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Introduction

Pedestrian Injuries and Pop-Up Hood Design

Pedestrian injuries in road traffic are an increasing public-health problem worldwide. Every year
over 1.2 million people die and 20 to 50 million people are injured in motor vehicle crashes
around the world, and pedestrians account for more than a third of them (WHO, 2009). In the
United States, the percentage of pedestrian fatalities among total fatalities from traffic crashes
was 17 percent in 2020 and has been on the rise steadily for the past decade (NHTSA, 2022).

Prior research has shown that head injuries are the most common injuries in pedestrian impacts
along with lower-extremity injuries, and vehicle hood/bonnet contacts account for a significant
portion of pedestrian head injuries (Martin et al., 2011; Mizuno, 2005; Yang, 2005). Numerous
studies have demonstrated the effectiveness of redesigning the hood structure to achieve a more
yielding stiffness profile and better energy-absorbing efficiency (Belingardi et al., 2009;
Kerkeling et al., 2005; Liu et al., 2009). However, even with new hood-structure designs and
their increased energy-absorbing efficiency, “bottoming out” during a pedestrian head impact is
possible due to limited under-hood clearance and hood stiffness. This is especially true for sports
cars, in which the hood is typically lower to achieve better aerodynamics, styling, and visibility.
Pop-up hoods that deploy upward in the early stages of a pedestrian crash are designed to address
this problem. Several previous studies have presented designs and evaluated the effectiveness of
a pop-up hood system (Evrard, 2011; Fredriksson et al., 2001; Huang & Yang, 2010; Inomata et
al., 2009; Lee et al., 2007; Oh et al., 2008a; Shin et al., 2008). Such a system provides additional
space between the hood and the rigid components beneath by raising the rear of the hood before
a pedestrian head contact. As a result, a larger hood deformation and hence greater energy
absorption can be accommodated without bottoming out while reducing the head impacting
force, acceleration, and head injury risk in pedestrian crashes.

Regulated or Consumer Information Testing Protocols on Pop-Up Hood Designs

Current test procedures do not have an objective means to assess active systems, such as pop-up
hoods, that deploy upon striking a pedestrian. In Global Technical Regulation (GTR) No. 9,
Pedestrian Safety, a safety assessment is specified for non-deployable hoods that involves
launching a hemispherical headform instrumented at 35 km/h with a triaxial accelerometer into
the hood of a vehicle sitting at rest. The requirement is Head Injury Criterion (HIC), determined
over a 15 ms window, must be less than 1000 or 1700 depending on the targeted area. However,
these procedures do not provide an appropriate means to account for pop-up hood deployment,
including the timing of the activation.

The United Nations Economic Commission for Europe (UNECE) World Forum for
Harmonization of Vehicle Regulations (WP.29) and a new Informal Working Group (IWG) have
been working on testing protocols for performing headform tests on vehicles with pop-up hoods.
Specifically, a testing protocol draft amendment was developed to include the triggering and
sensing capabilities of the pop-up hood system. The draft amendment also stipulates that the
head impact time (HIT) is to be determined by the manufacturer using computer modeling. The
HIT is determined using crash simulations between the manufacturer's own vehicle model and
prescribed human body models of a 6-year-old (YO), a 5th percentile female (F05), a 50th
percentile male (M50), and a 95th percentile male (M95). HIT values are to be reported to (and
confirmed with) the test authority. For each pedestrian size, a HIT is determined by modeling a



pedestrian walking perpendicular to the vehicle with an impact at the hood centerline at a speed
of 40 km/h.

Similar to UNECE, the European New Car Assessment Program (Euro NCAP) assessment of
pop-up hoods for pedestrian protection has adopted a hybrid approach including both physical
testing and human modeling (Euro NCAP, 2018a). The simulations with the pedestrian models
are used to derive inputs for the subsequent physical assessment using conventional headform
impactors. The head impact locations and HITs for several pedestrian sizes are determined to
assess whether the system is fully deployed at the time of the head impact for the most critical
pedestrian size. Based on that result, the hood is impacted with the headform impactors in
deployed, undeployed, or dynamic deploying state (location dependent) in the physical test. The
hood deflection due to the loading can be simulated to prove that the head protection is not
compromised by a collapse of the hood. These simulations must be carried out at varying impact
speeds with several sizes of the pedestrian models (6YO, F05, M50, and M95).

