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Influence of car front-end designs on
motorcyclists’ trajectory in head-on a:a side-on-
head crashes

A Perticone!, V Nardomarino!, N Baldanzinit
! Department of Industrial Engineering, University of Florence, \/ia di Santa Marta 3, 50139 Firenze, Italy

E-mail: alberto.perticone@unifi.it

Abstract. Motorcyclists are highly vulneraw's road users, and cars are one of
their primary crash opponents. This sti:~y t.1vestigates the influence of car front-
end designs on motorcyclist trajecto:y 1 1.cad-on and side-on-head crashes. The
analysis is based on a dataset of L20 multi-body crash simulations conducted
using MADYMO and post-processc vwith MATLAB. An analysis of 1412 real-
world Powered Two-Wheel.r {PT™W) to car accidents was conducted to
determine the most commo:: ~ras" configurations and the associated ranges of
the variables, such as ven.~'e speeds and contact points. Three PTW styles
(sport-touring, scooter, and sgort) and four car front-end designs (Sport utility
vehicle (SUV), Fami'y “ar/Sedan (FCR), Roadster (RDS), and Multi-purpose
vehicle (MPV)) wera considered.

The study examinad th? riders’ thrown distance in both collision types. It was
observed that, rcgaruiess of the collision type, the head was identified overall as
the primary bouy reyion coming into contact with the opposing vehicle, followed
by the chest anc neck. In frontal collisions, an augmented bonnet height
correspor.'ad to an increased incidence of head contact, whereas a lower bonnet
height 'esulted in a higher frequency of chest contact. Moreover, the thrown
distarcz 2onended also on PTW speed, particularly for sport and sport-touring
mo:reycles. Notably, contact with the car windscreen was only observed at
vciacives exceeding 60 km/h, whereas impact with the bonnet leading edge
v cuned exclusively below this threshold. Due to the shielding effect of their
ATWw's fairing, scooter riders predominantly experienced no contact with the
anposing vehicle. Sport-touring motorcycles exhibited a more vertical trajectory
upon ejection, leading to a greater likelihood of overturning and subsequent
rearward head impact with the vehicle. In contrast, sport motorcycles tended to
forward projections with a high likelihood of chest contact. In the case of lateral
impacts, it was observed that vehicles with a more prominent profile, such as
SUVs and MPVs, equipped with protruding bumpers, effectively restrained
riders. In this case, vehicle speed did not exert a significant influence on the
thrown distance. Additionally, the presence of a conspicuous fuel tank and the
initial posture of the rider on the PTW played a crucial role in determining the
final thrown distance. Due to their upright postures and the absence of a
pronounced fuel tank, scooter dummies were thrown further than others, thus
causing head contact with the windscreen.
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These findings highlight the importance of car front-en! assign and PTW
fairings in mitigating riders’ injuries and provide valua.!~ insights to vehicle
manufacturers for developing tailored safety measures 7or riders.

1 Introduction

Motorcyclists represent a significant group of road users whose safety is of paramount concern
due to their inherent vulnerability on the road. The exposure : potential risks and the limited
protection available on their Powered-Two-Wheelers (°T'Ws) make riders particularly
vulnerable in accidents. Statistics concerning riders’ fatalitic= and injuries in Europe underscore
the urgent need for adequate safety measures and motarc cle consumer rating programs [1].
Although road deaths in 2021 fell by 10% (2,000 fa~liti.~, compared with pre-pandemic 2019,
in 2022, fatalities rose by 3% to the previous year [2) Furthermore, the share differs greatly
among road users, with vulnerable road use.” (redestrians, cyclists, and PTW riders)
representing almost 70% of total fatalities [27. The road safety context is also different across
Europe, and it is recognized the significa ~e of tailored approaches to address the
vulnerabilities faced by motorcyclists in o<t country. In this regard, Italy and France still had
the highest number of rider fatalities in 2020, 2ven though this number has decreased more than
the EU average over the past decacc [3]. In addition to fatalities, non-fatal injuries among
motorcyclists also present a concermng | icture. In 2018, the EU set a 50% reduction target by
2030 for road deaths and, for the first .ime, also for serious injuries. This objective was defined
in the Commission's Strategic ~.ton Plan on Road Safety and EU road safety policy
framework 2021-2030 [4], v.:..uiv also lays out road safety plans aiming to reach zero road
deaths by 2050 within the “Vision Zero” program. Serious injuries can lead to long-term
disabilities, medical cocts, and a diminished quality of life for affected individuals. As
evidenced by the stat’siicar Jata, motorcyclists are indeed vulnerable road users (VRUS) in
Europe, facing a disnrorartionately high risk of fatalities and injuries compared to that faced
by other road user- such as car drivers.

