% 24 9.7%
12 Total 70 100.0% 98 100.0% 79 100.0% 247 100.0%

>15 13 Level 153 69.9% 0.781 311 67.6% <0.001 40 16.7% <0.001 504 54.8% <0.001
14 Downbhill 48 21.9% 101 22.0% 183 76.3% 332 36.1%
15 Uphill 18 8.2% 48 10.4% 17 7.1% 83 9.0%
16 Total 219 100.0% 460 100.0% 240 100.0% 919 100.0%

TOTAL 17 Level 242 71.6% <0.001 392 62.6% <0.001 150 33.3% <0.001 784 55.4% <0.001
18 Downbhill 66 19.5% 172 27.5% 262 58.1% 500 35.3%
19 Uphill 30 8.9% 62 9.9% 39 8.6% 131 9.3%
20 Total 338 100.0% 626 100.0% 451 100.0% 1415 100.0%
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Table 7
Variance Inflation Factor (VIF) of the investigated variables used in this study.
Variables VIF Values
Vehicle age (>15 years) 1.13
SUV/pickup (involved) 1.22
Truck (involved) 1.07
Driver (present) 1.31
Passenger (present) 1.01
Middle (25 < age < 55) 1.21
Gender (female) 1.12
Airbag (deployed) 1.06
lllegal drugs (involved) 1.05
License type (CDL) 1.45
Citation (at least one) 1.28
Season (summer) 1.08
Day of week (weekends) 1.03
Guardrail (yes) 1.09
Rollover (yes) 1.28
Fixed object (yes) 1.26
Horizontal alignment (curve) 1.45
Downhill grade (yes) 1.40

tributed to the severity of occupant injuries in brake failure-related
crashes, as shown in Table 8. Vehicles older than 15 years were
found to be involved in more fatal/injury-related brake failure
crashes by estimated odds of 1.8 times as compared to vehicles
aged less or equal to 15 years. This is attributed to the fact that
the owner of an older vehicle does not pay more attention to the
routine maintenance of the vehicle parts as compared to the owner
of a newer vehicle. This tends to accelerate the vehicle defects,
including brake deformation quicker than the normal condition.
The result is consistent with the previous study that also found a
significant association of vehicle age with severe injuries (Das
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et al., 2021). While investigating vehicle type in association with
brake failures, it was found that trucks were more likely to experi-
ence brake failures compared to SUV/pickup based on the magni-
tude of the estimates, whereas the impact of car type was found
insignificant. The estimated odds of fatal/injury resulting from
brake failure occurrence increased by 1.5 and 6.9 times for the
vehicles being SUV/pickup and trucks, respectively. The reason
should be the fact that heavy vehicles carrying huge loads typically
take more braking distance and time, resulting in faster degrada-
tion of brakes as compared to smaller vehicles. The brake failure
occurrences of heavy vehicles while descending on downgrades
are quite frequently reported by the previous study (Moomen,
Rezapour, & Ksaibati, 2019).

While investigating occupant characteristics associated with
brake failure-related crashes, the estimated odds of fatal/injury
increased by 9.5, 11.8, 1.3, and 1.6 times when the occupant was
driver, passenger, middle-aged, and female, respectively. It is rea-
sonable to find higher injury severity of passengers compared to
the driver because of the lower seat belt compliance rate by the
passenger. Although Wyoming has a mandatory seat belt use law
for all occupants, regardless of the sitting position, it seems possi-
ble that the passengers were less likely to wear a seatbelt. A possi-
ble explanation behind higher severe injuries for females could be
greater physiological strength and injury-sustaining capability of
males as compared to females, as argued by O’Donnell and
Connor (1996). Similar results were also found in the previous
studies (Sharmin et al., 2020; Hossain et al., 2022). The deployment
of the airbag is supposed to reduce the injury severity. However, it
was found to increase the estimated odds of fatal/injury by 7.9
times. This is attributed to the fact that airbags typically deploy
with bigger crash impacts. This could be the probable reason
behind higher injury severity. When the occupants have illegal

Table 8
Factors affecting Occupant Injury Severity in Brake Defects-related Crashes.
Variables Estimates Error Credible Interval ICC
2.5% 97.5%
Random Effects
Between-crash variance 2.32 1.29 0.44 2.61 0.41
Estimates Error 2.5% 97.5% OR
Intercept —5.62 0.42 —6.45 —4.82 -
Vehicle Characteristics
Vehicle age (>15 years) 057" 0.18 0.23 0.92 1.77
SUV/pickup (involved) 039" 0.17 0.05 0.73 1.48
Truck (involved) 194" 0.82 043 3.65 6.96
Occupant Characteristics
Driver (present) 2.25 0.26 1.74 2.76 9.49
Passenger (present) 247 0.27 1.95 3.00 11.82
Middle (25 < age < 55) 0.29* 0.17 —-0.05 0.63 1.34
Gender (female) 047" 0.18 0.11 0.81 1.60
Airbag (deployed) 2.06" 0.24 1.59 2.53 7.85
Illegal drugs (involved) 127" 0.53 0.24 2.33 3.56
License type (CDL) 047" 0.26 -0.04 0.98 1.60
Citation (at least one) 051" 0.21 0.09 0.91 1.67
Crash Characteristics
Season (summer) 0.35 0.16 0.04 0.66 1.42
Day of week (weekends) 0.28* 0.17 -0.04 0.60 1.32
Guardrail (yes) 0.68* 0.35 —-0.01 1.35 1.97
Rollover (yes) 134" 0.21 0.94 1.75 3.82
Fixed object (yes) -0.51" 0.22 —-0.93 -0.10 0.60
Roadway Geometrics
Horizontal alignment (curve) 0.38 0.19 0.01 0.75 1.46
Downbhill grade (yes) 0.30" 0.19 -0.05 0.65 1.35
Model Statistics
Number of observations 1,415
Effective number of variables, pD 17.7
AUC 0.814

" Variables significant at 95% credible interval.
" Variables significant at 90% credible interval.
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drug involvement and previous citation records, they were more
likely to experience fatal/injury by estimated odds of 3.6 and 1.7
times, respectively. The results were found in compliance with
the previous studies (Haq et al., 2020b, 2021b; Lemp, Kockelman,
& Unnikrishnan, 2011). Saeed, Nateghi, Hall, and Waldorf (2020)
found that a township’s population composition and its abundance
of alcohol-related businesses influence the alcohol-related driving
crash rates. Drivers with CDL license types were found to be
involved in more fatal/injury crashes by the estimated odds of
1.6 times as compared to non-CDL drivers. Commercial motor
vehicles usually carry huge loads, which require immense brake
force to stop and thus increase the possibility of brake failures.

Among the crash characteristics, brake defects were more likely
to be associated with fatal/injury in the summer season and week-
ends by estimated odds of 1.4 and 1.3 times, respectively. The pos-
sible explanations could be the generation of excessive heat during
summer, which makes the brakes susceptible to faster degradation
and significant stress on the brake pads. The result is consistent
with a recent study by Assemi, Hickman, and Paz (2021), which
also found a significant positive relationship of maximum temper-
ature with vehicle defect-related crashes. Brake failures followed
by hitting a guardrail and rollover increased the estimated odds
of fatal/injury by 1.9 and 3.8 times, respectively. However, the
involvement of a fixed object was found to decrease the estimated
odds of occupant fatality or any injury. Such impacts of guardrail
and rollover on severe injuries are commonly reported by previous
studies (Alrejjal, Farid, & Ksaibati, 2021; Haq, Zlatkovic, & Ksaibati,
2021a). It seems possible that crashes involving fixed objects cause
property damage only, resulting in no or minor injury. When it
comes to roadway geometrics, the presence of curve and down-
grade segments were found to increase the estimated odds of
fatal/injury in brake failure-related crashes by 1.5 and 1.4 times,
respectively. Several highways in Wyoming traverse over moun-
tain passes featuring steep downgrades. The significant mountain
passes in the state include US 14, US 16, Teton pass, South Pass,
and US 14 Alternative. The trucks that traverse these mountain
passes typically carry large loads, putting them in a perilous state.
In fact, during certain periods of the year, some mountain passes
only accommodate lower weight limits, whereas others are closed
to traffic completely. Overheating of the brake assembly due to
prolonging the application of the brakes while descending those
downgrades combined with curves should be the main reason for
brake failures to occur and the corresponding severe injuries. Pre-
vious studies also indicated the adverse impacts of such geometry
on occupant injury severities (Sharmin et al., 2022; Haq, Zlatkovic,
& Ksaibati, 2020a; Moomen, Rezapour, Raza, & Ksaibati, 2020;
Rezapour et al., 2019). While comparing safety sensitivity of road-
way characteristics to various highway classes, Chen, Saeed,
Alinizzi, Lavrenz, and Labi (2019) found that crashes at higher-
class highways (e.g., interstates) are more sensitive to: changes
in traffic volume, average vertical grade, median width, inside
shoulder width, and the pavement condition; but less sensitive
to changes in lane width and pavement condition, as compared
to the relatively lower-class highways (e.g., state roads).

6. Conclusions and recommendations

Although the braking system plays a key role in a safe and
smooth vehicular operation, it has not been given proper attention
and, hence, brake failures are still underrepresented in traffic
safety. The current body of literature on brake failure-related
crashes is very limited. Moreover, no previous study was found
to extensively investigate the factors associated with brake failures
and the corresponding injury severity. This study aims to fill this
knowledge gap by examining brake failure-related crashes and
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assessing the impacts of brake failures on occupant injury severity.
An extensive exploratory analysis was conducted using 10 years
(2010-2019) of historical crash data along Wyoming highways.

The study first performed a Chi-square analysis to examine the
relationship among brake failure, vehicle age, vehicle type, and
grade type. Three hypotheses were formulated to investigate the
associations between the variables. The result of the first hypothe-
sis suggested that regardless of the type of vehicle (i.e., passenger
cars, SUV/pickups, and trucks) and grade type (i.e., level, downhill,
and uphill), people in older vehicles were more likely to experience
brake failures than those who traveled in newer vehicles. The sec-
ond hypothesis concluded that the brake failure occurrence is NOT
the same across different vehicle types, regardless of the age of the
vehicle and the grade type. This pattern was consistent across var-
ious vehicle age categories, with the exception of a few for uphill
grade categories. Finally, the third hypothesis indicated that the
brake failure occurrence is NOT the same across different grade
types, regardless of age and type of vehicle. The statement was true
across various vehicle types, with exceptions for passenger car cat-
egories. Based on the hypotheses tested for this study, vehicles
aged more than 15 years, trucks, and downhill grade segments
seemed to be highly associated with brake failure occurrences.

To investigate the impacts of brake defects on occupant injury
severity, the study applied Binary logistic regression with the
Bayesian inference approach. The ICC value showed 41% of unex-
plained variation resulted from between-crash variance, indicating
a strong correlation in the injury propensities among occupants
involved in the same brake failure-related crash. The modeling
results quantified the significant impacts of brake failures on occu-
pant injury severity and identified various vehicle, occupants,
crash, and roadway geometrical characteristics. The incidence of
brake failure in a crash significantly contributed to more severe
injuries when combined with any of the following factors: Vehicle
characteristics — age greater than 15 years, truck and SUV/pickup
involvement; Occupant characteristics - being a driver, passenger,
middle-aged, and female, airbag deployment, drugs use, commer-
cial license type, and citation records; Crash characteristics: sum-
mer season, weekends, hitting a guardrail, and rollover; and
Roadway geometrics: horizontal curves and vertical grades.

Based on the findings, several recommendations can be made to
enhance vehicle safety. In the United States, 34 out of 50 states do
not require annual or biennial vehicle safety inspections, and many
of the states that currently require safety inspections are reconsid-
ering the impact of vehicle inspection policies (Das et al., 2021).
Wyoming does not have any periodic safety and emission inspec-
tion program. Therefore, a statewide vehicle inspection program
concentrating on brakes, tires, and engines should be established
to facilitate safety improvements. Driver education programs on
the braking system should be introduced on when to check, main-
tain, and replace defective brakes. A more upgraded Grade Severity
Rating System (GSRS) should be implemented to define safe des-
cent speeds at Wyoming mountain passes since most of the com-
mercial loaded trucks cannot handle such high speeds. WYDOT
should take necessary actions to improve the crash reporting sys-
tems and emphasize the brake failure-related information on a
challenging roadway with a high truck percentage.

Several data limitations and gaps were encountered in this
study. The Wyoming crash database has an underreporting issue
of detailed information associated with vehicle brakes along with
a high discrepancy in brake failure reporting systems. This requires
the demand for better brake defects-related crash data collection,
since highway patrol are not trained to recognize brake defects.
Ongoing and future research will explore more detailed informa-
tion in terms of vehicular model, manufacturing company, emis-
sion system, safety system, advanced driver assistance system
(ADAS), and other features to analyze brake defects.
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Introduction: The concept of normalization of deviance describes the gradual acceptance of deviant obser-
vations and practices. It is founded upon the gradual desensitization to risk experienced by individuals or
groups who recurrently deviate from standard operating procedures without encountering negative con-
sequences. Since its inception, normalization of deviance has seen extensive, but segmented, application
across numerous high-risk industrial contexts. The current paper describes a systematic review of the
existing literature on the topic of normalization of deviance within high-risk industrial settings.
Method: Four major databases were searched in order to identify relevant academic literature, with 33
academic papers meeting all inclusion criteria. Directed content analysis was used to analyze the texts.
Results: Based on the review, an initial conceptual framework was developed to encapsulate identified
themes and their interactions; key themes linked to the normalization of deviance included risk normal-
ization, production pressure, culture, and a lack of negative consequences. Conclusions: While prelimi-
nary, the present framework offers relevant insights into the phenomenon that may help guide future
analysis using primary data sources and aid in the development of intervention methods. Practical
Applications: Normalization of deviance is an insidious phenomenon that has been noted in several
high-profile disasters across a variety of industrial settings. A number of organizational factors allow
for and/or propagate this process, and as such, the phenomenon should be considered as an aspect of
safety evaluations and interventions.
© 2022 The Author(s). Published by the National Safety Council and Elsevier Ltd. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

In January of 1986, after only 73 seconds of flight, Space Shuttle
Challenger broke apart above the Atlantic Ocean. Following the
incident, a Presidential Commission was established with the aim
of uncovering the contributory factors and causes of the disaster.
On a technical level, the vehicle’s disintegration stemmed from
the failure of eroded O-ring seals. This failure enabled the leakage
of hot gas from the right booster rocket, culminating in structural
collapse (NASA, 1986). Given the distinct and apparently avoidable
nature of the failure, the question of why the issue had not been
addressed at an earlier stage prompted an investigation into the
broader context of the disaster, with a specific focus on the organi-
zational factors that enabled the shuttle to be deemed safe for
launch.

* Corresponding author at: APHF, School of Psychology, William Guild Building,
University of Aberdeen, Aberdeen AB24 2UB, United Kingdom.
E-mail address: n.sedlar.20@abdn.ac.uk (N. Sedlar).

https://doi.org/10.1016/j.jsr.2022.11.005

The nature of the disaster, coupled with revelations regarding
NASA’s organizational culture, led to the coining of the term
‘Normalization of Deviance’ (NoD) as a means of describing an
individual/group’s general acceptance of deviant actions or
observations (Vaughan, 1996). Since its inception, the concept
has seen extensive application across a broad range of industrial
sectors and has been used to explain a number of other high-
profile industrial incidents (e.g. Texas City Refinery [Dechy,
Dien, Marsden, & Rousseau, 2018], Northwick Park drug trial
[Hedgecoe, 2014]). To date, an extensive synthesis or compila-
tion demonstrating the state of the literature has not been con-
ducted. This is particularly noteworthy given that the category of
high-risk industry is broad and highly varied, encompassing a
diverse range of production aims, operating environments, and
associated risks. As such, a systematic review across this cate-
gory is needed to critically analyze and present how the concept
of NoD has been applied within different settings and examine
whether differences exist in the proposed theory, application,
or intervention.

0022-4375/© 2022 The Author(s). Published by the National Safety Council and Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1.1. The Space Shuttle Challenger Disaster

A key finding outlined by the investigation into the Space Shut-
tle Challenger Disaster was that NASA and their engineers were in
fact aware of the vehicle’s structural weakness. Signs of erosion on
the primary O-rings (rubber seals preventing the escape of hot
gases between booster rocket segments) had been noted in 14 of
the previous 24 missions across a period of 5 years (Starbuck &
Milliken, 1988). In 9 of the final 10 flights prior to the disaster,
engineers noted erosion on the primary O-rings, as well as evi-
dence of gas leakage in most of these latter cases. The extent of
the damage was further exemplified by evidence of erosion on
the secondary O-rings, which represented a final safety mechanism
and served as a redundant backup (NASA, 1986). These issues were
highlighted by engineers on multiple occasions, however, NASA
managers failed to implement corrective measures, deeming the
risk of potential O-ring failure to be acceptable. Following the dis-
aster, one of the managers responsible for the operations of the
solid rocket boosters stated:

‘Since the risk of O-ring erosion was accepted and indeed expected,
it was no longer considered an anomaly to be resolved before the
next flight ... the conclusion was, there was no significant differ-
ence in risk from previous launches. We’'d be taking essentially
the same risk on Jan. 28 that we have been ever since we first
saw O-ring erosion.” (Bell & Esch, 1987, p. 44, 47)

While the presence of the problem and its implications were
acknowledged, the prior accumulation of successful launches fos-
tered a tolerance towards the risk posed, enabling the issue to
become relatively normalized. In spite of the increasing frequency
and magnitude of erosion, as well as evidence of improper func-
tioning, sub-contractor Thiokol suggested to NASA that the O-
ring situation be considered ‘closed’ (Starbuck & Milliken, 1988).
They presented the belief that it did not endanger flight safety
and that the problem would not be resolved any time soon. This
is particularly noteworthy given that the O-rings had previously
been categorized as a “Criticality 1” component, wherein the com-
ponent’s failure is deemed likely to result in the loss of life or vehi-
cle (NASA, 1986). Though the Criticality 1 of the O-rings was
acknowledged as a launch constraint, it was consistently waived
and rationalized as acceptable in light of prior mission successes
(Starbuck & Milliken, 1988). Even on the eve of the launch, sub-
contractor engineers who expressed concern over the potential
for improper sealing under the low forecasted temperatures
(=1 °C) were informed that they would need to provide evidence
for their claims (Starbuck & Milliken, 1988). The engineers did
not have enough data to determine the adequate functioning of
the O-rings below 12°C due to a lack of tests. This was not
regarded by the leadership as an adequate cause for delaying the
launch, a reluctance likely exacerbated the occurrence of multiple
previous delays (Starbuck & Milliken, 1988).

1.2. Normalization of Deviance (NoD)

Within organizational contexts, safety culture describes an
organization’s collective underlying employee beliefs and values
regarding personal and group responsibilities for safety and risk
management (Everson, Wilbanks, & Boust, 2020). In reviewing
the course of events preceding the Challenger disaster, it appears
the O-ring failure merely represents the final fault within a
sequence of issues on part of NASA’s organizational system. Inter-
nal pressures stemming from financial costs, efficiency, political,
and managerial demands, in concordance with increasing compla-
cency and overconfidence, compromised the organization’s safety
culture and facilitated patterns of procedural deviations and risk
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acceptance (Vaughan, 1996). Diane Vaughan, a sociologist investi-
gating the latent causes of the Challenger incident, coined the term
‘Normalization of Deviance’ (NoD) to describe how the compro-
mised safety culture of NASA propagated itself to the point of
disaster.

Vaughan (1996) defined NoD as the gradual process wherein, in
the absence of perceived losses or harm, deviant practices become
acceptable. A prominent feature of the phenomenon is the desen-
sitization process, wherein frequent engagement in deviant prac-
tices facilitates the practice’s normalization and perceived
standardization within everyday operations. This normalized per-
ception sets a new precedent for what is viewed as tolerable and
routine, establishing a new normal from which further deviations
may occur. In the absence of external intervention (e.g., external
audits, change in procedures), this cycle of deviance is disrupted
only when deviant behavior incurs an undesirable outcome.

According to Vaughan (1996), this process of normalized
deviance provided the foundation for the Challenger disaster. The
theory speculates that successes in the absence of overt negative
consequences may cause an organization’s members to develop
overconfident perceptions of infallibility towards their existing
programs, procedures, and leadership. In the case of the Chal-
lenger, risks associated with the shuttle’s structural flaws, though
likely a cause for concern to external observers, became impercep-
tible to many within the organization itself. Dillon, Rogers, Madsen,
and Tinsley (2013) showcase this phenomenon in a temporal map-
ping of shuttle mission anomalies reported before and after each of
the major disasters of the NASA program: Challenger in 1986, and
Columbia in 2003. Data indicate a downward trend in reported
anomalies over time, with initial missions displaying a far greater
incidence of reporting by comparison to subsequent missions that
preceded the disasters. The authors suggest the decrease in anom-
aly reporting likely resulted from anomaly normalization rather
than resolution. With the accumulation of successful missions,
some occurrences initially deemed anomalous became accepted
as normal facets of operations and were no longer reported; imply-
ing that the more frequently an anomaly or near miss was
observed without serious consequence, the greater the perception
that no significant threat was being posed.

The progressive downgrading of anomaly importance was also
discussed in the report published by the Columbia Accident Inves-
tigation Board (CAIB) (2003) following the Space Shuttle Columbia
disaster. As with the Challenger, the downing of the Columbia
resulted from a known issue; the shedding of insulation foam from
one of the fuel tanks, previously observed within at least 30 prior
missions (CAIB, 2003). While originally considered an in-flight
anomaly, it does not appear to have been deemed a serious risk
to flight safety. In fact, the frequency of observed shedding caused
its significance to be downgraded from an in-flight anomaly to a
so-called ‘action item’ only months prior to the disaster (CAIB,
2003). On the first of February 2003, a piece of foam debris hit
the wing of Space Shuttle Columbia, puncturing a hole in the lead-
ing edge of the wing, and causing damage which proved terminal
upon re-entry into the atmosphere.

1.3. System approach

Following the aftermath of the Challenger disaster, work by
Vaughn proved a crucial contribution to the growing literature
looking into accident causation as a product of complex systems.
Banja (2010) notes that major disasters such as those of the space
shuttles cannot be attributed to singular actions or individuals.
They instead require the commission of numerous, often innocu-
ous, mistakes that breach the organization’s defenses. On this
basis, it was understood that investigations and interventions
should focus on systematic or latent errors, rather than attempt
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to pinpoint active individual errors. Reason (2000) describes how
these latent errors foster an environment where error-provoking
conditions (e.g., time pressure, inexperience) increase the likeli-
hood of active failures (e.g., slips, procedural violations), whilst also
undermining established safety measures that typically prevent
hazards from resulting in losses (e.g., untrustworthy alarms, poorly
designed procedures). The shuttle disasters, though physically
speaking the product of technical failures, stemmed from issues
relating to cognitive biases (i.e., the human vulnerability for sys-
tematic errors in information processing, perception and subse-
quent decision making; Kahneman, 2011). High-risk
environments such as that of NASA, where technical problems
and anomalies are part of the norm rather than an exception, are
therefore particularly vulnerable to fostering desensitized percep-
tions of risk.

1.4. Industrial application

Following its inception within the aerospace industry, the con-
cept of NoD has seen widespread application across numerous
other high-risk industries, including oil and gas (Bogard, Ludwig,
Staats, & Kretschmer, 2015), nuclear (Sanne, 2012), aviation
(Paletz, Bearman, Orasanu, & Holbrook, 2009), and healthcare
(Banja, 2010). As in the space shuttle disasters, the concept has
been utilized to explain how deviant behaviors may become nor-
malized within organizational contexts. Individuals engaging in
deviant actions often appear largely unaware of their deviations
or feel their deviance is justified; in either instance, their ability
to accurately perceive and comprehend risk is compromised
(Banja, 2010; Cavnor, 2018; Hase & Phin, 2015). Given the hazards,
intrinsic safety concerns, and production pressures prevalent
among high-risk industries and work environments, there is con-
siderable interest in understanding the human mechanisms that
may unknowingly propagate and facilitate unwanted outcomes.

Reviews of research into other phenomena such as teamwork
and design characteristics have highlighted the significance of
context-based variations with regards to industrial factors such
as technology level, the focus of service, and the nature of produc-
tion (Carter et al., 2019). To fully understand and utilize the NoD
concept it is therefore important to synthesize research across a
number of relevant high-risk domains to help ascertain the bound-
aries of the phenomenon and identify relevant commonalities,
potential outliers, and general areas of interest that may help guide
future research and intervention.

1.5. Aim

In recent years there has been a notable increase in the number
of research papers on the topic of NoD from within various indus-
try contexts. However, the majority of this research has been con-
ducted independently and in isolation, with a lack of a defined
overall theory. The present systematic review has the following
objectives:

o Synthesize the existing literature in order to identify commonly
discussed themes and components relevant to normalization of
deviance.

e Determine the extent to which the central concept and associ-
ated factors can be generalized across high-risk industrial
contexts.

o Identify gaps in the literature and develop suggestions for
future research directions.
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e Develop a preliminary conceptual model that would represent
the manifestation and propagation of the NoD phenomenon
within high-risk industry contexts.

2. Method
2.1. Search method

The literature search was conducted in February 2021. Four
major databases were searched (Scopus, ProQuest, Web of Science,
and Science Direct), using search terms: ‘“normalization of
deviance” OR “risk normalization” OR “normalization of risk” OR
“deviance normalization” OR “normalization of deviance” OR “risk
normalization” OR “normalization of risk” OR “deviance normal-
ization.” Risk normalization terms were included in the search cri-
teria due to the concept’s close association with NoD. All search
results were then compiled, with all inter and intra database dupli-
cates removed. The total number of unduplicated search results
was 147.

2.2. Selection process

Based on the search criteria, 147 papers were identified. A two-
step sifting process was then undertaken as seen in Fig. 1. Both sift-
ing stages involved the application of exclusion criteria based on
the title and abstract of the identified papers (as recommended
in Siddaway, Wood, & Hedges, 2019). At the first stage, exclusion
criteria related to the availability of the text, with four search
results removed due to the unavailability of both the abstract
and full text. A further 27 results were removed for being unrelated
to NoD or risk normalization, as defined by Vaughan (1996). Specif-
ically, these studies focused on biological normalization.

Of the remaining 106 search results, a further 40 were removed
during the second sift where, based on the title and abstract,
papers were excluded if they did not investigate NoD within
high-risk industries. This choice of exclusion was due to the pre-
sent review’s focus on investigating safety-related deviations
specifically within high-risk industries. While the NoD phe-
nomenon is applicable across other industrial settings (e.g.,
finance, project management, retail) the motivations and conse-
quences for deviating and risk normalization are likely to differ
in the absence of overt physical safety concerns (Banja, 2010).
High-risk industries, therefore, present a varied, but somewhat
more homogenous, industry focus that more closely reflects the
environment of NASA from which NoD originates. For the purposes
of the present review, high-risk industries were defined as falling
into categories such as transport (e.g., aviation and rail), health-
care, and process industries. As such, papers were excluded from
further analysis if either the high-risk industrial setting was not
apparent from the abstract, or if both industry and safety were
not referenced in a relevant capacity.

At the final selection stage, the full text of the remaining studies
was interrogated. Studies for which the full text was inaccessible
or unavailable (20), were removed. The full texts of the remaining
studies were then analyzed against the criteria from the initial
sifts, with the further removal of studies that did not refer to
NoD or risk normalization within the text. Four studies were
removed due to a lack of clarity on the application of the concept,
with insufficient detail available for meaningful analysis. To avoid
repetition and maintain focus on the development of the phe-
nomenon since its inception within the aerospace industry, a fur-
ther four studies were excluded for solely discussing NoD with
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reference to the space shuttle disasters. Finally, studies focusing on
the normalization of deviance with no focus on safety were also
excluded from further analysis.

2.3. Quality assessment

Out of the 33 articles meeting all of the above criteria, 27 were
journal articles, 4 were articles from conference proceedings, 1 was
a book chapter, and 1 was a master’s thesis. Due to the nature of
the existing literature on NoD being mostly conceptual in nature,
as well as the aim of the present review being to understand the
conceptualization of the phenomenon within the academic litera-
ture, no specific assessment tool of literature quality was used.
These rely on evaluating the empirical integrity of studies based
on factors relating to the research’s validity and reliability
(Siddaway et al., 2019); factors that are not applicable to concep-
tual papers or case studies. Instead of utilizing a quality assess-
ment tool, presence within the aforementioned scientific
databases (Scopus, ProQuest, Web of Science, and Science Direct)
was used as a criterion of academic quality and therefore academic
literature. Information on the publication and evidence type of
each included study is displayed in Table 1.

3. Analysis

To comprehend the complex internal dynamics of high-risk
industries, analysis required that the literature be broken down
into comprehensive conceptual categories/components. As sug-
gested by Hsieh and Shannon (2005) a directed content analysis
approach (a method for summarizing large quantities of text via
fewer content categories [Weber, 1990]) was used. This theoretical
conceptualization of the phenomenon was used as a guide for the
initial identification, coding, and categorization of data, as well as
the subsequent development of an initial conceptual framework
intended to encapsulate the reported interactions between the
identified components.

Given that the majority of the identified literature did not solely
focus on the phenomenon of NoD, the coding strategy within the
present review required the initial identification of relevant text
extracts from within each paper (as suggested in Hsieh &
Shannon, 2005). These were identified by reading through the
entire text and extracting sections which, directly or implicitly, ref-
erenced and/or discussed the NoD phenomenon. Sections were
gathered and organized in a Microsoft Word document and were
then coded by the first author on the basis of their semantic mean-
ing, relevance, and relationship to NoD. Extract coding and subse-
quent categorization followed an inductive approach, with each
code being generated on the basis of the content of the identified
extracts (n=25). Extracts and initial codes were discussed with
the research team to explore the potential higher-order categories
(n=10), which were developed through the amalgamation of
semantically/categorically similar codes (Elo & Kyngds, 2008).
Through the process of abstraction (Elo, Kdaridinen, Kanste,
Polkki, Utriainen, & Kyngds, 2014), these categories were further
refined until representative overarching categories encompassing
the phenomenon as described and discussed across the identified
literature were developed (n = 7). Individual category names were
determined by conventional terminology used within the texts
(e.g., production pressure, leadership), or were generated using
phraseology intended to describe the category’s subject matter
(e.g., lack of negative consequences). Table 2 presents an overview
of the components identified across the included studies. All com-
ponents were represented across the main industrial sectors; how-
ever, some variations in component frequency across industries
did emerge. These are discussed in section 4.2 Industry Comparison.

294

Journal of Safety Research 84 (2023) 290-305

To encapsulate the identified components from the current
review and portray the nature of their interactions as illustrated
across the identified literature a conceptual framework was devel-
oped (as seen in Fig. 2). The showcased component interactions
within the framework were developed inductively through the
re-reading of coded excerpts and the identification of reported
links and interactivity.

The following excerpt from Arendt and Manton (2015) offers an
example of the type of content that informed this identification:

“In this case, a senior operating manager put extreme pressure on
his staff and workforce to generate production and numerous deci-
sions were evident that put safety behind economics. This resulted
in a low sense of vulnerability in operating staff due to the apparent
priority of safety behind production. The low sense of vulnerability
led to a “superman complex” on the part of some operations staff
that encouraged workarounds. ..”

The example excerpt portrays the components of leadership,
production pressure, and risk normalization, and indicates their
interactions. In this instance, the authors report how leadership
actions were directly associated with increased production pres-
sure and a low sense of vulnerability (amalgamated into risk nor-
malization), resulting in subsequent workarounds among
operating staff (deviances). All of these reported links can be noted
within the present framework.

Four of the identified components (production pressure, proce-
dure/environment design, leadership, and culture) displayed a
notable number of interactions with one another and were
reported to have similarly influential relationships on other ele-
ments within the framework, acting as moderating factors. Conse-
quently, while maintained and discussed individually in terms of
their features, relevance, and influence on NoD, these were
grouped under the broader label of ‘Organizational Factors.’

4. Discussion

The aim of the present systematic review was to synthesize the
existing literature on the topic of safety-related NoD within high-
risk industrial settings. It is made evident throughout the literature
that the nature of deviance and NoD is highly complex within
industry contexts, wherein a multitude of factors pertaining to
organizational, social, and technical processes contribute to the
phenomenon (Cavnor, 2018). These are influential to the develop-
ment and propagation of NoD across its different components. Fac-
tors such as production pressure have the potential to influence a
range of outcomes, including the likelihood of normalizing risk,
the likelihood of deviating from set procedures, and the likelihood
of initiating a pre-emptive response following a deviation. Within
the present review, we have represented these interactions
through the use of an initial conceptual framework which expands
upon previous models of NoD by integrating the phenomenon of
risk normalization. While these findings are only preliminary,
and somewhat limited by the scope and nature of the phe-
nomenon’s academic literature, the framework may help in guid-
ing further analysis with primary data sources.

4.1. Conceptual framework

The conceptual NoD framework (Fig. 2) offers a visual represen-
tation of the flow path an organization or a group may take from
normal operations to the onset of a loss event as illustrated across
the identified literature. As within previous models (Hajikazemi,
Aaltonen, Ahola, Aarseth, & Andersen, 2020; Heimann, 2005), the
present framework illustrates a cyclical progression, where the
propagation of NoD is essentially self-sustaining. The cycle is main-
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Table 1

Normalisation of Deviance Literature Categorised by Industry Sector and Evidence Type.

Study Title Industry Evidence Type
Sector
Arendt and Manton  Understanding Process Safety Culture Disease Pathologies - How to Prevent, Mitigate and Recover Process Conference proceedings - Summary of 3 case studies evaluating process safety
(2015) From Safety Culture Accidents Industry* culture
Banja (2010) The Normalization of Deviance in Healthcare Delivery Healthcare Journal article - Conceptual article
Bloch and Williams  Normalize Deviance at Your Peril Oil and Gas Journal article - Case study of condenser failure at a major refinery
(2004)
Bogard et al. (2015)  An Industry’s Call to Understand the Contingencies Involved in Process Safety: Normalization of 0il and Gas Journal article - Conceptual article
Deviance
Cavnor (2018) Fighting the Fire in Our Own House: How Poor Decisions are Smoldering Within the U.S. Fire Service Firefighting Thesis - Policy and incident analysis
Creedy (2011) Quantitative Risk Assessment: How Realistic are Those Frequency Assumptions? Process Journal article - Conceptual article
Industry*
Dechy et al. (2018)  Learning Failures as the Ultimate Root Causes of Accidents Generalised Book chapter - Conceptual article
Industries ™
Everson et al. Exploring Production Pressure and Normalization of Deviance and Their Relationship to Poor Patient Healthcare Journal article - Meta-synthesis of 7 qualitative closed claims studies from
(2020) Outcomes anesthetise database
Furey and Rixon When Abnormal Becomes Normal: How Altered Perceptions Contributed to the Ocean Ranger Oil Rig  Oil and Gas Journal article - Case study of the Ocean Ranger disaster
(2018) Disaster
Geisz-Everson et al. ~ Cardiovascular Complications in Patients Undergoing Noncardiac Surgery: A Cardiac Closed Claims Healthcare Journal article - Incident report analysis (34 malpractice claims)
(2019) Thematic Analysis
Golinski and Adverse Events During Cosmetic Surgery: A Thematic Analysis of Closed Claims Healthcare Journal article - Incident report analysis (25 incident claims)
Hranchook
(2018)
Hase and Phin The Normalisation of Deviance in the Oil and Gas Industry: The Role of Rig Leadership in Success and  Oil and Gas Conference proceedings - Conceptual article
(2015) Failure
Hedgecoe (2014) A Deviation From Standard Design? Clinical Trials, Research Ethics Committees and the Regulatory =~ Healthcare Journal article - Case study into a failed UK drug clinical trial
Co-construction of Organizational Deviance
Heimann (2005) Repeated Failures in the Management of High Risk Technologies Generalised Journal article - Conceptual article
Industry
King (2010) To Err is Human, to Drift is Normalization of Deviance Healthcare Journal article - Conceptual article
Mast (2018) Summary of the King County, Washington, West Point WWTP Flood of 2017 Process Conference proceedings - Case study into a major failure at a wastewater
Industry” treatment plant
McNamara (2011)  The Normalization of Deviance: What are the Perioperative Risks? Healthcare Journal article - Conceptual article
Mize (2019) The Roundabout Way to Disaster: Recognizing and Responding to Normalization of Deviance Chemical Journal article — A collection of case studies illustrating NoD within chemical
industries
Naweed et al. Are You Fit to Continue? Approaching Rail Systems Thinking at the Cusp of Safety and the Apex of  Rail Journal article - Observation of driving and interviews, focus group interviews,
(2015) Performance scenario simulation exercise (28 participants)
Naweed and Rose It's a Frightful Scenario: A Study of Tram Collisions on a Mixed-Traffic Environment in an Australian  Rail Journal article - Accident report review, observation, focus group exercise,
(2015) Metropolitan Setting interview (23 participants)
Odom-Forren The Normalization of Deviance: A Threat to Patient Safety Healthcare Journal article - Conceptual article
(2011)
Paletz et al. (2009)  Socializing the Human Factors Analysis and Classification System: Incorporating Social Psychological ~Aviation Journal article - Interviews (28 participants)
Phenomena into a Human Factors Error Classification System
Pannick et al. Translating Concerns Into action: A detailed Qualitative Evaluation of an Interdisciplinary Healthcare Journal article - Qualitative evaluation of an intervention (ethnography and 2
(2017) Intervention on Medical Wards focus groups)
Price and Williams ~ When Doing Wrong Feels so Right: Normalization of Deviance Healthcare Journal article - Conceptual article
(2018)
Prielipp et al. 2010)  The Normalization of Deviance: Do We (Un)Knowingly Accept Doing the Wrong Thing? Healthcare Journal article - Conceptual article
Quinn (2018) When “SOP” Fails: Disseminating Risk Assessment in Aviation Case Studies and Analysis Aviation Journal article - Conceptual article
Ruault et al. (2013)  Sociotechnical Systems Resilience: A Dissonance Engineering Point of View Rail Conference proceedings - Case study of a railway accident
Sanne (2012) Learning From Adverse Events in the Nuclear Power Industry: Organizational Learning, Policy Making Nuclear Journal article - Conceptual article
and Normalization
Scott et al. (2017) Countering Cognitive Biases in Minimising Low Value Care Healthcare Journal article - Narrative review of PubMed original articles on cognitive
biases in clinical decision making
Simmons et al. Tubing Misconnections: Normalization of Deviance Healthcare Journal article - Review of 116 case studies within 34 reports

(2011)

(continued on next page)
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Table 1 (continued)

Evidence Type

Industry
Sector

Title

Study

Irwin, D. Martin et al.

Journal article - Qualitative investigation of 54 accidents, including 24

interviews

Food Industry

Exploring the Organisational Preconditions for Occupational Accidents in Food Industry: A Qualitative

Approach

Stave and Torner

(2007)
Stergiou-Kita et al.

Journal article - Review of 96 articles

Generalised
Industry

Danger Zone: Men, Masculinity and Occupational Health and Safety in High Risk Occupations

(2015)
Wilbanks et al.

Journal article - Incident report analysis (19 transfer of care claims)

Healthcare

Transfer of Care in Perioperative Settings: A Descriptive Qualitative Study

(2018)

Note. Industry sector represents the papers industrial focus. Evidence type gives information on the paper’s publication type, study type, and additional detail where appropriate.

" Industrial sector identified solely as process industry.
™ Study either has no specific industrial focus, or the focus is not stated.
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tained by the factors and conditions present within a given system,
in this instance the high-risk industry context. In the absence of
losses or negative consequences, and without adequate pre-
emptive response to near-miss events, deviations and their associ-
ated risks become normalized through a feedback loop influenced
by prevailing organizational factors (e.g., procedural shortcuts/-
corner cutting repeatedly carried out in order to benefit production
outputs). In this regard, individual instances of deviations may not
be explicitly harmful, rather, it is the cumulative degradation of
operating procedure that increases the likelihood of a major loss
event.

Each of the identified framework components is defined and
explored in relation to the relevant literature. These components
should be understood as largely non-linear in their interactions,
wherein the degrees of overlap and cumulative contribution is
likely to vary depending on the specific industry contexts. For the-
oretical purposes, it should be assumed that the initial develop-
ment of NoD within organizations begins when a pattern of
deviating from an initial procedural baseline is first sustained.

4.1.1. Risk normalization

Existing literature typically uses the term risk normalization to
describe the desensitization to risks present within one’s environ-
ment, and in broader contexts offers an explanation for how soci-
eties come to accept known risks in order to remain operational.
Schweitzer and Mix (2018), for example, discuss how risks associ-
ated with nuclear energy were largely normalized within French
mainstream media in response to the 2011 Fukushima disaster.
Public support for nuclear energy was generally unfazed following
the incident, which Schweitzer and Mix rationalize to be largely
due to the nation’s heavy dependence on nuclear energy. Similarly,
Luis et al. (2015) observed that increased awareness of coastal haz-
ards appeared to inversely correlate with perceptions of risk
regarding the phenomena; an effect that was particularly strong
among permanent coastal residents. In this regard, normalization
of risk may be largely seen as an adaptive response, facilitating
functionality in the presence of circumstances outside one’s con-
trol (Stave & Torner, 2007). In the industrial context, Stave and
Torner refer to several organizational preconditions that aid in nor-
malizing the presence of risk, citing, for example, how operators
are often assigned high levels of personal responsibility despite
possessing low levels of actual control over their environments
and performance of tasks.

A core feature of the present theoretical framework is its inte-
gration of risk normalization within the NoD phenomenon, with
risk normalization being accounted for as a contributory precursor
to the initiation and subsequent acceptance of deviances. Though
deviances may occur in the absence of risk normalization, it is unli-
kely that behaviors will be repeated if their associated risks are
continuously perceived to be high. Risk normalization thus
requires that individuals develop an increased risk threshold/toler-
ance wherein they lose the ability to accurately perceive vulnera-
bilities within their physical or procedural operating systems.