Currently, Euro NCAP accepts the results generated by various pedestrian models, as listed in
the Technical Bulletin (TB) 024 (Euro NCAP, 2019). However, pedestrian models must be
certified through a standardized set of boundary conditions. The certification process involves
simulating the pedestrians through a series of impacts with four previously published generic
vehicle (GV) geometries at three impact speeds (30, 40, and 50 km/h) (Klug et al., 2017). Three
kinematic trajectories from designated anatomical locations on the pedestrian models and total
contact force between the pedestrian and vehicle are then compared to a standardized set of
corridors to determine whether the model passes certification. Additionally, HIT must fall within
a specified range for each simulation. Numerous guidelines regarding posture and pre-simulation
checks are also specified.

Although the current pedestrian headform impact tests only consider static hood states (deployed
or undeployed), future regulations or consumer information tests could include dynamic pop-up
hood deployment into the headform impact testing protocols. In this case, the timing of the pop-
up hood deployment and the time that the head hits the hood will become critical, which could
potentially affect the headform impact response and safety evaluation. Therefore, understanding
variables that could affect HIT values and prediction models that can estimate HIT based on
pedestrian, vehicle, and crash conditions are necessary.

Research Gap

The computational human modeling approach proposed by IWG to predict HIT would be
challenging to implement in a U.S. Federal regulation. NHTSA safety standards are enforced
through NHTSA independently performing compliance testing without need from input vehicle
manufacturers. The use of computer simulation as part of vehicle development is well
established. However, their use within the context of a Federal Motor Vehicle Safety Standard
(FMVSS) would be unprecedented and would raise many novel enforcement issues. Therefore,
an alternative approach that can objectively determine HITs based on well-defined and
measurable vehicle front-end characteristics is needed for U.S. vehicles. Thus far, all the
pedestrian testing protocols were initiated in Europe. As a result, the generic vehicle models used
to certify human body models were developed based on European vehicles. The distribution of
vehicle sizes and shapes in the United States is significantly different from that of European
vehicles. Larger SUVs and pickup trucks are much more popular in the United States than in
Europe yet are not represented by the four generic vehicle categories. Moreover, there is a lack



of data and knowledge on how vehicle front-end geometries (particularly for a wide range of
U.S. vehicles) may affect HITs in pedestrian crashes and how pop-up hood design parameters
may affect pedestrian injury risks.

Research Objectives

The objectives of this NHTSA-funded research were to 1) use finite element (FE) pedestrian
models and a large set of vehicle models to generate a virtual database of HITs, which were used
to develop prediction models using objective, well-defined, and measurable vehicle front-end
characteristics, pedestrian size, and impact speed to predict HITs, and 2) investigate effects from
pop-up hood design parameters on pedestrian injury risks. The following specific tasks were
conducted:

Task 1: Fleet survey and literature summary

Task 2: Simulations and prediction model to determine HIT
Task 3: Simulations for hood edge impact with a pop-up hood
Task 4: Simulations in a hood collapse scenario

Specifically, Task 1 identified any variables (crash characteristics, vehicle properties, and
pedestrian demographics) that may affect HIT in vehicle-to-pedestrian impacts and identified
modeling and testing data available for predicting HITs in vehicle-to-pedestrian impacts. Task 2
focused on developing a virtual database of HITs using FE simulations and developing a
prediction function using objective, well-defined, and measurable vehicle front-end geometry,
pedestrian size, and impact speed to predict HITs. Task 3 focused on simulations of a single
pedestrian-to-vehicle impact on the edge of the hood with and without pop-up hood. Task 4
focused on a parametric study for investigating the effects of design parameters on pop-up hood
design performance.