Addressing this iesue .ecessitates understanding accident events in detail, as well as the injuries
and their caus.: w Zevelop countermeasures for the protection of PTW riders. In this regard,
it is already «.'ow.1 that impact speed [5-7], impact angle [8,9], impact location [10,11] and
PTW style |2 12-15] have great influences on the riders’ risk of injuries. The present study
wants ) ancwer the research question of the car front-end design influence on the
motor~veli,*'s trajectory during the two most representative types of crashes: head-on and side-
on-hoan. Cimilar studies on the influence of vehicle shapes and stiffnesses have been common
in recen. years for pedestrian and cyclist safety, but the research efforts on PTW users were
scu ce. It was demonstrated that bicyclists are exposed to lower impact speed and are less
frequently and severely injured than pedestrians, with longer head contact time and shorter
longitudinal throws [16]. Furthermore, it was shown that the geometry of the car largely
determines the contact points of the different body regions with the bonnet [17] and that
vehicles with a high bonnet leading edge are likely to cause higher head ground contact speeds
at 30 km/h [18], and consequently, low-fronted cars provide better containment of the
pedestrian on the bonnet. SUVs and vans appear to be more aggressive for head—ground
contacts, while at 40 km/h, a low front might not give any benefit in reducing the severity of
head—ground impacts. Later, relationships between passenger car front shape and pedestrian
injury risk derived from accident data were quantified, showing that the bumper geometry is
statistically significant for A1S2+ leg injury risk and femur/pelvis injury occurrences [19]. On



the other hand, the authors concluded that the passenger car front shape did rot .~ow statistical
significance for AIS3+ thorax and head injuries and, in general, the passe *oer car front shape
parameters were less influential than impact speed and pedestrian age for 22nastrian injury risk.
Recently, a couple of papers have been published about the influerice of vehicle front-end
design on the head injury risk of motorcyclists (Xiao et al., 2022, 2020,, demonstrating that the
bonnet length has high influences on motorcyclist head injuries and v at one-box vehicles can
be more likely to cause head injuries than the other four vehicle tvpes: i.e., Sedan, MPV, SUV,
and EV (Electric Vehicle). The authors also noted that the eff_cts ot vehicle shape parameters
on motorcyclist and pedestrian head injuries are quite differc, * and the trend of decreasing the
bonnet angle and increasing the bonnet length can potera. lly :educe the head injury risk of
motorcyclists.

To answer the research question, the present study investi jaces the effect of four car front-end
designs on the riders’ thrown distance in two collisi ' =S, i.e., head-on and side-on-head, in
conjunction with three different PTW styles: spori-tou, “1g, scooter, and sport.