Periods of perceived successes, or at a minimum, periods absent
of negative events may further encourage a loss of perceived vul-
nerability by increasing complacency and overconfidence in the
safety of operations and the environment (Hase & Phin, 2015;
Mast, 2018). Organizations that maintain a history of success
may come to be perceived as “too big to fail” (Hedgecoe, 2014).
Arendt and Manton (2015) describe this as a “superman complex,”
wherein a lack of attention to risk and safety prevents workers
from perceiving vulnerabilities within themselves and their envi-
ronment. Banja (2010) clarifies this illusion of invulnerability by
pointing out that inherent system deviations, flaws, and weak-
nesses are generally inevitable, it is however the unpredictability



Table 2

Distribution of NoD components across the identified literature.

Industry Sector Study Organisational Factors
Risk Production Procedure/ Environment Leadership Culture Lack of Negative Pre-emptive
Normalisation Pressure Design Consequences Response
Energy/ Chemical Mize (2019) X X X X X
Process Nuclear Sanne (2012) X X X
Oil and Gas Bloch and Williams (2004) X X X
Bogard et al. (2015) X X X X X
Furey and Rixon (2018) X X X X X
Hase and Phin (2015) X X X
Process Industry*® Arendt and Manton (2015) X X X X X
Creedy (2011) X X X
Mast (2018) X X
Healthcare Banja (2010) X X X X X X
Everson et al. (2020) X X X
Geisz-Everson et al. (2019) X X
Golinski and Hranchook X X
(2018)
Hedgecoe (2014) X X X X X
King (2010) X
McNamara (2011) X X X
N Odom-Forren (2011) X X X X
Q Pannick et al. (2017) X
Price and Williams (2018) X X X X X X
Prielipp et al. (2010) X X X X
Scott et al. (2017) X X
Simmons et al. (2011) X X
Wilbanks et al. (2018) X
Other Aviation Paletz et al. (2009) X X
Quinn (2018) X
Firefighting Cavnor (2018) X X X X X
Food Processing Stave and Torner (2007) X X
Generalised Dechy et al. (2018) X X X
Industries” Heimann (2005) X X X
Stergiou-Kita et al. (2015) X X X X
Rail Naweed et al. (2015) X X X
Naweed and Rose (2015) X X
Ruault et al. (2013) X

Note. X denotes the component(s) that were identified within each study, and which contributed to the conceptual framework.
" Industrial sector identified solely as process industry.

™ Study either has no specific industrial focus, or the focus is not stated.
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Fig. 2. Conceptual Framework of NoD Based on the Present Systematic Review. Note. (n) represents the number of individual studies within which the category was

identified.

and infrequency with which these result in serious incidents that
encourages complacency.

Under such circumstances, desensitization to hazards can lead
to the acceptance of increasing levels of risk. Hase and Phin
(2015) describe this process as relatively mundane, innocuous,
and largely imperceptible, given the gradual manner in which it
develops. Creedy (2011) moreover highlights the temporal nature
of the phenomenon in observing how deviations in standard oper-
ating procedure often parallel the time elapsed following a past
incident. Paletz et al. (2009) similarly outline the dangers of com-
placency among experienced pilots, who report becoming accus-
tomed to the risks of flying in bad weather conditions, and
demonstrate greater engagement in risky behavior than their less
experienced counterparts.

An additional variable that has been noted to impact percep-
tions of risk is the introduction of new protective measures or sys-
tem safety barriers. These represent the physical and non-physical
initiatives used to enhance the safety of operations and mitigate
unwanted outcomes. The introduction of a new protective measure
generally increases perceived safety, which may unwittingly
encourage employee perceptions of system invulnerability (Mize,
2019; Prielipp, Magro, Morell, & Brull, 2010). In other words, new
protective measures may be viewed as solutions rather than fail-
safes to known problems. Their introduction may therefore incen-
tivize deviations in an attempt to bypass prior safety demands and
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maximize production efficiency (Banja, 2010; Mize, 2019; Prielipp
et al,, 2010).

4.1.2. Organizational factors

For the purposes of the present model, several of the identified
components are encapsulated under the category of organizational
factors; specifically, the components of production pressure, proce-
dure/environment design, leadership, and culture. These compo-
nents, and their relevance within the organizational context,
were often discussed in tandem, and as interconnected facets
which are influential on one another. From the organizational
standpoint, it is the accumulation of these organizational compo-
nents that contributes to the normalization of risk, propagation
of deviance, and failure to respond adequately to early warning
signs (i.e., pre-emptive response).

4.1.2.1. Production pressure. Broadly speaking, production pressure
refers to both overt and covert organizational demands and
emphasis on output efficiency (Everson et al., 2020). Issues with
production pressure typically arise due to conflicts between the
demands of safety and production. This conflict is complex and
well documented within the realm of high-risk industries where
production pressure is commonly discussed as a key contributory
factor in industry accidents (Goh, Love, Brown, & Spickett, 2012;
Mohammadi & Tavakolan, 2019; Probst & Graso, 2013).
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The consensus across the high-risk industry safety literature is
that.

production pressure and safety are akin to antagonist agents,
whereby increased attention to one often causes detriment to the
other (Cavnor, 2018). This idea has been discussed further by
Heimann (2005) with reference to type I and type II errors. In prin-
ciple, high-risk industries are generally cited as being averse to
committing Type I errors (active errors of commission), where
implementing an incorrect policy or course of action results in fail-
ure. Heimann (2005) notes that Type I error aversion is indeed
often present initially within organizations, which typically begin
operating with low thresholds of risk tolerance so as to create
the impression of a functionally safe system. Under such condi-
tions, accidents are generally infrequent and less severe, which
encourages focus to shift towards the elimination of Type II errors
of omission (e.g., the use of unnecessary measures that are costly
to efficiency and productivity). This desire for increased productiv-
ity and efficiency acts as the driving force for deviations and short-
cuts to be undertaken by operators (Dechy et al., 2018).

In the absence of immediate negative outcomes, organizations
and individuals may become susceptible to the aforementioned
influence of risk normalization and may feel justified in re-
evaluating and altering their potentially costly and overly ‘conser-
vative’ thresholds. As a result, a so-called “cycle of failure” is prop-
agated, wherein continued deviation from initial standards in
pursuit of efficiency ultimately culminates in major failure
(Heimann, 2005).

Naweed, Rainbird, and Dance (2015) and Naweed and Rose
(2015) reference how organizations within the rail industry
emphasize punctuality and ‘on-time performance,’ describing the
heightened pressure experienced by operators running behind
schedule as a condition under which they report greater suscepti-
bility to taking shortcuts and violating procedures to recover lost
time. Specifically, Naweed et al. (2015) note that driver interpreta-
tion of signals has shifted over time in order to facilitate faster train
movement. This behavior has increased the likelihood of ‘signal
passed at danger’ (SPAD) events, wherein a train passes a stop sig-
nal without explicit allowance to do so; a practice which, when
performed frequently, is associated with an increased risk of
derailment or collision.

Pressures associated with having to accomplish more with less
are exemplified in a number of other cases throughout the litera-
ture, such as Mize (2019) who outlines a case of operators within
a chemical plant violating standard procedure to meet increasing
production targets, and Cavnor (2018) who notes evidence of fire-
fighters skipping safety checks prior to entering compromised
structures to achieve tactical goals more efficiently. Within health-
care, McNamara (2011) and Arendt and Manton (2015) cite man-
agerial and institutional pressures on productivity and
maintenance of the operating room on schedule as factors typically
accountable for the introduction of deviations. Clinicians may, for
example, disconnect vitality monitors prior to the end of a proce-
dure, or before a patient has fully emerged from anesthesia, in
order to speed up the turnover process (Prielipp et al., 2010). How-
ever, Bogard et al. (2015) state that these shortcuts and deviations
rarely result in serious process safety issues and often directly
facilitate the organization’s target progression.

It is important to also acknowledge, however, that the relation-
ships between production pressures, safety, and Type I and Il errors
vary across individual industries. Specifically, it is somewhat more
complicated in occupations such as healthcare and firefighting
where circumstances may cause production pressures to be explic-
itly tied to physical safety. In these contexts, both Type I and Type
Il errors may result in harm or loss of life, either through the initi-
ation of incorrect/unsafe treatment, or the withholding of correct
treatment (Price & Williams, 2018). In this regard, motivations
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for deviating may differ in some respects from traditional process
industries given that production demands are directly concerned
with minimizing the harm done. Insights from clinician reports
regarding their rationale for procedural deviations reflect this, with
individuals often citing a desire to minimize patient discomfort
and eliminate unnecessary or counterproductive measures as
being justification for procedural deviations (Banja, 2010; Scott,
Soon, Elshaug, & Lindner, 2017).

Deviations guided by a patient-centric or ‘greater good’
approach may provide justification for the normalization of short-
cuts, given the perception that these might offer a means of attend-
ing to more patients, or provide the opportunity to prioritize those
with more serious conditions (Price & Williams, 2018). Cavnor
(2018) similarly notes a form of ‘melioration bias’ (a tendency
towards alternatives seen as preferable in the short-term) in regard
to certain operating procedures; namely the correct wearing of
PPE, which firefighters have claimed hinders movement and
impedes life-saving action.

Among process industries, common generalized instances of
justified deviance may be observed in shortcuts performed by
operators seeking to improve productivity; not for explicit and
immediate personal gain, but rather as a means of satisfying
broader organizational demands (Mize, 2019). These deviations,
intended to maximize productivity, may be further compounded
by a pre-existing rule ambiguity and unfamiliarity, particularly
for tasks that do not involve standardized checklists (Banja,
2010; Mize, 2019; Stergiou-Kita et al., 2015).

4.1.2.2. Procedure/Environment Design. Within many high-risk
industries, special considerations must be made for the design of
both the physical work environment and the nature of processes
and procedures in order to facilitate productivity and reduce risk
(Gambatese & Hinze, 1999; Marsden & Green, 1996; Park & Jung,
2003; Reuter & Camba, 2017). These considerations may include
placing emphasis on computerization and automation to stream-
line processes and reduce workload (Marsden & Green, 1996;
Park & Jung, 2003; Wang & Ruxton, 1997), standardizing operating
procedures (Kurt, Arslan, Comrie, Khalid, & Turan, 2016), and eval-
uating and making provisions for fail-safes that will mitigate unin-
tentional error or sudden failure (Garrick & Morey, 2015).

Procedures are agreed-upon methods of work, intended to
ensure that tasks are performed in an efficient, controlled, and safe
manner (Marsden & Green, 1996). Issues with procedures gener-
ally arise when these are deficient in designating activities or
enabling the successful accomplishment of tasks (i.e., due to being
inaccurate, outdated, incomplete, or overly complex and demand-
ing; Park & Jung, 2003).

Throughout the identified literature, inappropriate implemen-
tation of procedures and poor environmental designs were fre-
quently cited as contributory to the initiation and maintenance
of deviant behavior. The reasoning provided was that under time
and production constraints, procedural or environmental limita-
tions often provide justification for deviances and violations
(Mize, 2019; Price & Williams, 2018); with some operators arguing
that perfect compliance to rules and standards makes it impossible
to achieve productivity demands (Banja, 2010).

Price and Williams (2018) state that the very presence of
deviance inherently signals potential flaws within a system’s envi-
ronment or work process. In reference to healthcare, they illustrate
how factors such as inconveniently placed hand hygiene stations
decrease hygiene compliance, and even minor obstacles such as
malfunctioning barcode scanners disrupt entire workflows and
prompt the skipping of the scanning process in order to achieve
on-time administration of medication.

In some organizations, Quinn (2018) argues that rather than
amending poor procedure and environmental design, deviances
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become a normalized and expected practice intended to “fill in the
gaps” of standard operating procedures. In other instances, there
may be an initial lack of overt procedural rules or adequate
resources that precipitates compensatory individual and team
solutions (Cavnor, 2018; Hedgecoe, 2014; Stave & Toérner, 2007).

A further weakness explicitly referenced within the literature is
that of maladaptive alarm/warning system design resulting in the
experience of alarm fatigue. Bogard et al. (2015) highlight how
overexposure to alarms causes desensitization and loss of vulnera-
bility towards these. Frequent alarm exposure, particularly when
false, normalizes the alarm presence as routine, prompting a lack
of response. Poor implementation of an alarm system may also
encourage procedural deviations intended to circumvent system
activation, as evidenced in the railway industry where cautionary
signals have been largely devalued by drivers. Naweed et al.
(2015) report that on some journeys it is routine to operate in a
continuous “alarmed” state without ever being clear of cautionary
signals.

4.1.2.3. Leadership. Within organizational contexts, leadership
describes a variety of multifaceted management roles that encom-
pass a range of responsibilities, styles, and behaviors depending on
the context and the leader’s respective level of responsibility
(Denis, Langley, & Rouleau, 2010; Pilbeam, Doherty, Davidson, &
Denyer, 2016). Senior management and leadership are responsible
for a range of decision-making directly associated with safety,
including training and resource allocation and investment, over-
sight, scheduling, and maintenance of equipment (Kelloway,
Nielsen, & Dimoff, 2017; Reason, 2000), as well as role modeling
and influencing worker attitudes and behavior (Flin & Yule, 2004;
Pilbeam et al., 2016).

Reason (2000) has been particularly critical of the role of lead-
ership, identifying decision makers and line management as a core
element of any productive system. Reason further argues that
many organizational accidents can be traced back to deficiencies
in managerial decision-making. Similarly, within the identified lit-
erature, Everson et al. (2020) describe the nature of an organiza-
tion’s safety culture to be largely determined by the approaches
taken by executive leadership. Mize (2019) notes that it is the lead-
ership of an organization that is responsible for setting expecta-
tions for employee attitudes and behavior, with the responsibility
of providing sufficient training and reinforcement of operational
discipline. In this regard, leadership failures in the maintenance
of a system’s risk mitigation often play a crucial role in facilitating
NoD (Bogard et al., 2015). Actions by leadership are generally per-
ceived as having top-down consequences, wherein poor leadership
decisions are filtered through the various levels of an organization,
causing damage to an organization’s operational safety and general
safety culture (Hase & Phin, 2015).

Supervisors may, for example, avoid or choose not to discipline
operators who engage in shortcuts and deviations in order to sim-
plify processes, reduce workloads and increase production speed
(Bogard et al., 2015). To conserve resources, some organizations
may also fail to provide adequate training by limiting the amount
of time available for operators to familiarize themselves with new
tools or procedures (Geisz-Everson, Jordan, Nicely, & McElhone,
2019), or in some cases, through the active teaching of already nor-
malized shortcuts and deviations (Banja, 2010; Odom-Forren,
2011). A key issue here is that in such instances deviations per-
formed by authority figures typically go unchallenged
(McNamara, 2011).

Actions such as these facilitate NoD by instilling a “production
over safety mindset” when led by the example of decision-
making authority figures (Cavnor, 2018). When an organization
places excessive demand on economics, leadership may fail to
uphold process safety as a core value, resulting in the dismissal
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of warning signs and the encouragement of workarounds in the
interest of production (Arendt & Manton, 2015; Dechy et al.,
2018). Younger, and more inexperienced employees are particu-
larly vulnerable to production demands given their limitations in
power, agency, and inability to accurately comprehend or question
safety procedures (Banja, 2010; Stergiou-Kita et al., 2015). Further-
more, it is suggested that observations of issues and weaknesses
may be minimized when reported to supervisors/higher authori-
ties due to a fear of repercussion or punitive action from leadership
and/or a general lack of confidence that voicing concerns would
lead to actual change (Banja, 2010; Furey & Rixon, 2018; Odom-
Forren, 2011).

4.1.2.4. Culture. Culture describes the collective nature of an orga-
nization’s underlying values, beliefs, expectations, and perceptions
that guide and inform individual and group behaviors and prac-
tices (Everson et al., 2020; Van den Berg & Wilderom, 2004). Van
den Berg and Wilderom (2004) describe organizational culture as
the “glue” which binds together an organization. When it comes
to NoD, the significance of culture is pertinent with regard to
understanding how formal and informal attitudes and decision-
making processes enable deviances to take place and be normal-
ized. As previously mentioned, within Vaughan’s investigation,
understanding the culture within NASA as a social organization
was crucial to helping identify the rationale and motivations, par-
ticularly from a managerial standpoint, behind the decision-
making that took place prior to the disaster. Vaughan specifically
outlined how NASA’s culture was one with a “major preoccupa-
tion” with bureaucracy, which failed to realistically account for
safety, cost, efficiency, and productivity demands (Vaughan, 1996).

Throughout the identified literature, organizations were cited
as possessing individual identities that shaped the nature of group
dynamics within work settings (Cavnor, 2018; Price & Williams,
2018; Stergiou-Kita et al., 2015). These social identities, while
influenced by organizational demands, were said to also exist inde-
pendently as products of an organization’s history, projected
image, and working environment. Cavnor (2018) for example,
extensively discusses the cultural and social implications of fire-
fighting, describing how beliefs shared among firefighter groups
often encourage behaviors that favor risk acceptance. As a result,
authors frequently identified the importance of understanding cul-
ture as a variable that may inadvertently sustain unhelpful prac-
tices (Everson et al., 2020; Hase & Phin, 2015; Price & Williams,
2018; Stergiou-Kita et al., 2015).

An organization’s history, externally projected image, and
working environment, were said to be of particular significance
to culture, as these often become integrated with the individual
identities of work personnel, fostering traditions and operational
practices that may be both adaptive and maladaptive (Cavnor,
2018; Stergiou-Kita et al., 2015). Price and Williams (2018), note
how healthcare workers traditionally promote a standard of indi-
vidual perfection that ultimately distracts from addressing wider
underlying issues relating to equipment, systems, or procedure.
Similarly, the distinct social image of firefighters may promote
mutual trust, courage, and concern for the safety of others, how-
ever, it may also encourage excessive and unreasonable risk-
taking (Cavnor, 2018; Stergiou-Kita et al., 2015). In this regard,
Hedgecoe (2014) notes that the everyday culture of work groups
may often inadvertently accommodate and normalize risk; leading
organizational cultures to foster environments where normalized
deviances are mundane occurrences rather than exceptions (Hase
& Phin, 2015). Stave and Torner (2007) similarly describe the work-
ing practices of a team as the product of continuous internal nego-
tiations, which may lead to risk acceptance within work cultures
that do not prioritize safety.
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Alternatively, some organizations were said to also manifest a
'silo effect,’ characterized by a lack of cohesion and interaction
between workgroups and departments. These experience frag-
mented individual group cultures, operating on independent stan-
dards so as to meet their own needs rather than a common shared
agenda across the organization (Golinski & Hranchook, 2018). This
may result in inconsistent practices across an organization,
wherein a lack of communication perpetuates rule unfamiliarity
and deviations in practice. Thus, despite the aforementioned
potential for unwanted consequences, a shared social identity
among employees is typically seen as desirable within the organi-
zational context (Golinski & Hranchook, 2018).

Helmreich and Merritt (2001) described how organizational
culture represents a ‘complex framework’ composed of national,
organizational, and professional attitudes and values. It should
therefore be noted that while frequently referenced, given its
breadth and complexity, the concept of organizational culture is
not always clearly defined. This has also been pointed out within
wider literature where the notion of organizational culture has
been criticized for lacking clarity and definition (Van den Berg &
Wilderom, 2004). Moreover, there is debate as to whether an orga-
nization may truly be defined under a singular overarching cultural
identity, or whether its culture should be understood as the pro-
duct of several collective subcultures and group identities across
various departments and chains of command (Willcoxson &
Millett, 2000). The present review does distinguish the component
of culture as somewhat independent of leadership and production
pressure, which may traditionally be considered subsets of the
organizational culture. While, as with all the themes discussed,
there is likely to be overlap in the actual manifestation of compo-
nents within real-world settings, culture as it pertains to NoD was
in many instances flagged as a unique contributor to the phe-
nomenon, particularly with regards to the organizational culture
surrounding safety (Arendt & Manton, 2015; Cavnor, 2018;
Everson et al., 2020; Stergiou-Kita et al., 2015).

4.1.3. Lack of negative consequences

In general literature, the relevance of perceived negative conse-
quences has been explored primarily within the realms of human
risk perception, specifically with regard to the human evaluations
and management of risk on individual and societal levels (Creyer,
Ross, & Evers, 2003; Johnson & Tversky, 1984; Sitkin & Pablo,
1992). The perceived lack of negative consequence works in tan-
dem with the previously discussed issue of unnoticed, latent
errors/failures that accumulate over lengths of time (Dekker &
Pruchnicki, 2014). Similarly, Rasmussen (1997) highlights the issue
of reliability being mistaken as an indicator of safety (i.e., that
something is good enough simply by virtue of its past successes).
As with risk normalization, the absence of consequence fosters a
‘presumption of safety’ that impairs the collective and individual
abilities to detect risk (Hedgecoe, 2014).

Unsurprisingly, the absence of negative consequences is consis-
tently cited as an integral element of NoD and is discussed exten-
sively in relation to deviance and risk perception desensitization
(Price & Williams, 2018). It is widely understood that perceptions
of risk and risky behavior are subjective and may be positively or
negatively evaluated depending on the framing and evaluative
points of reference used (Kahneman & Tversky, 1979; Tversky &
Kahneman, 1985). With regards to NoD, when a deviation fails to
result in an apparent adverse outcome, it may be seen as an indi-
cation that initial standards or procedures are over-conservative
(Creedy, 2011). This perception, or framing, justifies deviations as
acceptable evolutions of the productive process, wherein behavior
is merely adapting to maximize efficiency; a notion that is parallel
and complimentary to Rasmussen’s “migration model” of the
adaptive processes undertaken by organizations attempting to
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maximize productivity and profitability. Rasmussen notes that this
behavior is typical of sociotechnical systems given the pressures
and constraints under which they operate (Rasmussen, 1997).
These pressures encourage deviations in attitude and action, which
in the absence of consequence, are highly prone to repetition
(Paletz et al., 2009), and acceptance by both workers and manage-
ment throughout the organization (Bogard et al., 2015); with per-
ceived benefits to production additionally de-incentivizing
intervention and enforcement of discipline (Bogard et al., 2015).

4.1.4. Pre-Emptive Response

Perrow (1999) famously argued that “normal accidents” or fail-
ures within highly complex systems, such as those found within
high-risk industries, are likely to be unavoidable given the com-
plexity of the system’s components (machinery/equipment, opera-
tors/employees, procedures etc.) and the manifold possibilities for
these components to interact and result in failure. Turner and
Pidgeon (1997), however, denotes that incidents are nearly always
preceded by warning signs and claims that major accidents require
preconditions to be present, often for extended periods of time.
Turner argues that accidents can be prevented if these are identi-
fied and appropriately dealt with. Reason (1990) describes these
preconditions as “resident pathogens,” that is, latent failures which
may combine with any number of factors such as active failures
(human error and violations) or system faults to produce an
adverse outcome. Reason, in agreement with Perrow, states that
highly complex systems do contain a greater number of resident
pathogens, and will thus be more susceptible to failure; however,
he also asserts that these can be monitored, assessed, and under-
stood with adequate system knowledge (Reason, 1990).

Pre-emptive responses to risks have in more recent years been
discussed in terms related to organizational resilience (i.e., the
ability of an organization to identify, cope with, and learn from
incidents and failures and adjust positively under challenging con-
ditions; Hutter, 2010; Vogus & Sutcliffe, 2007). A well-known gen-
eral approach for pre-emptively dealing with hazards within high-
risk work environments involves the implementation of a hierar-
chy of controls framework, intended to identify and prioritize haz-
ards and their respective intervention strategies (Barnett, 2020;
Hopkins, 2006; Morris & Cannady, 2019). Depending on the haz-
ards present, a range of control measures with various levels of
efficacy can be implemented. These typically include elimination
(physical removal of a hazard), substitution (replacement of a haz-
ard with a less dangerous alternative), engineering controls (isolat-
ing a hazard from workers, often through technology),
administrative controls (changes in work practices) and use of
PPE (use of personal protective equipment; Morris & Cannady,
2019).

With regards to NoD pre-emptive response refers to measures
taken to anticipate, identify, and prevent the propagation of mal-
adaptive deviance. This encompasses both the nature of proactive
measures used to detect and respond to near-misses/signals, as
well as the quality of retroactive learning following an incident
or near-miss (Cavnor, 2018). The importance of identification and
learning is particularly relevant given that pre- and post- investiga-
tion processes are both susceptible to normalization biases. Initial
signals normalized in advance of an incident may be subject to the
same framing after an accident, often in an attempt to cover up
wrong-doings and minimize responsibility (Furey & Rixon, 2018;
Sanne, 2012). Moreover, signals of potential disaster can manifest
at various time intervals and across varied locations, which may
cause individuals within an organization to view pre- and post-
events from a detached personal level (Simmons, Symes,
Guenter, & Graves, 2011).

Ideally, behavioral deviances, warning signals, and near-misses
should always be accounted for. However, in light of the potential
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associated effort and costs, individuals may be biased towards dis-
counting originally proposed risks when there is a lack of incentive
for reporting/speaking up (Banja, 2010; Cavnor, 2018; Sanne,
2012). Furthermore, while some organizations outline policies
regarding what events need to be reported, criteria are often sub-
jective and dependent upon voluntary input (Dechy et al., 2018).

Another component detrimental to pre-emptive learning is that
of inappropriate safety reporting systems. Pannick et al. (2017)
describe a healthcare setting wherein the formal mechanism for
recording incidents was an online reporting system that was diffi-
cult to use and poorly suited for this purpose, with long delays in
the processing of even relatively simple issues; resulting in com-
mon/recurrent problems being left unreported and normalized
within everyday practice. Failure to document warning signs or
procedural changes, even those perceived as positive workarounds
and innovations, enables these to remain unchallenged, and set
precedents for procedural ambiguity and shifting norms (Mize,
2019). When incident analysis does take place, Price and
Williams (2018) specifically outline the importance of appropriate
system/process investigation in order to avoid simply blaming
individual behaviors or components. They cite how patient safety
literature demonstrates the efficacy of addressing issues from a
system, rather than a human, perspective.

4.2. Industry comparison

While the healthcare industry represents the largest single
industrial sector among the identified literature, many of the core
components and patterns of NoD appear generally consistent
across the industries accounted for within this review. Production
pressure was among the most consistently referenced and dis-
cussed components across the industry literature, however, its
prevalence in healthcare (11/14 healthcare papers) is particularly
noteworthy. Another distinction between healthcare and other
industries can be seen in the apparent lack of reference to risk nor-
malization within the identified healthcare literature (3/14 health-
care papers, by contrast to 8/9 papers within the process industry
and 5/10 within other industries).

These differences may be due to a number of reasons however a
comparative analysis of healthcare to other high-risk industries by
Gaba (2000) extensively discusses several key structural differ-
ences between healthcare and other high-risk industries; including
a lack of centralization, regulation, investigation, and reporting by
contrast to other high-risk industries such as aviation, oil and gas,
nuclear, and chemical manufacturing (Gaba, 2000; Hudson, 2003).
While issues of production demands may be more openly vocal-
ized, issues surrounding the conscious or unconscious normaliza-
tion of risky behaviors or malpractice may be more covert within
healthcare, potentially due to the more explicit medical attitudes
regarding individual responsibility and blame (Gaba, 2000;
Hudson, 2003; Price & Williams, 2018). Gaba also describes how
healthcare systems may often enable “structural secrecy,” wherein
problems can be “defensively encapsulated” within respective
units or departments and blame may be shifted elsewhere.

Depending on the industry, the nature of risk and risk manage-
ment will also vary, given the variations in potential outcomes
associated with hazards and risky behavior, and whether these
are likely to only affect workers themselves or have consequences
for others (Banja, 2010; Cavnor, 2018; Hudson, 2003). In this
regard, healthcare, while conscious of medical dangers, may be
said to have a more reactive focus to managing dangers, with some
proactive considerations; given that medical personnel manage a
wide range of unpredictable dangers and hazards experienced by
others but rarely themselves. Other high-risk industries, such as
oil and gas and nuclear, may be described as having more proactive
approaches, given that their workers must, by contrast, contend
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with an array of potential risks that have the potential to be haz-
ardous to themselves, their colleagues, and the wider society
(Hudson, 2003).

Furthermore, as previously highlighted, the production out-
comes and demands for service industries, particularly public ser-
vice industries such as healthcare and firefighting, by comparison
to process industries, should be accounted for; specifically with
regard to understanding the nature of industry outputs (i.e., mini-
mizing harm and saving lives vs. maximizing physical productivity
and efficiency). This difference is not undermined within the pre-
sent model, as 'production pressure’ does not specify the type of
motivation it describes, but rather refers to any form of medium
or motivation by which perceived output demands are prioritized
and likely to encourage deviations in practice. Arguably, these
descriptive differences may also fundamentally be merely a simple
case of categorization and semantics; however, given the complex-
ity of organizational contexts and individual experiences, the
importance of understanding and accounting for the unique vari-
ables within individual organizations should not be understated.

4.3. Theoretical contribution

The current academic literature on the topic of NoD indicates
that research has been largely independent and fragmented across
a variety of sectors. The present systematic review synthesizes lit-
erature from a variety of high-risk industries in an attempt to
ascertain common components of the phenomenon and introduce
a new conceptual framework that seeks to encapsulate the manner
in which the phenomenon has been presented and discussed. One
of the main theoretical contributions of the present paper is the
integration of risk normalization within a model of NoD as an inte-
gral component in the development and maintenance of the phe-
nomenon. While entirely conceptual at present, this model
suggests that intervention methods for the prevention of harmful
NoD may need to focus on the initial normalization of risk; more
specifically, ensuring that operator perceptions of risk do not
degrade over time. Furthermore, the present review highlights
the impact of organizational factors on the propagation of NoD.
While these are likely to be context-specific and variable, they
point toward factors that should be considered when investigating
NoD within the high-risk industry context (e.g., Is production pres-
sure encouraging deviations and short-cuts? Does culture within
the work environment discourage the reporting of near misses?).

4.4. Limitations

While the present review and conceptual model are based on
the current academic literature on the topic of NoD, there are some
notable limitations that should be considered. Namely, the model
is preliminary and untested and based on a relatively small sample
of academic literature. While a systematic method of analysis was
utilized for its creation, with directed content analysis often being
used to develop conceptual models (Elo et al., 2014), an inherent
level of subjectivity and potential bias exist both in the initial cod-
ing and subsequent categorization and model mapping. This may
have been particularly pronounced within the present review
where only one coder was used (first author). However, the coder
remained open to new and alternative codes or potential catego-
rizations. Future research will address this limitation through the
testing of the preliminary framework in real-world settings (e.g.,
case studies).

A further consideration that should be addressed is that NoD
with regards to the high-risk industry has so far been mostly dis-
cussed within the confines of conceptual articles or on the basis
of accident reports and case studies. Of the 33 identified studies
within the present review, 21 utilized secondary data, and of the



N. Sedlar, A. Irwin, D. Martin et al.

remaining 13, seven were based on case studies. As such, the
majority of the reviewed literature consisted of studies that did
not present novel data or findings, but rather built upon and dis-
cussed the relevant topics from a number of industry perspectives.
Though these offer valuable insights and points of consideration,
the presence of primary data within this review has been severely
limited. The review is therefore confined to focusing on the phe-
nomenon from a largely conceptual and observational standpoint.
The lack of applied research on the topic is an issue highlighted by
several authors, who acknowledge that many of the observations
and speculations, though theoretically reasonable, are yet to be
actively quantified in terms of real-world intervention and risk
reduction (Arendt & Manton, 2015; Bogard et al., 2015; Cavnor,
2018; Creedy, 2011).

4.5. Future research

These limitations suggest testing of the present model is
required prior to any serious or consequential application. Specifi-
cally, the framework should be tested and quantified with respect
to real-life settings, individual industries, and primary data, in
order to make further refinements and provide validity. This could
be accomplished through the analysis of incident reports, or by
using primary data obtained from interviews or direct observa-
tions. Additionally, applied methods of analysis could be used in
order to test specific components of the framework.

Of specific interest would be investigations into the develop-
ment of risk normalization at the individual level, the specific fac-
tors accelerating this normalization, and the examination of
potential interventions intended to reduce the likelihood that nor-
malization of risk will lead to the initiation and normalization of
deviance. Furthermore, the effect of the absence of negative conse-
quences following a deviation could be investigated, with specific
reference to the subsequent likelihood of engaging in said devia-
tion. As suggested by Bogard et al. (2015), behavioral research is
desperately needed to support the mostly conceptual nature of
the academic literature investigating the present phenomenon.
Based on the present review, we argue that more general empirical
and experimental research would not only aid in the understand-
ing of NoD but may further provide insights into potential inter-
ventions through the investigation of the aforementioned causal
relationships. The use of an experimental vignette method (EVM)
in particular could lend itself to further investigations, wherein fic-
titious scenarios may be manipulated to investigate the impact of
specific factors on the attitudes and perceptions of participants
(Aguinis & Bradley, 2014). These scenarios can be designed to repli-
cate the working environments of individual workforces, allowing
for the assessment of specific predispositions to normalization of
risk/deviance. Such investigation may also be of particular impor-
tance for investigating elements of risk normalization within
healthcare settings where the concept has thus far not been
explored or considered in as much depth as in other high-risk
industries.

Additionally, the further conceptualization of the role of Type I
and II errors in the development of NoD within organizational sys-
tems appears warranted, especially with respect to their efficiency,
safety, and cost/benefit interactions/trade-offs, as highlighted by
Heimann (2005); in addition to their potentially varied presenta-
tions and implications within different industrial sectors (e.g.,
healthcare versus process industries). Understanding the priorities
of an industry and its workers with regards to type I and II errors
may also be supplemental to NoD investigations by illuminating
where an organization stands from a “cycles of failure” perspective
(Heimann, 2005). The identification of patterns of deviance in tan-
dem with type I and II prioritization may prove to be particularly
important in the recognition of otherwise overlooked system risks
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and may help inform on appropriate preventive measures and/or
beneficial system changes.

5. Conclusion

The study of NoD is theoretically based on the systems
approach to accident causation, wherein emphasis is placed on
understanding how dynamic components of a system enable a
given phenomenon to manifest and propagate. An important facet
of this approach is its emphasis on understanding the impact of
latent failures, framing active failures as by-products of a flawed
system rather than vice-versa. The benefit of this perspective is
that it enables the development of interventions and improve-
ments that can be applicable and generalized across a range of con-
texts that accommodate similar system dynamics. The present
review, which aimed to synthesize the existing literature on the
phenomenon of NoD from a range of high-risk industrial sectors,
may represent an initial step toward such interventions with
regard to the NoD phenomenon and high-risk industry. Using a
directed content analysis approach, the present systematic review
of 33 articles synthesizes the existing literature and presents its
findings within a conceptual framework. The framework seeks to
encapsulate the reported interactions between identified industry
components and NoD, while building upon prior examples through
the incorporation of risk normalization. While unable to offer
specific interventions, the present paper provides foundations for
future applied research on the topic and offers a common frame-
work for the phenomenon that is applicable across a range of
industrial sectors.
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ABSTRACT

Introduction: To better understand what is known about issues affecting American Indian and Alaska
Native (AI/AN) workers, authors conducted a literature review of publications specific to AlI/AN and occu-
pational safety and health. Methods: Search criteria included: (a) American Indian tribes and Alaska
Native villages in the United States; (b) First Nations and aboriginals in Canada; and (c) occupational
safety and health. Results: Results of two identical searches in 2017 and 2019 identified 119 articles
and 26 articles respectively, with references to AI/AN people and occupation. Of the 145 total articles,
only 11 articles met the search criteria for addressing occupational safety and health research among
AI/AN workers. Information from each article was abstracted and categorized according to National
Occupational Research Agenda (NORA) sector, resulting in: four articles related to agriculture, forestry,
and fishing; three related to mining; one related to manufacturing; and one related to services. Two arti-
cles reported on AI/AN people and occupational well-being in general. Conclusions: The review was lim-
ited by the small number and age of relevant articles, reflecting the likelihood that findings could be out
of date. General themes across the reviewed articles point to the need for increased overall awareness
and education regarding injury prevention and risks associated with occupational injuries and fatalities
among Al/AN workers. Similarly, increased use of personal protective equipment (PPE) is recommended
for the agriculture, forestry, and fishing industries, as well as for workers exposed to metals dust. Practical
Applications: The lack of research in most NORA sectors indicates the need for heightened research efforts

directed toward Al/AN workers.

© 2022 National Safety Council and Elsevier Ltd. All rights reserved.

1. Introduction

American Indian and Alaska Native (AI/AN) people accounted
for 2% (5.8 million) of the total U.S. population in 2020 (U.S.
Census Bureau, 2020). Little is known about the occupational
safety and health of AI/JAN workers. AlI/AN people face a dispropor-
tionate burden of illness as well as a lower life expectancy than the
total U.S. population. The leading causes of death for AI/AN people
include heart disease, cancer, unintentional injuries, and diabetes.
AI/AN people experience higher rates of these and other causes of
death compared to the total U.S. population (Indian Health Service,
2019).

As sovereign nations, AI/AN tribes maintain a government-to-
government relationship with the U.S. federal government (§
4.01[1][a], 2017).0f the 5.8 million AI/AN, 2.7 million individuals
report AI/AN as their only race, of which, over half (1,548,549)

* Corresponding author at: Western States Division, P.O. Box 25226, Denver, CO
80225, United States.
E-mail address: edalsey@cdc.gov (E. Dalsey).

https://doi.org/10.1016/j.jsr.2022.10.020
0022-4375/© 2022 National Safety Council and Elsevier Ltd. All rights reserved.

are active in the workforce (Centers for Disease Control and
Prevention, National Institute for Occupational Safety and Health,
2022; U.S. Census Bureau, 2020). Approximately 28% of people
who identify as AI/AN lived on federal or state reservations or trust
lands from 2016 to 2018. Of those, 52.0% were active in the labor
force, compared to 63.6% of AI/AN people who did not live in Al/
AN areas (Bureau of Labor Statistics, 2019). Table 1 describes Al/
AN employment in the U.S. by National Occupational Research
Agenda (NORA) sector, based upon the North American Industry
Classification System (NAICS). These sectors include: agriculture,
forestry, and fishing; construction; healthcare and social assis-
tance; manufacturing; mining; oil and gas extraction; public
safety; services; transportation, warehousing, and utilities; and
wholesale and retail trade (National Occupational Research
Agenda, 2018). The services sector has the highest number of Al/
AN workers, followed by wholesale and retail trade and healthcare
and social assistance.

Detailed data on AI/AN workers is scarce for several reasons.
Race and ethnicity are not commonly collected in traditional occu-
pational safety and health data sources. For example, the Occupa-
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Table 1
American Indian and Alaska native employment by national occupational research
agenda sector, 2020.

National Occupational Research Agenda (NORA) AI/AN People in

Sectors Workforce
(n=1,548,549)

Agriculture, Forestry, and Fishing 28,877
Construction 144,847
Healthcare and Social Assistance 211,576
Manufacturing 132,012
Mining (includes Oil and Gas Extraction) 16,408
Services (includes Public Safety) 695,309
Transportation, Warehousing, and Utilities 82,896
Wholesale and Retail Trade 236,624

Note: The Employed Labor Force Query System is based on data from the Bureau of
Labor Statistics Current Population Survey, which uses Bureau of Census Industry
Codes. These codes can not be directly matched with the North American Industry
Classification System, which organizes the current NORA sectors. As a result, the
table includes the population for the NORA sector, Oil and Gas Extraction, in the
Mining category. Similarly, it includes the population for the Public Safety sector in
the Services category.

Source: Centers for Disease Control and Prevention, National Institute for Occupa-
tional Safety and Health. (2020). Retrieved from Employed Labor Force Query
System: https://wwwn.cdc.gov/wisards/cps/default.aspx.

tional Safety and Health Administration’s (OSHA) injury and illness
recording requirements do not collect information on race or eth-
nicity (National Academies of Sciences, Engineering, and Medicine,
2018). Sources that do collect race and ethnicity, such as the Sur-
vey of Occupational Injuries and Illnesses, often do not require a
response to these questions (Bureau of Labor Statistics, U.S.
Department of Labor, 2021). Therefore, race and ethnicity data
are frequently missing. Additionally, AI/AN workers may choose
to not report or self-identify their race and ethnicity. Furthermore,
no tribal surveillance systems or data sources collect this
information.

AI/AN occupational fatalities are likely underestimated, as they
are often not reported to OSHA when they occur on tribal lands and
reservations (Hill, Reyes, & Dalsey, 2013). Despite the existence of
tribal occupational safety and health programs and codes and laws,
the scientific literature on AI/AN occupational health and safety is
limited (Center for State, Tribal, Local, and Territorial Support,
Centers for Disease Control and Prevention, 2017). An additional
challenge when working with AI/AN data is that sources do not
always specify whether AI/AN is reported as an individual’s only
race or a race in combination with another. The purpose of this
review is to summarize what is documented in the peer-
reviewed literature about AI/AN worker safety and health.

AI/AN workers are often employed in hazardous occupations
and were 42% more likely to be employed in high risk occupations
than non-Hispanic White workers in 2010 (Steege, Baron, Marsh,
Menendez, & Myers, 2014). High risk occupations are those whose
“days away from work” illness or injury rates are more than twice
the national average, such as construction workers and miners
(Council of State and Territorial Epidemiologists, 2017). In 2019,
24% of AI/AN employees worked in occupations classified as having
high morbidity risk, while only 16% of all U.S. employees worked in
these occupations (Council of State and Territorial Epidemiologists,
2017; Centers for Disease Control and Prevention, National
Institute for Occupational Safety and Health, 2022). In 2020,
5,340 AI/AN workers suffered a nonfatal injury resulting in one
or more days away from work, and 32 AI/AN workers were killed
on the job (Bureau of Labor Statistics, U.S. Department of Labor,
2020; Bureau of Labor Statistics, U.S. Department of Labor, 2020).
The occupational fatality rate for all U.S. workers in 2020 was 3.5
deaths per 100,000 workers, compared to 3.6 deaths per 100,000
AI/AN workers (Bureau of Labor Statistics, U.S. Department of
Labor, 2020; Centers for Disease Control and Prevention, National
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Institute for Occupational Safety and Health, 2022). It appears that
AI/AN workers may face a high risk of occupational injury, and the
nature of these risks may differ from that of workers of other races
and ethnicities. AI/AN workers are an underserved worker popula-
tion, and research on AI/AN people and occupational safety and
health is limited.