Task 1: Literature Review

The goals of this literature review are to 1) identify any variables (crash characteristics, vehicle
properties, and pedestrian demographics) that may affect HIT in vehicle-to-pedestrian impacts,
and 2) identify modeling and testing data available for predicting HITs in vehicle-to-pedestrian
impacts. The literature databases included Medline (biomedical literature), Scopus (covering
most engineering and biomedical literature), and papers published at the conference on the
Enhanced Safety of Vehicles (not covered by Medline and Scopus).

Potential Variables That May Affect HIT

UMTRI conducted a comprehensive literature review in 2015 on “designing pedestrian-friendly
vehicles” (Hu and Klinich, 2015). Although HIT was not the focus in that review, there are
specific sections covering the sources of pedestrian head injuries, risk factors associated with
pedestrian head injuries, and vehicle designs for reducing pedestrian head injuries. Many
findings there can be applied to define variables that may affect HIT. Moreover, the PhD
dissertation from Klug (2018) presented a comprehensive study on many parameters that may
affect HIT through computational simulations with the GV models and two human body models
(i.e., THUMS and GHBMC). Two tables (Appendix Table A-1 and Table A-2) were also
provided for summarizing prior post-mortrem human subject (PMHS) testing (n=24) and human
modeling (n=10) studies related to vulnerable road users (bicyclists and pedestrians), which
served as a good resource for this literature review.

Based on the studies, the variables investigated in this literature review are below. These
variables are important for predicting pedestrian head injury risks in general and are expected to
affect HIT values.

Vehicle-to-pedestrian impact speed
Vehicle type / front-end geometry
Vehicle impact location
Vehicle-to-pedestrian friction
Pedestrian size

Pedestrian age

Pedestrian posture (gait and arm)
Pedestrian impact angle

Wrap around distance (WAD)

Vehicle-to-pedestrian impact speed: Impact speed is the most significant crash factor affecting
injury risk in vehicle-to-pedestrian crashes. Although the strong correlation between the impact
speed and pedestrian injury risk has been well established based on pedestrian crash data
(Anderson et al., 1997; Ashton & Mackay, 1979; Cuerden et al., 2007; Davis, 2001; Kong &
Yang, 2010; Oh et al., 2008b; Pasanen & Salmivaara, 1993; Rosen & Sander, 2009; Yaksich,
1964), the absolute pedestrian injury risk as a function of impact speed still needs further
investigation. Specifically, a literature review (Rosen et al., 2011) found that studies conducted
before 2000 were all based on direct analyses of data with oversampling of severe and fatal
injuries, resulting in overestimation of pedestrian fatality risks. On the other hand, more recent
studies based on less biased data provided substantially lower risk estimates than those
previously reported. Figure 1 shows the variations associated with fatality risk functions among
different studies. Regardless of the absolute values of fatality risks, there is a consensus that



pedestrian fatality risk increases monotonically with vehicle impact speed. Considering head
injuries are one of the main causes of fatalities in pedestrian impacts, impact speed should be
considered in any studies related to pedestrian head injury mitigation, including HIT prediction.
Intuitively, a higher impact speed will lead to an earlier HIT after controlling other confounding
factors.

Oh et al. (2008} = = Pasanen et al. (1992)
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Figure 1. Fatality risk as a function of impact speed in vehicle-to-pedestrian crashes (Rosen et al., 2011)