2 Method

2.1 Data collection

Configurations and speed ranges werc defined based on a dataset of 1412 real PTW-to-car
accidents collected from 1SO 13232, M.N DS, and GIDAS databases. The dataset included only
accidents involving L3 vehicles, i.c., PTWSs with a maximum design speed exceeding 45 km/h
and an engine capacity exceeding 50 m3. The dataset exclusively consisted of accidents with
a two-wheeled motor vehicle (MC) without a pillion rider and rider seated on an upright
motorcycle at the time of irnpact. The dataset was sorted to identify the most representative
crash configurations codzd with the three-digit system provided by ISO 13232. The code
identifies the contact pcin.~ (CPs) and relative heading angle (RHA) between MC and opposite
vehicle (OV), based cn the 1ollowing coding scheme: the first two digits of the code indicate
the CPs of the OV a1 i, respectively, while the third digit corresponds to the RHA between
the two vehicles; se en Lontact points are identified for the OV in a clockwise direction, starting
from the center 1.ne of the frontal bumper (CP=1) and ending at the center line of the rear
bumper (CP=7), -ar the MC, the first contact point (CP=1) represents the front wheel, the third
contact po' it ,CP=3) represents the rear wheel, and the second and fourth contact points
(CP=2,4) indiue the left and right sides of the MC, respectively; the third digit in the code

is the mu "l 1 to 8 of a 45-degree range that returns the RHA measured clockwise from the
front.

The 1412 collected accidents were sorted according to occurrence frequency (Figure 2.1). Since
tris stuay was devoted to evaluating the influence of car front-end designs, head-on-side (42%),
heau on-rear (9%), and rear-end (4%) accidents were not considered. Configurations 114, 115,
and 143 were investigated, representing head-on (21%) and side-on-head accidents (10%),
respectively. The data was used to define the conditions for the simulations.
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Figure 2.1 — Crash configuration distributions acros. da*a collected from ISO 13232, MAIDS, and GIDAS.

2.2 Simulation set-up

For the head-on crashes, the OV wac chosen to be stationary since it is crucial to emphasize
that this study focuses exclusively on ev..luating trajectories rather than injuries. Specifically,
the assessment considers trajectories within a reference system integral to one of the two
vehicles, namely the OV, in this ~tudy. Consequently, the cinematic characteristics of the
system, unaffected by the fr:2CC Jenerating it, remain consistent for a given relative speed,
regardless of which vehicle posscsses a higher speed or greater mass. Thus, under fixed relative
speed conditions, the acc’+lerations measured by the dummy or the OV are identical, irrespective
of whether the speed is ascn.>ed to the heavier or lighter vehicle. However, it is essential to note
that when considerinn = external reference system and accounting for injury assessment,
discrepancies in sreea aftribution yield divergent outcomes. The speed of the MC was defined
between 30 and 90 n™i/h with five steps of 15 km/h each. Even though the original dataset
reported the raoc “or the MC down to 0 km/h in “114” and “115” accidents, 30 km/h was
considered thie minymum significant speed of the MC to appreciate a thrown trajectory since no
ejections we, = noticed by simulating a few sample configurations below this threshold with the
OV statorar. Conversely, the MC was kept stationary for the side-on-head crashes to
maximize > chance that the PTW rider could hit the OV, and the OV speed range was defined
betv. e 25 km/h and 90 km/h, with increments of 15 km/h, for uniformity with the other crash
type alviough its maximum speed across the databases was 65 km/h. The simulations were set
up 'n MADYMO and performed with version 2020.2. A total of 120 simulations were run,
considering the five speeds, three PTWSs, four OV profiles, and two collision types. The RHA
between the two vehicles was maintained at its nominal value, i.e., 180 degrees in the first
collision type and 90° in the second one. This study did not consider angled crashes, and their
effect on dummy trajectories was not evaluated. Every parameter (speed, angle, OV type, MC
type) was managed by HyperStudy to automatically generate the simulation files with a run-
time of 500 ms. As this study only evaluated primary impacts, a 500 ms window was considered
adequate to capture these events in agreement with other studies [23—-29]. The coefficient of
friction between the dummy and the car was demonstrated to have a remarkable effect on
trajectories and head impact time and was therefore set to 0.3, which is in accordance with



several studies [6,18,20,30,31]. A friction coefficient of 0.8 was assumed for (e tire-ground
contact to represent a dry asphalt road [32-34].