2. Methods

Authors submitted a literature search request in 2017 and again
in 2019 to the Centers for Disease Control and Prevention’s Public
Health Library and Information Center Reference Team. Both
searches included online databases MedLine, Embase, Psycinfo,
CINAHL, and Scopus. To identify all possible articles, no date limits
were placed on the search activities. Search criteria included: (a)
American Indian tribes and Alaska Native villages in the United
States; (b) First Nations/Aboriginal groups located in Canada; and
(c) occupational health and safety. Search criteria excluded articles
on other indigenous groups in Australia, Mexico, Central and South
America, and migrant workers. The review also excluded articles
related to environmental exposures, substance abuse, and child
or civilian seatbelt safety and traffic laws, unless related to work
activities. Search terms included: American Indians, Alaska
Natives, Inuit, Native American, Native Alaskan, Tribal Nation, First
Nations, Indian reservation, occupational safety, occupational
health, occupational injuries, occupational fatalities, occupational
health services, occupational medicine, occupational illnesses,
workers’ compensation, epidemiology, population surveillance,
participatory research, chemical exposures, hazardous chemicals,
ergonomics, psychosocial, falls, accidents, construction, agricul-
ture, farming, mining, fishing, motor vehicle, collisions, asthma,
noise, National Institute for Occupational Safety and Health, and
violence.

Results of the initial search in 2017 identified 119 articles,
reports, and theses. An identical search limited to articles pub-
lished since the initial search was requested in 2019 and identified
26 additional articles. Further inclusion criteria was used to focus
on peer-reviewed journals, published after 2000, addressing Al/
AN occupational safety and health. Fig. 1 illustrates the process
used to select relevant articles for the literature review. Authors
abstracted information from each relevant article and categorized
them according to NORA sector. Although many articles pertained
to AI/AN people, most documented research unrelated to occupa-
tional safety and health.

3. Results

This review comprises 11 articles categorized by NORA sector
including: four articles categorized into the agriculture, forestry,
and fishing sector; one to manufacturing; three to mining; and
one article to services. Two of the 11 articles did not fit within
one specific sector but described research relating to the overall
well-being of AI/AN workers. Authors categorized the article
related to rodeo competitors to the agriculture, forestry, and fish-
ing sector, even though the specific rodeo NAICS code falls under
the Arts, Entertainment, and Recreation sector. Although Canada
was included in the original search criteria, only articles about
AI/AN workers in the United States met the inclusion criteria.
The findings and themes presented in these articles are discussed
by NORA sector below and referenced in Table 2.

3.1. Agriculture, forestry and, fishing

Four of the 11 articles found in the literature search were
related to agriculture, forestry, and fishing. Of these four, two dis-
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Flow Diagram of Literature Selection Process

145 articles identified in literature search requests

\ 4

1 duplicate article removed

144 articles screened based on title and abstract

\ 4

102 articles excluded after review
e 42 not focused on occupational safety and health
e 35 not focused on AI/AN population
e 11 not peer-reviewed articles
e 10 not related to US or Canada
e 4 discussed data prior to 2000

42 articles screened based on full text review

A 4

31 articles excluded after review
e 15 not focused on AI/AN population
e 14 not focused on occupational safety and health
e 2 discussed data prior to 2000

11 articles included in literature review

Fig. 1. Flow diagram of literature selection process.

cussed farmworkers, one investigated professional rodeo competi-
tors, and one focused on bison workers.

3.1.1. Objectives and methods

Among the four articles, three included discussion on work-
related injuries among farmworkers and rodeo competitors. Gold-
camp, Hendricks, Layne, and Myers analyzed previously collected
data from the Minority Farm Operator Childhood Agricultural
Injury Survey (M-CAIS), conducted in 2000, to examine nonfatal
injuries among youth farmworkers (Goldcamp, Hendricks, Layne,
& Myers, 2006). Crichlow, Williamson, Geurin, and Heggem admin-
istered a self-reported survey to 180 professional rodeo competi-
tors to evaluate injuries and use of protective equipment
(Crichlow, Williamson, Geurin, & Heggem, 2006). Lastly, Duysen
et al. conducted observational audits and analyzed convenience
surveys completed by herd managers in order to investigate the
hazards of bison handling (Duysen, et al., 2017).

In the fourth article related to agriculture, forestry, and fishing,
Helitzer, Hathorn, Benally, and Ortega conducted a five-year agri-
cultural intervention based on a theoretical framework, the Diffu-
sion of Innovations Theory, to develop a culturally relevant model
to train American Indian farmers in New Mexico on the safe use
of pesticides. The intervention trained six “model farmers” on safe
pesticide use, and later implemented an intervention and delayed
intervention across 830 Navajo family farms (Helitzer, Hathorn,
Benally, & Ortega, 2014).

3.1.2. Findings

The three articles discussing work-related injuries first identi-
fied estimates for injuries at various work sites. The nonfatal injury
rate for work-related injuries on Native American farms was 17.7
per 1,000 household youth, compared to a non-work injury rate
of 13.8 per 1,000 household youth. This rate was even higher for
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youth under 10 years of age at 21.8 injuries per 1,000 working
youth. Lacerations and fractures, generally to the arm and leg, were
the most common work-related injuries reported among house-
hold youth working on Native American-operated farms
(Goldcamp, Hendricks, Layne, & Myers, 2006). Among rodeo com-
petitors responding to a self-reported survey, the most common
injuries were among the lower extremities, rather than the body
core. The self-reported injury rate among competitors was 14 inju-
ries per 100 rodeos. Injury history varied among rodeo events,
ranging from 24% of tie-down ropers to 100% of bull riders. Addi-
tionally, 26% of the competitors had a history of rodeo injury that
prevented them from working, leading to an average of 3.2 months
away from competition (Crichlow, Williamson, Geurin, & Heggem,
2006). Injuries were also commonly observed at bison handling
sites, which may be due to the high-stress handling that exists dur-
ing bison roundups. These injuries were reportedly caused by
equipment, tools, weather, bison, and ATV use. Additional safety
concerns found through the observational audits include obsolete
or broken equipment, poor facility designs, and inadequate barriers
in the chutes (Duysen, et al., 2017).

A common theme among these articles was the lack of personal
protective equipment (PPE) among workers in this sector. Among
rodeo competitors, although past injuries were common, only
40% of athletes reported using PPE. The most widely used protec-
tive equipment were vests (Crichlow, Williamson, Geurin, &
Heggem, 2006). Additionally, research has shown that safety equi-
pement is rarely used at AI/AN bison worksites as well as at agri-
culture sites in general. Specifically, inappropriate footwear was
reported by 27% of herd managers. PPE use was reportedly very
low and deficiencies in the equipment such as dust masks and
safety goggles were also reported (Duysen, et al., 2017). Authors
recommended increased safety training, such as proper PPE,
including targeted interventions related to the demographics of
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Table 2
Summary of articles by NORA sector.
Sector Author(s) and Title Objective Study Type Findings
Agriculture, Goldcamp, E. M,, et al. (2006) Nonfatal injuries to Identify characteristics of work and non-  Cross-sectional survey; self- There were an estimated 177 nonfatal injuries of youth living

Forestry,
and Fishing in the U.S., 2000.

Agriculture, Crichlow, R. et al. (2006) Self-reported injury history
Forestry, in Native American professional rodeo competitors.
and Fishing

Agriculture, Duysen, E., et al. (2017) Assessment of tribal bison
Forestry, worker hazards using trusted research facilitators.

and Fishing

Agriculture,
Forestry,
and Fishing

Manufacturing  Gonzales, M. et al. (2004) Concentrations of surface-
dust metals in Native American jewelry-making homes

in Zuni Pueblo, New Mexico.
Mining

update of the Colorado Plateau cohort.
Mining
the US Colorado Plateau cohort, 1960-2005.

Mining Mulloy, K. B,, et al. (2001) Lung cancer in a

nonsmoking underground uranium miner.

Service

free policy development.

Other Redwood, D., et al. (2012) Occupational and
environmental exposures among Alaska Native and
American Indian people living in Alaska and the

Southwest United States.

Other Christiansen, K., et al. (2017) Work, worksites, and
wellbeing among North American Indian women: a

qualitative study.

household youth on Native American operated farms

Helitzer, D. L., et al. (2014) Culturally relevant model
program to prevent and reduce agricultural injuries.

Schubauer-Berigan, M. K., Daniels, R. D., and
Pinkerton, L. E. (2009) Radon exposure and mortality
among white and American Indian uranium miners: an

Jones, B. (2017) The social costs of uranium mining in

Klepeis, N. E., et al. (2016) Measuring indoor air
quality and engaging California Indian stakeholders at
the Win-River Resort and Casino: collaborative smoke-

work-related farming injuries to Native

American youth

Evaluate rodeo injury and use of
protective equipment.

Identify hazards of bison handling in
American Indians

Describe a pesticide injury prevention

program among Al farmers based on
Diffusion of Innovations theory

Identify and quantify metals used by
home-based Al jewelers

Follow-up study of 4,137 uranium miners

on the U.S. Colorado Plateau

Estimated health costs associated with

mining in Colorado Plateau

Illustrate the effects of increased risk of

lung cancer among uranium miners

Describe efforts to institute smoke-free

policies in Al casino

Report on prevalence of self-reported
exposure to 9 occupational and

environmental hazards in a large cohort of
AI/AN living in AK and Southwest U.S.

Identify factors contributing to work-
family balance and health behaviors
among American Indian women

administered by 9,556 racial
minority-operated farms

Cross-sectional survey; self-
administered to 180 competitors

Cross-sectional survey;
collaborative pilot research project
with observational audits and
convenience surveys

Longitudinal study of injury
prevention intervention using train
the trainer for two groups:
intervention and delayed
intervention

Cross-sectional exposure survey; in-
person interviews with 40
participants

Prospective cohort study; analysis
of linked databases

Cost analysis of prospective cohort
study

Case report of 72-year-old Navajo
male who worked as uranium miner
for 17 years

Formative evaluation using air
testing, surveys, and focus groups

Prospective cohort study; self- and
interviewer- administered
questionnaire to 11,326

Cross-sectional study; interviews
and focus groups with 89 women in
4 tribal communities

on Native American operated farms in 2000. The injury rate
was 17.7 per 1,000 Native American working youth, compared
to 13.8 per 1,000 non-working youth.

14 injuries per 100 rodeos were reported, ranging from 100% of
bull riders to 24% of tie-down ropers. Only 40% reported use of
protective equipment.

A lack of safety equipment was observed at worksites. Bison
injuries occurred at 9 out of 10 sites, and worker injuries
occurred at 3 out of 10 sites.

There was an increase in pesticides stored out of reach of
children (G = 15.5, p<0.001; G =7.7, p<0.05)" as well as
owning safety equipment (G = 64.8, p <0.001; G=12.5,

p <0.005)" and knowledge of safe pesticide application
(t=5.479, p<0.001; t=8.559, p < 0.05).

Metal dust concentrations were significantly higher in
jewelers’ homes compared to homes of non-jewelers
(p<0.02).

Silicosis, tuberculosis and other lung diseases remained highly
elevated among American Indian miners compared to white
miners.

Over $2 billion in health costs over 1960-2005 existed due to
uranium mining. Native Americans had larger costs per
elevated death.

The uranium miner’s radon exposure was estimated at

506 months of work with no other exposures. His risk of lung
cancer was 100 times greater than if he never mined. He was
treated for pneumonia and died from respiratory failure.
Increased exposures to secondhand smoke existed in the
casino. 100% Smoke-free policies were implemented in 2014
and amended to permit smoking on 30% of the casino floor in
2015.

28% of participants reported exposure to 1 to 2 hazards and 8%
were exposed to 3 or more. Exposures were higher for men,
those ages 40-59, and those living in the Southwest (p < 0.05).

Shift and seasonal work make healthy lifestyles difficult for Al/
AN women. Men have to travel farther for work, leaving
women to take care of the home.

1 G = test statistics from log-likelihood goodness-of-fit test.
2 t=test statistic from paired-sample t-test.
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the worker population (Goldcamp, Hendricks, Layne, & Myers,
2006).

The fourth article analyzing a five-year agricultural intervention
identified significant improvements in safe pesticide use, storage
behaviors, and safety and pesticide application ownership. These
knowledge improvements were maintained over time by the study
group who received the immediate intervention, while the group
who received the delayed intervention demonstrated a greater
improvement in attitudes about pest management. Including the
agricultural workers on the training development as well as a
face-to-face training method and a culturally appropriate founda-
tion led to success in this intervention (Helitzer, Hathorn,
Benally, & Ortega, 2014).

3.2. Manufacturing

3.2.1. Objective and methods

Only one article related to manufacturing was identified. Gon-
zales et al. conducted a pilot study to inventory the materials used
by Native American home-based jewelry makers in western New
Mexico. Researchers compared surface concentrations of metals
between 20 jewelry-making households and 20 control households
where jewelry was not made (Gonzales, et al., 2004).

3.2.2. Findings

Within the jewelers’ homes, metal dust concentrations were
significantly higher in work areas than in living areas. Concentra-
tions were also higher in living areas of jewelers’ homes compared
with the homes of non-jewelers. Additionally, use of ventilation
varied depending on the metal. When ventilation was present in
jewelry work areas, metal concentrations for a few metals were
significantly reduced compared to concentrations where no venti-
lation was present (Gonzales, et al., 2004).

Gonzales et al. also reported that PPE was not commonly used
among jewelry makers. For example, less than a quarter of partic-
ipants reported using safety glasses, dust masks, or gloves. Even
fewer jewelry makers reported using coveralls, and no participants
reported ever using a face shield. Similarly, mechanical ventilation
such as exhaust fans were used by less than half of jewelry makers.
While natural ventilation like open doors or windows were used
more frequently, many jewelry makers used no ventilation at all
(Gonzales, et al., 2004).

3.3. Mining

3.3.1. Objectives and methods

Three articles highlighting mining were identified in the litera-
ture searches. Two of these articles discussed the Colorado Plateau
cohort, a group of miners who were originally evaluated from 1950
through 1960 to investigate the association between radon and
lung cancer as well as the risks of other diseases among miners
(Schubauer-Berigan, Daniels, & Pinkerton, 2009). Schubauer-
Berigan et al. used mortality data gathered from 1990 through
2005 that was linked to the National Death Index and the Social
Security Administration’s mortality file databases as well as the
Renal Management Information System database. Jones also used
these data, from 1960 through 2005, to conduct an economic cost
analysis in order to understand the health costs associated with
uranium mining. The value of a statistical life-year was calculated
as $213,000 per year of life lost (Jones, 2017). The third article pre-
sented a case study of a 72-year-old Navajo male who spent
17 years working as an underground uranium miner (Mulloy,
James, Mohs, & Kornfeld, 2001).
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3.3.2. Findings

The Colorado Plateau cohort included 3,358 white uranium
miners and 779 miners who were American Indian. Forty-five per-
cent of the American Indian miners were current or former smok-
ers, compared to 84% of white miners. Among all miners, lung
cancer accounted for one in five deaths. The mortality data
revealed that during the 1990 to 2005 time period, American
Indian miners had a lung cancer standardized mortality ratio of
3.27 compared with the regional population; white miners had a
ratio of 3.99 (Schubauer-Berigan, Daniels, & Pinkerton, 2009).

In Jones’ analysis of the Colorado Plateau cohort, the median
years of life lost was 13.3 for white uranium miners in the Colorado
Plateau cohort and 13.9 for American Indian miners. Jones reported
that $1.24 billion in health costs was created due to lung cancer
mortality, and $127.9 million of the cost was for American Indian
miners. The cost analysis further revealed that lung cancer
accounted for 60% of total health costs for American Indian miners.
Overall, $213.7 million of total mortality health costs were associ-
ated with American Indians. Additionally, a 6.9% larger excess
death mortality health cost existed for American Indian miners
compared to white miners. Jones argues that American Indian min-
ers faced a disproportionate share of the social costs of mining in
the Colorado Plateau, compared to white miners (Jones, 2017).

The third article presented a case study of a Navajo uranium
miner and estimated his exposure to radon progeny at 506 work-
ing level months. The miner did not have any other significant
occupational or environmental exposures, such as smoking. He
developed lung cancer 22 years after leaving mining and died from
pneumonia and respiratory failure. Unfortunately, lung function
prediction equations, which use standards of physical characteris-
tics such as age, sex, and height to determine a predicted lung
function value, often lack specific variables for ethnicities or races.
This can produce bias against Hispanic and American Indian min-
ers. Additional difficulties include the lack of diagnostic resources
for disease recognition and distance for primary care for American
Indians in the Navajo Nation (Mulloy, James, Mohs, & Kornfeld,
2001).

3.4. Services

3.4.1. Objective and methods

One article about workers in the services sector was identified.
Klepeis (2016) reported on efforts of a coalition of public health
professionals working with casino management to conduct on-
site studies of secondhand smoke (SHS) in a casino on a tribal
reservation. The goal was to help provide guidance for future
efforts of adopting smoke-free policies in casinos. During a
seven-year period, the coalition members conducted air quality
testing, collected surveys from casino employees and patrons,
and held staff and community focus groups (Klepeis, et al., 2016).

3.4.2. Findings

Air quality evaluations revealed a range of only 8 to 12% of
active smokers amongst all patrons throughout the casino; how-
ever, despite the small percentage of smoking patrons, elevated
levels of urinary cotinine and airborne nicotine confirmed evidence
of high levels of SHS. Survey responses indicated that over half of
patrons would visit the casino about the same or more often if a
smoke-free policy were enacted. Additionally, most of the casino
employees preferred to work in a smoke-free environment. Based
on these findings, Klepeis et al. reported that a 100% smoke-free
policy be implemented in the casino. After the smoking ban was
in effect, particle levels dropped by 98% in main smoking areas
throughout the casino and by 51% in previously designated non-
smoking areas. After a reduction in revenue and complaints from



K. Wingate, E. Dalsey and D.P. Scott

smoking patrons, the smoke-free policy was amended to restrict
smoking on 70% of the casino floor (Klepeis, et al., 2016).

3.5. Other

3.5.1. Objectives and methods

Two articles were identified through the literature searches that
did not focus on a specific industry sector, but rather on Al/AN
worker exposures and overall well-being. Redwood et al. analyzed
previously collected data from over 11,000 participants in the Edu-
cation and Research Towards Health (EARTH) Study. They investi-
gated self-reported occupational and environmental hazard
exposures among participants in Alaska, of which 95% were Alaska
Native, and Navajo participants living in the Southwest United
States. Nine environmental hazards of concern were identified by
tribal leadership and a study advisory board: petroleum, pesticides,
welding/silversmithing, asbestos, military chemicals, mining dust,
heavy metals, lead, and radioactive materials. Study participants
were asked to indicate possible exposures to these hazards
(Redwood, et al., 2012). Christiansen et al. conducted in-person
interviews and focus groups with 89 females living in tribal com-
munities in the Southwest and Upper Midwest to investigate
work-related themes including structural characteristics, role
stressors, and the influence of social support (Christiansen,
Gadhoke, Pardilla, & Gittelsohn, 2019).

3.5.2. Findings

Among Navajo workers, 64% of all study participants reported
no hazardous exposure to the nine environmental hazards of con-
cern, while 28% reported exposure to one to two hazards, and 8%
reported exposure to three or more hazards. Among Al/AN partic-
ipants living in Alaska, the top three most commonly reported haz-
ards were petroleum products, military chemicals, and asbestos.
Among Navajo participants living in the Southwest United States,
the top three most commonly reported hazards were pesticides,
petroleum, and welding/silversmithing. Among all study partici-
pants, reported exposures were higher among male participants,
participants aged 40 through 59, and individuals living in the
Southwest compared to Alaska. Additionally, Redwood et al. iden-
tified a higher likelihood of reported hazard exposure for partici-
pants who spoke an AI/AN language at home compared to
participants who spoke only English at home, as well as for partic-
ipants with lower educational attainment (Redwood, et al., 2012).

For females living in tribal communities, Christiansen et al.
identified common issues related to structural characteristics,
including unemployment, seasonal employment, and low-wage
work opportunities. The proximity to worksites as well as social
and medical services was also commonly discussed among females
as males were more likely to have to travel long distances for work.
As a result, females experienced the burden of being sole caregiver
for their family. Some females also described being both the care-
giver and breadwinner for their family when their partners were
incarcerated or involved with drugs or alcohol. Workplace wellness
programs and incentives as well as relationships with coworkers
highlighted some ways that employed females engaged in healthy
activities in the workplace. Conversely, some females noted that
these opportunities were not always available or their work duties
made it impossible to participate (Christiansen, Gadhoke, Pardilla,
& Gittelsohn, 2019).

4. Conclusion

This review captures the available literature on occupational
health and safety among AI/AN workers. Out of 145 articles, only
11 were peer-reviewed and dealt specifically with occupational
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health and safety among AI/AN people in the past 20 years. Of
the 11 articles: four addressed agriculture, forestry, and fishing;
three addressed mining; one addressed each of manufacturing
and services. Lastly, two focused on AI/AN people and occupational
exposures or well-being in general. It is interesting to note that the
two smallest workforce sectors (agriculture, forestry, and fishing,
28,877; and mining, 16,408) have been the subject of the most
research, likely attributable to high risk rates as well as congres-
sionally appropriated funds for mining research. Other sectors with
much larger workforces, such as healthcare and social assistance
(211,576), services (695,309), and wholesale and retail trade
(236,624) are virtually unexplored. The lack of representative
research across NORA sectors underscores gaps in knowledge and
the need for additional research.

Limitations of this review were the small number of articles
identified and in some cases the age of the article, reflecting the
likelihood that findings could be out of date. The absence of rele-
vant literature may also be due to other priorities or lack of
resources for tribes to collect data or conduct research themselves.
Tribes also may choose to operationalize their sovereign status and
safeguard their data and stories, which may have been mishandled,
misinterpreted, and even misused in the past. For example, tribes
may choose to not publish in mainstream publications or may
not allow non-tribal entities to conduct research on Al/AN workers.

Additional limitations include the inability to compare injury
rates across various publications, as the populations included and
methodologies used varied widely. Specifically, it is difficult at
times to compare findings across AI/AN communities as conclu-
sions for one tribe may not be generalizable to all tribal communi-
ties. Finally, it is difficult to classify exposures as occupationally-
related, which may lead to many occupational health and safety
risks being underreported or ignored.

5. Practical Applications

General themes across these publications point to the need for
increased overall awareness and education regarding injury pre-
vention and risks associated with occupational injuries and fatali-
ties. It is important that recommendations and interventions
related to education be culturally appropriate and tailored specifi-
cally to AI/AN communities at risk. Including AI/AN workers in the
development of worker safety and health materials and trainings
would ensure that these interventions are culturally appropriate.
Differentiating between AI/AN workers who live on tribal lands
and those who live in the general population is also important in
order to understand the unique needs of those who live and work
on tribal lands. It is also important to acknowledge and honor tri-
bal uniqueness and practices.

Increased use of PPE is recommended specifically for agriculture
and fishing, as well as those exposed to metal dust. Addressing
adherence to safety protocols, including the use of PPE, is also nec-
essary in order to reduce occupational injury risk. According to the
hierarchy of controls, PPE is considered the least effective at pro-
tecting workers. Therefore, it is important that additional research
investigates interventions and evaluations for elimination, engi-
neering, and administrative controls for AI/AN workers, as well
as all workers in these industries.

Improving occupational health and safety surveillance systems
to accurately identify worker race and ethnicity is vital to better
understanding the safety and health trends among AI/AN workers.
The inclusion of AI/AN as a race category is necessary in all data
collection methods, not just those related to occupational health
and safety. Requiring responses for race and ethnicity in surveil-
lance systems is also important to help identify vulnerable worker
populations (National Academies of Sciences, Engineering, and
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Medicine, 2018). Furthermore, collecting tribal affiliation could be
extremely valuable with 574 federally recognized tribes and non-
federally recognized tribes in the United States (National
Conference of State Legislatures, 2020; Bureau of Labor Statistics,
2019). Future research could utilize community-based participa-
tory research strategies in order to identify additional issues in
worker safety and health and approaches that may be unique to
AI/AN communities. Utilizing already available data, such as Web-
Cident, My Tribal Data, and state health departments, beyond tra-
ditional worker data sources to further explore AI/AN worker
safety and health trends is also necessary.

Lastly, additional research is needed to fully understand the
socioeconomic inequities experienced by AI/AN people resulting
from structural racism, such as living in poverty, lacking a high
school degree, and lacking access to health insurance (Sequist,
2021). These disparities related to social determinants of health
may also contribute to inequalities AI/AN people face in the work-
force, such as larger numbers of young workers and workers in the
service sector, that are too complicated to be addressed through
this literature review analysis. Considering the role of social deter-
minants of health as well as AI/AN culture and social contexts in
occupational health research and prevention measures is one
way to examine work-related risks and outcomes unique to Al/
AN workers (Flynn, Check, Steege, Siven, & Syron, 2022). Gaps in
occupational safety and health research for AI/AN workers indicate
the need for additional and renewed efforts to identify workplace
disparities and to educate workers and employers regarding effec-
tive interventions and prevention strategies.
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Introduction: Previous studies have indicated low driver yielding rates to pedestrians in various countries.
This study analyzed four different strategies to improve driver yielding rates at marked crosswalks on
channelized right turn lanes at signalized intersections. Method: A sample of 5,419 drivers was collected
for four gestures using field experiments for males and females in the State of Qatar. The experiments
were conducted in daytime and nighttime on weekends at three different locations; two sites are located
in an urban area and the third is located in non-urban area. The effect of pedestrians’ and drivers’ demo-
graphic characteristics, gestures, approach speed, time of the day, location of the intersection, car type,
and driver distractions on yielding behavior is investigated using logistic regression analysis. Results: It
was found that for the base gesture, only 2.00% of drivers yielded to the pedestrians, while for hand,
attempt, and vest-attempt gestures the yielding percentages were considerably higher, 12.81%, 19.59%,
and 24.60%, respectively. The results also showed that females received significantly higher yielding rates
compared to males. In addition, the probability of a driver yielding increased 2.8 times when drivers
approached at slower speed compared to a higher speed. Further, drivers’ age group, accompanied,
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and distractions were not significant in determining drivers’ probability of yielding.

© 2022 National Safety Council and Elsevier Ltd. All rights reserved.

1. Introduction

According to the World Health Organization (WHO), approxi-
mately 1.35 million fatalities around the world are caused by traf-
fic accidents. Furthermore, traffic accidents are responsible for
considerable economic losses to individuals and nations as a
whole. Among the total road deaths, vulnerable road users (i.e.,
pedestrians, cyclists, and motorcyclists) contribute to more than
50% of total fatalities (World Health Organization, 2020). In the
State of Qatar, pedestrian fatalities contributed to 28.6% of total
road fatalities; slightly higher compared to 25% in United Arab
Emirates and 17% in the United States (de Albuquerque &
Awadalla, 2020; Gulf Times, 2020; National Center for Statistics

* Corresponding author.

E-mail addresses: aa1304575@student.qu.edu.qa (A. Almukdad), deepti@qu.edu.
ga (D. Muley), ra1404482@student.qu.edu.qa (R. Alfahel), fa098462@student.qu.
edu.qa (F. Alkadour), ri1607496@student.qu.edu.qa (R. Ismail), wyaseen@qu.edu.qa
(W.K.M. Alhajyaseen).

https://doi.org/10.1016/j.jsr.2022.10.023
0022-4375/© 2022 National Safety Council and Elsevier Ltd. All rights reserved.

and Analysis, 2019). Moreover, statistical data from 2005 to 2018
showed that pedestrian fatalities contributed to an average of
one third of total fatalities in the State of Qatar (National Road
Safety Strategy, 2018). Although detailed crash data showing exact
pedestrian-vehicle crash location is not available for the State of
Qatar, the issues with pedestrian safety and presence of a higher
proportion of residents from varied background/nationalities
emphasizes the need for this research (Timmermans et al., 2019,
2020). Generally, pedestrian crossings are facilitated by signalized
crosswalks at intersections and midblock, or by marked crosswalks
at channelized right turn lanes. At signalized crossings, pedestrians
have dedicated time for completing crossing. Typically, in the State
of Qatar, right turn lanes at signalized intersections are channel-
ized and right turning traffic do not enter the intersections. Usu-
ally, marked crosswalks are provided on these dedicated right
turn lanes to designate crossing area for pedestrians. The pedes-
trian crossing area is designated by standard white stripes (zebra
markings) with a warning sign fixed ahead to alert drivers that
they are approaching the pedestrian crossing. These crosswalks
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are not controlled by traffic signals and operate on a priority basis.
Globally, pedestrians have the right of way and drivers should yield
to pedestrians (Muley et al., 2019). Similarly, in accordance with
the State of Qatar’s traffic law, drivers should stop prior to the
crosswalk to ensure the safe passage of pedestrians (2007) and a
fine of 300 Qatari Riyal (around 82.5 USD) is charged to the drivers
who fail to yield at pedestrian crossings (MOI, 2007). However,
such fines are not implemented and generally drivers tend not to
yield to pedestrians, but rather compete over the right of way
(Bella et al., 2017; Hirun, 2016; Malenje et al., 2019; Muley et al.,
2019). Consequently, pedestrians are forced to wait for an appro-
priate gap to be able to cross at their designated crosswalks, which
leads to failure of the intended function of the marked crosswalks.
On the other hand, due to this, the pedestrians do not feel the
necessity to cross only at their designated locations, which may
encourage them to jaywalk, causing unsafe conditions that may
lead to crashes. In order to reduce or minimize the risks and poten-
tial crashes, Pedestrian-Vehicle Interaction (PVI) must be properly
understood (Iryo-Asano & Alhajyaseen, 2017b). The non-verbal
communications between pedestrians and vehicles, which is
highly subjected to misinterpretation, have received significant
interest from researchers, government, and concerned authorities
to study their impacts on the PVI aiming at developing effective
mitigations and policies to minimize pedestrian fatalities
(Schroeder & Rouphail, 2011). The PVI is controlled by two aspects,
pedestrians’ walking behavior and drivers’ yielding behavior
(Alhajyaseen & Iryo-Asano, 2017; Alhajyaseen et al.,, 2013). The
study of the driver yielding behavior is considered as more relevant
to road safety since pedestrians are at higher risk of injury as they
have no protection, unlike drivers. Further, local field experiments
are considered vital to realistically capture the impact of the vari-
ous variables on driver yielding behavior as road users with differ-
ent backgrounds and diverse cultures may perceive situations in
different ways, and also react differently based on their own risk
assessment and risk taking. Subsequently, this study aims to inves-
tigate strategies using field experiments to improve the driver
yielding behavior at marked crosswalks located at exclusive right
turn lanes.

2. Strategies to improve driver yielding rates

Driver’s yielding behavior is influenced by many factors such as
environmental factors (e.g., road geometry, time of day, weather,
and legal obligations), pedestrian’s characteristics (e.g., number
of pedestrians, gender, and utilized gesture), and driver’s charac-
teristics (e.g., age, gender, distraction, attitude, approach speed,
and temperament; Ferenchak, 2016; Hirun, 2016; Iryo-Asano &
Alhajyaseen, 2017; Stapleton et al.,, 2017). The impact of using
advance yield markings on drivers’ yielding behavior was investi-
gated by Samuel et al. (2013). The markings were provided at
about 6.1 m to 15.24 m ahead of the crosswalks to give the drivers
more time to check and stop before reaching the crosswalks. The
results of the before and after study showed an 8.2% increase in
driver’s yielding at the crosswalk. Other studies found that ensur-
ing the visibility of pedestrians was proven to be effective in
enhancing yielding rates and preventing pedestrian crashes
(Clark et al., 2019; Retting et al.,, 2003; Schroeder & Rouphail
etal, 2014). Clark et al. (2019) examined the effect of using Pedes-
trian Crossing Flags (PCFs) at marked crosswalks and found a sig-
nificant increase in driver yielding behavior. In a similar study by
Turner et al. (2006), high yielding rates reaching an average of
65% were reported when PCFs were being used. In order to further
increase driver awareness, there should be a common way of com-
munication between drivers and pedestrians as interface between
them have endured increased conflicts globally over the years.
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Consequently, the method of communication can play a major role
on the percentage of yielded vehicles (Hu & Cicchino, 2018;
Ravishankar & Nair, 2018; Zhuang & Wu, 2011). Guéguen,
Eyssartier, and Meineri (2016) investigated the impacts of pedes-
trians’ smile on driver’s yielding behavior. It was found that the
pedestrian’s smile increased number of drivers yielding to pedes-
trians when they crossed at crosswalk or outside pedestrian cross-
ing. This positive effect was observed regardless of gender of driver
and the pedestrian. Other ways of communication that pedestrians
can use to show their intent at crosswalks are facial expressions
and direct gaze. Direct gaze is an emotional and social cue that
can be utilized by pedestrians as a way to get the attention of dri-
vers prior to crossing (Bockler et al., 2014). Field experiments were
conducted to assess the effect of pedestrians staring at drivers
yielding at crosswalks (Guéguen et al., 2015). It was found that
the overall yielding percent improved significantly (67.7% vs
55.1%) when the pedestrian stared at the drivers. Further, drivers
stopped more for a females rather than males. In addition, male
drivers were more influenced by pedestrian’s stare compared to
female drivers. The reported yielding rates were promising as there
was a considerable increase in the percentage of yielding vehicles
through use of communication skills by pedestrians without instal-
ling any device or providing additional notifications to drivers
before reaching crosswalks.

Furthermore, surveys and field experiments were carried out in
China to find which gesture out of 11 studied gestures would have
the highest impact on drivers yielding rate (Zhuang & Wu, 2014).
From the surveys, four gestures were selected by the drivers for
their good clarity, familiarity, and visibility. The gestures that were
selected were ‘L-bent-level,’ ‘R-bent-erect, ‘T gesture,’ and ‘L-
straight-erect.’ For the site experiments, only ‘L-bent-level’ gesture
was found to have a significant impact on yielding rates and
decrease in speed of vehicles prior to crosswalks. The yielding rate
was increased from 1.2% to 8.2% when ‘L-bent-level’ gesture was
used in comparison with the baseline scenario with no gesture.
Also, this gesture had no impact on the drivers’ comfort, which
was observed by monitoring the use of horn or shift in lanes. Since
the side effects are negligible with positive impact on the driver’s
yielding, it was recommended for pedestrians to utilize the ‘L-
bent-level’ gesture (Zhuang & Wu, 2014). Moreover, results to field
experiments on the drivers behavior at crosswalks using two ges-
tures (raising hand and extended arm) were provided by Crowley-
Koch et al. (2011). The experiments were conducted at 10 different
locations in the United States. The average increase in the yielding
rate percent for all locations were 18.67% and 33.59% in the case of
extended arm and raising hand, respectively, in comparison with
baseline yielding rate (i.e., no gestures). It was further recom-
mended to combine those gestures with other interventions like
engineering changes to further enhance the yielding rate.

Another way of communication that was studied is gratitude
(Nasar, 2003). Experiments were conducted for a period of three
weeks. In the first and third weeks, the data were collected without
treatment. However, at the second week the treatment was imple-
mented. Two signs were used for treatment; one sign thanking the
driver for stopping if the driver stopped, and a second sign saying
please stop next time if the driver did not stop. The second sign
was held by the person standing downstream of the road to ensure
that drivers who did not yield had seen the sign. The results
showed that the yielding rate increased to 50.9%, while base yield-
ing rate were 46% and 37.3% for week 1 and week 3, respectively.
Furthermore, it was also shown that during the second week, the
yielding rate of vehicles on the downstream road was 44%, while
for other weeks the yielding rates were 38% and 42%. It was con-
cluded that hand-held signs enhanced the yielding rate of drivers
at crosswalks. Several other variables impacting the drivers’ yield-
ing behavior were studied by researchers. Interestingly the yield-
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ing rate was enhanced by 40.27% (reaching 94.11%) when flashing
devices were installed at the crossings (Lantieri et al., 2020). The
adopted system consisted of in-curb LED flashing white strips,
backlit ‘yield here to pedestrian’ vertical signs, flashing orange bea-
cons, and enhanced lighting.

Malenje et al. (2019) investigated the effect of six environmen-
tal factors on the driver’s yielding behavior at 13 uncontrolled
crosswalks in Shanghai, China. It was found that the temporal
gap size and number of traffic lanes had the largest impact on
the driver yielding behavior. Also, higher yielding rates were
observed in the presence of police. Another significant variable
impacting the yielding behavior was the approach speed of the
vehicle. Several studies noted that a driver tends to yield only if
a reasonable reaction can be made depending on the travel speed,
distance to conflict area, and maximum deceleration rate that the
driver feels comfortable making (Bertulis & Dulaski, 2014; Chen
et al, 2016; Dutta & Ahmed, 2018; Fricker & Zhang, 2019; Lu
et al., 2016; Schneider et al., 2018; Wang et al., 2016).

A survey conducted by Hirun (2016) indicated that more than
50% of the drivers did not have knowledge about the right of
way of pedestrians at zebra crossings in Thailand. The impact of
public enforcement campaigns regarding the right of way at pedes-
trian crossings was studied and found to have a positive influence
on the increase of yielding rates (Van Houten et al., 2013, 2017).
Further, a study was conducted in three different locations with
different types of non-signalized crossings to determine driver
yielding rates (Fu et al., 2018) in three different situations: (1)
the driver cannot stop completely; (2) the drivers’ stopping is
based on their reaction time; and (3) the drivers can stop com-
pletely. It was noted that the highest yielding rate was associated
with the site containing painted crosswalk and drivers having suf-
ficient time to stop (82.4% for situation 3 compared to 52.0% for sit-
uation 2 and 0% for situation 1. However, considering the applied
safety measures, the site containing a stop sign showed higher
time for vehicles to reach the crosswalk (TC) and lower vehicle
deceleration rate (DRS) than the other sites. Likewise, the direction
of crossing was also found to be significantly affecting yielding
behavior in the State of Qatar (Muley et al., 2017). The study con-
cluded that the pedestrians’ attempting to cross from the sidewalk
toward the intersection had a higher yielding rate.

Approaching
vehicle
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In summary, several countermeasures and approaches have
been studied to improve yielding rates at crosswalks. Remarkably,
the main focus from previous studies was set on the effect of ges-
tures on drivers yielding behavior without taking into account the
other factors including time, location type, demographic character-
istics, car type, and distractions. To the best of our knowledge, the
effect of gestures in combination with the other parameters has
not been investigated before. Moreover, the effect of gestures on
the drivers’ yielding behavior at marked (unsignalized) crossing,
has not been studied in the State of Qatar and other GCC countries,
which are characterized with a very heterogeneous population
with very diverse cultural backgrounds and habits (Soliman
etal., 2018; Timmermans et al., 2019). Therefore, this experimental
study was conducted to collect field data to address this gap. The
detailed research objectives are provided in the following section.

3. Study objectives

This study aims to investigate the yielding behavior of drivers at
marked crosswalks located on the channelized right-turn lanes at
signalized intersections. The underlying hypothesis of the study
is that the drivers’ decision to yield depends on multiple factors
including driver’s characteristics (e.g., gender, age), pedestrian
characteristics (e.g., gender, gesture), vehicle characteristics (car
type, and approach speed), and environment characteristics (time
of the day, location of the intersection [Urban vs Non-urban]).
Two objectives will be tested: (a) first is to determine the factors
affecting driver yielding behavior under given circumstance and
(b) second is to assess best strategy to improve driver yielding
rates by testing different gestures.

4. Experimental setup
4.1. Participants

Three male and two female postgraduate students participated
in this study as subjects and observers. Accordingly, the study con-
sidered two different situations considering males and females.
Males were dressed similarly in casual clothes (T-shirt, jeans, and

—

— e

Fig. 1. Typical conditions for data collection.
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sneakers) and the females were wearing traditional Arabic clothing
(Abaya and Hijab). Other participants were drivers on the roads
during the observation period. To ensure consistency, several
meetings were held with the participating students to agree on
the steps followed during experimental sessions. In addition,
observers were trained to adequately view, analyze, and record
the driver’s yielding behavior uniformly. Pilot studies were con-
ducted inside the Qatar University campus by mentors to ensure
uniformity and accuracy in data collection.

4.2. Study sites

The experiments were conducted at three marked crosswalks
located at channelized right-turn lanes at signalized intersections
in the State of Qatar. It should be noted that all three sites have
similar geometric layout and same type of control at the free right
turn. Further, two sites were located in an urban area, in Doha city
(Tawar intersection and The Mall intersections), and the third was
located in non-urban area, in Al-Khor city (Al-Khor intersection).
The pedestrian crossing area is defined by standard white stripes
(zebra markings) with a warning sign placed fixed ahead to warn
drivers approaching the pedestrian crossing. Fig. 1 presents a typ-
ical road layout at the selected crossings.

As shown in Fig. 2, the Tawar intersection and The Mall inter-
sections were selected as representatives of urban area as the
two intersections were nearby shopping malls and residential area.
The Al-khor intersection was selected as representative of non-
urban area due to its low population density and presence of fewer
commercial establishments. The Tawar intersection is a major
intersection located close to a large shopping center and business
area. Similarly, The Mall intersection is located in front of a large
and famous shopping center in Doha city and with many commer-
cial establishments in the vicinity. The Al-Khor intersection is

: ::'.S\ &: .