Vehicle type: Many previous studies have shown that vehicle type has a strong effect on
pedestrian-injury and fatality risk (Desapriya et al., 2010; Hu et al., 2023; Lefler & Gabler, 2004;
Longhitano et al., 2005; Paulozzi, 2005; Roudsari et al., 2004). Light truck vehicles (LTVs),
including pickup trucks, vans, and SUVs, were reported to be associated with higher risk of
serious pedestrian injuries and fatality risk than sedans (Hu et al., 2023; Roudsari et al., 2004).
Furthermore, LTVs result in different pedestrian-injury patterns and injury sources than those
from sedans. Although the head is the most injured body region for both LTVs and sedans, the
lower-extremity region is the second for sedans, whereas the torso is the second for LTVs. The
most frequent injury sources for sedans are the windshield and the bumper, not the hood, while it
is the hood and hood leading edge for LTVs. Desapriya et al. (2010) performed a literature
review to quantify the vehicle type on fatal pedestrian injuries based on 11 previous studies. The
overall pooled data led to an odds ratio of 1.54 for fatal pedestrian injuries with LTVs compared
with cars. Figure 2 provides a more detailed view of the injury-pattern and injury-source
differences between LTVs and sedans. Overall, LTVs cause more injuries throughout the whole
body of a pedestrian than sedans, but LTVs showed disproportionally higher head injury risks
associated with the hood than sedans. Compared with sedans, LTVs are generally stiffer, higher,
and with a more vertical front profile. These variables are likely the major reasons for the
difference in pedestrian-injury risk, and it was expected that HIT values are lower for LTVs than
sedans after controlling other confounding factors. Hoods account for a higher proportion of
pedestrian head injuries for LTVs than for sedans, and thus, all other things equal, pop-up hood
designs may be more useful for LTVs than sedans. However, the relative need for pop-up hoods
as a head impact countermeasure on sedans versus LTVs may be affected by other factors, such
as hood clearance from under-hood hard structures.
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Figure 2. Distributions of pedestrian injuries and injury sources by vehicle type (data from Longhitano et al., 2005)

Pedestrian size: Pedestrian size is an important factor affecting the injury sources and risks in
pedestrian impacts. Tables 1 and 2 summarize the sources of pedestrian AlS 2+ injuries for
adults and children, respectively, based on data from International Harmonized Research
Activities (IHRA) (Mizuno, 2005). Children and adults show different injury sources mainly
because of differences in their stature and the associated WAD. For example, head injuries for
children are more commonly induced by the hood rather than the windshield and A-pillar, the
latter two being the most common injury sources for adult head injuries. As a result, pop-up hood
designs may be more effective for children and shorter adults. When estimating HIT values,
pedestrian stature is clearly a significant variable: shorter pedestrians will experience lower HIT
than taller pedestrians.

Table 1. Sources of IHRA pedestrian AIS 2+ injuries by body region, adults (age>15) (Mizuno, 2005)

Body Region Head Face MNeck Chest Abdomen Pelvis Arms Legs Unknown Total
Bumper 20 2 0 2 3 3 3 572 0 605
Hood 140 9 1 122 39 35 73 28 1 448
Hood leading edge 7 2 1 36 65 30 28 109 0 328
Part of the Windshield 303 52 11 28 3 10 22 3 0 432
Vehicle A-pillar 159 28 5 34 7 14 29 6 2 284
Front Panel 0 1 ) 13 6 5 63 0 96
Others 33 7 0 29 9 12 11 54 0 135
Sub-Total 662 101 18 259 139 160 171 835 3 2348
Indirect 12 0 16 1 0 7 0 6 0 42
Road 125 18 2 21 2 8 32 32 1 241
Unknown 19 6 3 18 9 16 20 45 6 142
Total 818 125 39 299 150 191 223 918 10 2773

Table 2. Sources of IHRA pedestrian ALS 2+ injuries by body region, children (age<l5) (Mizuno, 2005)

Body Region Head Face Meck Chest Abdomen Pelvis Arms Legs Unknown Total
Bumper 4 0 0 1 2 0 3 89 1 100
Hood 83 6 1 17 3 8 13 2 0 133
Hood leading edge 8 0 3 7 13 5 7 18 0 61
Part of the Windshield 41 4 1 2 2 2 1 1 1 55
Vehicle A-pillar 9 0 0 1 0 0 2 0 0 12
Front Panel 5 0 0 1 0 1 1 9 0 17
Others 12 0 1 9 3 1 4 32 0 62
Sub-Total 162 10 6 38 25 17 31 151 2 442
Indirect 1 0 1 0 1 0 1 3 0 4
Road 46 4 0 1 0 1 10 1 0 63
Unknown 8 0 0 1 1 0 5 7 1 23
Total 217 14 7 40 27 18 47 162 3 532