The thrown trajectories were recorded until the first interaction betwee.. *he rider’s head and
the OV. The visual representation of the trajectories is provided in Apuendix A (Figure A.2,
Figure A.3, Figure A.4, Figure A.5). Shaded stickmen representer u.” riders in their initial
positions on the PTWs, excluded from the visual representation; tre sc'id colors indicated their
final position when the acquisition stopped.

2.3 Vehicle models

Three vehicles, representative of three PTW styles, and 7ol * front-end designs of car models
were used in this study. The three PTWs were developed during previous research at the
University of Florence and were already used in m*''ti-L,ody crash simulations [35,36]. The
computer-model fleet comprehended a sport-touring, 2 sport, and a scooter style PTWs, Figure
2.2, and four Generic Vehicles (GVs) for cars, Fiqure 2.3 (left). GV models are generic
replications of current car fronts. The car fronts w.re developed within the TB024 EuroNCAP
Protocol [37] for kinematic comparisons onl** a~a snould not be used for evaluations of injury
metrics as they do not meet the UN-R127 -equirements. The GVs represented Sport Utility
Vehicle (SUV), Family Car/Sedan (FCF,, Roadster (RDS), and Multi-Purpose Vehicles and
Superminis (MPV). In a previous study [20], three-dimensional median geometries were used
to obtain representative vehicle share> The four FE models retrieved from that work, Figure
2.3 (left), were converted in MADYMC' as facet surfaces and contact characteristics, Figure
2.4, were attributed to the five main front-end sub-groups: roof/windscreen, bonnet, bonnet
leading edge (BLE), bumper, end spoiler, Figure 2.3 (right). These contact characteristics were
obtained numerically by pros=mmny arigid cylindrical impactor against their FE counterparts in
RADIOSS. The procedure was r:peated at eight locations on the spoiler, bumper, bonnet lead,
and bonnet at the vehicle ~enterline. The output curves (Figure 2.4) complied with the corridors
supplied in the previc s stuiies [20] to generate reasonable contact forces in the pedestrian-
vehicle interaction s*:="* However, they did not account for the stiffness out of the centerline
of each car mode! since, in this study, all the simulated crashes were centered and ignored
potential regionc f lu .alized stiffness along the centerline.

The vehicle cu* weights were increased by 150 kg for the driver and front passenger as
specified in < ELro NCAP pedestrian testing protocol for a total amount of: 1775 kg for the
SUV, 1691 k¢ for FCR, 1590.5 kg for MPV, and 1462.5 kg for RDS. The vehicles have only
one deg: =e ot freedom: the X-direction in the vehicle coordinate system. The global coordinate
syster: was dJefined as shown in Figure 2.3: X-direction was the driving direction of the OV
(lory*tuanial axis), and x=0 at the foremost point of the vehicle at the beginning of the
acquisitzon (t=0). Negative values referred to the acquisition points in front of the OV when the
riacs were still on their PTW. Y-direction was the lateral vehicle axis with y=0 at the vehicle
centerline, whereas Z-direction was vertical and upwards with z=0 at the ground level.
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Figure 2.4 - Contact characteristics per parts and OV type included in the multibody models.




The Motorcycle Anthropometric Test Dummy (MATD) used in this study is bhesed on the
Hybrid 111 Anthropometric Test Dummy design, and it was specifically dcvelo,"ed to model
riders. The MATD was fitted with a helmet, and a state of equilibrium w..c ~chieved for the
entire model by applying a gravitational load to the dummy and the PTW (c.3 . pre-compressed
suspensions). It is important to note that a rider's sitting position can vavy significantly, and it
is influenced by numerous factors, including human factors (such s pi.sical characteristics,
riding experience, duration of riding, cognitive load), motorcycle des gn characteristics, and
environmental variables (such as road conditions, weather, anc :-~*ic conditions) [38]. When
comparing the actual comfortable position of a real rider with *ne anthropometric measurements
of the MATD, several disparities were observed [39]. Hence, u.~ positioning of the dummy was
carried out following the recommended procedures outliriec hv 1ISO [40], and the joint angles
were extrapolated from relevant literature to achieve « natural ergonomic posture that
corresponds to the optimal riding position [41].