¢) Alkhor inters

———— ke R w

b) The Mall intersection (Doha city)
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located in a small coastal city in the State of Qatar, 50 kilometers
north of the capital, Doha. Few shops and residential buildings
are located in the vicinity of this intersection.

Table 1 provides a summary of the site characteristics. All three
sites had similar characteristics in terms of approach speed of
80 km/hr, and the availability of entry deceleration lane. Slight
variations were noted in the width of the crosswalk (varied from
5.00 m to 5.50 m) and the number of approach lanes (from four
lanes for Al-Khor intersection to six lanes for Tawar and The Mall
intersections).

4.3. Conditions

This study was conducted on weekends (Fridays and Saturdays)
twice a day; daytime and nighttime. The data were collected in
clear weather so that the visibility and stopping sight distances
were not impacted. Further, the data were only recorded when
no other pedestrian, except the subject, was present on the
approach. Consequently, the driver’s reaction to the subject cross-
ing the marked crosswalk was recorded. Additionally, in the case of
traffic jam or queues of vehicles waiting to merge on the intended
approach, the experiment was stopped and resumed once the free
flow of traffic was resumed. Moreover, this study only considered
drivers in sedan cars and Sport Utility Vehicles (SUV). The drivers
of trucks and motorcycles were excluded from the study as they
were only 0.03% of the total vehicles encountered during the
experiment.

4.4. Gestures

Four different gestures were used by the subjects while per-
forming the experiments at the crosswalks, as shown in Fig. 3.
For all the gestures, when the vehicle reached a predefined land-

Fig. 2. Three marked uncontrolled crosswalks located at channelized right-turn lanes in Qatar.
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mark located approximately 30 meters away from the pedestrian
crossing, the subject indicated his/her intent to cross by making
direct contact with the driver. It was ensured that there are no
obstacles between the vehicle and pedestrian jeopardizing the dri-
ver’s vision. In the first gesture, the pedestrian maintained a neu-
tral facial expression and approached the crosswalk without any
other interaction with the driver (Fig. 3(a)). This gesture was con-
sidered as the base gesture and was used for comparison purpose.
For the second gesture, called hand gesture, the pedestrian raised
one hand without moving his/her body to seek yielding. The hand
was raised straight at chest height and palm facing the driver
(Fig. 3(b)). While in the third gesture, the pedestrian made an
attempt to cross without raising the hand, this is called an attempt
(Fig. 3(c)). The fourth gesture was similar to the third gesture, but
the pedestrian was wearing a fluorescent vest, hence called v-
attempt (Fig. 3(d)). This gesture was introduced to test low/no cost
strategies to improve driver yielding behaviors without any infras-
tructure improvement.

4.5. Procedure
The data were collected when the subject was crossing toward

the intersection for all the cases. Further, the observers were at dis-
creet locations to avoid any influence on driver behavior. If the dri-
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ver yielded, the pedestrian crossed the street and returned back to
the same place to repeat the procedure. If the driver didn't yield,
then the pedestrian walked back for some distance and continued
the experiment with another approaching driver. When the subject
was performing the experiment, two other participants recorded
the driver characteristics and behavior as well as vehicle character-
istics from a discreet location. The observation sessions lasted until
criteria for a minimum one hour period and 80 observations
recorded per time period per gesture per site. This procedure was
repeated for all four gestures, for two situations (male and female
subjects), and for two conditions (daytime and nighttime) at each
of the three crossings.

For each observation, the observers recorded the yielding
behavior along with driver and vehicle characteristics. Yielding
was considered when the driver reached a complete stop prior to
the crosswalk allowing the pedestrian to cross. Meanwhile, when
the driver passed the crosswalk without allowing the pedestrian
to cross, it is considered as no yielding condition. Furthermore,
the recorded data included the location of crossing, situation (day-
time and nighttime), and the utilized gesture. The driver character-
istics include estimated age group, gender, distractions (if using a
handheld device), and whether the driver was accompanied by
another person. On the other hand, the characteristics of the vehi-
cle included type of vehicle and approach speed. The driver’s age

b) Hand gesture

¢) Attempt gesture

d) V-attempt gesture

Fig. 3. Gestures used in this study.

Table 1
Site characteristics.
Site Number of Approach  Speed Limit Type of Yield Availability of exit Availability of entry Crosswalk
Lanes (km/hr) Indication Acceleration Lane Deceleration Lane characteristics
length width
(m) (m)
Tawar Six lanes - North 80 Yield sign No Yes 3 5.50
Divided
The Mall Six lanes - West 80 Yield sign No Yes 3 5.30
Divided
Al-khor Four lanes - West 80 Yield sign No Yes 3 5.00

Divided
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was categorized into three age groups; young (18-24 years), mid-
dle age (25-44 years), and older age (>45 years). The observer sub-
jectively assigned each driver to the suitable age group based on
his/her visual assessment. Approach speed was noted as slow or
other. Slow approach represented a speed of 20-25kmph. Obser-
vers were trained, through several trails, to recognize this speed
and note down the same as slow. All other observed speeds were
categorized as other. Fig. 4 summarizes the data framework used
for this paper. All the experiments were conducted during week-
ends; between 3:00 PM to 6:00 PM for the daytime condition
and 7:00 PM to 10:00 PM for the nighttime condition. The data col-
lection was performed between November 2020 and February

Yielding
Situation ‘{ Male Female
I
[ | [ ]
Vest-
Gesture { Base Hand Attempt Attempt
[ I [ ]
Condition { Day || Night
L. |
Location { Twar The Mall Alkhor
Fig. 4. Overview of the data collection framework.
Table 2
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2021. During this period of the year, the weather is usually clear
with temperature between 18 and 25 degrees.

5. Data overview

In total, 5,419 driver observations were collected while con-
ducting this study, out of which 2,720 observations were for males
and 2,699 were for females. The total number of observations for
base, hand, attempt and vest-attempt gestures were 1597, 1366,
1220, and 1236, respectively. Alkhor intersection has the lowest
number of observations with a total of 1,640, followed by The Mall
intersection with a total number of 1,884 observations, and Tawar
intersection with a total of 1,895 observations. The proportion of
female drivers (24.5%) was found to be lower than male drivers
(75.5%). Further, the percentage of SUVs were higher than sedan
cars by 10.83%, as shown in Table 2. Table 3 summarizes the yield-
ing rates for each experimental condition for male and female sub-
jects. Overall, the female subjects received significantly higher
yielding rate (Mean: 16.30%, Standard Deviation (SD): 36.95%)
compared to male subjects (Mean: 11.40%, SD: 31.78%) (two-
tailed/unpaired: t(s»s7)=5.238, p <.001). However, the increase in
yielding rate for females in comparison to males was found to be
insignificant when location, condition, and gesture were consid-
ered separately as shown in Table 3. Overall, 2.00%, 12.81%,
19.59%, and 24.60% yielding rates were observed for base, hand,
attempt, and v-attempt gestures, respectively.

6. Model development and analysis

To test the impact of various driver and built environment char-
acteristics, Binary Logistic Regression (BLR) models were devel-
oped using IBM SPSS 26.0 software. The model is aimed to
predict the likelihood of driver’s yielding for given conditions. For-
ward selection approach was used with a cut-off value of 0.05 sig-
nificance level. The independent variable, driver yielding was
coded as a binary variable, with a value of 1 when a driver yields
to the pedestrian and 0 when the driver doesn’t yield to the pedes-

Number of observations for drivers’ gender and vehicle types considering each location, condition and gesture.

Site Condition Gesture Drivers’ gender Vehicle types
Male Female Sedan suv
Al khor Day Base 179 18 96 101
Hand 163 23 77 109
Attempt 164 22 82 104
Vest Attempt 183 28 84 127
Night Base 187 38 99 126
Hand 176 34 101 109
Attempt 187 33 81 139
Vest Attempt 170 35 90 115
Tawar Day Base 261 56 134 183
Hand 261 44 137 168
Attempt 172 33 85 120
Vest Attempt 162 39 88 113
Night Base 181 64 104 141
Hand 165 45 87 123
Attempt 156 48 101 103
Vest Attempt 159 49 83 125
The Mall Day Base 185 132 146 171
Hand 152 94 108 138
Attempt 122 79 108 93
Vest Attempt 141 62 96 107
Night Base 181 115 138 158
Hand 139 70 92 117
Attempt 127 77 97 107
Vest Attempt 109 99 102 106
Overall 4082 1337 2416 3003
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Table 3
Driver yielding rates for all experimental conditions.
Site/intersection Condition Gesture Male subject Female subject t-test
% yielding Total observations % yielding Total Observations t Sig.
Al khor Day Base 0.00% 107 1.11% 90 1.000 0.32
Hand 6.98% 86 11.00% 100 0.961 0.338
Attempt 19.15% 94 27.17% 92 1.295 0.197
Vest Attempt 21.90% 105 29.25% 106 1.221 0.224
Night Base 0.00% 124 0.99% 101 1.000 0.32
Hand 3.00% 100 7.27% 110 1414 0.159
Attempt 10.28% 107 15.93% 113 1.243 0.215
Vest Attempt 20.95% 105 30.00% 100 1.485 0.139
Tawar Day Base 1.95% 154 6.75% 163 2.119 0.035
Hand 12.42% 161 12.50% 144 0.020 0.984
Attempt 13.59% 103 14.71% 102 0.228 0.820
Vest Attempt 13.86% 101 17.00% 100 0.613 0.540
Night Base 0.83% 120 3.20% 125 1.325 0.187
Hand 6.54% 107 8.74% 103 0.596 0.552
Attempt 8.82% 102 10.78% 102 0.469 0.640
Vest Attempt 13.89% 108 15.00% 100 0.227 0.821
The Mall Day Base 0.71% 140 3.95% 177 1.984 0.048
Hand 18.85% 122 27.42% 124 1.596 0.112
Attempt 27.72% 101 42.00% 100 2.137 0.034
Vest Attempt 28.16% 103 43.00% 100 2.223 0.027
Night Base 0.00% 153 2.10% 143 1.744 0.083
Hand 12.26% 106 22.33% 103 1.928 0.055
Attempt 20.19% 104 27.00% 100 1.142 0.255
Vest Attempt 27.10% 107 35.64% 101 1.325 0.187
Overall 11.40% 2720 16.30% 2699 5.238 <0.001

trian. The coding of dependent variables is shown in Table 4. A
total of five different BLR models were developed to explore the
data. The first model determined the probability of a driver yield-
ing considering all experimental conditions. Section 6.1 describes
the details of the model. While the remaining four models ana-
lyzed the probability of driver yielding for each tested gesture
independently; Section 6.2 explains details these BLR models.

6.1. Overall driver yielding BLR model

The first model was used to predict the overall driver’s yielding
behavior. Table 5 shows the details of the model. The Nagelkerke R
Square was 20.1%, illustrating that the dependent variable yielding
has variance that can be described by the independent variables
satisfactorily. Initially, all variables were included as input vari-
ables for model development. Out of the 10 input variables, seven

were significant in predicting the probability of driver yielding.
Three variables (drivers’ age group, accompanied, and using phone)
were excluded as they did not have significant effect on the prob-
ability of driver’s yielding. Gesture was found to be the most signif-
icant variable affecting the probability of yielding. In terms of
gesture, hand, attempt and v-attempt are compared with the base
gesture. The odds that the driver would yield when hand, attempt,
and v-attempt gestures were used are 7.467, 13.190, and 17.596
times higher than the base gesture, respectively.

Further, as the approach speed reduced, the odds of the driver
yielding increased by 2.8 compared to a faster approach speed.
Female drivers had higher odds of yielding than their male coun-
terparts by 1.795 and 1.563, respectively. Furthermore, the car
type had a significant impact on the driver’s yielding behavior,
the yielding probability of drivers’ with SUVs is 1.194 times higher
than the yielding probability of sedan car drivers. Furthermore, the

Table 4
Independent variables coding used in the model.

Independent variables Code Frequency Independent variables Code Frequency

Gesture Drivers’ gender
Base * 0 1597 Female * 1337
Hand 1 1366 Male 1 4082
Attempt 2 1220
V-Attempt 3 1236

Drivers’ age group Car Type
Young * 0 765 Sedan * 2416
Middle 1 3357 Suv 1 3003
Elder 2 1297

Approach speed Accompanied
Slow * 0 1099 No * 2705
Other 1 4320 Yes 1 2714

Location Using phone
Rural * 0 1640 No * 4691
Urban 1 3779 Yes 1 728

Subject’s gender Time
Female * 0 2699 Day * 0 2775
Male 1 2720 Night 1 2644

Note: * shows the reference category in the BLR models.
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Table 5
BLR model for predicting drivers yielding behavior.

Journal of Safety Research 84 (2023) 232-242

Independent variables B SE Sig. Exp(p) 95% C.1 for Exp(f)
Lower Upper
Drivers’ gender -0.585 0.093 <0.001 0.557 0.465 0.668
Subject’s gender —0.446 0.085 <0.001 0.640 0.542 0.755
Car 0.177 0.085 0.037 1.194 1.011 1.411
Base Gesture <0.001
Hand Gesture 2.010 0.198 <0.001 7.467 5.065 11.007
Attempt Gesture 2.579 0.195 <0.001 13.190 9.000 19.331
V-Attempt Gesture 2.868 0.193 <0.001 17.596 12.056 25.684
Time -0.418 0.085 <0.001 0.658 0.557 0.778
Location 0.356 0.097 <0.001 1.428 1.182 1.726
Approach speed -1.029 0.093 <0.001 0.357 0.298 0.428
Constant -2.734 0.221 <0.001 0.065
Note: SE refers to Standard Error, Significance level o = 0.05.
Table 6
Direction and level of significance of each variable considering base and hand gestures in terms of the probability of yielding.
Independent variables Base case Hand gesture
B Sig. SE Exp(p) 95% C.I. for Exp(p) B Sig. SE Exp(p) 95% C.I. for Exp(p)
Lower Upper Lower Upper
Drivers’ gender - 0.110 - - - - -0.431 0.019 0.184 0.650 0.453 0.932
Pedestrians’ gender -1.603 <0.001 0.461 0.201 —2.645 —0.746 -0.423 0.013 0.170 0.655 0.469 0914
Time -0.759 0.046 0.384 0.467 -1.583 -0.013 -0.433 0.013 0.174 0.649 0.461 0.913
Location —-1.602 0.003 0.651 0.201 —-3.209 —0.465 -1.024 <0.001 0.227 0.359 0.230 0.560
Approach speed -1.748 <0.001 0.355 0.174 —2.470 -1.027 -1.230 <0.001 0.181 0.292 0.205 0.417
Accompanied 0.813 0.029 0.375 2.255 0.081 1.609 - 0.409 - - - -
Constant —2.043 <0.001 0.390 0.130 —-2.878 -1.305 -0.104 0.640 0.222 0.901
Nagelkerke R square 17.5% 11.1%

Note: - indicates that variable not significant, values not available and Significance level o = 0.05, SE refers to Standard Error.

odds of yielding were significantly higher in the daytime (1.52
times) compared to the nighttime. Moreover, the drivers’ yielding
probability in urban areas is 1.428 times compared to the one in
non-urban area.

6.2. Gesture based driver yielding BLR models

Four separate models were estimated to determine the proba-
bility of driver’s yielding for each tested gesture during the exper-
iments. These models were developed to assess the influence of
independent variables for different gestures on driver yielding
rates. It should be noted that the proportion of drivers’ yielding
for base gesture were low, hence Firth logistic regression model
was developed. This model utilizes penalized maximum likelihood
instead of standard maximum likelihood estimation to avoid
biased estimation of results (Rahman & Sultana, 2017). Tables 6

Table 7

and 7 show the details of BLR models. It should be noted that all
the independent variables shown in Table 4 were included while
developing these models. However, the results for only significant
variables were reported in Tables 6 and 7. The Nagelkerke R Square
for base, hand, attempt, and v-attempt gestures cases were 17.5%,
11.1%, 7.2%, and 7.8%, respectively.

Drivers’ gender was found to be a significant factor affecting the
yielding behavior for hand, attempt, and v-attempt gestures, while
for the base gesture it was not significant. In all cases, subject’s
gender and approach speed had shown significant impact on the
driver yielding behavior. Time variable was also significant in pre-
dicting the driver yielding behavior for all gestures, except v-
attempt. The location variable was significant only for the base
and hand gestures, while it was not significant for the attempt
and v-attempt gestures. Although the car type was significant in
the first/overall model, it was not significant for the individual ges-
tures model. In general, drivers’ age group, accompanied, and using

Direction and level of significance of each variable considering attempt and V-attempt gestures in terms of the probability of yielding.

Independent variables Attempt gesture V-attempt gesture

B Sig. SE Exp(B) 95% C.I. for Exp(p) B Sig. SE Exp(B) 95% C.I. for Exp(p)

Lower Upper Lower Upper

Drivers’ gender —0.565 <0.001 0.163 0.568 0.413 0.782 —0.664 <0.001 0.148 0.515 0.386 0.688
Pedestrians’ gender -0.423 0.005 0.149 0.655 0.489 0.878 —-0.367 0.007 0.137 0.693 0.530 0.906
Time —-0.595 <0.001 0.150 0.552 0.411 0.740 - 0.198 - - - -
Location - 0.146 - - - - - 0.763 - - - -
Approach speed —0.790 <0.001 0.163 0.454 0.330 0.625 —0.942 <0.001 0.149 0.390 0.291 0.523
Accompanied - 0.976 - - - - - 0.503 - - - -
Constant 0.071 0.733 0.209 1.074 0.229 0.193 0.176 1.258
Nagelkerke R square 7.2% 7.8%

Note: - indicates that variable not significant, values not available, Significance level o = 0.05, SE refers to Standard Error.
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phone were not significant variables with regard to the driver’s
yielding probability.

7. Discussion

The results showed that the female subjects received higher
yielding rates and female drivers showed higher probability of
yielding in comparison with their male counterparts. This can be
justified by the emotional and cultural factors that people tend
to associate with females out of respect, especially in the Gulf
Region, which is in line with previous studies (Guéguen et al.,
2016; Schroeder & Rouphail et al., 2014). Another reason can be
the safer driving behaviors of females compared to males, as it
was found that female drivers have fewer lapses, errors, and viola-
tions (Soliman et al., 2018). Further, female pedestrian casualties
are low over the past years (National Road Safety Strategy, 2018).
Additionally, the proportion of female drivers is less than male dri-
vers; as per a recent monthly statistic provided by the Ministry of
Development Planning and Statistics (MDPS), the total number of
issued drivers licenses for males was 6,363 compared to 1,237
for females in December 2021 (MDPS, 2021). Moreover, the type
of gesture utilized by the pedestrian prior to crossing was deter-
mined to have the highest influence on the yielding behavior.
The probability of driver yielding increased by 7.467, 13.190, and
17.596 in comparison with the base gesture for hand, attempt,
and v-attempt gestures, respectively. This can be linked to the
higher level of assertiveness exhibited by pedestrians in attempt-
ing to cross, compared to raising hand and base gesture. Similar
findings were also reported by previous studies (Bockler et al.,
2014; Crowley-Koch et al., 2011; Guéguen et al., 2015, 2016;
Zhuang & Wu, 2014). Furthermore, a strong correlation between
vehicle approach speed and the probability of yielding is found
(a 2.8 time increase in driver’s yielding when they are approaching
at a lower speed). Similar findings were concluded in previous
studies (Bertulis & Dulaski, 2014; Chen et al., 2016; Dutta &
Ahmed, 2018; Fricker & Zhang, 2019; Lu et al., 2016; Schneider
etal.,, 2018; and Wang et al., 2016). The aforementioned can be jus-
tified by the availability of a reasonable reaction time and the abil-
ity to stop before the crosswalk with a comfortable deceleration
rate, which encourage drivers to yield to pedestrians. This high-
lights the importance of applying traffic calming measures that
encourage drivers to reduce their speeds while approaching a
pedestrian crossing.

The time of day was also found as an important parameter in
influencing the yielding behavior. The drivers showed higher prob-
ability of yielding to subjects (1.52 times) during the daytime com-
pared to nighttime. However, the time of day was found to have no
impact for the v-attempt gesture. This might be due to the
increased visibility and attraction during nighttime due to the flu-
orescent vest. Furthermore, attempt and v-attempt gestures were
not significantly affected by the area type, unlike base and hand
gestures, which had higher probability of yielding in non-urban
areas than urban areas.

The type of vehicle was found to have no impact on the proba-
bility of yielding (i.e., sedan and SUV), indicating no clear power
paradox existed. However, vehicle type showed adverse effects
on the yielding behavior in a previous study (Sun et al., 2003). Sim-
ilarly, the findings showed that the age group of drivers and dis-
tractions (especially using mobile phones while driving or being
accompanied by other passengers) had negligible impact on the
probability of yielding.

Overall, the approach speed was the most significant factor in
improving the driver yielding probability. This indicates that the
application of various traffic calming techniques and use of
advanced markings will aid in increasing driver yielding rates. Fur-
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ther, use of gestures also increased probability of driver yielding.
This shows yielding rates can be improved without substantial
physical changes or investments. Campaigns should be conducted
to encourage pedestrians to use gestures to promote yielding at
crosswalks on channelized right turn lanes. The campaigns can
be more targeted to male drivers and specific to male pedestrians.
Further, pedestrians should be encouraged to use fluorescent vests
while crossing, especially during the nighttime. It should be noted
that a majority of pedestrian fatalities/injuries are for foreign
nationalities or expats (i.e., 74.5%) (Planning and Statistics
Authority, 2019a). So the awareness campaigns should be targeted
to the most affected group of residents to maximize the benefits.
Use of such simple technique can help to achieve significant bene-
fits. Further, the campaigns can also include importance of the
location and time of day while encouraging driver yielding at
marked crosswalks. In summary, the authorities can work on engi-
neering and educational measures to improve driver yielding and
improve pedestrian risk assessment.

8. Conclusions

This study investigates the impact of four different pedestrian
gestures on driver yielding behavior under different conditions
using field experiments at three locations in the State of Qatar. This
study utilized observations from 5,419 drivers at marked cross-
walks located on the channelized right-turn lanes at signalized
intersections. Overall 13.84% of drivers yielded to pedestrians with
2.00%, 12.81%, 19.59%, and 24.60% yielding rates for base, hand,
attempt, and v-attempt gestures, respectively. BLR models were
developed to assess the effect of driver characteristics, pedestrian
characteristics, vehicle characteristics, and environment variables
on the probability of driver yielding. The results showed that the
drivers’ yielding behavior was highly dependent on the gestures
utilized by the subjects. The odds of driver yielding for hand,
attempt, and v-attempt gestures were 7.467, 13.190, and 17.596
times than that of the base gesture, respectively. Furthermore, a
strong correlation was found between vehicle approach speed
and the driver yielding probability. The drivers approaching at
lower speeds had 2.8 times greater probability of yielding in com-
parison to the drivers approaching with high speed. Furthermore,
drivers had a significantly higher yielding probability when
encountering female subjects compared to the male subjects. Also,
the study showed that female drivers had higher probability of
yielding to pedestrians in comparison with male drivers. Higher
yielding rates were observed when base, hand, and attempt ges-
tures were used during daytime compared to nighttime. Further,
the yielding rates for V-attempt gesture were not affected by the
time of day.

The outcomes of this study highlighted the importance of sev-
eral variables on the driver’s yielding behavior in the State of Qatar.
These results can be applicable to the Arabian Gulf countries
exhibiting similar characteristics. Accordingly, several engineering
and education strategies can be employed to improve the yielding
rates of drivers. Various techniques enforcing reduction in
approach speed prior to pedestrian crossings by restricting the
speed limit or providing speed calming measures such as road
markings (i.e., zigzag lines, triangles, or horizontal lines) before
the crossing to alert the drivers are highly recommended. Further,
authorities can launch awareness campaigns for the pedestrians to
use specific gesture showing assertiveness to seek yielding while
crossing. On the other hand, public awareness campaigns targeting
drivers to highlight the importance of yielding to pedestrians and
giving them the right of way will also be helpful. At a later stage,
authorities might consider law enforcement to warn/penalize dri-
vers who do not give way to pedestrians. Also, proper lighting at
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crossings must be assured to enhance visibility during nighttime.
These aforementioned measures will enhance pedestrians’ safety
and comfortability on the roads, which can help to promote walk-
ing and reduce fatalities. The results of this study can help trans-
port planners and traffic engineers in improving driver behavior
at unsignalized right turn lanes. Furthermore, the study was con-
ducted in the State of Qatar, which has a heterogeneous driver pop-
ulation with different cultural backgrounds. It should be noted that
the State of Qatar is home to expats from 94 different nationalities
(Snoj, 2019), which have distinct backgrounds, exposure, and driv-
ing cultures. This makes the outcomes applicable to other GCC
countries exhibiting similar diverse population characteristics.

Several recommendations for future research include other
types of gestures and other pedestrian’s characteristics such as
age, type of clothing, and nationality. Further, the yielding behavior
during weekdays in comparison with weekends can be assessed.
One of the limitations in this study can be the low observations
of female drivers in comparison to male drivers. Low female popu-
lation in the State of Qatar, due to the presence of large proportion
of male workers for the many mega infrastructural projects that
are ongoing as part of the preparation for the FIFA World Cup
2022, can be a reason (i.e., female 26.3% and male 73.7% in 2019;
Planning and Statistics Authority, 2019b). In addition, only SUVs
and sedan cars were considered in this study since other vehicle
types (i.e., heavy vehicles and motorcycles) were not observed in
significant numbers at study sites.

Disclaimer
No funding was received for this study.
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ABSTRACT

Introduction: Police-recorded road injury data are frequently used to approximate injury risk for different
road user groups but a detailed analysis of incidents involving ridden horses has not previously been con-
ducted. This study aims to describe human injuries resulting from interactions between ridden horses
and other road users on public roads in Great Britain and identify factors associated with severe to fatal
injuries. Method: Police-recorded road incident data involving ridden horses (2010-2019) were extracted
from the Department for Transport (DfT) database and described. Multivariable mixed-effects logistic
regression modeling was used to identify factors associated with severe/fatal injury outcomes. Results:
A total of 1,031 injury incidents involving ridden horses were reported by police forces, involving
2,243 road users. Out of 1,187 road users injured, 81.4% were female, 84.1% were horse riders, and
25.2% (n=293/1,161) were in the 0-20 year age category. Horse riders represented 238/267 serious inju-
ries and 17/18 fatalities. Vehicle types involved in incidents where horse riders were seriously/fatally
injured were mostly cars (53.4%, n = 141/264) and vans/light goods vehicles (9.8%, n = 26). Horse riders,
cyclists, and motorcyclists had higher odds of severe/fatal injury compared to car occupants (p < 0.001).
Severe/fatal injuries were more likely on roads with 60-70 mph speed limits versus 20-30 mph roads,
while odds of severe/fatal injury increased with increasing road user age (p<0.001). Conclusions:
Improved equestrian road safety will largely impact females and young people as well as reducing risk
of severe/fatal injuries in older road users and those using modes of transport such as pedal-cycles
and motorcycles. Our findings support existing evidence that reductions in speed limits on rural roads
would help reduce the risk of serious/fatal injuries. Practical applications: More robust equestrian incident
data would better inform evidence-based initiatives to improve road safety for all road users. We suggest

how this can be done.
© 2022 The Authors. Published by the National Safety Council and Elsevier Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

2009 and 2011 reporting they had “hacked” their horses in the pre-
vious week (Wylie, Ireland, Collins, Verheyen, & Newton, 2013).

Equestrianism is a common sport and leisure activity in Great
Britain (GB [comprised of England, Scotland and Wales]). In 2019,
as part of the British Equestrian Trade Association’s National
Equestrian Survey, it was estimated that 3 million people in GB
have ridden a horse at least once in the past year, while 1.8 million
are regular riders that ride at least once a month (British
Equestrian Trade Association (BETA), 2019). Exercising horses by
using a combination of off-road routes and public roads (a term
referred to as hacking) remains a common equestrian activity in
GB with more than half of 797 horse owners surveyed between

* Corresponding author.
E-mail addresses: dee.pollard@bhs.org.uk (D. Pollard), info@jdata.co.za (J.D.
Grewar).

https://doi.org/10.1016/j.jsr.2022.10.010

Use of public off-road routes by equestrians is restricted in England
and Wales, but not Scotland, to only those designated for horse use,
meaning only a small proportion of the existing public off-road
network is available to equestrians in contrast to pedestrians and
cyclists (Rights of way and accessing land, 2020). Even where
access to equestrian off-road routes exists, road use is often
required to reach those routes or travel between them. A more
recent study in 2020 found that road use by equestrians in GB
and Northern Ireland is common, with 84% (4481/ 5335) of eques-
trians surveyed reporting they use roads at least once per week and
not just for riding their horse but also for leading the horse while
walking next to them, carriage driving, and riding while leading
another horse (Pollard & Furtado, 2021).

0022-4375/© 2022 The Authors. Published by the National Safety Council and Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Road incidents involving equestrians are also reported to be
common. A survey of 426 horse riders in GB and Northern Ireland
found that 60.3% had reported having a near-miss while using
roads in the previous year (Scofield, Savin, & Randle, 2013). A more
recent and extensive survey of equestrians in GB and Northern Ire-
land found that out of 6,390 equestrians participating, 67.7%
reported having a near-miss and 6.1% an injury incident in the pre-
vious year (injury sustained by them and/or their horse) (Pollard &
Furtado, 2021). At a more regional level, out of 1,976 equestrians
surveyed in Devon, a South West county of England, 79.1%
reported having a near-miss, 15.6% experienced a collision, and
7.7% sustained personal injury (Trump & Parkin, 2020). Real or per-
ceived risk presented by high volumes of traffic and/or fast-moving
vehicles has been identified as a barrier to walking and cycling
(Anciaes, Stockton, Ortegon, & Scholes, 2019; Jacobsen, Racioppi,
& Rutter, 2009; Sanders, 2015). Similar perceptions have been
identified in equestrians with road use centering around an indi-
vidualized assessment of risk comprised of the actions of other
road users, the non-inclusive characteristics of the road network,
the relationship with the individual horse, and the equestrian’s
own emotional management (Pollard & Furtado, 2021;
Simsekoglu, Dalland, & Robertsen, 2020). The incident-causing
actions of vehicle drivers around horses have been associated with
differences in hazard perception, leading to an underestimation of
risk when approaching a horse on a road, or frustration at encoun-
tering a slow-moving road user (Chapman & Musselwhite, 2011).

Similar equestrian road safety concerns have been reported by
equestrians in Australia and Norway (Simsekoglu et al., 2020;
Thompson & Matthews, 2015). However, published data regarding
equestrian road safety from other countries are currently lacking,
particularly regarding road incidents in countries where equids
(horses, donkeys, and mules) are used extensively as working ani-
mals for the transportation of people and goods. Despite the negative
experiences of a considerable proportion of equestrians when using
the road network, equestrian road safety figures are generally
under-represented by road safety stakeholder reports and govern-
ment communications in GB. For example, The Department for
Transport (Dft) Reported Road Casualties Great Britain Annual Report
2019 (Reported road casualties Great Britain, 2019) does not repre-
sent equestrians alongside pedestrians, cyclists, and motorcyclists.
This may be because equestrians are considered to represent only a
minimal proportion of road users in GB. While this may be true in
relation to motorized vehicles, it is at odds with the existing evidence
as to the number of people in GB that take part in equestrian activi-
ties, the regularity with which the equestrian population use roads
with their horses, and the frequency of incidents they experience.
Additionally, rate-based equestrian casualty data are not currently
available, making it challenging to determine how the incidence rates
of equestrian casualties are changing over time.

Equestrian road incident data in GB are collated independently
by two organizations, the DfT and the British Horse Society (BHS).
The DfT, together with the Scottish and Welsh Governments, has
been collating road safety data for road collisions resulting in per-
sonal injury in Great Britain (GB) since 1979. These data represent
injury collisions reported to British police forces. The records are
made freely available and are often used by local authorities,
policy-makers, and road safety stakeholders. It is possible to extract
road incidents involving ridden horses from these data. The British
Horse Society (BHS) has been collating horse-related road incidents
via the Horse Incidents website since 2010, including both injury
and non-injury incidents (Report Your Horse Incident, 2020). Inci-
dents are reported by the public and submitted by anyone directly
involved in, or having witnessed, an incident involving a ridden or
non-ridden horse on a public road. A description and analysis of
BHS road incident data has been published elsewhere (Pollard &
Grewar, 2020), including an analysis of factors associated with col-
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lision risk and fatality outcome for the main horse involved in the
incident. Close passing by vehicle drivers was one of the most sig-
nificant contributors to collision risk between a vehicle and a horse
and/or their handler, while collisions and speeding were signifi-
cantly more likely to result in a horse fatality. Horse and human
injuries were related; equestrians were 12 times as likely to be
severely or fatally injured in incidents that resulted in horse fatality.

It is well recognized that road incidents are often under-
reported, particularly if they do not result in serious or fatal human
injury (James, 1991; Murphy et al., 2020). For example; National
Health Service [NHS] Hospital Episode Statistics document that
between April 2019 and April 2020 in England alone, 3,298 people
were admitted to hospital due to an animal-rider or animal-drawn
vehicle transport incident (Hospital Admitted Patient Care Activity
2019-20, 2020). In contrast; DfT road safety data for 2019 record
only 124 people to have been involved in a road incident involving
a ridden horse across England, Scotland, and Wales (Road Safety
Data - data.gov.uk, 2020). Additionally; under-reporting may be
more prevalent in certain road user groups due to, for example, dif-
fering perceptions of injury severity. British horse racing staff were
less likely to report or take time-off for “invisible” injures, such as
concussions and musculoskeletal injuries in comparison to frac-
tures (Davies, McConn-Palfreyman, Parker, Cameron, & Williams,
2022); while anecdotal experiences from a major trauma surgeon
in GB suggest that equestrians do not tend to seek medical treat-
ment unless “something is hanging off” or that treatment of rela-
tively serious injuries is often delayed (Research shines linght on
equestrian-related injuries, 2022). In a large survey of equestrians
in GB and Northern Ireland about their road use habits and experi-
ences; participants were asked to comment on what would make
them more or less likely to report a horse-related road incident —
feelings that their reporting would not make a difference to their
individual case or to equestrians in their area often dissuaded them
from reporting an incident (Pollard & Furtado, 2021). If this under-
reporting is not recognized it can lead to underestimation of road
safety problems and lack of prioritization for policy changes and
funding to improve road safety. It is also important to recognize
who is most likely to be seriously injured or killed in interactions
between different road user groups (Webster & Davies, 2020).

Investigating the data that are currently available regarding
police-recorded road incidents involving ridden horses will pro-
vide a better understanding of equestrian incidents on the road
network and help focus future equestrian road safety policy and
research. Additionally, it will help to highlight the gaps and limita-
tions of the DfT road safety database in light of more recent publi-
cations in the field of equestrian road safety. The aims of this study
are to describe and investigate data on human injuries resulting
from interactions between ridden horses and other road users on
public roads in GB. The specific objectives are to:

(i) describe road incidents involving ridden horses and result-
ing in human injury as reported by police to the DfT data-
base between 2010 and 2019

(ii) use the DfT data to identify factors associated with higher
odds of serious to fatal injury sustained by road users
involved in incidents with ridden horses

(iii) provide recommendations on how equestrian road incident
data could be made more robust in order to better inform
evidence-based road safety initiatives

2. Materials and methods
2.1. The DfT road safety data

The DT road safety data for road incidents resulting in personal
injury include the location, circumstances, types of vehicles
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involved, and resultant casualties. Casualties in this instance are
defined as any person sustaining personal injury as a direct result
of the road incident. These data represent injury-causing incidents
reported to police forces across GB and recorded by police to the
DfT road safety database using the STATS 19 reporting form.!
Instructions on how the STATS 19 forms should be completed are
also available, which provide definitions of the data to be collected.”
These data are made publicly available via three separate but related
coded datasets representing individual incidents, the vehicles
involved and the resultant casualties, including a variable lookup
data guide® for the codes. The incident index field provides a unique
identifier for each incident and links vehicles and casualties to each
incident, while the vehicle reference field links casualties to each
vehicle.

All incident, vehicle, and casualty datasets between 2010 and
2019 were screened to identify incidents that involved ridden
horses. All data including ridden horses or horse riders as casu-
alties were extracted alongside data of other road users and casu-
alties involved in the incidents. The unique identifier fields were
used to merge all data into a single dataset for statistical analysis.
A limitation of these data are that, for equestrians, only data on rid-
den horses are available; data including horse-drawn vehicles and
horses being handled in another way on public roads, although col-
lected, cannot be extracted as it is part of the ‘other vehicles’
category.

Severity of injury to road users involved in horse-related road
incidents, as defined in the instructions on how the STATS 19 forms
should be completed,” was categorized as:

1. Fatal - death occurring within 30 days of the incident and as a
direct result of the incident.

2. Serious - examples include broken neck or back, severe head
injury, severe chest injury, any difficulty breathing, internal
injuries, multiple severe injuries, loss of arm or leg (or part),
deep penetrating wound, fracture, deep cuts/lacerations, head
injury, crushing, burns (excluding friction burns), concussion,
loss of consciousness, severe general shock requiring hospital
treatment, detention in hospital as an in-patient, either imme-
diately or later, and death occurring more than 30 days after
the incident but as a direct result of the incident.

3. Slight - examples include whiplash or neck pain, shallow cuts/
lacerations/abrasions, sprains and strains (not necessarily
requiring medical treatment), bruising and slight shock requir-
ing roadside attention.

4, None - shaken but no other injury or medical treatment
received.

In order to investigate factors associated with severe to fatal
injury outcomes among the reported horse-related road incidents,
a binary severity of injury variable was generated with a no injury
to slight injury (0) category and a severe to fatal injury (1)
category.

2.2. Data analysis

The DT road-related incident data were stored in Microsoft
Excel (Office 365) spreadsheets and imported into Stata (IC v.

! https://assets.publishing.service.gov.uk/government/uploads/system/uploads/at-
tachment_data/file/230590/stats19.pdf.

2 https://assets.publishing.service.gov.uk/government/uploads/system/uploads/at-
tachment_data/file/230596/stats20-2011.pdf.

3 https://data.gov.uk/dataset/cb7ae6f0-4be6-4935-9277-47e5ce24al1f/road-
safety-data.

4 https://assets.publishing.service.gov.uk/government/uploads/system/uploads/at-
tachment_data/file/230596/stats20-2011.pdf.
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13.0) statistical software for statistical analysis. Ordinal variables
were summarized as medians with an interquartile range (IQR)
and range (minimum to maximum), and categorical variables were
described as proportions (%). The spatial distribution of road casu-
alties with serious or fatal injuries that occurred between 2010 and
2019 were mapped in QGIS 3.10 (http://qgis.org) using reported
latitude and longitude coordinates to visually describe the regional
location of the most serious incidents.

Initial relationships between variables of interest (e.g., injury
severity and whether police attended the incident or not) were
assessed using the Chi-square (j?) test or Fisher’s exact test for cat-
egorical data and the Mann-Whitney U test for continuous/ordinal
data. The significance level was set as p < 0.05.

The data were analyzed at road user level with each observation
representing a road user and their injury outcome. Univariable
mixed-effects logistic regression modeling was used to identify
factors associated with higher risk of severe to fatal injury outcome
as a direct result of the incident. Risk was presented by calculating
odds ratios (OR) and corresponding 95% confidence intervals (CI).
As there was a lack of independence between observations for road
users involved in the same incident, the statistical model had to be
adjusted to take into account similarities within these incidents
(e.g., occurring at the same time, on the same day, and on the same
road). The statistical model was additionally adjusted for the year
the incident took place to adjust for any similarities between inci-
dents occurring in the same year. This was done by including year
as a random effect in the model and the incident index (the unique
identifier for each incident) as a random effect nested within year.
Following univariable analyses, variables where the likelihood
ratio statistic (LRS) p < 0.25 were selected for multivariable model-
ing (Dohoo, Martin, & Stryhn, 2009). The final multivariable mixed-
effects logistic regression model was built using manual, stepwise,
forward selection, with variables individually added into the model
from most to least significant based on their Wald p-values and
retained in the final model if model fit was significantly improved
(Wald p<0.05). Missing data remained missing and responses
with missing data were automatically excluded from the analyses
during model building, with the exception of some variables where
a large number of records were missing (e.g., driver or rider age
band). In these instances an “unknown” category was created. All
variables that were excluded during the model building process
were forced back into the final model individually at the end to
assess any potential interaction or confounder effects.

3. Results

3.1. Description of police-recorded injury incidents involving ridden
horses on public roads

Screening of the DfT road safety data between 2010 and 2019
revealed a total of 1,031 injury incidents involving ridden horses
on the public road network were reported by police forces in GB.
Tables 1 and 2 present a summary of the descriptive data obtained
from the DfT road safety dataset at both incident (Table 1) and road
user (Table 2) level.

The South East (19.4%), South West (16.5%), Yorkshire and The
Humber (12.6%) and West Midlands (10.8%) regions of England
had the highest frequency of reported incidents while Scotland
(3.7%) and Greater London (2.1%) had the lowest frequency. These
incidents involved a total of 2,243 road users. Of these 1,187
(52.9%) were injured; 1.5% (n=18) fatally, 22.5% (n=267) seri-
ously and 76.0% (n=902) slightly. The frequency of serious and
fatal injuries, although distributed across GB, had a localised spa-
tial distribution with higher frequencies around Greater London


http://qgis.org/
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/230590/stats19.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/230590/stats19.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/230596/stats20-2011.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/230596/stats20-2011.pdf
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Table 1

A summary of injury road incidents (n = 1,031) involving ridden horses as recorded by

police forces in Great Britain between 2010 and 2019.