Pedestrian age: Pediatric and elderly pedestrians are overrepresented in vehicle-to-pedestrian
crashes (Martin et al., 2011). IHRA data showed that children younger than 15 accounted for
over 31 percent of all vehicle-to-pedestrian crashes in the United States, Germany, Japan, and
Australia, although they only accounted for 18 percent of the overall population in those
countries. Although older individuals did not show a high incidence rate in the IHRA data, they
are more likely to suffer severe injuries in pedestrian crashes (Mizuno, 2005). U.S. studies have
also reported similar trends with children sustaining the highest incidence rate (Lee & Abdel-
Aty, 2005), and the elderly sustaining the highest severe-injury and fatality rate in pedestrian
crashes (Demetriades et al., 2004; Henary et al., 2006; Kim et al., 2008). The high involvement
of children in pedestrian crashes is largely a consequence of their lack of experience and safety
awareness, as well as their small body size, which can make them more difficult for drivers to
see; the high injury and fatality rate of the older population is mostly due to their age-related
morphological and physiological changes. Figure 3 shows estimated fatal-injury probabilities per
crash as a function of pedestrian age (Kim et al., 2008). Age plays a significant role in
determining the injury risk in pedestrian crashes, which is consistent with other types of
vehicular crashes (Hu et al., 2007; Kent et al., 2005a; Morris et al., 2002). Injury biomechanics
literature has shown that older people are more fragile than younger adults, meaning they tend to
sustain more severe injuries at a given level of impact loading (Kent et al., 2005b; Laituri et al.,
2005; Zhou et al., 1996). This also means older people tend to sustain worse outcomes from a
given injury than younger adults (Kent et al., 2009; Li et al., 2003). Although literature has
clearly shown significant age effects on pedestrian injury risks, it is not clear how age could
affect HIT.
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Figure 3. Fatality risk per crash as a function of pedestrian age (Kim et al., 2008)

WAD: WAD is often used to define pedestrian-to-vehicle impact locations. For example, Euro
NCAP pedestrian tests include legform-to-bumper tests, upper-legform-to-hood-leading-edge
tests, and child/adult-headform-to-hood/windshield tests. The headform test area is defined based
on the pedestrian WAD as shown in Figure 4, in which child and adult headform test zones are
separated. The test zones cover almost the full width of the vehicle, so that the overall pedestrian
protection can be evaluated throughout the vehicle front-end structures. Since the WAD is highly



correlated to the traveling distance of the head of a pedestrian in a vehicle-to-pedestrian impact,
it should also be highly correlated to the HIT value after controlling confounding factors.

Hood Rear
Reference Line

1700mm

Wrap around
distance

Figure 4. Headform test zones based on wrap around distance (Euro NCAP 2012b)

Other impact condition factors: Impact condition factors, including vehicle impact location,
vehicle-to-pedestrian friction, pedestrian posture, and pedestrian angle should affect HIT to some
extent. However, such factors may not be as significant as the variables in affecting HIT.

Recent Testing and Modeling Studies on HIT and Associated Variables in
Pedestrian Impacts

Since the pop-up hood testing protocol was introduced not long ago, most studies addressing
HIT and variables affecting HIT are recent work using physical testing or computational
modeling.

Kerrigan et al. (2012) conducted a total of 15 full-scale PMHS and anthropomorphic test device
(ATD) pedestrian to vehicle impact tests with small sedan (n=8) and large SUV (n=7) at 40
km/h. Although the study focused on PMHS and ATD kinematics and injury risks for the whole-
body, HIT values were reported, indicating a significant difference between the sedan and SUV.

In particular, the HITs are significantly higher with the small sedan than the large SUV
(Figure 5). The results also showed a strong correlation between HIT and WAD.