3 Results

The results are categorized into frontal and lz:ral .rashes, Figure A.1. Each collision type was
subjected to a comprehensive analysis of twu inruential parameters: the style of the PTW and
the type of front-end design. The output unu r control was the trajectory of the head, henceforth
denoted in figures as "Distance,” wk.ich represented the thrown distance along the X-axis
measured at the head's center of grav1,” in the reference system described in section 2.3.

3.1 Frontal Crash

In frontal crashes, the thrown disiance of the dummy increased with a magnitude dependent on
speed for both the PTW styles and the OV front-end designs, Figure 3.1. Every collision causing
head contact was plotted in the chart, identifying the car part involved. A trendline minimizing
the sum of squares of « pu~ver function was drawn for each PTW, Figure 3.1 (left), and car
profile, Figure 3.1 (rignt). Every line showed a clear dependence on the closing speed, primarily
upon different PTWv ctyles: the sport PTW had the highest slope and vertical shift, while the
scooter reported the .~west values, with a weak dependence on speed. The sport-touring showed
intermediate v~.Iur< cv slope and vertical shift. With reference to car profiles, the dependence
on speed was mo,~ accentuated for RDS and less for FCR. Similar behaviors were noticed for
SUV and N.P\ . It was worth noting that contacts on the windscreen happened only at and above
60 km/h where.as those on the bonnet edge were only below 60 km/h. Contacts on the bonnet
were large ‘v spread across the whole speed span.
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3.1.1 Influence of PTW

The boxplot analysis, Figure 3.2, and ANC VA ests confirmed that the scooter (M=0.27 m,
SD=0.106 m) had the shortest thrown uisi'nce among the PTWs, significantly different (p-
value < 0.01) from that of the other st,les. Also, the sport (M=0.98 m, SD=0.550 m) and the
sport-touring (M=0.41 m, SD=0.425 M) differed significantly from one another (p-value <
0.01). The total number of all the c;-~ed pairs per PTW was 20, but each boxplot did not count
for the same number of simulition; due to the presence of some no-contact instances
(Ns.touring=15; Nsport=20; Nscooter =1u).
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Figure 3.2 - Collision distance per PTW in frontal crashes.

A further investigation interested the contact points during the crash. The distribution per car
parts, Figure 3.3 (left), showed that between 50% and 75% of the collisions involved the three
PTWs with direct contact between the dummy and the car bonnet or bonnet leading edge. Other
contacts involved the windscreen or even no contact at all, in the case of scooter and sport-
touring. However, a Chi-squared test with the null hypothesis that one car part is independent
of an assigned PTW style could not be rejected on a 5% significance level for any PTW style,



Figure A.6 (a). Based on the distribution per dummy’s body regions, Figi're 2 (right), the
sport PTW dummy consistently came into contact with the OVs, with a n”tatle occurrence of
chest contacts (40%), which was deemed significantly related to the typ: » P I'W by the Chi-
squared test, Figure A.6 (b). On the other hand, sport-touring mutornycles and scooters
exhibited instances where no contact with the OV was observed i1 2<% and 50% of cases,
respectively, and the sport-touring motorcycle dummy experiencea he highest head contact
percentage (75%). Notably, the no-contact instances, despi‘e not being below the 5%
significance level, Figure A.6 (b), showed a marked variabilit, in the PTW style.

20 20

[ JBONNET EDGE I HEAD
I BONNET I NECK
I WINDSCREEN I CHEST
15 [EETINO CONTACT 15 [ NO CONTACT
z 10 z 0|
| )
5 5
S.Tourng  Sport Scooter STouring  Sport Scooter

Figure 3.3 - Contact points per car parts (lef;, and dummy’s body regions (right) across PTWs in frontal crashes.