Variable

Number of incidents

Percentage (%)

Incident year
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019

Incident region
East of England
East Midlands
Greater London
North East
North West
Scotland

South East
South West
Wales

West Midlands
Yorkshire and The Humber

Incident month
January
February
March
April

May

June

July
August
September
October
November
December

Incident day
Sunday
Monday
Tuesday
Wednesday
Thursday
Friday
Saturday

Incident time of day
09:00-12:00
12:00-14:00
14:00-17:00
17:00-20:00
20:00-00:00
00:00-09:00

Incident area
Urban
Rural

Incident road type
A

B

C

Unclassified

Speed limit of road (mph)
20

126
135
127
108
115
101
103
84

73

59

178
118
156
142
133
124
180

318
202
295
156

45

154
877

118
140
194
579

12.2
131
12.3
10.5
11.2

9.8

9.5
7.9
2.1
4.8
8.1

194
16.5

10.8
12.6

17.3
115
15.1
13.8
129
12.0
17.5

30.8
19.6
28.6
15.1

44

149
85.1

115
13.6
18.8
56.2
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Table 1 (continued)

Variable Number of incidents Percentage (%)

Weather conditions

Fine no high winds 928 90.0
Rain no high winds 41 4.0
Snow no high winds 1 0.1
Fine with high winds 19 1.8
Rain with high winds 5 0.5
Fog/mist 1 0.1
Other 10 1.0
Unknown 26 2.52

Road surface condition

Dry 855 834
Wet/damp 167 16.3
Frost/ice 2 0.2
Flood > 3 cm 1 0.1

Attended by police
Yes 554 53.7
No 477 46.3

and the South East, the South West, West Midlands and Yorkshire
regions (Fig. 1).

Incidents were generally least frequent during the winter
months (December to February; 19.6%, n = 790) and most frequent
during the summer months (June to August; 29.2%, n = 1,177). Inci-
dents were more frequent on Saturdays (17.5%) and Sundays
(17.3%) and least frequent on Mondays (11.5%). Most incidents
(30.8%) occurred in the morning between the hours of 09:00 and
12:00 and in the afternoon (28.6%) between the hours of 14:00
and 17:00 hours. More than half of incidents occurred on unclassi-
fied roads (56.2%) and in rural areas (85.1%) with either 30 mph
(42.2%) or 60 mph (46.0%) speed limits. Most of the incidents
occurred during fine weather conditions with no high winds
(89.9%) and dry road surface conditions (83.4%). Although all inci-
dents were recorded by the police, the police attended only 53.7%
of the incidents.

A total of 1,129 horse riders were involved in the incidents;
83.5% (n=943) were female, 13.7% (n=155) were male, and 31
did not have gender recorded. Age category data were available
for 1,050 horse riders; the largest proportion belonged to the 46-
55 year (18.7%, n = 196) and 36-45 year (17.5%, n = 184) age cate-
gories while 26.3% (n=276) were in the 0-20 year age category.
A considerable proportion of interactions did not involve impact
between the ridden horse and the vehicle (46.9%) but where
impact did occur, most first points of impact were either on the off-
side of the horse (40.2%) or from the rear (28.6%).

A median of two vehicles and/or ridden horses were involved in
each incident (IQR 2 to 2; range 1 to 18). Of the other road users
(n=1,114) involved in the incidents with ridden horses, most were
car occupants (62.7%), van/light goods vehicle occupants (8.8%),
and motorcycle riders/passengers (6.8%). Of the other road users,
56.4% were male, 20.3% were female, and 23.3% did not have a gen-
der recorded. Age category data were available for 771 vehicle dri-
vers/riders; the largest proportion belonged to the 46-55 year age
category (18.6%).

Out of the 1,187 road users injured a median of 1 were injured
per incident (range 1 to 5). The majority of road users injured were
female (81.5%) and belonged to the 36-55year (35.6%,
n=413/1,161) year age category while 25.2% (n=293) were in
the 0-20 year age category. Horse riders were the main road user
group injured in these incidents (84.1%) and represented 238 out
of 267 serious injuries and 17 out of the 18 fatalities (Fig. 2). Out
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Table 2

A summary of data regarding road users (n = 2,243) involved in injury road incidents
with ridden horses as recorded by police forces in Great Britain between 2010 and
2019.

Variable Number of  Percentage
incidents (%)

Vehicle type involved in incident with ridden

horse (n=1,114)
Car 698 62.7
Van 98 8.8
Motorcycle 76 6.8
Heavy goods vehicle 74 6.6
Agricultural vehicle 63 5.7
Minibus/bus 33 3.0
Pedal cycle 28 2.5
Other/unknown 44 4.0
Vehicle occupant gender (n=1,114)
Female 226 20.3
Male 628 56.4
Not recorded 260 233
Vehicle driver/rider age category (n=771)
11-15 2 0.3
16-20 46 6.0
21-25 59 7.7
26-35 125 16.2
36-45 126 16.3
46-55 143 18.6
56-65 112 14.5
66-75 82 10.6
>75 76 9.9
Horse rider gender (n=1,129)
Female 943 83.5
Male 155 13.7
Not recorded 31 2.8
Horse rider age category in years (n =1,050)
0-5 2 0.2
6-10 22 2.1
11-15 93 8.9
16-20 159 15.1
21-25 125 11.9
26-35 153 14.6
36-45 184 17.5
46-55 196 18.7
56-65 86 8.2
66-75 26 2.5
>75 4 0.4
Impact between ridden horse and vehicle

(n=1,127)
Yes 599 53.1
No 528 46.9
Location of first point of impact between

vehicle and ridden horse (n =599)
Front 130 21.7
Rear 171 28.6
Offside 241 40.2
Nearside 57 9.5
Injuries in incidents involving ridden horses

(n=2,243)
Yes 1,187 52.9
No 1,056 471
Injured road users in incidents involving

ridden horses (n=1,187)
Horse rider 998 84.1
Car occupant 105 8.9
Pedestrian 37 3.1
Cyclist 24 2.0
Motorcyclist 15 1.3
Other vehicle 8 0.7
Gender of injured road users (n=1,187)
Female 967 81.5
Male 220 18.5
Age category of injured road users (n=1,161)
0-5 7 0.6
6-10 19 1.6
11-15 94 8.1
16-20 173 14.9
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Table 2 (continued)

Variable Number of  Percentage
incidents (%)

21-25 128 11.0
26-35 168 14.5
36-45 199 17.1
46-55 214 18.4
56-65 98 8.4
66-75 39 3.4
>75 22 1.9
Injury severity (n=1,187)

Slight 902 76.0
Serious 267 225
Fatal 18 1.5

of the 120 road users aged 15 years and younger that were injured,
109 (90.8%) were horse riders. Police were more likely to attend
incidents that resulted in severe to fatal injury (p < 0.001, ¥ 22.2).

Twenty-seven incidents where the horse rider was seriously or
fatally injured included multiple ridden horses; 26 involved two
ridden horses and one incident involved four ridden horses. Vehi-
cle types involved in incidents where horse riders were either seri-
ously or fatally injured were mostly cars (53.4%, n=141) and
vans/light goods vehicles (9.8%, n = 26) (Fig. 3). A considerable pro-
portion (12.5%, n = 33) of horse rider serious injuries and fatalities
were reported to not have included another vehicle. As specific
details of incidents were not available, it is not possible to specu-
late as to how the injuries to horse riders occurred where no other
vehicles were involved.

3.2. Factors associated with severe to fatal injury outcomes

A total of 2,243 observations were available for mixed-effects
logistic regression modeling. There were 10 year categories (2010
to 2019) with a minimum of 120 and a maximum of 293 observa-
tions per year within which were nested 1,031 incidents with a
minimum of 1 and a maximum of 19 observations per incident —
equating to the number of road users involved in each incident.

Univariable mixed-effects logistic regression results are pre-
sented in Table S1. Multivariable modeling identified six variables
significantly associated with severe to fatal injury, after adjust-
ment for injury year and incident (Table 3). There was evidence
of a lack of independence of observations across the calendar years
and at incident level (i.e., across observations of road users
involved in the same incident and in incidents occurring in the
same year; LRS =0.0284). The severity of injury was associated
with mode of transport, first point of impact, the speed limit of
the road, the month of the year, the region, and the age of the dri-
ver or rider involved in the incident. Compared to people traveling
in cars, the odds of severe to fatal injury in incidents involving rid-
den horses were higher for cyclists (OR 108.5, 95% CI 24.1, 487.2),
horse riders (OR 73.4, 95% CI 26.1, 206.2), and motorcyclists (OR
18.2, 95% CI 4.4, 75.6). Incidents where the first point of impact
was from the front (OR 2.5, 95% CI 1.3, 4.7) or the rear (OR 2.0,
95% CI 1.1, 3.6) were more likely to result in severe or fatal injury
compared to when the first point of impact was from the offside.
Non-impact incidents were similarly associated with higher odds
of severe or fatal injury (OR 1.7,95% CI 1.1, 2.9). The odds of serious
or fatal injury almost doubled (OR 1.6, 95% CI 1.1, 2.4) for roads
with speed limits of between 60 and 70 mph compared to roads
with speed limits of between 20 and 30 mph. Injury severity odds
were higher between January to February (OR2.3, 95% CI 1.2, 4.4)
and May to June (OR 2.8, 95% CI 1.5, 5.3) compared to between
March to April. Regionally, serious and fatal injuries were more
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Fig. 1. The frequency of serious and fatal casualties resulting from road incidents involving ridden horses (n = 1,031) on public roads in Great Britain between 2010 and 2019

as recorded by police forces.

likely in the South East (OR 1.6, 95% CI 1.5, 7.5), West Midlands (OR
2.6, 95% CI 1.1, 6.1) and Yorkshire (OR 2.5, 95% CI 1.1, 5.9) com-
pared to the North West. Lastly, the odds of serious or fatal injury
increased with increasing age band of the driver or rider involved
in the incident with the odds of road users over 66 years of age sus-
taining serious or fatal injuries nearly 9-fold higher (p <0.001)
than that of the youngest age group (0-15 years).
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4. Discussion

The analysis of road incidents and their contributory factors is
vital to help prevent future injuries and fatalities on the road net-
work. We have previously described in detail and analyzed horse-
related road incidents reported to the BHS and occurring between
2010 and 2020 in England, Scotland, Wales, and Northern Ireland,
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Fig. 3. The types of vehicles (n = 264) involved in police-reported incidents resulting in severe or fatal injury to a horse rider on public roads in Great Britain between 2010

and 2019.

which provided important insight into collision and horse fatality
risk (Pollard & Grewar, 2020). As evidence-based data regarding
injuries sustained by road users involved in incidents with ridden
horses were lacking, we set out to describe the type of road inci-
dents recorded by police forces and the impact on the road users
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involved. We also present recommendations on how the robust-
ness of equestrian road incident data can be improved to better
feed into the current knowledge on the frequency, location, and
circumstances surrounding road incidents involving horses, and
how best to prevent them.
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Table 3
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Multivariable mixed-effects logistic regression modeling, with incident year and id as random effects, of factors associated with higher odds of severe to fatal injury to road users
(n=2,239) involved in incidents including ridden horses (n =1,031) and reported by police to the Department for Transport road safety database between 2010 and 2019.

Variable Coefficient Standard error 0Odds ratio (OR) 95% confidence interval (OR) Wald P-value
Mode of transport

Car Reference 1.0

Pedal cycle 4.7 0.8 1135 24.8,518.6 <0.001
Motorcycle 2.9 0.7 18.5 4.4,77.6 <0.001
Ridden horse 43 0.5 75.7 26.8, 214.1 <0.001
Other/unknown* -0.7 1.1 0.5 0.1,44 0.535
First point of impact

Offside Reference 1.0

Nearside 0.2 0.4 1.2 0.5, 2.8 0.721
Back 0.7 0.3 2.0 1.1,3.7 0.030
Front 0.9 0.3 2.6 1.3,4.8 0.004
No impact 0.6 0.4 1.8 1.1,29 0.025
Speed limit of road (miles per hour)

20-30 Reference 1.0

40-50 0.5 0.3 1.7 09, 3.1 0.084
60-70 0.5 0.2 1.7 1.1,25 0.014
Month

January-February 0.9 0.3 24 1.2,46 0.010
March-April Reference 1.0

May-June 1.1 0.3 2.9 1.5, 5.6 0.002
July-August 04 0.3 14 038,27 0.273
September-October 0.4 0.3 1.5 038,238 0.259
November-December 0.4 0.3 1.5 0.7,2.8 0.266
Region

East of England 0.6 0.5 1.8 0.7,4.5 0.214
East Midlands 0.8 0.5 2.1 0.8, 5.6 0.124
Greater London 0.7 0.8 2.0 0.4, 9.6 0.362
North East 0.5 0.6 1.6 0.5, 4.9 0.398
North West Reference 1.0

Scotland 0.9 0.6 2.6 038,83 0.110
South East 1.2 0.4 34 1.5,7.8 0.004
South West 0.5 0.4 1.6 0.7,3.8 0.252
Wales 0.6 0.5 1.8 0.6,5.3 0.268
West Midlands 1.0 0.5 2.6 11,63 0.036
Yorkshire and the Humber 0.9 0.4 25 1.1,6.0 0.036
Driver/rider age band (years)

0-15 Reference 1.0

16-20 04 0.4 14 0.6, 3.2 0.392
21-25 0.1 04 1.1 04, 2.6 0.879
26-35 0.8 0.4 23 1.1,5.1 0.037
36-45 1.0 04 2.7 13,59 0.011
46-55 1.0 04 2.7 1.2,5.6 0.012
56-65 1.3 0.4 3.8 1.6,9.0 0.003
>66 2.2 0.5 8.8 32,244 <0.001
Unknown -1.2 0.6 0.3 0.1, 1.0 0.046

" Other modes of transport include minibuses/buses, agricultural vehicles, vans, light and heavy goods vehicles.

4.1. Police-recorded injury incidents involving ridden horses on public
roads

The spatial distribution of DfT road incidents corresponds with
highest frequencies of serious or fatal outcomes with the South
East, South West, West Midlands, and Yorkshire areas of England
having the highest proportions of incidents as well as those with
the most serious outcomes. This was partially reflected in the
results of the multivariable regression modeling where the South
East, West Midlands, and Yorkshire had approximately-three times
the odds of severe to fatal injury outcomes for road users (most of
whom were horse riders) involved in incidents including ridden
horses in comparison to the North West. Similarly, the South East
was found to have significantly higher odds of collision incidents
between vehicles and equestrians compared to the North West
when the BHS horse incidents data were analyzed (Pollard &
Grewar, 2020). Equestrians in the West Midlands and Yorkshire
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regions of England were found to be more likely to use roads and
had higher odds of a road-related near-miss in the previous year
compared to equestrians in Scotland (Pollard & Furtado, 2021).
Corroboration of data for certain regions being more risky for
equestrians than others can prompt further investigation into the
location of regional incidents, such as the characteristics of the
road and road user behavior, and lead to interventions to improve
equestrian road safety. Additionally, this information could help
secure funding for more sophisticated rate-based regional esti-
mates of risk, based on the distance and/or time equestrians spent
on roads and the density of equestrians in the region.

The frequency of incidents reported coincided with the days
(weekend days), times (predominantly mornings and afternoons),
seasons (summer months) and weather conditions (fine, dry condi-
tions) when equestrians report they are more likely to be riding
their horses and, therefore, accessing roads (Trump & Parkin,
2020). However, incident month was the only time variable
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retained in the final multivariable model with the odds of having a
severe or fatal injury outcome higher in late winter and early sum-
mer compared to the spring. This finding suggests that winter
months have a disproportionally higher frequency of incidents
with a serious outcome compared to spring months when the
weather starts improving. This is similar to trends seen in cycling
road incidents and injuries in the UK; cycling is more common dur-
ing the spring and summer months but the casualty rate per mile
traveled is higher in autumn and winter months (Reported road
accidents, 2021). This is likely due to a complex combination of
factors, such as adverse road surface conditions due to rain and
ice/snow, poorer visibility (shorter daylight hours, lower light or
low sun in the mornings or evenings) and strong winds (Pazdan,
2020). Location wise, most incidents occurred in rural areas and
on minor unclassified roads. By definition, unclassified roads are
local roads intended for local traffic that should be used by smaller
amounts of traffic traveling at lower speeds over shorter distances
(Guidance on road classification and the primary route network,
2021). The 2019 annual report for road casualties in Great Britain
showed that the majority of road fatalities (57%) occurred on rural
roads (Reported road casualties Great Britain, 2019). These include
narrow, single-track roads with areas of poor visibility, due to
overhanging vegetation or high hedges, and often speed limits of
60 mph; speed limits often not suitable for the road conditions,
types of road users using the roads, and surroundings.

In our multivariable model, however, the speed limit of the road
was a much more important determinant of injury severity than a
rural, urban, or suburban location. Odds of severe or fatal injury
almost doubled on roads with speed limits of 60-70 mph com-
pared to roads with speed limits of 20-30 mph. It is well-
established that speed is one of the main determinants of collision
risk and collision severity (Aarts & Van Schagen, 2006; Richter,
Berman, Friedman, & Ben-David, 2006). While the speed limit of
a road may not necessarily equal higher speeds, it has been shown
to be an important proxy measurement; raising speed limits con-
tributes to increased road fatalities while lowering speed limits
has the opposite effect. As an example, a Swedish study evaluating
insurance data between 2005 and 2017 found that a reduction in
speed limits (from 50-60 km/h to 30-40 km/h) was associated
with lower risk of moderate to fatal injury for cyclists involved in
collisions with cars (Isaksson-Hellman & Toreki, 2019), while
research in the United States found an increase in road fatalities
between 1995 and 2005, which could be attributed to raised speed
limits on all road types in the United States, with the highest fatal-
ity increase on rural interstates (Friedman, Hedeker, & Richter,
2009). Therefore, there is substantial evidence that supports our
conclusions that reduction of speed limits alongside improved
enforcement, particularly on rural roads, would lead to fewer and
less severe road incidents.

eAlmost half of all injury incidents involving ridden horses did
not result in physical contact or impact between the ridden horse
and the vehicle, which is in keeping with previously published
research using both BHS and survey data from GB and Northern Ire-
land (Pollard & Grewar, 2020; Trump & Parkin, 2020). Where
impact did occur, it most commonly occurred on the offside or rear
of the horse, however, rear and front (head-on) impacts were more
likely to result in severe or fatal injury compared to offside impacts.
Interestingly, the odds of severe or fatal injury were also almost
doubled for non impact incidents compared to offside impacts. This
is important to understand; lack of a collision in equestrian inci-
dents does not equate to lack of injury even when another road user
is involved. This invites the concept of three minds at work when,
for example, a vehicle driver encounters a ridden horse on the road;
that of the vehicle driver, the rider, and the horse. Horses are prey
animals and their reactions to a perceived hazard (which could be
a loud, noisy trailer, a fast-moving vehicle, or a silent bicycle) most
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commonly set off the ‘flight’ response where the horse will attempt
to escape from the danger but sometimes the ‘fight’ response will
be activated, where a horse may kick out at the hazard
(Keaveney, 2008; Norwood et al., 2000; Thompson, McGreevy, &
McManus, 2015). This may not only be dangerous for the horse-
rider combination, but also for other road users. Helping non-
equestrians understand simple horse behavior would help put the
risk faced by equestrians on roads into perspective.

Similar to cyclists (Aldred & Crosweller, 2015), fear of injury or
witnessing or being involved in a road incident are important con-
tributors to equestrians’ avoidance of roads (Pollard & Furtado,
2021) and, as such, may be barriers to the uptake of equestrian
activities. This also presents a problem in terms of the ‘Safety in
numbers’ effect, which has been demonstrated to exist for pedes-
trians and cyclists; it is used to explain the inverse statistical rela-
tionship between the number of pedestrians and cyclists in a
population and the number of injuries they sustain due to road
incidents (Elvik & Bjearnskau, 2017; Fyhri, Sundfer, Bjernskau, &
Laureshyn, 2017; Jacobsen, 2003). Although the exact mechanisms
behind this effect have not yet been elucidated, the most common
theories include the concept of motorists becoming more attentive
when exposed to higher numbers of pedestrians and cyclists
(Jacobsen, 2003), that road users that gain more experience and
become more familiar with other road users develop better expec-
tations of behaviors (Phillips, Bjernskau, Hagman, & Sagberg,
2011), or that the demands of larger populations of cyclists and
pedestrians drive safer transport infrastructure, norms, and behav-
iors (Bhatia & Wier, 2011). Whether one or several of these pro-
posed mechanisms play a part in increasing safety of pedestrians
and cyclists, it is likely a similar Safety in Numbers effect exists
for equestrians and avoidance of roads by equestrians could lead
to a downward spiral in terms of equestrian road safety. Equestri-
ans have previously described feeling increasingly less safe on
roads (Pollard & Furtado, 2021), leading to fewer equestrians using
roads and in turn contributing to higher incident risk for those
equestrians still using roads.

This leads onto who is most likely to be involved in road inci-
dents with ridden horses and who is most likely to be injured. Over
80% of road users injured in these incidents were female, 36% were
aged between 36 and 55 years of age, while 25% were aged
between 0 and 20 years of age, and 84% were horse riders. Perhaps
of particular concern is that out of 120 injured road users aged
15 years and younger, over 90% were horse riders. Our previous
research also identified that younger equestrians were more likely
to use roads but also to report experiencing a near-miss incident
on roads in the previous year compared to older equestrians, while
equestrians riding while leading another ridden horse (often a
child on a pony) were more likely to have experienced an injury
incident on the road in the previous year (Pollard & Furtado,
2021). These findings are at odds with the vision of Sport England’s
“Uniting the Movement” strategy in GB, which aims to encourage
sport and physical activity uptake in communities, particularly
by involving more women and young people (Uniting the
Movement, 2021). If these groups are the ones having more nega-
tive experiences and being injured while doing equestrian activi-
ties on roads, it is likely to dissuade them from participating in
activities related to equestrianism, which for some may be the only
physical activity they are involved in (Church, Taylor, Maxwell,
Gibson, & Twomey, 2020). Conversely, physical activity and mental
stimulation are of equal importance to older age categories. Our
multivariable injury outcome model identified that odds of severe
or fatal injury increased with increasing age of the road user
involved with odds of severe or fatal injury almost nine times as
likely in the over 66 year old category compared to the 15 years
and younger category. Improving equestrian road safety will there-
fore help to safeguard our younger and older generations.
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When further taking into account severity of injury, it is almost
always the horse rider, a cyclist, or motorcyclists, rather than a per-
son enclosed in a vehicle, that are severely or fatally injured in road
incidents involving ridden horses. This also highlights that other
road users, such as cyclists and motorcyclists, should be made
aware to take particular care when interacting with horses on
the road to additionally reduce any injury risk to themselves. For
leisure and sport cyclists this could be done via cycling clubs and
groups, while for commuter cyclists this could be done via cycle
to work schemes or other environmental and sustainability frame-
works adopted by employers. The vehicle types involved in the
highest proportion of severe or fatal injuries to horse riders were
cars and vans/light goods vehicles. While these are the road user
groups that are also likely to frequently encounter ridden horses
on roads, this finding is something that should be investigated
further.

4.2. Recommendations on improving the robustness of equestrian road
incident data

The DT data have several limitations when representing eques-
trian road incidents, which are discussed below and also comprise
the limitations of this study. We provide some recommendations
on how the robustness of equestrian road incident data could be
improved.

4.2.1. The type of data collected

The DfT data represent only a proportion of actual road inci-
dents as recorded by police forces. Recording, therefore, relies on
the incident being reported to the police and is subject to consid-
erable under-reporting for nonfatal injury incidents. The only type
of equestrian activity recorded is ridden activity and while eques-
trians often ride their horses on roads, the current data do not
acknowledge other types of equestrian activities that also regularly
occur on roads, such as leading a horse on foot and horse-drawn
vehicles (Pollard & Furtado, 2021). We recommend that all eques-
trian activities are included as identifiable categories in the dataset
to better understand overall equestrian injury risk. Another consid-
eration is inclusion of incidents where a loose horse (absence of
rider/handler) is involved in a road incident with another road
user. This can happen in several ways, including horses not being
secured properly or escaping onto the road network due to dam-
aged fencing or gates being left open, a horse that is running loose
on the road because the rider has become unseated, or vehicles
encountering semi-feral free-roaming ponies in large conservation
areas such as the New Forest and Dartmoor. In fact, collisions with
a loose horse are one of the most common causes of road-related
horse fatality in Britain (Pollard & Grewar, 2020) and additionally
pose a high risk of injury for the vehicle occupant. Enabling the
extraction of these data would provide important information on
human injury risk as a consequence of being involved in a collision
with a large animal.

The DT data contain only incidents resulting in personal injury
to one or more road users. While this is vital information, collation
of data regarding near-misses (involving close passes or speeding)
or incidents causing distress (aggressive or intimidating behavior
aimed at the rider/handler or the horse) to the equestrian contain
vital early warning indicators of specific road environments or road
use behaviors that could escalate to injury (Aldred, 2016). Accord-
ing to Dee et al. (Dee, Cox, & Ogle, 2013 )there is often a misinter-
pretation of a near-miss as being a high-probability, low-
consequence severity occurrence rather than a narrowly averted
low-probability, high-consequence severity occurrence. Proper
investigation, evaluation, and intervention following a near-miss
often prevents the occurrence of a more severe incident. Not only
that, but experience of near-misses by cyclists can have a consider-
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able impact on risk perception and future participation in cycling
(Aldred & Crosweller, 2015; Sanders, 2015). Self-reported near-
misses by cyclists were shown to reasonably accurately represent
actual events with many driver behaviors reportedly similar
between near-misses and police-recorded slight injury collisions
involving cyclists (Aldred, 2016). However, these near-miss data
need to be accepted and utilized by road safety policy makers
and authorities in order to be adopted into intervention-based
strategies. Being aware of the frequency and location of these
non-injury incidents could help police forces and local authorities
work with their local equestrian communities to improve road
safety. We suggest ways in which this could be done in the follow-
ing subsection.

The current data analyzed were retrospectively collected and
although recorded in a standardized way, are still liable to subjec-
tive interpretation of events. The incidents also lacked context
whether provided by eye-witness accounts or video footage, which
would have been useful to explain how some of the injury inci-
dents occurred. For example, incidents with ridden horses where
no other road users were involved - is this because the other road
user could not be identified or because it truly was an incident not
involving another road user? While this may not be available in
public records of police-recorded data, it is an important consider-
ation for any future equestrian road safety research.

Equestrians are currently not represented in any rate-based
casualty estimates (based on casualties per mile traveled), which
indicate that pedestrians, cyclists, and motorcyclists, although hav-
ing lower numbers of casualties compared to vehicle drivers, have
high rates of casualties when the miles traveled are taken into
account. It is likely that equestrians have similarly elevated casu-
alty rates if the distance or time spent using roads is taken into
consideration. Therefore, studies designed to determine rate-
based incident or casualty estimates would better represent the
actual risk experienced by equestrians when using the public road
network.

4.2.2. Combining multiple sources of data

In an ideal world, a central database would exist linking multi-
ple sources of data (e.g., incident circumstances, road characteris-
tics, road user demographics, healthcare data regarding injury
outcomes and objective video footage if available). This would
ensure that all data and outcomes of interest were reported and
coded in the same way.

Information on equestrian road incidents is currently frag-
mented. There are two databases which collate, store, and make
available equestrian road incident data to the public: the Dft data,
as described here, and the BHS Horse Incidents database described
in a previous study (Pollard & Grewar, 2020). The BHS data contain
information on incidents across all equestrian activities on roads in
GB and Northern Ireland, injury outcomes for both the main rider/
handler and horse involved in the incident, as well as data on near-
miss incidents (including road rage and aggressive behavior direc-
ted at the rider/handler and or horse). These databases are inde-
pendent although there is likely considerable overlap between
injury incidents reported to both the police and the BHS as the
BHS actively advocates the reporting of both injury and non-
injury incidents to the police. However, this does mean that eques-
trians have to go through two separate reporting processes for a
single incident, potentially contributing to lower reporting of fre-
quent road incidents. As discussed above, the importance of pre-
senting near-miss data, where available, should not be
underestimated. We suggest that road safety stakeholders consider
both police-recorded injury data alongside BHS near-miss data
when assessing equestrian road safety in their local areas.

Some police forces have created self-reporting online portals
that have streamlined the collection of video and photographic evi-
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dence related to driving offenses from members of the public using
dashboard, body, or helmet camera footage (e.g., Operation SNAP
(GoSafe - Op snap, 2022; Devon and Cornwall Police Operation
Snap digital submissions, 2022; Operation Snap | Warwickshire
Police, 2022; Operation Snap | West Mercia Police, 2002). Equestri-
ans can submit evidence regarding injury and near-miss incidents
to this portal, however, these data are not publicly available nor is
it currently possible to obtain equestrian-specific non-injury data
from police forces. Submitting of this evidence also relies on eques-
trians wearing suitable video recording equipment and being able
to capture the moment in time from the right perspective.

Finally, linking road incident data to both medical and veteri-
nary healthcare data could provide a better understanding of inju-
ries, hospitalization period, and the financial implication of
equestrian road incidents. Although summary-level data for NHS
Hospital Episode Statistics are publicly available (Hospital
Episode Statistics (HES), 2022), special permissions have to be
obtained to access the full NHS records to provide meaningful
insight into the healthcare impact of equestrian road incidents.
Similarly, screening of large-scale veterinary hospital records from
practices that use the same practice management software could
provide important horse injury data (Welsh, Duz, Parkin, &
Marshall, 2016).

4.2.3. The importance of language

Encouraging the reporting of road-related equestrian incidents
will help create a more complete picture of what is happening on
the road network. However, the language we use around road
safety can be problematic when it comes to describing equestrian
incidents in relation to other road incidents. While horses are used
as modes of transport, they are not vehicles. Classing horses as
vehicles fails to acknowledge their role as autonomous road users
in their own right as well as failing to recognize the complex bond
that most equestrians have with their horses; often perceiving
them as valued friends, companions or family members
(Dashper, 2017; Lee Davis, Maurstad, & Dean, 2015; McGowan,
Phillips, Hodgson, Perkins, & McGowan, 2012). We recommend
that reference to vehicles in the DfT database is changed to “modes
of transport,” which would be a better representation of how roads
are used by all road users. Additionally, collating data on whether
the horses involved were injured in the incidents would elevate
their role on the road from being a vehicle to a special type of road
user.

Avoidance of the word “accident” is well established in current
road safety culture, with the word accident implying a lack of attri-
butable blame or a sense of inevitability; but, it is well-established
that most injury events on roads are largely predictable and pre-
ventable (Davis & Pless, 2001; Stewart & Lord, 2002). Terminology
such as “crash” or “collision” have, therefore, been widely favored
by road safety professionals and academics. However, this can be
problematic for describing horse incidents because, as shown by
the current data and elsewhere, a considerable proportion of horse
incidents (even those resulting in injury and involving other road
users) do not involve physical contact between another road user
and the horse or their rider/handler (Pollard & Grewar, 2020;
Trump & Parkin, 2020). In cycling, the terms ‘non-collision inci-
dent’ and ‘single cyclist collision’ are used to describe incidents
where no other road users were involved and the cyclist injured
themselves by, for example, slipping on an icy road (Gildea, Hall,
& Simms, 2021). We propose that use of the word road incidents
should be considered by road safety stakeholders to encompass
the experiences of all road users and include the analysis of
near-miss incidents. These can subsequently be broken down into
collision or non-collision incidents and injury or non-injury inci-
dents as required.
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5. Conclusions

Despite the considerable number of people involved in eques-
trian pursuits and the frequency with which they use roads with
their horses, horse riders and handlers in GB often feel like low-
priority road users and equestrian activities are seldom promoted
as part of government active travel or green exercise initiatives.
In road incidents involving ridden horses, it is almost always the
horse rider that is injured. The horse riders injured in these inci-
dents are largely women and just over a quarter are young adults
or children. These findings are at odds with the aims of several
national campaigns that seek to increase participation in sport,
physical activity, and access to green spaces, particularly for
women and young people.

When taking into consideration injury severity in incidents
involving ridden horses, horse riders, cyclists and motorcyclists
were more likely than car occupants to be severely or fatally
injured, while odds of severe or fatal injury increased with increas-
ing road user age. The vehicles associated with the most severe
injury to horse riders were cars and light goods vehicles or vans.
These findings warrant further investigation in order to assess
opportunities to create a safer, more inclusive road network and
promote positive interactions between road users. Our findings
also support the evidence that reductions in speed limits on roads
frequented by horse riders, which would be the majority of the
rural and some non-rural road networks, would help reduce the
risk of serious or fatal injuries.

6. Practical applications

Although the frequency of police-recorded road incidents
involving ridden horses is low in relation to incidents involving
other road users, the limitation of the DfT database should be kept
in mind. These data present only a proportion of true injury inci-
dents for one subset of equestrians. Additionally, rate-based casu-
alty estimates (based on time spent on the road or distance
traveled) for equestrians are currently lacking, making it difficult
to fully understand the risk faced by equestrians while using roads
and time changing trends. However, the BHS database presents a
complementary and readily-available source of data that can be
used to analyze patterns of near-miss incidents, which are extre-
mely frequent, and pinpoint problem areas where action can be
taken before serious or fatal incidents occur. Improving the robust-
ness of equestrian road incident data would ensure that road safety
stakeholders and police forces are made aware of the frequency
and location of near-misses and injury incidents that occur
between equestrians and other road users that would help them
work within their local communities to improve road safety.
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S1: Univariable mixed-effects logistic regression modeling, with
incident year and id as random effects, of factors associated with
higher odds of severe to fatal injury to road users (n=2,239)
involved in incidents including ridden horses (n=1,031) and
reported by police to the Department for Transport road safety
database between 2010 and 2019. Supplementary data to this arti-
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Introduction: The Ontario manufacturing sector is over-represented when it comes to workers’ compen-
sation claims in the province. A previous study suggested that this may be the result of compliance gaps
with respect to the province’s occupational health and safety (OHS) legislation. These gaps may be, in
part, due to differences in perceptions, attitudes, and beliefs toward OHS between workers and manage-
ment. This is noteworthy as these two cohorts, when working well together, can foster a healthy and safe
work environment. Therefore, this study sought to ascertain the perceptions, attitudes, and beliefs of
workers and management with respect to OHS in the Ontario manufacturing sector and to identify dif-
ferences between the groups, if any. Methods: A survey was created and disseminated online to get the
widest reach across the province as possible. Descriptive statistics were used to present the data and
chi-square analyses were performed to determine if there were any statistically significant differences
in responses between workers and managers. Results: In total, 3,963 surveys were included in the anal-
ysis, which consisted of 2,401 (60.6%) workers and 1,562 (39.4%) managers. Overall, workers were more
likely to state that their workplace was ‘a bit unsafe’ relative to managers and this difference was statis-
tically significant. There were also statistically significant differences between the two cohorts with
respect to health and safety communication matters, the perception of safety as a high priority, whether
people work safely when unsupervised, and whether control measures are adequate. Conclusions: In sum-
mary, there were differences in perception, attitudes, and beliefs toward OHS between workers and man-
agers in Ontario manufacturing and these differences must be addressed in order to improve the sector’s
health and safety performance. Practical Applications: Manufacturing workplaces can improve their health
and safety performance by strengthening labor-management relationships, including having routine
health and safety communication.

© 2022 National Safety Council and Elsevier Ltd. All rights reserved.
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1. Introduction

Ensuring a healthy and safe work environment is not only the
‘right thing to do,’ but there is also a rather significant financial
burden associated with work-related incidents. According to the
Workplace Safety and Insurance Board (WSIB) in Ontario, Canada,
nearly $2.5 billion in benefit payments were issued for work-
related injury and illness claims in 2020 (Workplace Safety and
Insurance Board, 2022a). In particular, Ontario’s manufacturing
sector reported 7,205 lost-time injury claims, which represents
15% of all claims in the province (Workplace Safety and
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Insurance Board, 2022b). This is noteworthy as this sector only
employs about 12% of the total workforce in Ontario
(Government of Ontario, 2011). Given the above WSIB claim statis-
tics, a reasonable person would argue that the current situation is
unacceptable and that measures need to be taken to rectify it. One
means of addressing this issue is to examine compliance gaps
within the manufacturing sector with respect to the province’s
occupational health and safety legislation. A study by Hon and
Fairclough (2017) found that many Ontario manufacturing work-
places were not meeting the minimum requirements mandated
in the province’s Occupational Health and Safety Act and its Regu-
lations, such as education and training as well as health and safety
policies. To understand why these gaps exist, the authors recom-
mended that future research should include an assessment of the
attitudes, beliefs, and perceptions of those in the province’s manu-
facturing sector regarding occupational health and safety (Hon &
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Fairclough, 2017). According to a review of 30 years of safety cli-
mate research, past studies have primarily focused on workers’
perceptions toward safety in the workplace (Zohar, 2010). Given
that occupational health and safety is rooted by the internal
responsibility system which states that every-one in the workplace
(regardless of position) plays a role in health and safety
(Government of Ontario, 2022), it is important to understand the
perspectives toward health and safety from the two key workplace
parties — workers and managers. Survey-based studies have previ-
ously identified workplace health and safety perception differences
between management and workers in steel mills in southeastern
United States (Prussia et al., 2003), the nuclear sector in the United
States (Findley et al., 2007), the trucking industry in the United
States (Huang et al., 2014), as well as in construction in Columbia
(Marin et al., 2019). These previous studies found that managers
tended to have a higher perception of workplace health and safety
than workers, which can lead to organizational conflict (Findley
et al., 2007). To the best of our knowledge, this is the first study
of its kind to explore this issue in Ontario — the province with
the largest workforce in Canada (Statistics Canada, 2022). There-
fore, the objective of this study was to compare management
and workers’ perceptions, attitudes, and beliefs toward occupa-
tional health and safety in the Ontario manufacturing sector, since
an understanding of these viewpoints is critical toward addressing
compliance gaps.

2. Methods

This was a survey-based cross-sectional study in which institu-
tional ethics was approved prior to the collection of any data (Ryer-
son REB 2020-385).

2.1. Survey design

As no similar study has been conducted previously, a de novo
survey was developed with questions related to attitudes, beliefs,
and perceptions of occupational health and safety. Most of the
questions were extracted and modified from existing surveys -
many of which were previously pre-tested and/or validated
(Adebola, 2014; Health & Safety Executive, 2004; Prairie Research
Associates, 2015). The survey was arranged into various sections
with the first section containing demographic questions such as
job role and employment length. The second section, with multiple
Likert-type responses, asked about an individual’s perception
toward health and safety (sourced primarily from the Health &
Safety Executive questionnaire; Health & Safety Executive, 2004).
The third section sought the respondent’s attitudes and beliefs
regarding health and safety initiatives in the workplace, such as
communication and hazard control measures (sourced primarily
from the Prairie Research Associates survey; Prairie Research
Associates, 2015). In this section, respondents gave their level of
agreement toward various statements using a 5-point Likert-type
response ranging from strongly agree (1) to strongly disagree (5).
Lastly, in the fourth section, respondents were asked to identify
their top three workplace health and safety concerns.

The questionnaire has been included as a Supplemental File. It
is evident in the survey that questions 1 to 10 were related to
demographics, and the question on page 5 asked about specific
hazards found in the workplace. Cronbach’s alpha was calculated
for the remaining questions related to perceptions, attitudes, and
beliefs (after recoding to ensure the answers were going in the
same direction) to ensure internal consistency. The result was
0.89, which suggests a good consistency (Bland et al., 1997). In
addition, the survey was pre-tested by several volunteers to ensure
that the survey was functional on multiple browser types and that
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the questions were unambiguous. Where relevant, questions were
revised based on feedback from pilot respondents.

2.2. Participant recruitment

Workplace Safety & Prevention Services (WSPS), a not-for-profit
health and safety association in Ontario that serves the manufac-
turing sector, led the recruitment of prospective participants.
WSPS marketed the survey on their social media outlets (Facebook,
Twitter, LinkedIn) and in electronic newsletters that encouraged
both managers and workers from the Ontario manufacturing sector
to complete the survey. Upon clicking the link to the survey, a
respondent was taken to the consent preamble that preceded the
survey questions. To encourage participation, prospective respon-
dents were given the opportunity to enter a draw for a $50 e-gift
card after completing the questionnaire.

The inclusion criteria for workers were that the individual must
have been employed in their current workplace for at least three
months so that they had an opportunity to gain an understanding
of the occupational health and safety practices/protocols in their
workplace. Meanwhile, the manager’s inclusion criteria were that
they had to be in their current role for at least three months to
have had some time to understand their role and responsibilities
from an occupational health and safety perspective.

The survey was hosted on a web-based platform, Opinio, and
was open from February 15, 2021, to April 30, 2021.

2.3. Data analysis

Descriptive frequency statistics were used to report the partic-
ipants’ responses stratified by worker and manager. Chi-square
analysis was conducted to determine whether there was a statisti-
cally significant difference (p-value<0.05) in the responses
regarding the perceptions, attitudes, and beliefs of occupational
health and safety between the two cohorts. For those variables
found to be significant, post-hoc testing was performed to identify
response categories that were statistically significant from one
another. The top five occupational health and safety concerns were
ranked by worker and manager/supervisor. The statistical analyses
were performed using SAS version 9.4 (Toronto, ON) and figures
were created using R version 4.0.4.