Impact t- t2- — SED DA2 SED P2
WAD Velocity HIC15 HIC15 HC1 HC2
Test [(mm) (m/s) HIC15 (ms) (ms) (ms) (ms)
Sed D1 |1930 14.69 1437 1236 1386 124 125 T\ 4
Sed D2 |1940 1330 1447 1223 1373 123 124 ’—'{ / Sg«'
Sed D3 |1970 13.88 1321 1254 1404 127 128 w \ -
Sed DA1 (1970 1589 1749 1226 1376 122 123 — o
Sed DA2 (2130 1531 1091 1314 1464 133 134 =
Sed P1 [2410 1356 824 1473 1623 151 152
Sed P2 [2200 1448 3647 1353 1394 134 135 SUV P1
Sed P3 [2320 1180 511 1388 1538 141 142 =
SUVD1 |1685 929 577 924 1074 98 99 - \ 4 /
sUvD2 |1660 1045 826 852 1002 93 94 &7 : \ \Q/
SUVD3 |1665 929 752 847 997 93 94 -«
SUV DA1 (1700 1139 1704 87 102 93 94 L =
SUV DA2|1850 1203 1642 948 1098 99 100
SUVP1 |1860 1211 3694 968 1018 95 96
SUVP2 |1845 1064 745 8596 1009 91 92

Figure 5. Head contact time (HC1 and HC2) and contact locations in (Kerrigan et al., 2012)



Peng et al. (2012) presented 280 Mathematical Dynamic Model (MADYMO) simulations with
two pedestrian sizes (adult and child), seven pedestrian postures/angles, five vehicle front-end
geometries, and four impact speeds (30 to 60 km/h). Although HIT values were not reported,
WAD values were analyzed. It was found that child and SUV are associated with lower WAD
than adult and other vehicle geometries (Figure 6). Because HIT and WAD are highly correlated,
it is reasonable to believe that such effects will stay the same in HIT prediction.

1.2 R /i 3
—
1.0 . v
SMC SFC LFC MPV SUV SMC SFC LFC MPV SuVv
Vehicle type (Adult) Vehicle type (Child)

Figure 6. Exemplar impact locations and WAD values under 40 km/h pedestrian impact (Peng et al., 2012)

Watanabe et al. (2012) conducted 72 FE simulations of pedestrian impacts using three vehicle
models (sedan, SUV, minivan), three pedestrian FE model sizes (F05, M50, and M95), at two
different impact locations (center and the corner of the bumper) and four impact speeds (20, 30,
40 and 50 km/h). Although HITs were not reported numerically, some of the HIT values can be
estimated from Figures as shown in Figure 7. Their results demonstrated that impact speed,
vehicle model, pedestrian size, and impact location all affected the HIT values.
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Figure 7. Exemplar impact locations and HIT values under various impact conditions (Watanabe et al., 2012)

Elliott et al. (2012) used MADYMO simulations to reconstruct PMHS and ATD pedestrian
impact tests. Model-predicted HIT values were compared to the test results as shown in Figure 8.
It was reported that pedestrian posture and height of the hood leading edge are significant factors
affecting HIT, while vehicle stiffness and vehicle-to-pedestrian friction are not significant.

Head impact time

Head impact time (ms) Head impact time (ms) difference (ms)
Test PMHS MADYMO model MADYMO — PMHS
MSS-S 100 103.0 3.0
MSS-T 140 126.0 —14.0
SCC-S 80 78.0 -2.0
SCC-T 88 81.0 -70
Sl 1125 119.5 7.0
S2 114.3 121.1 6.8
S3 115.1 122.5 74
M4 120.9 133.2 12.3
M5 121.9 135.4 13.5
Té 129.0 1345 55
4 135.2 136.2 1.0
Pl 151.5 128.5 -23.0
P2 134.4 118.6 —15.8
P3 141.5 124.1 —174
DI 124.5 120.3 —42
D2 1235 120.3 =32
D3 127.5 120.3 -72
DAI 122.5 118.0 —4.5
DA2 133.5 122.5 —11.0