3.1.2 Influence of car profile

The boxplot analysis and ANOV,* tests confirmed that the SUV (M=0.29 m, SD=0.450 m) had
the lowest thrown distance amona the OVs, significantly different (p-value < 0.01) from that
of the other car profiles, Figure 3.4. FCR scored higher values (M=0.89 m, SD=0.546 m), while
MPV (M=0.49 m, SD=0 +46 m) and RDS (M=0.49 m, SD=0.730 m) reported similar median
values, with wider vari-nc> for the latter. Each boxplot did not count for the same number of
simulations (N=15) uue to the presence of some no-contact instances (Nrcr=12; Nrps=7;
Nmpv=12; Nsuv=14).
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Figure 3.4 - Collision distance per car profile in frontal crashes.



The FCR and RDS exhibited an equal percentage of chest contacts (20%), Fiy.'re 3.5 (right).
Notably, the SUV demonstrated the highest frequency of contact with tre dummy, with the
lowest occurrence of no-contact instances and contacts on the windscre.> totn at 7%, Figure
3.5 (left). Most of the contacts with the SUV involved the head on (he bonnet. In contrast,
approximately half of the collisions involving the RDS did not directty . 2sult in contact (53%),
while a moderate percentage (20%) of contacts occurred on the chies. ‘a value shared with the
FCR). Contacts on the head were the lowest reported (27%), as *lustrated in Figure 3.5 (right).
Eventually, the MPV exhibited the highest number of contacts cn the windscreen (27%). From
the Chi-squared tests, neither body regions nor car parts cc ''a reject the null hypothesis of
independence from the front-end designs with a 5% significance level, Figure A.6 (a)-(b).
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Figure 3.5 - Contact points per c7.c pa. .>'¢ft) and dummy’s body regions (right) across OVs in frontal crashes.

3.2 Lateral Crash

In this case, the scooter r.norted the longest distance, the sport style the shortest, and the sport-
touring maintained its ‘entra. position between the other two, Figure 3.6 (left). Only the scooter

profile, FCR and .°DS nerformed similarly, with almost the same distances across the five-
speed steps, whii> Mi"V and SUV reported slightly lower values, up to 0.6 m less than FCR
and RDS, Figu > 3.u (right). No predominant match with specific car parts was highlighted in
any speed rang 2, and no substantial evidence was found between the impact speed at which the
OV hit thz M and the thrown distance of the dummy in lateral crashes.
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3.2.1

Influence of PTW

plotted in the scatter with a geometric symbol anu ~ fieniine was drawn over this data.

In this collision type, dummies ended their *.~izctories always with head contact on the OVs.
The scooter maintained a significant (p-va.ue < 0.01) higher thrown distance (M=1.01 m,
SD=0.498m), Figure 3.7, hence, a higher ercentage of contacts on the windscreen (45%),
Figure 3.8, which the Chi-squared test attributed to the PTW style, Figure A.6 (c). Conversely,
the sport-touring (M=0.84 m, SD=0.222 m) and the sport (M=0.62 m, SD=0.262 m) reported
the shortest distances, not significontly different, turning into a comparable percentage of
contacts on bonnet and bonnet edge. Each bar and boxplot counted for the same number of
simulations (N=20).
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3.2.2 Influence of car profile

A remarkable difference was noticed between rar “cfiles: the SUV reported the shortest
thrown distances among the four profiles (M=_ 21 1, SD=0.174 m), significantly different
from the others (p-value < 0.01), Figure 3.9. -xam iing the contact points on the car profiles,
it became evident that the SUV was the only ;cof.le with a substantial percentage of contacts
(53%) occurring on the bonnet edge, which depended on the front-end design from the Chi-
squared test, Figure A.6 (c); while no contac*s were observed on the windscreen, Figure 3.10.
In contrast, the remaining three profiles exhibited a higher percentage of contacts on the bonnet
and a smaller portion, approxima.ely cne-quarter (lower for the MPV at 13%), on the
windscreen. None of these three prc‘iles showed an interaction with the bonnet edge in any
simulation. Each bar and boxplat ~our.ted for the same number of simulations (N=15).
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4  Discussion