3. Results
3.1. Demographics

A total of 5,245 responses were received, of which 1,282 were
excluded from analysis because the respondent’s job role was not
specified, they did not reside in Ontario, they were not employed
in the Ontario manufacturing industry, or less than 90 % of their
survey was completed. Overall, 3,963 (75.6 %) of all responses were
included in the analysis, consisting of 2,401 (60.6 %) workers and
1,562 (39.4 %) managers/supervisors (however, the actual sample
size for each question differed from these values as respondents
might have opted to skip some of the questions). A response rate
could not be determined accurately because the number of people
who were invited to participate was unknown. Relative to man-
agers, a greater proportion of the workers were younger, female,
had part-time job status, were employed for a shorter length of
time, were employed at facilities with a smaller workforce (<50
employees), and more often worked evenings and nights (Table 1).
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Table 1
Characteristics of respondents stratified by Worker and Manager/Supervisor.
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Variable Subcategory Worker (%) Manager/Supervisor (%) Chi-square p-value
Age 25 and under 290 (12.1) 82 (5.3) <0.0001
25 to 35 1183 (49.4) 689 (44.2)

36 to 45 790 (33.0) 620 (39.8)
46 to 55 122 (5.1) 149 (9.6)
55 and above 12 (0.5) 19(1.2)
Sex Female 1150 (48.3) 641 (41.4) <0.0001
Male 1121 (51.3) 898 (58.0)
Do not identify as either male or female 10 (0.4) 10 (0.7)
Job Status Full-time 1701 (71.9) 1258 (81.7) <0.0001
Part-time 631 (26.7) 245 (15.9)
Casual 35(1.5) 36 (2.3)
Postal Code K 303 (12.6) 145 (9.3) 0.007
L 507 (21.1) 331(21.2)
M 805 (33.5) 519 (33.2)
N 407 (17.0) 276 (17.7)
P 379 (15.8) 291 (18.6)
Employment Length Less than 1 year 314 (13.2) 52 (34) <0.0001
At least 1 year, but less than 5 years 1179 (49.4) 614 (39.6)
At least 5 years, but less than 10 years 764 (32.0) 696 (44.9)
At least 10 years, but less than 20 years 115 (4.8) 164 (10.6)
20 years or more 13 (0.6) 26 (1.7)
Industry Computer and electronic manufacturing 515 (21.6) 305 (19.7) 0.002
Food, textiles and related manufacturing 691 (29.0) 380 (24.5)
Machinery, electrical equipment and miscellaneous manufacturing 647 (27.1) 451 (29.1)
Metal, transportation equipment and furniture manufacturing 363 (15.2) 267 (17.2)
Non-metallic and mineral manufacturing 94 (3.9) 85 (5.5)
Printing, petroleum and chemical manufacturing 77 (3.2) 64 (4.1)
Unionized workplace? Yes 1964 (85.6) 1253 (85.4) 0.83
No 330 (14.4) 215 (14.7)
Facility Size Small (less than 50 employees) 729 (30.6) 250 (16.1) <0.0001
Medium (50 to 250 employees) 1408 (59.1) 947 (60.9)
Large (251+ employees) 247 (10.4) 358 (23.0)
Normal work shift Day shift 1264 (52.8) 896 (57.5) <0.0001
Evening shift 522 (21.8) 239 (15.3)
Night shift 132 (5.5) 60 (3.9)
A mix of shifts 474 (19.8) 364 (23.4)

3.2. Perceptions of health and safety

In terms of perception of overall safety, there was a statistically
significant difference between workers and management whereby
a larger proportion of workers (14.97 %) felt the workplace was ‘a
bit unsafe’ compared to management (11.45 %) (Fig. 1). There were
also statistically significant differences between the two cohorts
regarding the workplace party they believed was primarily respon-
sible for controlling health and safety risks in the workplace, the
amount of health and safety training that had been provided, and
whether they perceived the amount of health and safety training
as being adequate (Table 2). A larger proportion of workers
believed that “employer” and “employee” were primarily responsi-
ble for controlling the health and safety risks in the workplace,
whereas managers generally felt that this was within the purview
of the “occupational health and safety coordinator/department” or
the “Ontario Ministry of Labour.” The response of having had ‘not
very much’ health and safety training was significantly higher in
workers (21.97 %) compared to management (11.72 %), and signif-
icantly more workers felt that the training that they have received
was “not enough” (14.81 %) compared with managers/supervisors
(11.72 %).
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3.3. Attitude and beliefs toward occupational health and safety issues

There was a statistically significant difference in the beliefs of
workers and managers regarding various aspects of communica-
tion of occupational health and safety matters (Fig. 2). Specifically,
managers were more likely to agree that workers are involved in
safety decisions (69 % vs 64 %), that there are frequent communica-
tions about safety in the workplace (71 % vs 66 %), and workers are
regularly asked about their safety concerns (70 % vs 66 %).

Approximately 70 % of both cohorts agreed or strongly agreed
with the statement, “workplace injuries and accidents are an inevi-
table part of life” (Table 3). There were also statistically significant
differences between the two cohorts in their level of agreement
with respect to the following statements (i.e., agree or strongly
agree):

e The safety of workers is a high priority for my workplace (77 %
managers vs 73 % workers)

e Workplace health and safety requirements negatively impacts
business operations (56 % workers vs 53 % managers)

e At my workplace, people here always work safely even when
they are not being supervised (67 % managers vs 66 % workers)
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Role

B worker
B Manager/Supenisor

Very unsafe

Overall, how safe do you feel in your workplace?

Fig. 1. Responses by Worker (n=2391) and Manager/Supervisor (n=1555) to the question “Overall, how safe do you feel in your workplace?” (p < 0.001); *statistically

significant in post-hoc testing (p < 0.05).

Table 2

Perceptions of occupational health and safety stratified by Worker and Manager/Supervisor.

Perception Subcategory Worker (%) Manager/Supervisor (%) Chi-square p-value
Which party do you think is primarily Employer 737 (30.8%)** 370 (23.8%)** <0.001
responsible for controlling health Employee 561 (23.4%)"* 260 (16.7%)**
and safety risks in the workplace? Joint Health and Safety Committee 465 (19.4%) 362 (23.3%)
OHS Coordinator/Department 437 (18.3%)" 397 (25.5%)**
Ontario Ministry of Labour 163 (6.8%)* 150 (9.6%)*
Other (please specify) 0 (0.0%) 2 (0.1%)
Don’t know 32 (1.3%) 15 (1.0%)
How much health and safety training A great deal 444 (18.6) 248 (16.0) <0.001
have you received from your A fair amount 1347 (56.6)** 985 (63.4)**
current employer? Not very much 523 (22.0)** 182 (11.7)**
None at all 67 (2.8)** 12 (0.8)**
The amount of health and safety Too much 599 (25.2) 374 (24.1) 0.01
training that you have received About right 1396 (58.8)" 985 (63.4)*
from your current employer is. .. Not enough 352 (14.8)* 182 (11.7)*
Don’t know 29 (1.2) 12 (0.8)

Note: statistically significant in post-hoc testing: * p <0.05; ** p<0.01.

e Not all the health and safety procedures/rules are strictly fol-
lowed at my workplace (63 % managers vs 61 % workers)

e At my workplace, hazard control measures are adequate (65 %
workers vs 62 % managers)

e My workplace has a joint health and safety committee that is
effective at improving safety (72 % managers vs 66 % workers)

3.4. Top occupational health and safety concerns

While machine safety was the top work-related health and
safety concern for both cohorts, it was significantly higher in man-
agement (32.65 %) compared to workers (26.16 %) (Table 4). The
other top health and safety concerns were similar between the
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two cohorts and included chemical hazards, radiation, fire hazards,
biological hazards, as well as electrical hazards.

4. Discussion

This study examined the perceptions, attitudes, and beliefs
regarding occupational health and safety between workers and
managers in the Ontario manufacturing sector. The results indicate
that there are indeed differences between the two cohorts in some
key areas. Overall, workers feel less safe than managers in the
workplace. This finding is not surprising as similar results have
been reported previously, albeit in other industrial sectors
(Hallowell, 2010; Marin et al., 2019). Also, this result may be attrib-
uted to the fact that workers are more regularly exposed to haz-
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Fig. 2. Perception of workers and managers with respect to health and safety communication. Specific questions are: (A) “Workers here are involved in decisions affecting
their safety” (p < 0.01); (B) “There are frequent communications about safety in my workplace” (p < 0.01); and (C) “Workers are regularly asked about their safety concerns”

(p<0.05).

ards, whereas managers typically perform less hazardous adminis-
trative tasks (Marin et al., 2019; Nordlof et al., 2015).

There were also statistically significant differences between
workers and managers with respect to their perception of health
and safety training - both in terms of amount and whether it
was believed to be enough. A systematic review found that health
and safety training leads to improvements with respect to knowl-
edge, safe behaviors, as well as health outcomes (Robson et al.,
2012). As such, it would be prudent for the participating organiza-
tions to continue offering and possibly expand the amount of
health and safety training that is available. In addition, it is sug-
gested that this training review the roles and responsibilities of
the various workplace parties, in particular, that the employer
has ultimate responsibility for health and safety in Ontario
(Occupational Health and Safety Act, 2016), as less than 30 % of
respondents correctly identified the employer as the primary party
responsible for managing health and safety risks in the workplace.
Prussia et al. (2003) also found differences in the way managers
and workers attribute responsibility for safety. This bears mention-
ing as employers that invest in workplace health and safety and are
proactive are more likely to experience fewer injuries and illnesses
(Battaglia et al., 2015; Geldart et al., 2010).

Statistically significant differences in perceptions regarding
health and safety communication between managers and workers
were found, including frequency of workplace safety information.
This disconnect is noteworthy as open and timely communication
is correlated with improved health and safety performance
(Cigularov et al., 2010; Gittleman et al., 2010).

A notable finding is that both cohorts feel that workplace inju-
ries and accidents are an inevitable part of life. This fatalistic atti-
tude has been attributed to poor safety culture (Henning et al,,
2009; Nordlof et al., 2015), which bears mentioning as studies have
shown that a more positive safety culture in a workplace leads to
better health and safety performance (Wu et al., 2008; Noweir
et al., 2013). It would therefore be important to address these neg-
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ative attitudes so that both workers and management recognize
that many work-related incidents are preventable and, in turn,
improve their organization’s health and safety performance.

When comparing the beliefs and attitudes of the two cohorts
toward health and safety, there were several statistically signifi-
cant differences. This included the finding that workers were less
likely to agree that: (a) their safety is a high priority, (b) people
work safely even when not being supervised, (c) hazard control
measures are adequate, and (d) the Joint Health and Safety Com-
mittee is effective at improving health and safety. Meanwhile,
managers were less likely to agree that (a) health and safety
rules/procedures are being followed and (b) workplace health
and safety requirements negatively impacts operations. These find-
ings are consistent with previous studies that found differences in
safety beliefs and attitudes between these two cohorts in other
industries (Findley et al., 2007; Gittleman et al., 2010; Huang
et al., 2012; Huang et al., 2014).

Such differences between managers and workers can result in
misunderstandings, conflict, increased risk, and poorer safety per-
formance (Findley et al., 2007; Human Factors Group, 2002). Stud-
ies have also shown that workers’ safety performance is greatly
influenced by their relationship with their managers, including a
reduction in injury rates when their managers showed greater con-
cern for them and supported the workers’ positive safety behaviors
(Geldart et al., 2010; Hofmann & Morgeson, 2009). Therefore, the
next logical step would be to identify those factors that lead to
these differences in beliefs and attitudes between workers and
managers and, subsequently, address these gaps in order to
improve health and safety performance (Marin et al., 2019).

Despite differences in perceptions and attitudes, both workers
and managers were in agreement with respect to the top health
and safety issue in the Ontario manufacturing sector — machine
safety. This is not surprising as this hazard was highlighted as a
common concern in the manufacturing sector by the Ontario Min-
istry of Labour (Government of Ontario, 2021). However, the
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Table 3
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Attitudes and beliefs toward occupational health and safety stratified by Worker and Manager/Supervisor.

Attitude or belief Cohort Strongly Agree Agree Neutral Disagree Strongly Disagree Chi-square p-value

Workplace injuries and accidents are Worker (%) 659 (27.5) 1017 (42.5) 569 (23.8) 133 (5.6) 17 (0.7) 0.68
an inevitable part of life Manager (%) 421 (27.1) 667 (42.9) 363 (23.3) 86 (5.5) 18 (1.2)

At my workplace, safety is as Worker (%) 660 (27.7) 1020 (42.8) 543 (22.8) 141 (5.9) 20 (0.8) 0.186
important as quality of the work Manager (%) 469 (30.2) 614 (39.6) 367 (23.7) 84 (5.4) 18 (1.2)
and getting the work done on time

The safety of workers is a high Worker (%) 667 (28.3) 1065 (44.5) 526 (22.0) 108 (4.5) 16 (0.7) 0.048
priority for my workplace Manager (%) 489 (31.4) 702 (45.1) 298 (19.2) 62 (4.0) 5(0.3)

Workplace health and safety Worker (%) 398 (16.6) 946 (39.5) 591 (24.7) 291 (12.2) 169 (7.1) 0.043
requirements negatively impacts Manager (%) 257 (16.5) 573 (36.8) 407 (26.2) 173 (11.1) 146 (9.4)
business operations

Formal safety inspections are Worker (%) 632 (26.5) 1023 (42.9) 564 (23.6) 152 (6.4) 16 (0.7) 0.193
regularly conducted in my Manager (%) 431 (27.8) 648 (41.8) 387 (25.0) 73 (4.7) 10 (0.7)
workplace

New employees at my workplace Worker (%) 574 (24.1) 1037 (43.6) 580 (24.4) 169 (7.1) 1(0.9) 0.44
learn quickly that they are Manager (%) 373 (24.1) 700 (45.2) 376 (24.3) 87 (5.6) 13 (0.8
expected to follow safety rules

At my workplace, safety is given a Worker (%) 548 (23.0) 1045 (43.8) 592 (24.8) 181 (7.6) 22 (0.9) 0.071
high priority in training programs Manager (%) 365 (23.6) 695 (44.9) 388 (25.1) 82 (5.3) 19 (1.2)

At my workplace, there are rules and Worker (%) 535 (22.4) 1063 (44.5) 605 (23.4) 168 (7.0) 16 (0.7) 0.113
procedures about how to work Manager (%) 366 (23.6) 731 (47.2) 346 (22.3) 93 (6.0) 13 (0.8)
safely

At my workplace everyone has the Worker (%) 549 (23.1) 1050 (44.2) 599 (25.2) 162 (6.8) 16 (0.7) 0.156
tools and equipment they need to Manager (%) 378 (24.5) 705 (45.6) 368 (23.8) 80 (5.2) 14 (0.9)
do their job safely

At my workplace, people here always Worker (%) 519 (21.8) 1045 (43.9) 598 (25.1) 184 (7.7) 33(1.4 0.04
work safely even when they are Manager (%) 317 (20.6) 719 (46.7) 402 (26.1) 84 (5.5) 18 (
not being supervised

Not all the health and safety Worker (%) 467 (19.5) 992 (41.5) 625 (26.2) 246 (10.3) 60 (2.5) 0.018
procedures/ rules are strictly Manager (%) 293 (18.9) 685 (44.2) 393 (25.3) 123 (7.9) 57 (3.7)
followed at my workplace

At my workplace, disciplinary action Worker (%) 515 (21.6) 1073 (45.0) 587 (24.6) 184 (7.7) 23 (1.0) 0.267
is taken against people who break Manager (%) 308 (19.9) 717 (46.3) 401 (25.9) 102 (6.6) 21(1.4)
health and safety procedures/
instructions/rules

At my workplace, hazard control Worker (%) 488 (20.5) 1053 (44.3) 626 (26.3) 185 (7.8) 32(1.3) 0.017
measures are adequate Manager (%) 272 (17.6) 696 (44.9) 457 (29.5) 97 (6.3) 28 (1.8)

Workplace health and safety Worker (%) 568 (23.8) 1074 (45.0) 549 (23.0) 164 (6.9) 33(1.4) 0.376
requirements benefits my Manager (%) 351 (22.6) 735 (47.2) 332 (21.3) 109 (7.0) 29 (1.9)
workplace

My workplace has a joint health and Worker (%) 541 (22.7) 1039 (43.7) 609 (25.5) 174 (7.3) 22 (0.9) 0.003
safety committee that is effective Manager (%) 398 (25.8) 717 (46.4) 328 (21.2) 89 (5.8) 12 (0.8)

at improving safety

Table 4
Top five occupational health and safety concerns stratified by Worker and Manager/
Supervisor.

Worker Concerns (%) Rank Manager/Supervisor Concerns (%)
Machine safety (26.2) 1 Machine safety (32.7)

Chemical hazards (25.7) 2 Fire hazards (27.2)

Radiation (24.1) 3 Radiation (26.0)

Fire hazards (23.5) 4 Chemical hazards (24.7)
Biological hazards (22.6) 5 Electrical hazards (22.5)

results found that a statistically significant larger percentage of
managers ranked machine safety as the top hazard, suggesting that
this is another gap that needs to be addressed in order to improve
health and safety performance.

There are limitations associated with this study that need to be
discussed. As this was a cross-sectional study, the results are only
representative of the time of sample collection and perceptions
may change over time. Therefore, a longitudinal examination of
perceptions is suggested as a future study to determine any trends.
As the response rate of the survey is not known, the study could
have experienced response and/or non-response bias. Social desir-
ability bias could not be ruled out as managers tends to answer
more positively so as not to tarnish the reputation of their respec-
tive organizations (Marin et al., 2019). Also, this study did not iden-
tify how the respondents’ perceptions, attitudes, and beliefs were
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formulated; examining the reasons for these perceptions in a
future study would aid in developing appropriate interventions.
Lastly, the purpose of this study was solely descriptive and meant
to compare the responses between management and workers. See-
ing that we did identify differences between the two cohorts,
future work should include performing multivariate analyses to
examine associations, if any, and to identify potential confounders.

In summary, this study found that the perceptions, attitudes,
and beliefs regarding occupational health and safety of workers
compared with managers in Ontario’s manufacturing sector differ
- in some cases, the differences were statistically significant. These
differences must be narrowed through improvements in labor-
management relations. In turn, this will lead to improved health
and safety awareness and performance, including compliance with
legislation, in the manufacturing sector in Ontario.

5. Practical Applications

This study concluded that changes are required to labor-
management relationships in the Ontario manufacturing sector
to improve health and safety performance. Based on our findings,
some examples of changes include, but are not limited to:
increased education and training; managers/supervisors to lead
by example on safety issues; organizations being proactive with
respect to health and safety concerns; and improving worker-



C.-Y. Hon, J. Randhawa, N. Lun et al.

management communication, especially with respect to health and
safety issues.
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ABSTRACT

Introduction: Shared e-scooters are an emerging mode of transportation with many features that make
their physical properties, behavior, and travel patterns unique. Safety concerns have been raised concern-
ing their usage, but it is difficult to understand effective interventions with so little data available.
Methods: Using media and police reports, a crash dataset was developed of rented dockless e-scooter
fatalities in crashes involving motor vehicles that occurred in the United States in 2018-2019 (n=17)
and the corresponding records from the National Highway Traffic Safety Administration data were iden-
tified. The dataset was used to perform a comparative analysis with other traffic fatalities during the
same time period. Results: Compared to fatalities from other modes of transportation, e-scooter fatality
victims are younger and more likely male. More e-scooter fatalities occur at night than any other mode,
except pedestrians. E-scooter users are comparatively as likely as other unmotorized vulnerable road
users to be killed in a hit-and-run crash. While e-scooter fatalities had the highest proportion of alcohol
involvement of any mode, this was not significantly higher than the rate seen in pedestrian and motor-
cyclist fatalities. E-scooter fatalities were more likely than pedestrian fatalities to be intersection-related,
and to involve crosswalks or traffic signals. Conclusions: E-scooter users share a mix of the same vulner-
abilities as both pedestrians and cyclists. Although e-scooter fatalities are demographically most similar
to motorcycle fatalities, crash circumstances share more similarities with pedestrian or cyclist fatalities.
Other characteristics of e-scooter fatalities are notably distinct from other modes. Practical Applications:
E-scooter use must be understood by users and policymakers to be a distinct mode of transportation. This
research highlights the similarities and differences between similar modes, like walking and cycling. By
using this information on comparative risk, e-scooter riders and policymakers can take strategic action to
minimize the number of fatal crashes.

© 2022 National Safety Council and Elsevier Ltd. All rights reserved.

1. Introduction

2019, the Nashville City Council rejected a proposed ban on e-
scooters following a fatal accident (Morgan, Lewis, & Bockius LLP,

The shared e-scooter is a powered two-wheel (PTW) vehicle
with many features that make it a unique transportation mode.
E-scooters offer many advantages as an alternative mode of trans-
portation in dense urban areas, particularly the potential of reduc-
ing pollution and motor-vehicle traffic (Shaheen & Cohen, 2019).
However, an increasing number of crashes and fatalities publicized
in the news media have raised public concern about the safety of
these devices. Families of victims have called for the removal of
shared e-scooters in cities like Atlanta, Georgia (Hansen, 2019)
and Ft. Lauderdale, Florida (Wallman & Maines, 2019). In August
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2021). These concerns about the safety of these vehicles exist
despite the small absolute number of fatalities compared to the
number of other surface transportation fatalities (NHTSA, 2020b).

The different vehicle characteristics of and user behavior with
e-scooters have raised questions about the similarities and differ-
ences between e-scooter crashes and other similar crashes involv-
ing vulnerable road users, such as cyclists and pedestrians
(Kleinertz, Ntalos, Hennes, et al., 2021). Previous research on the
nature of rented e-scooter fatalities has largely not been possible,
due to the newness of the mode. While many cities have enforced
different policies and restrictions on e-scooter use (Unagi, 2021),
the lack of data makes it difficult to find significant evidence on
crash risk. However, by developing a better understanding of
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how shared e-scooter users face similar and different risks to peo-
ple using better-understood modes of transportation (i.e., pedestri-
ans, pedalcyclists, and motorcyclists) it is possible to form a clearer
picture of e-scooter fatality risk.

2. Background
2.1. E-Scooters

Starting in 2017, e-scooter companies began rolling out shared
e-scooter services in cities across the United States. Since over a
third of residential trips made by vehicles in the United States
are under two miles, the potential market for short-range trans-
portation is large (Federal Highway Administration, 2017). Early
pro e-scooter studies examined possible economic and environ-
mental benefits of decreased automobile use (Shaheen & Cohen,
2019) and increased mobility (Smith & Schwieterman, 2018). How-
ever, safety concerns regarding e-scooter implementation have
been prevalent since early adoption (Abcarian, 2018).

Shared e-scooters are extremely lightweight and small, even
compared to motorcycles or mopeds. The Electric Scooter Guide
(2021) database lists specifications for nearly 200 different e-
scooter models. E-scooters are between 38 inches and 55 inches
high, with a median weight of 47 pounds. Some e-scooters listed
in the guide weigh as little as 23 pounds, but most of their ana-
lyzed models are between 32 pounds (first quartile) and 72 pounds
(third quartile). Standing e-scooters are distinct for their ‘standing
design’ where the rider remains upright while riding, standing on a
narrow foot platform (Shaheen & Cohen, 2019). E-scooters are also
designed for single-person transportation (SAE International,
2019). E-scooter companies typically forbid taking on a second
rider because the second rider is in a hazardous position (Bird,
2020; Lime, 2021). In two of the fatal crashes identified that
involved “double riding” with a second person on the e-scooter,
it was the second rider or “passenger” who was fatally injured
while the primary rider survived (Griggs & Lou, 2019; Carmel,
2019). Much like pedestrians and cyclists, the e-scooter rider is
particularly vulnerable in comparison to the automobile occupant,
with no barrier and no safety features like seatbelts or airbags to
protect them in the event of an accident.

Even before the coronavirus pandemic started in 2020, over a
hundred million trips had been taken in the shared e-scooter mar-
ket (National Association of City Transportation Officials, 2019).
Many companies operating in the area had achieved billion-
dollar valuations in record time (Yakowicz, 2018). In 2019, 109
cities around the United States were host to these dockless sys-
tems, with mixed reception (NACTO, 2019). Although travel has
decreased substantially across all modes due to the coronavirus
pandemic, micromobility has emerged as an increasingly viable
alternative (Perry, 2020); new research has targeted micromobility
as a potential option to reduce the spread of contagious disease,
since unlike public transit, it does not require many individuals
to share the same air (National Science Foundation, 2020).

Early studies have largely focused on injuries that presented to
emergency rooms (such as Austin Public Health and City of Austin,
2019; Badeau, Carman, et al, 2019) and other impacts to the
healthcare system (such as Bekhit, Le Fevre, et al.; Mayhew &
Bergin, 2019; Mitchell et al., 2019). But without significant fatality
data, it has not been possible to extend this analysis to crashes that
resulted in a fatality. Interventions to improve safety have also
generally relied on analogies to cyclists, motorcyclists, or pedestri-
ans. Interventions such as mandatory helmets (U.S. Consumer
Product Safety Commission, 2014) or bike lanes (Bird, 2019)
depend on justifying the similarity to cyclists. Other ongoing policy
debates, such as whether e-scooters should ride on the sidewalk or
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the street (Unagi, 2021), also depend on an understanding of e-
scooter risk, and how their features compare to other modes.

2.2. E-Scooter users

The unique features of e-scooters have also prompted unique
behavior from users. Naturalistic studies have observed a “hybrid”
phenomenon, where e-scooter riders may switch patterns of
behavior rapidly and repeatedly; for example, acting as a pedes-
trian, then as a cyclist, then back to acting as a pedestrian (Todd,
Krauss, Zimmermann, & Dunning, 2019). In addition, the shared
aspect of the e-scooter allows users to rent the scooter for a short
time, typically under 30 minutes (NACTO, 2019), and then leave
the e-scooter at their destination for another user to pick up. This
distributed model theoretically allows for high vehicle utilization
(Tilleman & Feasley, 2018), but it has raised concerns over whether
users can be responsible for handling the devices safely, bringing
their own safety equipment (Penney and Associates, 2021), and
whether they have the proper training to do so (Fielding, 2019).
Early studies have suggested that e-scooter riders often have poor
awareness of the e-scooter laws in the city, for example, whether
or not riding on sidewalks is legal (James et al., 2019).

Previous literature suggests that e-scooter use, like bikeshare
and privately owned bicycle ridership, tends to lean male. Natural-
istic observations of e-scooter riders in Brisbane reported that 76%
were “apparently” male, which was less than the sex-ratio they
observed for private bicyclists (84%) but more than for shared bikes
(72%) (Haworth, Schramm, & Twisk, 2021). Similarly, a survey of
shared e-scooter riders in Vienna found that 74% identified as male
(Laa & Leth, 2020), while 62% of users in a survey of 75,000 in Port-
land, Oregon self-identified as male (Portland Bureau of
Transportation, 2018).

Males have made up a more slender majority in some of the
studies conducted on e-scooter injuries. An early study by Austin
Public Health (2019) found that injured e-scooter riders were
55% male, based on emergency room and medical services data.
A similar rate (52%) was found in a Washington, D.C. study
(Cicchino, Kulie, & McCarthy, 2021) that also looked at emergency
department presentations; they also found a higher ratio of males
in riders injured on the road (88%), but found that gender did not
play a significant role in injury severity, as tested through ratings
on the Abbreviated Injury Scale. A Singapore review of emergency
department records using 2015-2016 data found that 66% of
injured riders were male (Liew, Wee, & Pek, 2020).
Nellamattathil and Amber (2020) used radiology data to study e-
scooter injuries from a sample that was 76% male. Similarly, an
analysis of media-reported crashes in the United States by Yang
et al. (2020) found that 72% of the e-scooter riders involved were
male.

Research has also suggested gendered differences in e-scooter
perception and use. A survey of university staff in Arizona found
that males were significantly more likely than females to perceive
e-scooters as “very safe” (Sanders et al., 2020) and Dill (2019) indi-
cated that males are more likely than females to use e-scooters for
commuting and to say that their preference for e-scooters is due to
speed, which may be related to their increased risk. In addition,
previous research has suggested that e-scooter riders tend to go
faster when commuting than when riding recreationally
(Almannaa et al., 2021). Injury studies similarly suggest that com-
muters are more likely to be involved in on-road crashes, sustain-
ing more severe injuries (Cicchino, Kulie, & McCarthy, 2021).

Although studies have found people of all ages injured in e-
scooter crashes, measures of centrality have consistently suggested
that the typical e-scooter rider is in their 20 s or 30 s. Cicchino et al.
(2021) found that the mean age of the injured rider was 39.5 (SD:
15.2). Their results suggested that younger riders were signifi-
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cantly more likely to be involved in motor-vehicle crashes, and that
their crashes were more likely to have happened at intersections.
Badeau et al. (2019) found the average age of 34 years for an
injured e-scooter rider who presented to an emergency depart-
ment in Salt Lake City, Utah. Laa and Leth (2020) describe the e-
scooter users in Vienna, Austria identified by their surveys and
field observations as generally young or middle aged, with 24% of
their sample under the age of 25, and 46% between the ages of
25 and 34.

2.3. Transportation safety

Our analysis also focused on some of the major aspects of trans-
portation safety that have been studied with regards to motor
vehicles, in order to study whether these factors may play a similar
role in e-scooter fatalities.

2.4. Demographics

The role of age has long been researched as an important mod-
erating factor in transportation fatalities. NHTSA’s 1993 Report to
Congress on safety issues related to younger and older drivers
noted that crash involvement rates by age are highest for drivers
aged 15-19 (at over 150 crashes per 1,000 licensed drivers, accord-
ing to NHTSA data), and that this rate decreases substantially as
drivers age (to roughly 50 crashes per 1,000 licensed drivers for
the 40-44 age group) without rising again. However, in fatal
crashes, the age of at-fault drivers follows a “U” shaped-
distribution: high for younger and older drivers, and low for the
ages in between (Eustace & Wei, 2010). The influence of age is
marked in several ways: effect on behavior (i.e., risk-taking in
younger populations; NHTSA, 1993); effect on susceptibility (e.g.,
the physical fragility in older populations; as in Kim et al., 2008);
and the underlying distribution of usage rates, which also vary
by mode of transportation with age. The final count of fatalities
is a product of both the risk and the usage rates for each age
bracket.

2.5. Hit-and-Runs

Hit-and-run refers to crashes where the driver illegally leaves
the scene without stopping: hit-and-run crashes are considered a
criminal offense, and they can increase crash severity by causing
a delay in medical attention for the victims. In recent years, both
the prevalence and proportion of fatal hit-and-run crashes have
been increasing (Benson, Arnold, Tefft, & Horrey, 2018). This makes
hit-and-run crash risk a question of increasing relevance and
importance in traffic safety.

2.6. Involvement of alcohol

Although all 50 states and the District of Columbia have passed
legislation against operating a motor vehicle with a blood alcohol
concentration (BAC) of 0.08 or above, alcohol impairment remains
a pressing traffic safety concern (NHTSA, 2021b). Overall, 28% of
traffic fatalities occur in alcohol-impaired driving crashes
(NHTSA, 2021b). The rate of alcohol impairment is also known to
vary by state. In some states, like Rhode Island, over one-third of
drivers involved in fatal crashes are impaired, while in Utah the
rate is 11% (NHTSA, 2021b). However, it can be difficult to get reli-
able statistics on the rate of alcohol impairment in crashes because
of the incentive for drivers to flee the scene and differing standards
for testing between medical establishments and jurisdictions
(NHTSA, 2021b).

A lesser-publicized traffic safety issue is the high rate of alcohol
involvement in non-motorist fatalities. Many of the same risks pre-
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sent for drivers, including impaired psychomotor skills, visual-
perceptual difficulties, and slowed information processing
(Moskowitz & Burns, 1990) also endanger pedestrians, pedalcy-
clists, and other VRUs when they are impaired. For example,
Oxley et al. (2006) suggest that road crossing behavior may be less
safe in pedestrians with higher BAC levels. They attribute this to
impaired judgment in gauging risk based on the speed and dis-
tance of the approaching vehicle. Research has also shown higher
BACs to be associated with delayed response times and worse per-
formance for motorcyclists (Creaser, Ward, et al., 2009).

Previous studies on e-scooter injuries have drawn attention to
the rate of alcohol involvement among injured riders. Estimates
have ranged widely. Studies have reported 16% (patient-
reported) in a Salt Lake City, Utah emergency room (Badeau
et al.,, 2019); 13% in Dunedin, New Zealand based on routine alco-
hol screening in emergency room presentations (Beck, Barker,
et al., 2020); 38% tested above the legal limit at admission in three
Level 1 trauma centers (Kobayashi et al., 2019): 5% at emergency
departments in Southern California (Trivedi et al., 2019), 12% in
Washington D.C. (Cicchino et al., 2021), and 29% self-reported as
drinking alcohol in the 12 hours preceding their injury in Austin,
TX (Austin Public Health, 2019). An earlier comparison of e-
scooter and cyclist injuries in Hamburg, Germany by Kleinertz
et al. (2021) suggested that alcohol played a greater role in e-
scooter injuries (28%) than cycling injuries (6%); however, another
Canadian study found that alcohol involvement in nonfatal crashes
by bicyclists was as high as 14.5% (Asbridge et al., 2014).

3. Materials

Without a national system to record and track e-scooter deaths,
it is difficult to collect data on shared e-scooter fatalities. NHTSA’s
Fatality Analysis Reporting System (FARS) collects data on motor-
vehicle traffic fatalities, but all these fatalities must include a
motor vehicle, which not all e-scooter fatalities do. In addition,
NHTSA’s FARS criteria limit its police-reported fatality data to
deaths occurring on public highways (i.e., on a publicly owned
road, which excludes driveways or private parking lots) and deaths
occurring within 30 days of the initial crash (NHTSA, 2021a). E-
scooter users are accounted for under the FARS schema as “users
of personal conveyance,” which also includes any non-motorized,
non-pedaling modes like skateboards and roller blades (NHTSA,
2020a). However, e-scooters are not identified any more specifi-
cally in the raw data available.

In order to create an e-scooter fatality data set, we started with
the lists of e-scooter fatalities compiled by other researchers, such
as the Collaborative Sciences Center for Road Safety at the
University of North Carolina Chapel Hill (2021), a National Broad-
casting Company (NBC) list of fatal micromobility crashes
(Fleischer, Yarborough & Jones, 2019), and a list of international
e-scooter incidents by Quartz (Griswold, 2020). We limited our
analysis specifically to fatalities involving a shared, standing e-
scooter in 2018 and 2019. Many incidents listed by other sources
included privately owned or seated devices, which we removed
from our dataset.

We used the identifying information of location, time, and vic-
tim age/gender to match each e-scooter fatality to its correspond-
ing record in FARS. We flagged these records as e-scooter fatalities
in our dataset. This allowed us to compare e-scooter fatalities
alongside the other vehicle modes in FARS. All but three of 20 fatal-
ities meeting our criteria had a corresponding record in FARS.
Those three fatalities were not recorded in FARS because no motor
vehicle was deemed to be involved. This final list of fatalities and
the news source identifying them as e-scooter related, are listed
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Table 1
E-Scooter fatalities involving motor vehicles in 2018-2019.

Victim Age (Sex) Date of Crash Source

20 (M) 09/21/18 Cho, DiMargo, and Swalec, 2018
26 (M) 12/22/18 Cervantes and Stickney, 2018
21 (M) 02/01/19 CBS Austin, 2019

27 (M) 04/11/19 Lohrmann, 2019

31 (M) 04/13/19 Cosgrove, 2019

5 (M) 04/23/19 Griggs & Lou, 2019

20 (M) 04/23/19 Prince, 2019a

26 (M) 05/16/19 Alund, 2019

33 (M) 06/20/19 Marrero, 2019

34 (F) 07/27/19 Pozen, 2019

37 (M) 07/17/19 Prince, 2019b

45 (M) 08/06/19 Jones, 2019

26 (M) 08/04/19 Sukut, 2019

28 (M) 10/09/19 KHQ Q6, 2019

16 (M) 10/27/19 Carmel, 2019

16 (M) 11/20/19 News 12, 2019

35 (M) 11/04/19 Stunson, 2019

Note: In this table, male is signified by (M) and female is signified by (F).

in Table 1 E-Scooter Fatalities Involving Motor Vehicles in 2018-
2019.

In our analysis, we considered fatalities associated with each
mode to be fatalities in which a person using that mode was a
fatality: when a crash appears in the “Passenger Car” row, the crash
involved a “Passenger Car” occupant (driver or passenger) who
died as a result of the crash. If the Passenger Car instead hit and
killed a pedalcyclist (a cycle powered by pedaling), the fatality
would be in the Pedalcyclist row. If a Passenger Car hit a cyclist
and both the cyclist and an occupant of the car died, it counted
as a fatality for both modes.

As points of comparison, in addition to conventional motor
vehicles like passenger cars and motorcycles, and conventional
VRUs like pedestrians and pedalcyclists, this analysis includes
modes of motorist and non-motorist transport that may share sim-
ilarities with e-scooters: “moped/motorized bicycles” is a vehicle
code that includes e-bikes and mopeds; “motor scooter” refers to
Vespa-style seated scooters; and, as previously mentioned, “per-
sonal conveyance” is a catch-all for any wheeled non-pedaling
transportation, such as skateboards, roller blades, and wheelchairs
(NHTSA, 2020a). The category for Passenger Cars includes conven-
tional motor vehicles, but not pickup trucks, vans, or anything big-
ger (NHTSA, 2020a). We used these categories to further group
vehicles in a variety of ways. The National Safety Council (2018)
defines vulnerable road users (VRUs) as anybody in or near a traf-
ficway who is not inside an enclosed vehicle. In our analysis, this
includes pedestrians, pedalcyclists, and users of e-scooters, per-
sonal conveyances, motor scooters, mopeds, and motorcycles
(i.e., every category except for passenger cars). Another category
is vehicles that NHTSA defines as “Motor Vehicles,” which includes
passenger cars, motor scooters, mopeds, and motorcycles. NHTSA
does not consider e-scooters or personal conveyances to be motor
vehicles, even though they often have motors, so in this analysis,
“unmotorized vehicles” refers to pedestrians, pedalcyclists, e-
scooter users, and people on personal conveyances, even though
the latter category may have motors.

4. Methodology

Pearson’s Chi-Squared Test of Independence was the primary
statistical test used in this analysis. However, the accuracy of the
chi-squared test relies on the expectation of at least five data
points per category, a criterion that was not always met due to
the low number of data points for e-scooters. In these situations,
Fisher’'s Exact Test of Independence was used in place of chi-
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square for its ability to handle small sample sizes, similar to
Shah, Aryal, Wen, and Cherry (2021). These tests were conducted
using chisq.test() and fisher.test() from the R ‘stats’ library (R
Core Team, 2013). The smallest p-value that can be calculated
using these functions is p < 2.2 x 10~ '5. Additionally, because this
analysis involved performing many different statistical tests on the
same dataset, Bonferroni’s Correction was applied to the signifi-
cance level to reduce the likelihood of producing an erroneously
significant result through random chance (Weisstein, n.d.). Since
15 statistical tests were performed in this analysis, a significance
level of 0.05/15, or 0.0033, was used for all tests.

5. Results
5.1. Victim demographics

5.1.1. Gender

In the NHTSA 2018-2019 data, the lowest proportion of male
fatalities was in passenger cars (61% male), followed by pedestri-
ans (70% male). In contrast, all but one e-scooter fatalities in the
data were male (94%, see Table 2). This same gender ratio is only
approached among motorcyclist fatalities (91% male) and pedalcy-
clists (86%), as illustrated in Fig. 1 Gender of Victim by Mode of
Transportation (see Table 3).

A Pearson’s Chi-Squared Test of Independence was conducted
comparing e-scooters to other VRUs (all categories except Passen-
ger Cars), which yielded a p = 0.24, suggesting that the percentage
of male victims using e-scooters is not significantly different from
other VRUs. However, pedestrian victims are significantly less
likely to be male (Chi-Squared Test p < 2.2 x 10~'®) compared to
other VRUs.

5.1.2. Age

The age distribution of e-scooter fatalities is particularly nota-
ble for the young age of the victims: all but one e-scooter fatality
in the 2018-2019 data was under the age of 40. The cumulative
distribution is strikingly convex compared to the distribution of
other modes (Fig. 2 Cumulative Distribution of Traffic Fatalities
by Age). While motorcycle deaths are sometimes associated with
young men, only 46% of motorcyclist fatalities are between the
ages of 20-40. E-scooter victims are significantly more likely (Fish-
er's Exact Test p =0.0006) to be between those ages even when
compared to motorcyclists, who have the next greatest share of
fatalities aged 20-40.

The young slant in casualties is illustrated as a cumulative dis-
tribution in Fig. 2 Cumulative Distribution of Traffic Fatalities by
Age. Passenger car and pedestrian deaths are spread uniformly

Table 2
Traffic fatalities by gender.
Victim’s Mode Female Male
E-scooter 5.9% 94%
(n=1) (n=16)
Moped/Motorized Bicycle 11% 89%
(n=16) (n=128)
Motor Scooter 11% 89%
(n=42) (n=339)
Passenger Car 39% 61%
(n=10099) (n=15650)
Pedalcyclist 14% 86%
(n=235) (n=1480)
Pedestrian 30% 70%
(n=3818) (n=28809)
Personal Conveyance 20% 80%
(n=65) (n=268)
Regular Motorcycle 8.6% 91%
(n=796) (n=8422)
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Fig. 1. Gender of victim by mode of transportation.
Table 3 across age groups. Other modes, like golf carts and three-wheeled
Traffic fatalities by age group. motorcycles, lean heavily older in comparison, with a minority of

Victim's Mode Age 0-19 Age 20-40 Age 41+ fatalities under the age of 40.
E-scooter 18% 76% 5.9% .

(n=3) (n=13) (n=1) 5.2. Crash circumstances
Moped/Motorized Bicycle 5.6% 33% 62%

(n=8) (n=47) (n=89) 5.2.1. Alcohol involvement
Motor Scooter 4.2% 29% 66% . ..

(n=16) (n=-112) (n=253) Rates of alcohol involvement among fatally injured e-scooters
Passenger Car 12% 42% 46% users was high (41%) even compared to the next highest, pedestri-

(n=3186) (n=10752) (n=11811) ans (30%) and motorcyclists (29%). These rates are illustrated in
Pedalcyclist 10% 26% 64% Fig. 3 Alcohol Involvement by Mode and Role in Fatal Crash. How-
Pedestrian ESHZ_%”]) (3‘;9; 442) 55“2;6 1092) ever, Fisher's Exact Test of Independence comparing the rate of

(n=783) (n = 4036) (n=7753) impa}irment in e-scooter users to othgr VRUs y.ielc.ls p=0.818, sug-
Personal Conveyance 16% 14% 70% gesting that the difference is not statistically significant. However,

(n=53) (n=48) (n=231) this may be attributable to the small sample size. The involvement
Regular Motorcycle 2.8% 46% 51% of another party (a non-fatality driving a motor vehicle) under the

(n=262) (n=4214) (n=4742)

100%

75%

50%

Percent of Victims

25%

influence was low in comparison to the rate of alcohol involvement
among victims (see Table 4 and Table 5).

Cumulative Distribution of Ages

E-scooter
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Fig. 2. Cumulative distribution of traffic fatalities by age.
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Fig. 3. Alcohol involvement by mode and role in fatal crash.

Table 4
Fatalities where another party, other than the victim/victim'’s driver, had been drinking.
Victim’s Mode Alcohol Involvement in Other Party No Alcohol Involvement Unknown
E-scooter 59%(n=1) 29% (n=5) 65% (n=11)
Moped/Motorized Bicycle 10% (n=11) 14% (n=15) 76% (n=81)
Motor Scooter 6.9% (n=19) 16% (n=45) 77% (n=213)
Passenger Car 9.4% (n=1221) 18% (n=2315) 73% (n=9445)
Pedalcyclist 8.5% (n=145) 19% (n=328) 72% (n=1237)
Pedestrian 7% (n =863) 18% (n =2260) 75% (n=9206)
Personal Conveyance 5.5% (n=18) 18% (n=61) 76% (n=251)
Regular Motorcycle 7.3% (n=387) 20% (n=1035) 73% (n=3878)
Table 5
Fatalities where victim (or victim’s driver) had been drinking.
522 D aylight conditions Victim’s Mode .i\lcoho.l Involvement No Alcohol Unknown
. . . in Victim Involvement
E-scooter fatalities occur at night in the dark more than any
other mode of transportation (see Table 6 and Fig. 4 Percent of E-scooter 41% 29% 29%

! h . ioht b d h (n=7) (n=5) (n=5)
Fatal Crashes Occurring ‘at ng t by Mode). However, when com- Moped/Motorized ~ 20% 34% 45%
pared to each other using Fisher’s Exact Test of Independence, Bicycle (n=29) (n=49) (n=65)
the rate of nighttime fatalities between pedestrians and e-scooter Motor Scooter 20% 34% 46%
riders are not significantly different (p=0.78). Pearson’s Chi- (n=75) (n=127) (n=171)

. Passenger Car 27% 37% 36%
Squared Test of Independence was conducted, comparing e- (n - 6085) (n - 8294) (n - 8097)
scooters and pedestrians combined to all other VRUs (mopeds, Pedalcyclist 18% 42% 40%
motor scooters, pedalcyclists, and motorcycles), which yielded (n=306) (n=722) (n=683)
p<22 x 107'S, suggesting that pedestrians and people on e- Pedestrian 30% 34% 36%
scooters are both more likely to be killed at night compared to (n=3674) (n =4256) (n = 4482)
her VR Personal 19% 38% 43%
other Us. Conveyance (n=64) (n=125) (n=141)
Regular 29% 39% 32%
Motorcycle (n=2602) (n=3460) (n=2818)

5.2.3. Hit-and-run crashes

Although the e-scooter fatalities in the sample had a higher
absolute percentage of hit-and-runs (24%) than any other mode
(Table 7), they were not significantly different from the hit-and-
run rates for pedalcyclists (18%) and pedestrians (20%) (Fisher’s
Exact Test p=0.031) at the significance level of 0.0033 required
by Bonferroni’s Correction. However, the rates of hit-and-runs are
significantly higher for unmotorized VRUs (pedestrians, bicycles,
e-scooters, and personal conveyance) than for motorized VRUs
(mopeds, motor scooters, and motorcycles) (Fisher's Exact Test
p<2.2 x 1071%) (see Fig. 5).
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5.3. Crash location

5.3.1. Intersections. Half of the fatal e-scooter crashes identified in
FARS were either at an intersection or intersection-related (see
Table 8 Junction and intersection-related crashes). Rates of e-
scooter (47%) and pedalcycle (38%) crashes are not significantly
different (Fisher’s Exact Test p=0.31) from each other. However,
the combined rate of fatal pedalcycle and e-scooter intersection-
related crashes is significantly higher (Chi-Squared Test p < 2.2 x
107'%) than that for pedestrians (26%). This distinction makes



E. Karpinski, E. Bayles, L. Daigle et al.

Journal of Safety Research 84 (2023) 61-73

Table 6
Traffic fatalities by daylight conditions.
Victim’s Mode At Dusk In Daylight In the Dark At Dawn Unknown
E-scooter 5.9% 12% 82% 0% 0%
(n=1) (n=2) (n=14) (n=0) (n=0)
Moped/Motorized Bicycle 0.7% 40% 57% 2.1% 0%
(n=1) (n=57) (n=82) (n=3) (n=0)
Motor Scooter 2.4% 51% 45% 1.6% 0%
(n=9) (n=192) (n=166) (n=6) (n=0)
Passenger Car 2% 51% 45% 2.1% 0.48%
(n=453) (n=11446) (n=10081) (n=484) (n=109)
Pedalcyclist 1.8% 47% 48% 2.1% 0.41%
(n=31) (n=810) (n=827) (n=36) (n=7)
Pedestrian 1.9% 20% 75% 1.8% 0.57%
(n=236) (n=2516) (n=9367) (n=222) (n=71)
Personal Conveyance 3.9% 37% 58% 0.91% 0.61%
(n=13) (n=121) (n=191) (n=3) (n=2)
Regular Motorcycle 3.8% 58% 37% 1.2% 0.53%
(n=342) (n=5140) (n=3252) (n=104) (n=47)

100%
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50%

25%

Percent of Fatal Crashes

1%

30%

20%

10%

Percent of Fatal Crashes

0%

Fatal Crashes Occurring at Night

E-scooter Moped/ Motor Passenger Pedalcyclist Pedestrian Personal Regular
Motorized Scooler Car Conveyance  Motorcycle
Bicycle

Victim's Mode of Transportation

Fig. 4. Percent of fatal crashes occurring at night by mode.

Hit-and-Runs in Fatal Crashes

E-scooter Moped/ Motor Passenger  Pedalcyclist  Pedestrian Personal Regular
Motorized Scooter Car Conveyance  Motorcycle
Bicycle

Victim's Mode of Transportation

Fig. 5. Rate of hit-and-runs in fatal crashes.
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Table 7
Rate of hit-and-runs in fatal crashes.
Victim’s Mode Not Hit-and-Run Hit-and-Run
E-scooter 76% 24%
(n=13) (n=4)
Moped/Motorized Bicycle 82% 18%
(n=87) (n=19)
Motor Scooter 88% 12%
(n=245) (n=32)
Passenger Car 97% 2.5%
(n=12666) (n=326)
Pedalcyclist 82% 18%
(n=1405) (n=306)
Pedestrian 80% 20%
(n=9868) (n=2544)
Personal Conveyance 83% 17%
(n=274) (n=56)
Regular Motorcycle 95% 4.8%
(n=5046) (n=254)

sense: unlike pedestrians, e-scooter riders and pedalcyclists often
navigate intersections with the flow of traffic, so the traffic risks
they experience would be similar.

Related to the high rate of intersection-related crashes, many of
the e-scooter crashes analyzed involved traffic control. While none
of them involved a stop sign, they did involve traffic signals at
almost triple the rate for pedestrians and pedalcyclists (as shown
in Table 9). Fisher's Exact Test yields p = 0.005 when comparing
the rate of e-scooter fatalities at traffic signals to that for pedestri-
ans and pedalcyclists, which is not statistically significant at the
more conservative alpha-level of 0.0033 as required by Bonfer-
roni’s multiple testing correction. Further data and analysis may
be able to more definitively confirm or deny this connection.

5.3.2. Crosswalks. E-scooter and personal conveyance user fatalities
were roughly twice as likely to have been killed at a crosswalk than
a pedestrian (Chi-Squared Test p =3.39 x 10%), and nearly-three
to four times more likely to have been killed in a crosswalk than
a pedalcyclist (Chi-Squared Test p=1.95 x 1071°) (see Table 10).
As an additional measure to control for differences in crosswalk
use between urban and rural areas, this comparison was made only
in crashes that NHTSA classified as in urban areas. They define this
as census areas of 50,000 or more people.

5.3.3. Point of impact. The most likely point of impact for a fatal
crash, across all modes, is the front of the other motor vehicle. This
is followed by an impact to the right side for fast moving VRUs.
More powerful, motorized VRUs have elevated rates of rear and left
side impacts, such as motorcycles (20% and 16%, respectively) and
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motor scooters (10% and 9%). By combining motorcycles and motor
scooters into a single group and performing a Chi-Squared Test, we
see that this high rate of right-side impacts is significantly high
compared to other VRUs (p < 2.2 x 10716, Table 11 lists the point
of impact to the other vehicle in crashes that involved at least one
other motor vehicle (e.g., single-vehicle motorcycle accidents are
not represented in the table).

VRUs experience right-side impact crashes at different rates. E-
scooters and mopeds combined appear to have a higher rate of
right-side impacts than other small micromobility (pedestrians,
pedalcyclists, and personal conveyance), but the difference (Chi-
Squared Test p=0.018) is not statistically significant with
o = 0.0033. We also note that the VRUs in this data appear vulner-
able to right-side-impact (sometimes referred to as “right hook”)
crashes in the same approximate order of speed: motorcycles, then
motor scooters, then e-scooters, then mopeds/motorized bicycles,
then pedalcycles, then personal conveyance, and then pedestrians.

5.4. Characterization of factors. The characteristics of e-scooter
fatalities are not a clear or precise match to the characteristics of
pedestrians, pedalcyclists, or motorcyclists (see Table 12). E-
scooters share some characteristics, but not all, with each mode.
E-scooters share crash circumstances (likelihood to be struck in
dark conditions, hit-and-runs, and for the victim to be intoxicated
with alcohol) most closely with pedestrians, but demographically,
e-scooter victims stand alone. The closest demographically similar
mode is motorcyclists (young and predominantly male) but e-
scooters are significantly more likely to be under 40 years of age.
Motorcyclists also share with e-scooters and pedestrians a high
rate of alcohol involvement among their fatalities. The relationship
between e-scooter and pedalcyclist fatalities is also unique. E-
scooter and cyclist fatalities are similarly likely to be male, hit-
and-run, and at an intersection, but pedalcyclist fatalities are much
less likely to be under 40, intoxicated by alcohol, killed at night, or
struck in a crosswalk.

6. Discussion
6.1. Crash demographics

As discussed, males typically have historically made up the
majority of traffic fatalities (Chang, 2008). Certain modes, like
motorcycles and pedalcycles, have historically seen males compose
80-90% or more of their fatalities. This strong majority is in line
with the results we have found for e-scooters, of 94% male. While
this is more imbalanced than either e-scooter injury studies or e-
scooter user surveys have found, this is not necessarily a contradic-

Table 8
Junction and intersection-related crashes.
Victim’s Mode Driveway Related Entrance/Exit Ramp Intersection Related No Junction
E-scooter 5.9% 5.9% 47% 41%
(n=1) (n=1) (n=8) (n=7)
Moped/Motorized Bicycle 7.7% 0% 36% 57%
(n=11) (n=0) (n=51) (n=281)
Motor Scooter 6.2% 0.8% 44% 48%
(n=23) (n=3) (n=165) (n=179)
Passenger Car 2.9% 1.9% 26% 67%
(n=651) (n=427) (n=5777) (n=15118)
Pedalcyclist 3.7% 0.41% 38% 56%
(n=64) (n=7) (n=654) (n=961)
Pedestrian 2.1% 1.4% 26% 68%
(n=261) (n=171) (n=3236) (n=28409)
Personal Conveyance 6.4% 0% 45% 48%
(n=21) (n=0) (n=148) (n=159)
Regular Motorcycle 8.2% 3.2% 34% 52%
(n=727) (n=285) (n=3027) (n=4661)
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Table 9
Traffic controls present at fatal crashes.
Victim’s Mode No Control Other/Unknown Control Traffic Signal Stop Sign
E-scooter 53% 5.9% 41% 0%
(n=9) (n=1) (n=7) (n=0)
Moped/Motorized Bicycle 73% 4.5% 15% 7.6%
(n=115) (n=7) (n=23) (n=12)
Motor Scooter 69% 4.8% 16% 10%
(n=288) (n=20) (n=67) (n=43)
Passenger Car 76% 6% 9.3% 9%
(n=18747) (n=1495) (n=2315) (n=2218)
Pedalcyclist 74% 3.3% 17% 5.2%
(n=1270) (n="56) (n=299) (n=89)
Pedestrian 81% 4.6% 13% 1.6%
(n = 10046) (n=571) (n=1632) (n=204)
Personal Conveyance 73% 2.7% 19% 5.2%
(n=240) (n=9) (n=64) (n=17)
Regular Motorcycle 74% 6.2% 10% 9.4%
(n=7222) (n=611) (n=1023) (n=923)
Table 10 tion with the literature. Previous research on sex ratio of injuries
Locations of non-motorists in fatal crashes. and fatalities in transportation has established that transportation
Victim’s Mode Crosswalk Intersection Travel Lane injuries often have a more balanced sex ratio than transportation
E-scooter 245 18% 59% fatalities (Sa.ntamarlna—Rublo et al., 2014). _
(n=4) (n=3) (n=10) One possible reason for young men to be overrepresented in e-
Pedalcyclist 9.7% 22% 63% scooter fatalities is that e-scooter users are generally young, typi-
(n=130) (n=292) (n=841) cally between the ages of 16 to 35 (Laa & Leth, 2020) and traffic
Pedestrian 15% 4.4% 73% s . . .
(= 1564) (1= 450) (n=7453) fatalities in this age group are overwhelmingly male (Chang,
Personal Conveyance 22% 13% 62% 2008). Traffic fatalities under the age of 16 or over the age of 40
(n=67) (n=38) (n=173) exhibit less of a gender disparity (Chang, 2008). One underlying
explanation for this is that both age and gender have a substantial
Table 11
Point of impact to other party’s vehicle.
Victim’s Mode Front Rear Right Side Left Side Other/Unknown
E-scooter 78% 5.6% 11% 0% 5.6%
(n=14) (n=1) (n=2) (n=0) (n=1)
Moped/Motorized Bicycle 78% 3.6% 8.2% 4.5% 5.5%
(n=286) (n=4) (n=9) (n=5) (n=6)
Motor Scooter 64% 9.9% 14% 9.2% 2.5%
(n=181) (n=28) (n=40) (n=26) (n=7)
Passenger Car 75% 12% 4.1% 6.9% 2.1%
(n =10849) (n=1752) (n=601) (n=1001) (n=299)
Pedalcyclist 80% 2.4% 6.4% 3.8% 7.1%
(n=1410) (n=42) (n=113) (n=67) (n=125)
Pedestrian 80% 3.4% 3.5% 2.7% 11%
(n=10576) (n=454) (n = 469) (n=355) (n=1421)
Personal Conveyance 85% 1.5% 3.6% 2.7% 7.2%
(n=285) (n=5) (n=12) (n=9) (n=24)
Regular Motorcycle 40% 20% 19% 16% 5.1%
(n=2301) (n=1167) (n=1129) (n=930) (n=296)
Table 12
Summary of E-scooter variables.
Category Factor E-Scooter Rate Similar to Higher than the rates for
Demographics % Male 94%" Pedalcyclists, Motorcyclists Pedestrians,
Passenger Cars
% Between ages of 20-40 76% None Personal Conveyance, Pedestrians
Circumstances % Alcohol involvement among fatalities  41% Pedestrians, Pedalcyclists
Motorcyclists
% In dark conditions 82% Pedestrians Motorcyclists, Pedalcyclists
% Hit-and-run 24%" Pedestrians, Pedalcyclists, Personal Conveyance Passenger Cars, Motorcycles
Location % At intersection 47%" Pedalcyclist, Personal Conveyance Pedestrian
% At traffic signal 41%* None Passenger Cars
% Fatality in crosswalk 24%" Personal conveyance Pedestrians, Pedalcyclists
Impact % Struck by front of car 78% All VRUs Motorcycles
% Struck by right side of car 11%* Mopeds Pedestrians, Pedalcyclists

" Statistically Significant at o = 0.05.
" Statistically Significant at o = 0.0033.
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impact on risk-taking behavior, with men and younger drivers
associated with higher risk (Turner & McClure, 2003).

6.2. Crash circumstances

Dark conditions may have a confounding effect with alcohol
involvement and with the likelihood of hit and run crashes. Previ-
ous research has found that most hit and runs (78%) occur at night
(Benson et al., 2021) which is also when drivers are most likely to
leave the scene of a crash (Solnick & Hemenway, 1995). Research
has also suggested drivers are more likely to leave the scene if they
are impaired, which may play a role in the elevated rate of hit-and-
runs at night and on weekends, and among drivers with previous
arrests for driving while intoxicated (Solnick & Hemenway,
1994). A 2008 study by Tay et al. (2009) found that drivers are
much more likely to leave the scene of a fatal crash if the victim
is a pedestrian; the researchers suggested that drivers may be
motivated by a belief they will not be apprehended because pedes-
trian collisions are less noticeable than two-car collisions. The sim-
ilar rate of hit-and-runs between pedestrians, personal
conveyance, and e-scooter users, suggests that this effect might
extend to the latter groups. Because the likelihoods of all three
variables are not independent from each other, this effect is only
speculative. However, these preliminary results still suggest some
points of interest.

Pedestrian and e-scooter fatalities alone had a supermajority
occur in dark conditions. Nighttime visibility may be especially
important to them because they may lack a sufficiently powerful
light source to see or be seen easily in the dark. In contrast, larger
VRUs such as motorcycles (37%) or motor scooters (45%) may be
easier to see at night because of their size or because of an
increased amount of lighting present on the vehicle. However,
these may also be confounded by the underlying rates of exposure,
which could be very different by mode.

6.3. Crash locations and configurations

E-scooter riders are notable for their hybridization (i.e., their
ability to switch between pedestrian and cyclist behavior) and
their fatalities so far reflect this pattern. Both fatalities where the
e-scooter rider was acting like a pedestrian (e.g., killed in cross-
walk), and fatalities where the e-scooter rider was acting like a
cyclist (e.g., killed by a right-hook) have occurred in the data. In
this way, e-scooter riders unite some of the most dangerous char-
acteristics of both pedestrian and cyclist modes of transportation.
Like pedestrians, e-scooter riders have a small visual profile and
may be particularly difficult to see at night.

Like cyclists, e-scooter riders are expected to travel on the shoul-
der of the road in most U.S. states (Unagi, 2021) and maneuver with
traffic. If an e-scooter rider is not spotted by a motor vehicle (and
they may be traveling in the motor vehicle’s blind spot or be other-
wise difficult to detect), they are in danger of being hit from behind
(if the two trajectories overlap) or experiencing a right-impact
crash if the motor vehicle traveling alongside them makes a right-
turn into the e-scooter rider’s path. The rate of right-side-impact
(“right hook”) crashes was also elevated, albeit non-significantly
in the e-scooter available. Both traffic signals and “right hook” crash
risk may be important areas for future research.

Half of the fatal e-scooter crashes identified in FARS were either
at an intersection or intersection-related. Since all these cases
involved a motor-vehicle collision, this is consistent with the find-
ings of Cicchino, Kulie, and McCarthy (2021) that most motor-
vehicle and e-scooter collisions occurred at intersections. Shah
et al. (2021) also found that most of their sample of e-scooter
crashes that involved a motor vehicle occurred at intersections,
and that this rate was similar for their bicycle crashes. Our findings
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for fatal crashes were similar, although the overall proportion of
intersection-related crashes was lower.

One possible complication to the interaction between e-
scooters and motor vehicles at an intersection is their unusually
large difference in travel speed, also referred to as “closing” speed.
A high closing speed means the motor vehicle overtakes the second
party more quickly. This provides a smaller window of opportunity
for the first driver to recognize and react if their line of travel will
put them in conflict. In these cases, there is less time for the car dri-
ver to recognize and react to their presence, even if they are in the
driver’s path. Low visibility conditions, such as nighttime, could
exacerbate this risk. In contrast, motorcycles often travel at speeds
closer to cars, giving the driver more time to react. These differ-
ences in speed may also make it difficult for drivers to correctly
assess the speed of the other party and respond appropriately. In
addition, the nuances of predictable behavior vary by mode: while
sidewalk and crosswalk use are expected for pedestrians, drivers
may find it unexpected behavior from e-scooters or cyclists
(Sumner, 2016). The elevated rate of e-scooter users and people
on personal conveyance fatally struck at crosswalks may be a com-
plex result of this effect.

9.4. Limitations

This research is limited by the available data in several ways.
First, the sample size of known e-scooter fatalities involving motor
vehicles is small. This means that only the most obvious patterns
can be tested and be expected to show statistical significance. Local
differences or regional subtleties cannot be meaningfully exam-
ined with the limited national data. It also means that, in many
cases, it is more useful to group e-scooters with a similar mode
of transportation to more clearly establish a pattern. This data also
only involves fatalities where a motor vehicle was involved and
that were identified in media sources. Not all e-scooter deaths
involve a motor vehicle or otherwise meet the criteria to be
included in NHTSA’s FARS data. It is also likely that not all e-
scooter fatalities were publicized by the media. In that case, since
we relied on media reports to identify and label e-scooter fatalities,
it is possible that additional e-scooter fatalities were recorded in
the FARS data that we did not identify. These would have been
therefore misclassified as a different type of non-motorist, most
likely as a person on personal conveyance or else as a pedestrian.
Any other limitations or inaccuracies from the NHTSA FARS data
would also have been propagated forward into our data and our
analysis in this paper. The most pertinent risk from this is the pos-
sibility that different modes have different degrees of accuracy or
reporting. For example, e-scooter fatalities may have undergone
more scrutiny and more testing for alcohol involvement than
pedestrian fatalities, leading to a greater rate of discovery in the
e-scooter fatalities. This could cause an apparent difference in
the rate of alcohol involvement as an artifact of the reporting.
However, the current rates of alcohol involvement were not signif-
icantly different between comparable modes.

Additionally, without detailed usage data, it is difficult to spec-
ulate about normalized risk per mile. These comparisons are lim-
ited to looking at the proportion of fatalities sharing similar
characteristics or circumstances, rather than adjusting for expo-
sure. For example, it may be a coincidence that pedestrians and
e-scooters share a similar proportion of fatalities occurring at
night, because it is possible that a confounding factor like usage
is disguising the real effect, for example, pedestrians could have
twice the risk at night per mile, but travel half as many miles as
e-scooters: the effects would cancel out. This limits the strength
of any speculation about the causes of these differences being
inherent to the mode until more precise and larger datasets
become available.
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10. Conclusions

Compared to other modes of transportation, e-scooter rider
fatalities are unusually likely to be young and male. In these demo-
graphics, they are most similar to motorcyclists, but e-scooters are
still significantly more likely to be under the age of 40. The crash
circumstances of e-scooters (such as dark conditions, hit-and-
run, and victim alcohol intoxication) were statistically similar to
pedestrians. However, the locations of e-scooter crashes are less
analogous to existing modes. No other mode has a similarly high
rate of intersection and crosswalk fatalities. E-scooter fatalities also
had an elevated rate of traffic signals present at the crash and
right-side impacts to the motor vehicles, although neither were
significant at the conservative threshold of o = 0.0033.

11. Practical Applications

The shared e-scooter is a unique and evolving mode of trans-
portation. While existing modes of transportation such as motor
vehicles, pedalcyclists, and pedestrians are well-understood and
have a wealth of established safety literature surrounding them,
these lessons do not necessarily transfer to a new mode with dif-
ferent characteristics. E-scooter user fatalities have important
characteristics in common with motorcyclist, pedestrian, and
pedalcyclist fatalities, and the evidence suggests that they may
share important risk factors. By analyzing e-scooter fatalities in
comparison with these more common and well-researched modes,
we gain further insight into the sources of the safety issues and
what best practices or policy interventions borrowed from other
modes may be useful for e-scooters.

It is important to stress to users and policymakers that e-
scooters are a distinct mode of transportation. The circumstances
of fatal e-scooter collisions have much in common with pedestri-
ans and pedalcyclists. Yet, e-scooter fatalities are younger than
either group. E-scooter safety campaigns may wish to focus on
the demographics most at risk for fatalities, particularly young
men. In other areas, such as the rates of crashes in intersections
and crosswalks, e-scooters and personal conveyance users appear
distinct. Evidence-based safety solutions must reconcile these dis-
tinctions and consider the sources of e-scooter fatality risk before
these sources of risk can be mitigated by policy interventions.

It may not be safe to assume that the same policies designed to
protect pedestrians will necessarily reduce e-scooter fatalities as
well: for example, the elevated rate of e-scooter crosswalk fatali-
ties raises questions about the safety of e-scooter crosswalk use.
Other lessons from pedestrian and cycling safety appear better sui-
ted to transfer to this new domain. For example, the importance of
nighttime visibility and sobriety suggest themselves as continuing
themes that apply similarly to both e-scooters and pedestrians.
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ABSTRACT

Introduction: It is often assumed that consumers want partial driving automation in their vehicles, yet
there has been little research on the topic. Also unclear is what the public’s appetite is for hands-free driv-
ing capability, automated (auto)-lane-change functionality, and driver monitoring that helps reinforce
proper use of these features. Method: Through an internet-based survey of a nationally representative
sample of 1,010 U.S. adult drivers, this study explored consumer demand for different aspects of partial
driving automation. Results: Eighty percent of drivers want to use lane centering, but more prefer versions
with a hands-on-wheel requirement (36%) than hands-free (27%). More than half of drivers are comfort-
able with different driver monitoring strategies, but comfort level is related to perceptions of feeling safer
with it given its role in helping drivers use the technology properly. People who prefer hands-free lane
centering are the most accepting of other vehicle technologies, including driver monitoring, but some
also indicate an intent to misuse these features. The public is somewhat more reluctant to accept auto
lane change, with 73% saying they would use it, and more often prefer it to be driver-initiated (45%) than
vehicle-initiated (14%). More than three quarters of drivers want auto lane change to have a hands-on-
wheel requirement. Conclusion: Consumers are interested in partial driving automation, but there is resis-
tance to more sophisticated functionality, especially vehicle-initiated auto lane change, in a vehicle that
cannot technically drive itself. Practical applications: This study confirms the public’s appetite for partial
driving automation and possible intention for misuse. It is imperative that the technology be designed in
ways that deter such misuse. The data suggest that consumer information, including marketing, has a role
to play to communicate the purpose and safety value of driver monitoring and other user-centric design
safeguards to promote their implementation, acceptance, and safe adoption.

© 2022 National Safety Council and Elsevier Ltd. All rights reserved.

1. Introduction

through the combined use of adaptive cruise control and sustained
lane centering.

Many of the vehicles one can buy today come equipped with
driver assistance features. Some driving support is so sophisticated
that it can give consumers the impression that the vehicle can
drive itself. At present, however, there are no driverless or self-
driving vehicles on the consumer market. Partial driving automa-
tion, also known as Level 2 systems (SAE International, 2021), is
currently the most advanced vehicle technology available for pur-
chase in North America. Most of these systems are designed to
operate on highways or limited-access roads, and they provide
continuous speed, headway monitoring, and steering support
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E-mail address: amueller@iihs.org (A.S. Mueller).
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Partial driving automation requires the driver to supervise the
road and the vehicle, and drivers must be able to intervene rapidly
when these systems get into situations they cannot cope with (SAE
International, 2021). On-road testing has shown that these systems
can struggle to provide support under fairly benign conditions
(American Automobile Association, Inc. [AAA], 2020; Insurance
Institute for Highway Safety [IIHS], 2018; Kim, Song, & Doerzaph,
2022); for example, they can have trouble steering the vehicle
within the lane when traveling on hills or in curves or detecting
stopped vehicles. In comparison with crash avoidance features,
such as automatic emergency braking, which has empirical sup-
port for mitigating and preventing crashes (e.g., Cicchino, 2017),
no clear crash-reduction effectiveness has been established for par-
tial driving automation (Goodall, 2021; Highway Loss Data
Institute [HLDI], 2021a, 2021b). Rather, these systems are often
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marketed as driver convenience features, as they are intended to
make driving easier or more comfortable.

Unfortunately, human limitations make the partially automated
nature of the technology an issue when it comes to its safe and
proper use. People have difficulty supervising a task they are not
actively or physically involved in, and this difficulty is exemplified
when the driving task is supported by partial driving automation
(Banks, Eriksson, O’Donoghue, & Stanton, 2018; Biondi, Lohani,
Hopman, Mills, Cooper, & Strayer, 2018; Gaspar & Carney, 2019).
In addition, there is growing evidence that this technology
increases the opportunity for distracted driving (Banks et al.,
2018; Dunn, Dingus, Soccolich, & Horrey, 2021; Kim et al., 2022;
Reagan et al., 2021), and driver distraction increases crash risk
(Dingus et al.,, 2016). Most of these systems monitor the driver
for behavior that indicates they are out of the loop; for example,
steering wheel torque or capacitive touch sensors are typically
used to detect when the driver’s hands are off the wheel and cam-
eras are used to detect when the driver’s eyes or head position are
directed away from the road. There has been a recent push for
automakers to adopt eye-gaze or head-pose monitoring strategies
(AAAInc., 2022; IIHS, 2022; Preston, 2021) because what the driver
is paying attention to tends to be more reliably correlated with
where the driver is looking than what the driver’s hands are doing
(for a review, see El Khatib, Ou, & Karray, 2020), yet driver hand
monitoring remains important for detecting manual distraction
(Halin, Verly, & Van Droogenbroeck, 2021). Although there are
societal, legal, and privacy concerns around driver monitoring
(Ghazizadeh & Lee, 2018; Horrey, Lesch, Dainoff, Robertson, &
Noy, 2012), little is known about the driving public’s attitudes con-
cerning driver monitoring and whether they vary based on the
design of the partial automation itself.

While most commercially available systems require drivers to
keep their hands on the wheel, some allow drivers to take their
hands off the wheel for extended periods. Systems that permit
hands-free driving typically utilize eye-gaze or head-pose tracking
to help ensure drivers fulfill their supervisory roles, but most do
not monitor what the driver’s hands are doing when hands-free
driving is engaged. A concern is that hands-free driving might
increase the likelihood of drivers doing non-driving-related man-
ual activities, such as eating or texting. If the driver’s hands are
otherwise occupied, their reaction time to take the wheel will be
slowed (Wang, Zheng, Kaizuka, & Nakano, 2019), even if they are
attentively supervising and can see that steering intervention is
required. While it remains to be demonstrated what the appeal
of hands-free driving is among the driving public, it is also an open
question whether consumer attitudes and expectations for differ-
ent driver monitoring strategies vary based on the appeal of certain
system functionalities, such as hands-free driving.

The increasing functionality of partial automation may also be
exacerbating consumer misunderstanding about the driver’s
responsibilities and the technology’s limitations (Banks &
Stanton, 2016; Mueller, Reagan, & Cicchino, 2021). Some of these
systems have automated (auto)-lane-changing functionalities,
where the vehicle will make a lane change on its own without
the driver needing to steer. Despite this capability, the driver still
has to make sure the maneuvers are safe to perform and to inter-
vene when necessary to prevent crashes. It is difficult to convey
the limits of partial driving automation to consumers when it
can perform maneuvers that are inherently riskier than just steer-
ing within the lane. Some auto-lane-change-assistance features
require driver input, for example by use of the turn stalk or button
press, as a form of verification that the driver is in the loop before
the system will perform the lane-change maneuver. This is known
as driver-initiated auto lane change. Other versions of this feature,
known as vehicle-initiated auto lane change, do not require any
driver input and the vehicle can make the decisions to change lanes
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on its own. Vehicle-initiated auto lane change makes it difficult for
even attentive drivers to anticipate these actions, let alone be able
to determine whether it is safe for the maneuver to be performed
before it happens. The complexity of the issue is amplified by the
fact that some automakers offer auto-lane-change functionality
as hands-free (e.g., Toyota’s Teammate Advanced drive and Gen-
eral Motors’s Super Cruise; Toyota, n.d.; General Motors, n.d.).

1.1. Study objectives

The marketing of partial driving automation frequently
assumes that features such as hands-free driving and auto lane
change are what consumers want. However, while the appeal of
fully self-driving technology has received much attention, few
studies have explored what the public appetite is for partial driving
automation that exists in production vehicles today (e.g., Daziano,
Sarrias, & Leard, 2017; Lee, Gershon, Reimer, Mehler, & Coughlin,
2021). The goal of this study was to provide clarity on the subject
and to determine whether preferences for hands-free driving sup-
port are ubiquitous or whether there are differences between lane
centering and auto lane change and, if so, why. Another aim of the
investigation was to determine whether consumers accept and see
the value of driver monitoring technologies that are commonly
equipped with partial driving automation to ensure its proper
use. Furthermore, do those attitudes vary between features that
offer hands-free driving capability and those that require drivers
to keep their hands on the wheel? We conducted a nationally rep-
resentative survey of U.S. drivers to answer these questions.

2. Method
2.1. Procedure

The survey was conducted online from September to October in
2021 and was hosted on the Voxco platform. Individuals were
recruited to participate by email invitation from the Lucid Online
Marketplace, which is a community composed of hundreds of sup-
pliers with a diverse set of recruitment and sourcing methodolo-
gies. Respondents were informed that the survey was about
understanding public opinion concerning commercially available
driver assistance technologies and that it would take approxi-
mately 15 min to complete. They provided written informed con-
sent to participate before gaining access to the survey
instrument. Each respondent who qualified and completed the sur-
vey was paid $5 by the marketplace supplier from whom they were
recruited within the Lucid Online Marketplace. The study protocol
was deemed exempt by Advarra, an independent IRB company.

2.2. Sample

Quotas were used to match the sample to the age and gender
distributions of the U.S. population aged 21 and older using 2010
Census data as the target basis because 2020 estimates were not
yet available at the time of the survey; the 2010 age and gender
distributions were similar to the 2020 middle series estimates of
the U.S. resident population (United States Census Bureau, 2020).
As most respondents were expected to be unfamiliar with the
topics discussed in the survey, a pilot testing phase was necessary
to refine survey language; however, the data collected from the
pilot phase (n = 101) were not used for the study analysis. The final
sample consisted of 1,010 U.S. residents aged 21 years and older
who typically drove at least 1 day per week on highways. Six hun-
dred and eighty other individuals agreed to participate but were
determined to be ineligible—nine of whom were younger than
21 years, 294 did not drive at all, 85 drove less than 1 day per
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week, and 292 drove less than 1 day per week on highways. An
additional 34 respondents were removed due to quality control
issues (based on response consistency, response quality, and com-
pletion time criteria) and 775 other individuals started but did not
complete the survey.

2.3. Survey instrument

Definitions about a technology’s purpose, functional capabili-
ties, and limitations were provided to respondents before they
were asked about their opinions and preferences for that given
technology. Lane-centering assistance was also described in the
context of partial driving automation, in that it could be activated
simultaneously with adaptive cruise control. To prevent respon-
dents confusing lane centering with lane departure prevention,
both features were defined independently to distinguish the tem-
porary nature of lane departure prevention from the continuous
steering support of lane centering. Hands-free and hands-on-
wheel driving requirements were defined for lane centering and
auto lane change. Driver-initiated and vehicle-initiated versions
of auto lane change were characterized separately. The survey
included sections on lane centering, driver monitoring, lane-
change assistance, self-driving car appeal, and demographics and
driving habits.

2.3.1. Lane centering

Respondents were asked if they would want to use lane-
centering assistance, and if so, what type they would prefer
(hands-free, hands-on-wheel, no preference). Five-point Likert
scales assessed whether hands-free assistance would make driving
more or less stressful, safe, and boring, and make the driver more
or less comfortable, tired, distracted, and likely to do non-
driving-related activities, compared with hands-on-wheel lane
centering. Participants were additionally asked with 5-point Likert
scales about their likelihood of buying or leasing their next vehicle
with hands-free or hands-on-wheel lane centering, if cost was not
an issue.

2.3.2. Driver monitoring

Using 5-point Likert scales, respondents were asked how com-
fortable they would be with different driver monitoring strategies
for hands-on-wheel and hands-free versions of lane centering, as
well as how safe they would feel knowing that the vehicle would
be monitoring them to help ensure the technology was being used
as designed.

2.3.3. Auto lane change

Respondents were asked about the degree of confidence they
had in their ability to make manual lane changes on the highway
and the degree of stress they tend to experience when making
those maneuvers with 5-point Likert scales. They were then asked
about vehicle technologies that can assist with lane changing. Blind
spot detection alerts the driver if there is another vehicle in their
blind spot when they want to change lanes. Respondents were
asked whether they want to use blind spot detection, driver-
initiated auto lane change, and vehicle-initiated auto lane change.
Every respondent was then asked to specify whether they pre-
ferred to use hands-free or hands-on-wheel versions of driver-
and vehicle-initiated auto lane change and why. Using 5-point Lik-
ert scales, respondents were asked about their willingness to pur-
chase or lease their next vehicle with hands-free and hands-on-
wheel versions of driver-initiated and vehicle-initiated auto lane
change.
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2.3.4. Self-driving technology appeal

Respondents were asked “How appealing would it be for you to
own or regularly use a self-driving vehicle in the future? Self-
driving means that the vehicle itself would control all the safety-
critical functions, even allowing the vehicle to travel without a pas-
senger if required. In other words, the vehicle would be able to
drive itself anytime, anywhere, and under any conditions. You
would be able to get into the vehicle, instruct it where you would
like to travel to, and the vehicle would then carry out your desired
route with no further intervention required from you. There might
not even be a steering wheel or speed controls in the vehicle.”
Degree of appeal was captured through a 5-point Likert scale.

2.4. Data analysis

To simplify interpretation, Likert-scale data were grouped into
broader categories. Differences in survey responses by preference
for lane centering (referred to as lane-centering preference group),
preference for auto lane change (auto-lane-change preference
group), and self-driving car appeal were examined using chi-
square tests. A critical p value of 0.05 was used to determine statis-
tical significance and actual p values were reported for statistically
significant results. Response categories were collapsed for select
comparisons reported in the Results section, and the data for all
response categories for those survey items can be found in Appen-
dix A.

3. Results
3.1. Sample

Table 1 shows the distribution of sample demographics for age,
gender, education, income, U.S. Census region, and weekly high-

Table 1
Sample demographics.
Percent
(N=1,010)
Age (years)
21to 34 26
35 to 64 51
65 and older 23
Gender
Male 49
Female 51
Other <1
Education level
High school diploma or less 23
Some college education, associate degree, or trade school 34
Bachelor’s degree 24
Some graduate education 4
Graduate or professional degree 15
Income
Less than $50,000 45
$50,000 to $74,999 20
$75,000 to $99,999 13
$100,000 to $149,999 13
$150,000 to $199,999 6
$200,000 or more 3
Region
Northeast 17
Midwest 21
South 39
West 24
Highway driving exposure (average days per week)
5 days or more per week 58
3 to 4 days per week 24
1 to 2 days per week 19

Note. Percentages may not sum to 100 due to rounding.
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way driving exposure. The average age of respondents was
46 years (SD =17, min =21, max = 91). The majority drove on the
highway 5 or more days per week on average.

3.2. Lane centering

Eighty percent of the sample wanted to use at least some form
of lane centering. More respondents preferred hands-on-wheel
(36 %) than hands-free lane centering (27 %), and 18 % had no pref-
erence between the two types. Sixteen percent did not want to use
any form of lane centering and 4 % were unsure.

3.2.1. Expectations for hands-free vs hands-on-wheel lane centering

As shown in Fig. 1, compared with when using hands-on-wheel
lane centering, most (62 %) of the sample said that using the
hands-free version would make driving more stressful, would
make them more likely to do non-driving-related activities (e.g.,
eat, drink, text, groom, converse with a passenger) (61 %), and
more distracted (56 %) and comfortable (50 %). Nearly half said it
would make driving safer (47 %) or more boring (46 %), and 41 %
said it would make them more tired.

Differences were noted among the lane-centering preference
groups. A larger percentage of respondents who preferred hands-
free or hands-on-wheel versions of lane centering, as well as those
who did not want to use the feature, said hands-free lane centering
would make driving more stressful, X* (4, 1010) = 69.16, p <.0001,
or would make them more distracted, X*> (4, 1010)=15.70,
p=0.003, compared with those who had no preference or were
unsure. Those who preferred hands-free lane centering also most
often reported that the feature would make them more comfort-
able, X? (4, 1010)=136.51, p <.0001, and make driving safer, X*
(4, 1010)=149.71, p <.0001; these opinions were reported least
often among those who did not want to use any version of lane
centering. Additionally, drivers who preferred hands-free lane cen-
tering most often reported it would make driving more boring, X*
(4, 1010) = 36.47, p <.0001, and would make them more tired, X*
(4, 1010) = 49.81, p <.0001.
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3.2.2. Conceptual appeal and likelihood of purchasing lane centering

Assuming price was not an issue, a larger proportion of the sam-
ple was willing (defined by being at least moderately likely) to buy
or lease their next vehicle with hands-on-wheel lane centering
than a hands-free version, as shown in Fig. 2. Willingness for
hands-free (X? (4, 1010) = 229.81, p <.0001) and hands-on-wheel
lane centering (X? (4, 1010) = 167.42, p <.0001) varied as a function
of preference group. Over three quarters of respondents who pre-
ferred hands-free lane centering were willing to buy either a
hands-free or hands-on-wheel lane-centering feature. More than
two thirds of those who preferred hands-on-wheel lane centering
or who had no preference were willing to buy a hands-on-wheel
version, but less than half of them were willing to buy a hands-
free version. Less than half of respondents who were unsure or
who did not want any lane centering were willing to buy either
type of lane-centering assistance, but willingness to purchase or
lease a vehicle with a hands-on-wheel version was higher among
both groups than for a hands-free one.