The frontal crash results showed that the rider’s throwa distance depended on the MC speed,
especially for sport and sport-touring PTWSs. The cantact on the windscreen happened only at
speeds over 60 km/h, whereas the bonnet ~4cc vvas prevalently hit at 30 and 45 km/h. As
expected in frontal collisions, the bumper e rer it the dummy, which collided solely with the
PTW front wheel. Contact points on duin.tes and cars, indeed, depended on the trajectories
developed during the collision, which i turn were determined by the PTW and car geometries.
The data concerning rider-car corw.t points find evidence on a wide range of distinct
trajectories, a phenomenon infl:2nced by the inherent characteristics of PTWSs, which
highlights the unique dynamics at play during such collisions. Understanding these diverse
trajectories is crucial for enhaiicing safety measures and accident prevention strategies in the
context of PTW and car inte:a=uons. The rider on the scooter was prevalently restrained by the
shielding of its vehicle, in agreement with other studies [8], with many no-contact instances
against the OV and slig~t contacts on the bonnet after it turned around the PTW frontal
headlamp. Only at the highest speeds was the dummy fully projected off the PTW, hitting the
windscreen of the .. Xiders on the sport and sport-touring had more upward trajectories,
maybe attributablc to t-eir different postures. The dummy on the sport-touring first hit the
pelvis or lower 'i1bs un the handlebars so that its flight was more vertical than forward, and it
tended to ovenurn, with the head impacting on the OV in a rearward position, without any
direct contact un the neck, as seen for cyclists in other studies, [9]. The dummy turned around
the front ~f t1.> MC, ending with head contact on the OV bonnet or even flying over the roof
after a comple te flip without any contact, in agreement with other studies [42]. Conversely, the
sport "W »ad a lower handlebar, promoting a free release of the dummy from the saddle with
a hig,. vaniance of end contacts and new body regions involved, such as the chest, in addition
tr. tr e head and neck. From the point of view of cars, generally, as the height of the bonnet
inci >2sed, there were more contacts on the head; conversely, with a lower bonnet height, there
were more contacts on the chest, confirming the trend observed in pedestrians [43]. In the
crashes against the OV with the highest bonnet, SUV, and MPV, the PTW pitch was lower,
confirming that frontal structures may aim to control the energy transfer and prevent a rollover
in frontals [44]. However, the dummy’s motion was more upward than forward, which favored
its rotation with direct head contact on the proximal part of the bonnet (short thrown distance).
Conversely, FCR and RDS allowed extended thrown distances, and the riders hit the OV far
away on the bonnet or directly on the windscreen. The RDS reported shorter distances and
many no-contact instances, as the OV was more likely to move backward after the collision due



to its lighter mass; hence, using a reference system integral to the car, its dista. ¢ median
appeared lower, and its dependence on MC speed was higher. The no-contart 1as1ances were
dominated primarily by two mechanisms: at low speed, dummies on sport ana sport-touring
were thrown over the PTW, falling to the ground without touching the OV a7 1 slight rebound
of both the vehicles; at high speed, riders could easily pass over the Uv'. (RDS and FCR)
without touching it.

Different from frontal crashes, in laterals, the thrown distance did r.~t sh'w dependence on the
OV impact speed, neither when it was analyzed per style of PTW nor . pe of OV. Conversely,
the distance was greatly influenced by the PTW style since, aftc. *h first contact, the dummy
lays down on the bonnet and develops its trajectory only if the lower limb is not restrained
between the two vehicles. The fuel tank assumes a critical ru!= in determining two potential
outcomes: whether the dummy is trapped and experieres head contact with the bonnet or
whether it remains free and subsequently strikes the winuc<reen with its head. Besides, the
initial posture the dummy took on the PTWs determi~~s t.s final distance: the more upright the
dummy is, the further it is thrown after the crash. Tlics. u.ese combined elements correlate well
with the finding that scooters are associated witn the .ongest thrown distance in side impact
scenarios. In addition, it is evident that OVs characteiized by high profiles, such as MPVs and
SUVs, played a significant role in confining, tr.c 1iders and preventing head contact with the
windscreen. From this perspective, this stua, coi.oborates the findings that decreasing bumper
height and bonnet length can increase 1.~ad injury risk for riders [21,22] and pedestrian
protection [45].