3.3. Driver monitoring

Attitudes concerning driver monitoring strategies. In the context
of using a hands-on-wheel lane-centering feature, the majority of
the sample was at least somewhat comfortable with all three dri-
ver monitoring strategies: 70 % with steering wheel sensors to
monitor driver hands, 59 % with camera monitoring of driver
hands, and 57 % with camera monitoring of driver gaze. Similar
percentages of respondents were at least somewhat comfortable
with camera monitoring of driver hands (58 %) and driver gaze
(57 %) in the context of hands-free lane centering.

Comfort with driver monitoring varied by lane-centering pref-
erence group for steering wheel sensor monitoring of driver’s
hands (X? (4, 1010) = 242.38, p <.0001), camera monitoring of dri-
ver’s hands (X? (4, 1010) = 207.62, p <.0001), and camera monitor-
ing of driver’s gaze (X? (4, 1010)=183.88, p <.0001) when using
hands-on-wheel lane centering as well as camera monitoring of
driver’s hands (X? (4, 1010) = 177.32, p <.0001) and camera moni-
toring of driver’s gaze (X? (4, 1010) = 193.11, p <.0001) when using

Would you want to use either type of lane-centering assistance?
B Yes, but | prefer hands-free
@Yes, but | prefer hands-on-wheel
@ Yes, and | have no preference between the two types
B No, | would not use either feature
OUnsure

...driving more safe ...driving more boring ...you more tired

Compared to a hands-on-wheel version, hands-free lane centering would make...

Fig. 1. Percent of respondents by lane-centering preference group who agree that various outcomes would be greater when using hands-free than hands-on-wheel lane

centering.
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Would you want to use either type of lane-centering assistance?
W Yes, but| prefer hands-free
@Yes, but| prefer hands-on-wheel
@Yes, and | have no preference between the two types
W No, | would not use either feature

OUnsure

Hands-free lane centering

Hands-on-wheel lane centering

Fig. 2. Percent of respondents at least moderately likely to buy or lease a vehicle with hands-free or hands-on-wheel lane centering per lane-centering preference group.

hands-free lane centering. The patterns observed for the overall
sample were primarily driven by respondents who wanted some
form of lane centering, although more respondents who preferred
hands-free lane centering were extremely comfortable with all
forms of driver monitoring for both types of lane centering com-
pared with the other preference groups (Fig. 3). Conversely, almost
half of the respondents who did not want to use any lane-centering
assistance reported being at least somewhat uncomfortable with
driver monitoring when using either type of lane centering, espe-
cially camera-based monitoring.

3.3.1. Perceived safety of driver monitoring to ensure proper system
use

While most respondents said that they would feel safer know-
ing that the vehicle was monitoring them to make sure that the

100
90
B0
70
60
50
40
30
20
10
o
Sensors in the steering wheel to make A camera to capture what your hands
sure your hands were on the wheel were doing
When using hands-on-wheel lane centering

A camera to make sure you were looking
at the road

feature was being used as it was designed to be used (Table 2),
there were differences by lane-centering preference group, X? (4,
1010) = 185.99, p <.0001. Among those who did not want lane cen-
tering, only 27 % reported they would feel safer with driver moni-
toring. In contrast, the majority of respondents who wanted hands-
free lane centering said they would feel much safer with driver
monitoring.

Differences were also seen with how safe driver monitoring
would make people feel based on how comfortable they were with
the different driver monitoring strategies (Table 3). People who
were at least somewhat comfortable with different driver monitor-
ing strategies reported feeling safer than those who were neutral
or uncomfortable with driver monitoring. The pattern of the inter-
action between feeling comfortable and safe with driver monitor-
ing was similar among the different strategies in the context of

Would you want to use either type of lane-centering assistance?

BYes, but | prefer hands-free

@ Yes, but | prefer hands-on-wheel

B Yes, and | have no preference between the two types
WMo, | would not use either feature

OUnsure

A camera to capture what your hands
were doing

Acamera to make sure you were looking
at the road

When using hands-free lane centering

Fig. 3. Percent of respondents per lane-centering preference group reporting to be comfortable with driver monitoring strategies for hands-free and hands-on-wheel lane

centering.
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Table 2
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Perceived safety of driver monitoring as a function of lane-centering preference (in percent).

Would you feel safer knowing that the vehicle is monitoring

Would you want to use either type of lane-centering assistance?

you to make sure you are using the feature as it was designed to

Yes, but I Yes, but I Yes, and I have no No, I would not Unsure Total
be used? S

prefer prefer hands- preference between the  use either

hands-free on-wheel two types feature

(n=268) (n=364) (n=177) (n=158) (n=43) (n=1,010)
Much safer 60 32 30 9 16 35
Somewhat safer 28 40 36 18 35 33
Neither more nor less safe 9 22 28 47 42 25
Somewhat less safe 1 3 3 11 2 4
Much less safe <1 2 2 16 5 4

Note. Percentages may not sum to 100 due to rounding.

Table 3

Perceived safety of driver monitoring as a function of being at least somewhat comfortable with different driver monitoring strategies (in percent).

Would you feel
safer knowing
that the vehicle is

be if the vehicle monitored you through. ..

In the case of hands-on-wheel lane-centering assistance, how comfortable would you

In the case of hands-free lane-centering assistance, how
comfortable would you be if the vehicle monitored you
through. ..

monitoring you
to make sure you
are using the

sensors in the steering
wheel to make sure your
hands were on the wheel

a camera to capture what
your hands were doing

a camera to make sure you
were looking at the road

a camera to capture what
your hands were doing

a camera to make sure you
were looking at the road

feature as it was

designed to be At least Neutral or At least Neutral or At least Neutral or At least Neutral or At least Neutral or
used? somewhat not somewhat not somewhat not somewhat not somewhat not
comfortable comfortable comfortable comfortable comfortable comfortable comfortable comfortable comfortable comfortable
(n=711) (n=299) (n=597) (n=413) (n=575) (n=435) (n=583) (n=427) (n=577) (n=433)
Much safer 47 6 53 9 56 7 55 8 55 9
Somewhat safer 38 21 37 27 34 30 35 29 35 29
Neither more nor 12 54 8 48 8 46 8 47 9 46
less safe
Somewhat less 2 8 2 7 1 8 1 7 1 7
safe
Much less safe 1 11 <1 9 1 9 <1 9 <1 9

Note. Percentages may not sum to 100 due to rounding.

using hands-on-wheel and hands-free versions of lane centering.
Specifically, the interaction persisted with respect to steering
wheel sensors to monitor the driver’s hands (X* (4)=345.12,
p<.0001) and cameras to monitor the driver's hands (X* (4)
=371.12, p<.0001) and face (X? (4)=393.19, p<.0001) in hands-
on-wheel lane-centering systems as well as cameras to monitor
hands (X? (4)=380.41, p<.0001) and face (X* (4)=359.81,
p <.0001) in hands-free lane-centering systems.

3.4. Lane-changing assistance

3.4.1. Manual lane-changing ability and lane-change assistance

Most of the sample (67 %) indicated that they found changing
lanes on highways at least somewhat stressful, yet 97 % also said
they were at least somewhat confident in their ability to perform
those maneuvers. Even so, most (88 %) reported that they would
like the vehicle to warn them if there is another vehicle in their
blind spot when they want to change lanes (i.e., a blind spot detec-
tion feature), whereas only 5 % were unsure if they would like and
8 % said they would not like such a feature. Fewer respondents had
a desire for auto-lane-change assistance. When asked whether
they would want to use either driver-initiated or vehicle-
initiated auto lane change, 73 % said they would use some form
of auto lane change, with 45 % indicating they would prefer to
use driver-initiated auto lane change, and far fewer (14 %) prefer-
ring vehicle-initiated auto lane change. Few had no preference
(13 %) or were unsure (5 %) if they would use either type of assis-
tance, and 23 % said they would not use either type.
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3.4.2. Attitudes toward hands-free and hands-on-wheel auto lane
change

Respondents were asked whether they would prefer hands-free
or hands-on-wheel requirements separately for driver-initiated
and vehicle-initiated versions of auto lane change. Approximately
three quarters preferred auto lane change to require the driver to
keep their hands on the wheel, regardless of whether the feature
was driver-initiated (77 %) or vehicle-initiated (75 %). Only 14 %
preferred the hands-free version for driver-initiated and vehicle-
initiated auto lane change, and the remainder said they were
unsure.

Those who preferred hands-free or hands-on-wheel driver- and
vehicle-initiated auto lane change were asked to select reasons for
their preference from a list of options, with multiple responses
allowed (Table 4). The most common reasons were that they
thought it would improve their driving comfort and make driving
safer and less stressful. However, more respondents who preferred
hands-on-wheel versions gave the reason that it would make driv-
ing safer than those who preferred hands-free versions. While
respondents who preferred hands-free versions more often indi-
cated that the reason for their preference was to have more oppor-
tunity to do non-driving-related activities, this reason was not
selected by most of the sample regardless of hands-free or
hands-on-wheel preference.

3.4.3. Conceptual appeal and likelihood of purchasing auto lane
change

Over half of the sample reported they would be at least moder-
ately likely to get a form of auto lane change on their next vehicle if
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Table 4
Reasons why respondents preferred driver-initiated or vehicle-initiated auto lane change to allow hands off the wheel or require drivers to keep their hands on the wheel (in
percent).
Reason Driver-initiated auto lane change Vehicle-initiated auto lane change
Prefer it to allow you to  Prefer it to require you to  Prefer it to allow you to  Prefer it to require you to
have your hands off the  keep your hands on the  have your hands off the  keep your hands on the
wheel wheel wheel wheel
(n=137) (n=774) (n=138) (n=755)
Would make me more comfortable 58 53 46 51
Would make driving less stressful 41 43 40 44
Would make driving safer 30 46 33 45
Would make me less tired 29 20 22 23
Would make me less distracted 16 23 11 22
Would make driving less boring 16 16 20 15
Would give me more opportunity for non-driving- 15 4 14 5

related activities, such as eating, texting, conversing
with a passenger, etc.

Note. Multiple responses were allowed, and preferences were asked separately for driving-initiated and vehicle-initiated auto lane change. Participants who were unsure
about hands-free vs hands-on-wheel requirement preferences for driver-initiated auto lane change (n =99, 10 % of the sample) and vehicle-initiated auto lane change
(n=117, 12 % of the sample) were not asked about why they preferred hands-free or hands-on-wheel requirements.

price were not an issue, and they were more willing to purchase or
lease hands-on-wheel than hands-free versions (Fig. 4). The pro-
portion of respondents that were at least moderately willing to
buy or lease their vehicles with various implementations of auto
lane change differed based on their preferences to use driver- or
vehicle-initiated versions (to buy hands-free driver-initiated: X2
(4, 1010)=231.93, p<.0001; to buy hands-on-wheel driver-
initiated: X*> (4, 1010)=212.59, p<.0001; to buy hands-free
vehicle-initiated: X? (4, 1010)=219.90, p <.0001; to buy hands-
on-wheel vehicle-initiated: X? (4, 1010)=237.91, p<.0001).
Respondents who indicated any preference for driver-initiated or
vehicle-initiated auto lane change indicated a greater willingness
for their next vehicles to be equipped with these systems com-
pared to respondents who were unsure about these features and/
or who do not want to use auto lane change at all. Unlike all the
other preference groups, however, those who wanted vehicle-
initiated auto lane change were similarly willing to have either
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hands-on or hands-free driver-initiated and vehicle-initiated ver-
sions in their next vehicle.

3.5. Hands-free driving preferences for different driver support
features

Differences were observed in hands-free and hands-on-wheel
preferences for driver-initiated (X? (8, 1010)=106.43, p <.0001)
and vehicle-initiated auto lane change (X* (8, 1010)=110.33,
p<.0001) as a function of lane-centering preferences. As shown
in Table 5, over 80 % of respondents who wanted to use either
hands-free or hands-on-wheel versions of lane centering preferred
hands-on-wheel versions of driver- and vehicle-initiated auto lane
change compared with hands-free versions of those features. Smal-
ler majorities of the other lane-centering preference groups indi-
cated a preference for hands-on-wheel versions of auto lane
change.

Would you want to use either type of automated-lane-change assistance?

WYes, and | prefer driver-initiated auto lane change
EYes, and | prefer vehicle-initiated auto lane change
@Yes, and | have no preference between the two types
M No, | would not use either feature

OUnsure

Hands-free driver-initiated auto Hands-free vehicle-initiated auto Hands-on-wheel driver-initiated Hands-on-wheel vehicle-initiated

lane change lane change

auto lane change auto lane change

Fig. 4. Percent of respondents at least moderately likely to buy or lease a vehicle with hands-free or hands-on-wheel versions of driver-initiated and vehicle-initiated auto

lane change, per auto-lane-change preference group.
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Table 5
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Hands-free vs hands-on-wheel driver-initiated and vehicle-initiated auto-lane-change preferences based on respondent preferences for lane centering (in percent).

Would you prefer a [driver-initiated or vehicle-initiated,

Would you want to use either type of lane-centering assistance?

separately asked] automated-lane-change assistance

. Yes, but [ prefer  Yes, but [ prefer Yes, and I have no preference No, I would not use  Unsure
feature to require that you have your hands on the wheel R
. . hands-free hands-on-wheel between the two types either feature
the whole time or would you prefer it to be hands-free?
(n=268) (n=364) (n=177) (n=158) (n=43)
Driver-initiated Prefer it to allow you to have your 16 11 21 10 5
auto lane change hands off the wheel
Prefer it to require you to keep 82 84 64 68 60
your hands on the wheel
Unsure 2 5 15 22 35
Vehicle-initiated Prefer it to allow you to have your 16 12 20 8 7
auto lane change hands off the wheel
Prefer it to require you to keep 81 82 66 63 58
your hands on the wheel
Unsure 3 7 14 29 35

Note. Percentages may not sum to 100 due to rounding.

3.6. Self-driving technology appeal

Thirty-five percent of the sample said they found self-driving
technology extremely appealing, 19 % said moderately appealing,
14 % said somewhat appealing, 8 % said slightly appealing, and
23 % said not at all appealing. Respondents who indicated they
found self-driving technology appealing also indicated a desire
for other vehicle technologies (Fig. 5).

Lane-centering preferences (X? (16, 1010) = 412.23, p <.0001),
feeling more or less safe with driver monitoring (X? (16, 1010)
=320.31, p<.0001), and the appeal of auto lane change (X (16,
1010)=428.40, p<.0001) varied with self-driving technology
appeal. Respondents who found self-driving technology to be
extremely appealing were most likely to prefer hands-free lane
centering and report feeling much safer with driver monitoring.
These respondents also most often wanted to use auto lane change,
although like respondents in other groups, they preferred it to be
driver-initiated rather than vehicle-initiated. Those said that self-
driving technology was not at all appealing were most likely to
not want to use any form of lane centering or auto lane change,
and most frequently reported that driver monitoring would make
them feel neither more nor less safe.

&0

Yes. prefer Unsure

hands-free

‘Woauld you want to use either type of lane-centering assistance?

Yes, prefer
hands-on-whes|

Yes, no
preference

Do ot want Yes. prefer Yes, prafer

diiver-inibated vehicle-initiated

Yes no
preference

Would you want to use either type of automated-lane-change assistance?

4. Discussion

While this study confirms that there is an appetite for partial
driving automation, it also shows that the appeal of specific fea-
tures varies. Lane centering was revealed to be more appealing
than auto lane change, and vehicle-initiated auto lane change
was overwhelmingly the least appealing of all. Moreover, hands-
on-wheel requirements were widely preferred over hands-free
driving capability for all these features, especially for both types
of auto lane change. Driver monitoring was generally seen as
acceptable, although there was less enthusiasm for camera-based
monitoring than for steering wheel sensor monitoring, which is
to be expected given consumer concerns about privacy and user
autonomy (Ghazizadeh & Lee, 2018; Horrey et al., 2012). Even so,
attitudes and expectations around driver monitoring corresponded
with the perception of being safer with it, given its purpose to help
prevent drivers from misusing the technology. This finding sug-
gests that conveying the safety value of driver monitoring may
be a key component for consumer education and acceptance
(Abraham, Reimer, & Mehler, 2018; Koppel, Charlton, Fildes, &
Fitzharris, 2008; Trimble, Baker, Russell, & Tidwell, 2020). Educa-
tion around driver monitoring and other safeguards may promote

How appealing would it be for you to own or
reguiarly use a salf-driving vehicle in the future?

@Extremely appealing

BModerately appealing
mSomewhat appealing
wSightly appesaling

OMot a1 ol appealing

Do not want Unsure Much safer Somewhal safer Neithermore Somewhal less Much less safe

nor less sake safe

‘Would you feel safer knowing that the vehicle is monfloring you to make sure you
are using the feature as it was designed to be used?

Fig. 5. Percent of respondents per self-driving technology appeal rating with preferences for partial driving automation and safety ratings for driver monitoring.
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adoption of in-vehicle technologies that help to prevent driver dis-
traction and inattention more generally, outside the context of par-
tial driving automation.

Individual differences were also observed in how appealing the
features were. Respondents who found lane centering appealing
tended to find other vehicle technologies also appealing, such as
auto lane change and self-driving technology, which is consistent
with previous research (e.g., Abraham, Lee, Brady, Fitzgerald,
Mehler, Reimer, & Coughlin, 2017). Those people were likewise
more accepting of driver monitoring strategies and were more
likely to say that they would feel safer with it. Interestingly,
respondents who preferred hands-free lane centering were over-
whelmingly the most accepting of all driver monitoring strategies,
and they were also most willing to buy or lease a vehicle with
either hands-on or hands-free versions of lane centering. The rest
of the sample was far more willing to buy or lease their next vehi-
cle with hands-on lane centering than a hands-free version.
Although respondents were less enthusiastic to have their next
vehicle equipped with auto lane change, there was a general pref-
erence for it to be driver-initiated and require the driver to keep
their hands on the wheel.

One of the aims of this study was to investigate the reasons
behind preferences for hands-free or hands-on-wheel versions of
driving automation. Compared with hands-on-wheel lane center-
ing, respondents who wanted a hands-free version said it would
make driving more comfortable and safer than other drivers. In
an interesting display of cognitive dissonance, most of those
respondents also said hands-free lane centering would make driv-
ing more stressful, boring, and tiring as well as increase distraction.
Driver drowsiness and distraction are known crash risk factors
(Dingus et al., 2016), and many other respondents shared these
concerns too. When asked to choose between hands-free or
hands-on-wheel versions of driver-initiated and vehicle-initiated
auto lane change, the most common reasons for selecting either
were to make driving more comfortable, less stressful, and
safer—although more respondents identified “to make driving
safer” as a reason for wanting a hands-on-wheel feature than a
hands-free one. Evidently, more sophisticated functionality can
lead some people to assume that these features have safety bene-
fits, even though the survey never described them as such, and no
data currently support those assumptions for partial driving
automation in general (e.g., Goodall, 2021; HLDI, 2021a, 2021b).
It is nevertheless curious that the vast majority of those respon-
dents who preferred hands-free lane centering (as well as the rest
of the sample) preferred hands-on-wheel versions of both types of
auto lane change, which indicates some degree of understanding
about the risk, driver responsibility, and maneuver complexity of
the different functionalities.

Related to the common expectation that hands-free lane center-
ing would increase driver distraction, most of the sample also
acknowledged that it would make the driver more likely to do
non-driving-related activities than hands-on-wheel lane centering.
This attitude was particularly reflected among respondents who
wanted hands-free lane centering. Furthermore, a subset of
respondents who preferred hands-free auto lane change said they
wanted that functionality to be hands-free because they wanted to
do non-driving-related activities. These findings are relevant
because, when these features were first described in the survey,
respondents were informed that vehicles with these features are
not autonomous and require the driver to constantly supervise
and intervene whenever necessary. This would suggest that
informing consumers about the driver’s responsibilities and the
system’s limitations does not necessarily prevent the intention of
misuse, which raises concerns for consumer education efforts. That
said, many of these respondents were also the most accepting of all
types of driver monitoring when using any form of lane centering,
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which suggests that they may also be more willing to use systems
that have safeguards built in, such as attention reminders and
emergency escalation countermeasures (IIHS, 2022; Mueller
et al., 2022). However, automakers must ensure that these safe-
guards are reliable and robust to inform and reinforce mental mod-
els about the driver’s responsibilities and system limits (Cummings
& Bauchwitz, 2022). Should systems not have adequate safeguards,
there is the potential for hands-free driving to exacerbate the risk
of driver disengagement, which has already been contributing to
crashes involving the misuse of hands-on-wheel partial driving
automation (e.g., National Transportation Safety Board, 2017,
2019, 2020).

Design philosophies that promote cooperative steering between
the driver and the lane-centering support play an important role in
keeping the driver engaged in the driving task. Information feed-
back between a driver’s hands and gaze behavior helps to coordi-
nate anticipatory steering control (Navarro, Hernout, Osiurak, &
Reynaud, 2020). A shared control design philosophy is moreover
beneficial for conveying the driver’s autonomy in the driver-
vehicle interaction (Wen, Kuroki, & Asama, 2019). Designs that
reinforce the driver’s role and responsibilities in the interaction
helps to prevent misperceptions around the use of the system as
being “driver versus machine,” and instead encourage the driver
to work with the machine. More research is nevertheless needed
to understand how hands-free driving capability affects a driver’s
mental model about the system limitations and their role and
responsibilities when using it (Carsten & Martens, 2019).

4.1. Limitations

Unlike a lot of automaker advertising, the current survey
emphasized the limitations of partial automation features and
the driver’s role when using them. The naming of these systems
alone has been shown to mislead consumers about system capabil-
ity (Teoh, 2020). It is possible that the skepticism exhibited by
some of the sample could have been informed by the pragmatic
descriptions used to introduce the features of interest.

This study captured the conceptual appeal of the technology,
but it cannot predict purchasing behavior or actual use of these
features. The intention to use a technology does not guarantee
actual use (Turner, Kitchenham, Brereton, Charters, & Budgen,
2010), and the appeal of a technology can change once the individ-
ual has had experience using it (Kidd & Reagan, 2018). Moreover,
owning or having regular access to vehicles equipped with partial
driving automation can change driving habits and technology use
(Hardman, 2021). While surveys such as this are useful for investi-
gating the driving public’s attitudes, expectations, and intentions
concerning the latest advanced vehicle technologies, purchasing
behavior itself is necessary to capture the uptake rate, and post-
purchase/use research remains key to understanding consumer
usage patterns (Melnicuk, Birrell, Thompson, Mouzakitis, &
Jennings, 2019).

5. Conclusions

Prior to this study, little was known about the public’s appetite
for commercially available partial driving automation in the United
States, especially with hands-free driving and automated-lane-
changing capability. Results indicate that while some consumers
find hands-free driving appealing, most prefer driver support fea-
tures that require the drivers to keep their hands on the wheel.
Although people are generally comfortable with driver monitoring,
their acceptance level seems to be related to their belief that it
improves safety by ensuring proper system use. There is an indica-
tion that consumers who prefer hands-free lane centering may be
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more likely to do non-driving-related activities when using it, yet
those people are also the most comfortable with all types of driver
monitoring strategies and their purpose. Overall, drivers appear to
understand the differences between lane centering and auto lane
change, and the latter is less appealing, especially in the form of
vehicle-initiated auto lane change.

6. Practical applications

While the intention to misuse a technology does not necessarily
mean it will occur, behavioral observation research indicates that
driver disengagement can increase over time while using partial
driving automation (Banks et al., 2018; Dunn et al., 2021; Kim
et al,, 2022; Reagan et al., 2021). The results from this study sug-
gest that informing consumers about the limitations of partial driv-
ing automation does not necessarily deter the intention to misuse
it. Design safeguards with responsible application of automated
functionality are necessary to impose functional ‘guardrails’ that
minimize opportunity for misuse. One of the mechanisms support-
ing these safeguards is driver monitoring. This study’s data show
that the public’s acceptance of it appears to be connected to the
understanding of its purpose in helping drivers use the technology
properly. Notably, this acceptance does not appear to differ

Table A1l

Journal of Safety Research 84 (2023) 371-383

between the context of using hands-free or hands-on-wheel partial
automation. Therefore, in conjunction with design safeguards, con-
sumer information should convey the purpose of driver monitoring
to promote its acceptance and adoption.
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Appendix A. Supplemental analyses

See Tables A1-A4.

Percent of respondents by lane-centering preference group for various outcomes that would be expected to occur when using hands-free compared with hands-on-wheel lane

centering.

Compared with hands-on-wheel lane centering,

Would you want to use either type of lane-centering assistance?

hands-free lane centering would:

Yes, but I prefer Yes, but I prefer Yes, and I have no No, I would Unsure  Total
hands-free hands-on-wheel preference between not use either
the two types feature
(n=268) (n =364) (n=177) (n=158) (n=43) (n=1,010)
Make driving more or less stressful ~ Much more 50 27 10 37 23 32
Somewhat more 22 38 26 32 26 30
Same as hands-on-wheel 7 18 36 20 40 20
Somewhat less 10 14 20 9 9 13
Much less 10 3 7 1 2 5
Make you more or less comfortable Much more 45 13 14 13 2 21
Somewhat more 34 33 27 11 35 29
Same as hands-on-wheel 11 19 34 16 28 20
Somewhat less 6 25 21 26 19 19
Much less 4 9 3 33 16 11
Make you more or less tired Much more 32 12 6 13 14 17
Somewhat more 25 26 19 25 21 24
Same as hands-on-wheel 19 36 41 46 42 34
Somewhat less 13 19 24 11 16 17
Much less 11 7 10 4 7 8
Make driving more or less safe Much more 43 16 13 5 7 21
Somewhat more 31 30 30 12 12 27
Same as hands-on-wheel 15 24 33 27 47 25
Somewhat less 8 23 23 28 28 20
Much less 3 8 2 27 7 8
Make driving more of less boring Much more 33 14 8 18 14 19
Somewhat more 27 31 25 22 21 27
Same as hands-on-wheel 15 30 39 40 49 30
Somewhat less 12 20 19 13 9 16
Much less 13 5 8 7 7 8
Make you more or less distracted Much more 33 20 8 34 21 24
Somewhat more 28 39 36 23 28 33
Same as hands-on-wheel 17 22 27 32 40 24
Somewhat less 10 15 22 7 9 13
Much less 11 5 7 4 2 7
Make you more or less likely to do  Much more 46 23 18 23 16 28
non-driving-related activities Somewhat more 32 34 37 25 33 33
Same as hands-on-wheel 14 28 33 34 37 26
Somewhat less 4 9 7 6 7 7
Much less 4 6 5 12 7 6

Note. Percentages may not sum to 100 due to rounding.
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Table A2
Percent of respondents likely or unlikely to buy or lease a vehicle with hands-free or hands-on-wheel lane centering per lane-centering preference group.
If cost were not a problem, how Would you want to use either type of lane-centering assistance?
llgﬁlrynv:)?:l:,imZ:letz,iiiﬁ.buy or lease Yes, but I prefer Yes, but I prefer Yes, and I have no preference No, I would not use Unsure Total
Y ' hands-free hands-on-wheel between the two types either feature
(n =268) (n =364) (n=177) (n=158) (n= (n=
43) 1,010)
Hands-free lane Extremely 61 19 21 6 9 28
centering Moderately 24 23 27 8 19 21
Somewhat 12 21 33 13 28 20
Slightly 3 18 10 9 16 11
Not at all <1 19 10 65 28 20
Hands-on-wheel lane Extremely 49 34 34 6 7 32
centering Moderately 32 34 33 15 33 31
Somewhat 16 19 24 14 33 19
Slightly 3 9 5 18 14 8
Not at all <1 4 3 47 14 10

Note. Percentages may not sum to 100 due to rounding.

Table A3
Percent of respondents per lane-centering preference group reporting to be comfortable or uncomfortable with driver monitoring strategies for hands-free and hands-on-wheel
lane centering.

Would you want to use either type of lane-centering assistance?

Yes, but1  Yes, but ] Yes, and I have No, I Unsure Total
prefer prefer no would not
hands- hands-on- preference use either
free wheel between the feature
two types
(n=268) (n=364) (n=177) (n=158) (n= (n=
43) 1,010)
In the case of hands-on-wheel lane-centering assistance, how comfortable would you be if the vehicle monitored you through:
Sensors in the steering wheel to make sure your Extremely comfortable 69 35 38 11 12 40
hands were on the wheel Somewhat comfortable 24 40 37 14 28 30
Neither comfortable nor 4 13 18 26 40 15
uncomfortable
Somewhat uncomfortable 2 9 6 23 16 9
Extremely uncomfortable 1 2 2 25 5 6
A camera to capture what your hands were doing Extremely comfortable 56 26 29 8 7 31
Somewhat comfortable 29 37 29 8 26 28
Neither comfortable nor 9 14 16 22 37 15
uncomfortable
Somewhat uncomfortable 4 17 19 27 16 15
Extremely uncomfortable 2 7 7 34 14 10
A camera to make sure you were looking at the road  Extremely comfortable 59 27 25 11 5 32
Somewhat comfortable 24 32 26 8 28 25
Neither comfortable nor 9 15 17 18 37 15
uncomfortable
Somewhat uncomfortable 4 14 23 25 16 15
Extremely uncomfortable 3 11 9 38 14 13
In the case of hands-free lane-centering assistance, how comfortable would you be if the vehicle monitored you through:
A camera to capture what your hands were doing Extremely comfortable 54 25 28 8 5 30
Somewhat comfortable 28 34 29 10 30 28
Neither comfortable nor 10 16 16 21 30 16
uncomfortable
Somewhat uncomfortable 4 15 18 24 26 14
Extremely uncomfortable 3 10 9 37 9 12
A camera to make sure you were looking at the road Extremely comfortable 57 26 28 11 12 31
Somewhat comfortable 27 33 27 6 26 26
Neither comfortable nor 8 12 15 21 33 14
uncomfortable
Somewhat uncomfortable 3 16 20 19 16 14
Extremely uncomfortable 5 13 11 44 14 15

Note. Percentages may not sum to 100 due to rounding.
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Table A4
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Percent of respondents likely or unlikely to buy or lease a vehicle with hands-free or hands-on-wheel versions of driver-initiated and vehicle-initiated auto lane change per auto-

lane-change preference group.

If cost were not a problem, how

Would you want to use either type of automated-lane-change assistance?

likely

Yes, but I would prefer for the vehicle to  Yes, but I would prefer for the Yes, and I have no No, I would Unsure Total
would you be to buy or lease . . .
. - wait for me to tell it when to make the vehicle to make the lane changes preference not use
your next vehicle with: lane change (i.e., driver-initiated) on its own (i.e., vehicle-initiated) = between the two either
types feature
(n =268) (n =364) (n=177) (n=158) (n= (n=
43) 1,010)
Hands-free Extremely 32 32 34 3 4 25
driver- Moderately 27 44 24 5 15 23
initiated auto ~ Somewhat 19 20 27 12 30 19
lane change Slightly 10 4 13 19 22 12
Not at all 11 <1 3 60 28 20
Hands-free Extremely 30 29 30 4 2 23
vehicle- Moderately 25 43 28 3 13 22
initiated auto ~ Somewhat 18 20 27 14 33 19
lane change Slightly 12 6 10 15 17 12
Not at all 16 2 4 63 35 24
Hands-on-wheel  Extremely 44 35 38 8 7 32
driver- Moderately 32 37 29 15 17 28
initiated auto ~ Somewhat 20 23 28 18 41 22
lane change Slightly 3 6 3 18 20 8
Not at all <1 <1 2 40 15 11
Hands-on-wheel  Extremely 43 31 38 8 7 31
vehicle- Moderately 32 42 33 11 20 28
initiated auto ~ Somewhat 16 18 24 17 39 19
lane change Slightly 6 8 4 18 17 9
Not at all 3 <1 1 45 17 13

Note. Percentages may not sum to 100 due to rounding.
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ABSTRACT

Introduction: Older vehicles, commonly referred to as “classic,” “vintage,” or “historic” vehicles (CVH),
share the roadways with newer vehicles. Older vehicles lacking safety systems likely come with an
increased risk of fatality, however there is no study examining the typical conditions for crashes involving
CVH. Method: This study utilized information from crashes occurring in 2012 to 2019 to estimate fatal
crash rates for vehicles grouped by model year deciles. Data from crashes documented in the National
Highway Traffic Safety Administration’s (NHTSA) FARS and GES/CRSS data sets were utilized to examine
roadway, temporal, and crash types for passenger vehicles produced in 1970 or earlier (CVH). Results:
These data show CVH crashes are rare (<1% of crashes), but carry a relative risk of fatality from 6.70
(95th CI: 5.44-8.26) for impacts with other vehicles, which was the most common crash, to 9.53
(7.28-12.47) for rollovers. Most crashes occurred in dry weather, typically during summer, in rural areas,
most frequently on two lane roads, and in areas with speed limits between 30 and 55 mph. Factors asso-
ciated with fatality for occupants in CVH included alcohol use, lack of seat belt use, and older age.
Conclusions and Practical Applications: Crashes involving a CVH are a rare event but have catastrophic con-
sequences when they do occur. Regulations that limit driving to daylight hours may lower the risk of
crash involvement, and safety messaging to promote belt use and sober driving may also help.
Additionally, as new “smart” vehicles are developed, engineers should keep in mind that older vehicles
remain on the roadway. New driving technologies will need to safely interact with these older, less safe
vehicles.

© 2022 National Safety Council and Elsevier Ltd. All rights reserved.

1. Introduction

or fatality. There are no national standards in the United States that
regulate access to roads for these CVH, however, according to Hag-

Over the past decades, vehicle fatalities in the United States
have generally declined, not only in absolute fatalities but also
when weighted by population levels and by mile driven
(National Center for Statistics and Analysis, 2020a; Weast, 2018).
Changes in traffic fatalities have been attributed to factors includ-
ing vehicle design, road design, laws, and changes in driver behav-
ior (Farmer & Lund, 2015; Stewart, 2020; Santaella-Tenorio et al.,
2017). Although vehicle safety continues to improve, there are
older model vehicles lacking safety systems that continue to share
the roadway with newer vehicles. One such group is the so-called
“classic,” “vintage,” or “historic” vehicles (CVH). Across the United
States, there are clubs and organizations for owners to share their
love of these vehicles, but there are limited recommendations for
how to enjoy these vehicles while reducing the risk of severe injury
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erty, a company that specializes in insuring these CVH vehicles, 36
of the 50 states do impose some driving restrictions. Typically,
these either limit driving to certain days or enforce a mileage per
year cap (Fitzgerald, 2019). Eleven states require some sort of
safety inspection (Fitzgerald, 2019). Other countries including
India, France, and England have recently adopted regulations
intended to limit the use of older vehicles, primarily due to con-
cerns regarding vehicle emissions. However these, for the most
part, exclude the very old “classic” vehicles. Going forward, as
vehicles and traffic systems change due to vehicle electrification
and smart driving technologies, it is possible that more govern-
ments may consider restricting roadway access for older vehicles.
These may consider performance concerns related to either envi-
ronmental or roadway safety.

While there is no study specifically examining these very old
vehicles, there is some information in the literature that demon-
strates an increased risk of fatality for occupants of older vehicles
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involved in crashes. A 2009 study found both severe injury and
fatality occurrence were higher in older model vehicles, but these
were 1994 model year (MY) or newer (Ryb et al., 2009). A study
of single-vehicle crashes in 2003-2010 in Australia indicated fatal-
ity and injury were more frequent in vehicles produced before
1996, but the earliest vehicles included were 1991 MY (Anderson
& Searson, 2015). A 2012 study of United States crashes focused
on vehicles produced in a similar period (1990-2009) found
increased HARM (a composite score based on injuries and the cost
to treat injury) for older vehicles for all types of crashes (Eigen
et al., 2012). More recently, Hoye (2019) examined older vehicles
in crashes in Norway and found that the risk of fatality and signif-
icant injury increases with vehicle age. The data also suggested
that rollovers and impacts with fixed objects like trees pose an
especially high fatality risk to an occupant in these older vehicles.
While these data demonstrate, not surprisingly, that older vehicles
are less safe in crashes than newer vehicles, little is known regard-
ing the frequency and typical conditions for crashes involving CVH
vehicles.

The current study seeks to estimate the frequency of crashes
involving older vehicles within the United States and estimate
the rate of fatal crashes, with special attention to crashes involving
CVH vehicles, defined as those with model years of 1970 or earlier.
It will also document common road and environmental factors
associated with CVH vehicle crashes. The CVH group definition
used in this study is intended to identify a vehicle group that is pri-
marily composed of vehicles driven for pleasure, excluding those
older vehicles that are driven due to economic pressures, which
may have different crash involvement characteristics (Hoye,
2019). These data will help vehicle enthusiasts and governmental
groups better understand crash frequency and fatality risk for
CVH vehicles in comparison to risks in modern vehicles. This infor-
mation can be used in the development of safety recommendations
and future vehicle regulations.

2. Methods

This study utilized information from crashes occurring in the
United States from 2012 to 2019 to estimate yearly fatal crash
rates for vehicles grouped by model-year deciles. Data from
crashes occurring in 2016 to 2019 was used to examine event fac-
tors associated with classic/vintage/historic (CVH) vehicles. The
data were extracted from three data sets maintained by the
National Highway Traffic Safety Administration (NHTSA): Fatality
Analysis Reporting System (FARS), the National Automotive Sam-
pling System-General Estimates System (GES), and Crash Report
Sampling System (CRSS), which are available online at https://
www.nhtsa.gov/file-downloads?p=nhtsa/downloads/. FARS is a
NHTSA data source aggregating annual fatal crash data for all qual-
ifying fatality crashes within the 50 states and the District of
Columbia. Crashes must involve a motor vehicle traveling on a
public roadway and must have resulted in the death of at least
one motorist or non-motorists within 30 days of the collision to
be documented in the dataset. This dataset was used to estimate
fatality risk and examine the most severe types of crashes for
CVH vehicles. Both the GES and CRSS data sets are stratified pro-
portional samples of crashes in the United States. The CRSS data
set replaced the GES system in 2016 and follows a similar, but
not the same, data sampling strategy (National Center for
Analysis and Statistics, 2020b). Crashes selected for inclusion in
these data sets provide information from police reports describing
the events during the crash, roadway conditions, vehicle damage,
and occupant information including restraint use. These data sets
document roughly 50,000 cases each year. Both GES and CRSS data
sets provide weighting factors, based on the probability of select-
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ing the crash for inclusion in the sample, and these weights allow
researchers to make estimates of yearly numbers of crashes. For a
crash event to be a candidate for documentation in the dataset it
must include either police-reported fatalities, injury, or property
damage. Information from the GES and CRSS data provides an esti-
mate of yearly numbers of crashes for the crash rate estimates in
the current study and descriptions of the crash events. All crashes
involving passenger vehicles were extracted from each data set
where passenger vehicles were defined using the vehicle body type
codes (“cars”: 1-10; “SUVs”: 14, 15; “vans”: 20, 21, and “trucks”:
34).

The risk of fatality in CVH vehicles was compared to the risk in
newer vehicles using relative risk. Risk is defined as the number of
events divided by the number of exposures. The exposure level was
defined using the weighted CRSS crash counts (Teoh & Lund, 2011).
The relative risk measure was selected as the risk descriptor to
control for potential bias inherent in using the CRSS crash counts
as the exposure measure. For example, there may be bias as this
approach assumes that cars are on the road as frequently as they
are involved in crashes, with crash involvement equaling exposure.

All statistical analysis utilized the 2016 through 2019 CRSS
data. A chi-square test (or Fishers Exact test when case counts were
below five for CHV) was used to identify a statistically significant
difference in frequencies of events between CVH and newer vehi-
cles for the fatal crash data. The surveyfreq tool in SAS (SAS Insti-
tute, Cary, NC) was utilized to account for the CRSS stratified
sample design when calculating frequencies and 95th confidence
intervals for the broader sample of all types of crashes involving
CVH (National Center for Analysis and Statistics, 2020b). A Rao-
Scott chi-square test was utilized to account for sample design in
making comparisons of proportions from the CRSS data.

3. Results

Crashes involving CVH vehicles represent a small but constant
event each year, constituting between 0.02 and 0.06% of yearly
crashes (Fig. 1).

Fatal crashes involving these types of vehicles occurred in all
states except Maine, Connecticut, and Delaware during the 2012-
2019 timeframe (Fig. 2), with the highest number of crashes occur-
ring in California (98) and Texas (31). However, the highest rate of
involvement per population occurred in South Dakota at 0.56
crashes per million residents per year.

While these were rare events, a larger proportion of the crashes
resulted in a fatality as compared to newer vehicles (Fig. 3).

0.06%
0.05% °
0.04%
0.03%
0.02%
0.01%

0.00%

2012 2013 2014 2015 2016 2017 2018 2019

Fig. 1. Percentage of crashes involving CVH vehicles. Note that 2012-2015 is taken
from NASS-GES and the 2016 - 2019 data is taken from the replacement national
surveillance data set CRSS, and the sample design for these two data are slightly
different.
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Fig. 2. Locations and counts of fatal CVH vehicle crashes from 2012 to 2019.
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Fig. 3. Proportion of crashes resulting in a fatality in the vehicle (vehicles with a fatality due to the crash in each decile group from FARS |/ all crashes in decile group as

estimated from GES or CRSS).

The risk of fatality for vehicle crashes involving a CVH vehicle
was increased in comparison to vehicles in the 2010-2020 model
year group, based yearly average fatality and crash counts across
the eight years. Note that the proportion of fatal crashes varies year
to year in the CVH vehicles due to differences in both the number
of these vehicles included in the GES or CRSS sample set and the
low frequency of these crashes, which makes yearly estimates
highly sensitive to small differences. However, fatality rates were
more consistent for the 1960 and 1970 deciles where the sample
size tended to be larger where, for example, the 1950s group
had an estimated crash mean of approximately 700 cases per year
versus 9,000 for the 1970 s group.

A more detailed analysis of crashes focused on crashes occur-