Although the OV profiles presented . *his study are intended for trajectory assessment only, a
certain level of riskiness can be i~terred, considering that the car parts hit by riders have
different stiffnesses and that the kinematics of the human body during the primary impact
influence the severity of the niunies, at least for pedestrians, [46]. According to a study
involving 153 PTW riders (-t¢], e windscreen region (made by glass, wiper, and frame)
resulted in the most dangerous, wvith an average AlS reported of 2.2, followed by the rear half
of the bonnet (2.0), the Lnnet leading edge (1.9), the bumper (1.7) and, eventually, the front
half of the bonnet (1.2. Morcover, despite its low frequency (5%), cervical spine injuries were
found to be extreme", = portant, with an average AlS of 3.0, followed by injuries on the head
(2.4, 60%), chest (.2, 23%), and legs (1.9, 79%). The windscreen region was found likely to
result in severe i jurie.s not only for PTW riders [47] but also for head contact of pedestrians
[9,48] and cycn.*s | v,16]. Based on the previous findings, RDS should represent a considerable
threat for riders, given its high percentage of head contacts in lateral crashes and chest
involvemsnt 1> frontals, prevalently on the windscreen and rear bonnet. Conversely, the SUV
may be .mcre “olerant of riders, considering its contacts on the first half of the bonnet and their
abserc: on »ae windscreen. Nevertheless, while certain vehicle variables, such as the inclination
angie ~f uie windscreen, appear to have no direct correlation with injuries [46], other studies
p’opase that certain vehicles, such as SUVs, might possess bonnets that are even stiffer than
widecreens found in compact cars [49]. However, since Otte’s findings [42], many
improvements interested the bonnet region, such as the pop-up bonnet (“Active Hood Lifting
System”) [50] and the pedestrian airbag, found effective also for cyclists [51]. Hence, assessing
the influence of specific car components on the risk of injuries is a complex task [52]. It was
emphasized that estimates of countermeasure efficacy cannot be based on the assumption that
all injuries are solely caused by vehicle-related factors, but monitoring post-vehicle impact
kinematics is crucial to address injuries during crashes completely [53].



This study showed that a higher bonnet height in frontal collisions was #ssu ~ieed with an
increased likelihood of head contact, while a lower height led to a hig"er chance of chest
contact. In lateral impacts, the SUV effectively restrained riders with < humper, avoiding
contact with the windscreen. Statistical tests, such as the ANOVA ar.0 the Chi-squared tests,
confirmed a significant correlation between the SUV front-end desion «.'d tne thrown distances
(or contact points). However, these tests also suggested that FCR. kS, and MPV front-ends
were not significantly different from a trajectory perspective, and, thus, they may be
interchangeable for studies on car-to-PTW crashes. Differerily, the PTW style significantly
affected the outcome of frontal collisions: scooter riders :.*:1y came into contact with the
opposing vehicle; sport-touring motorcycles tended to have a higher likelihood of overturning
with rearward head impact on the car; sport PTWs typica:!/ projected forward, increasing the
likelihood of chest contacts. In lateral collisions, the prese’ice of a conspicuous fuel tank on the
PTW and the initial posture of the rider also played e si¢,ificant role in determining the distance
the rider was thrown: scooter riders were thrown furthe, often leading to head contact with the
windscreen. These findings can serve as a valuak.. ' esuurce for future research aiming to design
car profiles more forgiving towards PTW riders, ultimately enhancing their safety during
crashes.



A. Appendix
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Figure A.1 - Frontal (upper) and side (lower) crashes reproduced in MADYMO.
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Figure A.2 - Overview of frontal collisions divided per OV across five-speed steps and grouped per PTW style.
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Figure A.4 - Overview of lateral collisions divided per OV across five-speed steps and grouped per PTW style.
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