Note: MSS-S-SCC-T: PMHS,?' SI-T7: PMHS,?* P1-P3: PMHS?* and D1-DA2: dummy.>*
Figure 8. HIT values reported in (Elliott et al., 2012)

Peng et al. (2013) used MADYMO to reconstruct 43 real-world sedan-to-pedestrian crashes in
China and Germany. Second order polynomial curves were developed to use impact speed to
predict HIT depending on impact location (Figure 9). Although impact speed is negatively
correlated with HIT, there is no clear difference of HIT between different vehicle impact
locations.
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Figure 9. Relationship between impact speed and HIT (Peng et al., 2013)

Pal et al. (2014) conducted FE simulations with three Japan Automobile Manufacturers
Association (JAMA) pedestrian models (AC06, AF05, and AM50) and two vehicle models (PV
and SUV) at 45 km/h impact speed. HIT was reported as the percentage to the pop-up hood
deploying time as shown in Table 3. SUV had much shorter HIT compared to the passenger car,
and the 6-year-old pedestrian sustained the shortest HIT among all three pedestrians. The 6-year-
old pedestrian-to-SUV impact is the only condition where HIT is shorter than the pop-up hood
deploying time. Interestingly, it was also reported that human models with pelvis fracture option
showed a longer HIT than without fracture. This is somewhat counterintuitive, because a
fractured pelvis will provide less support to the torso, causing the torso/head to hit the vehicle
quicker than those without a pelvis fracture.

Table 3. HIT/pop-up hood deploying time (Pal et al., 2014)

PV: SuVv:
HIT/Deploying HIT/Deploying
time % time %
ACO06 114 60
AF05 194 148
AMS50 240 196

Chen et al. (2015) conducted FE simulations with the midsize male THUMS pedestrian model
under nine orientations and three gaits at 40 km/h with a sedan model. Model-predicted HIT
values are shown in Figure 10. They found that posture and impact direction are not statistically
significant for predicting HIT.
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e Head impact | Head impact .Hmd Vi .l‘orsu Iorfo ,"""“'.' i
Cases . . impact impact rotation extremity
time (ms) site locati (m/s) ; . Lo
ocation angle () ) impact
S0 139 lateral C 11.6 15 15 both
S15 139 occipital C.D 10.8 72.6 57.6 elbow
SN15 135 frontal C 10.8 -83.9 -68.9 elbow
S30 134 occipital C 11.8 84.0 54.0 elbow
SN30 125 frontal C 12 -89.0 -59.0 elbow
S60 123 occipital C 14.6 77.6 17.6 -
SNe0 117 frontal B.C 13.4 -88.3 -28.3
S90 117 occipital C 15.3 87.9 -2.1
SN90 111 frontal B 14.0 -88.0 1.4 -
RF0O 128 occipiral C 12.2 29.5 29.5 shoulder
RF15 124 occipital C 12.7 47.6 32.6 shoulder
REN15 129 lateral B.C 13.6 8.5 23.5 shoulder
RF30 125 occipital B.C 12.7 75.5 45.5 elbow
RFN30 129 lateral B 14.9 -27.0 3.0 shoulder
RF60 123 occipital B.C 13.5 77.5 17.5 elbow
RFN60 130 frontal B.C 12.5 -86.5 -26.5 -
RF90 130 occipital B 15 87.0 -3.0 -
RFN90 129 frontal B.C 13.3 -75.0 15.0 -
LFO0 132 frontal G 11.7 -40.0 -40.0 both
LF15 132 lateral C 12.5 11.8 -3.2 both
LEN15 131 frontal C 11.2 -76.0 -61.0 elbow
LF30 130 lateral B.C 13.9 239 -6.1 both S) Right leg forward (RF)  Left leg forward (LF)
LFN30 118 frontal B.C 10.7 -77.6 -47.6 elbow
LF60 134 occipital B.C 13.3 90.0 30.0 -
LEN60 124 frontal B 12.1 -52.2 7.8 elbow
LF90 132 occipital B.C 15.4 88.2 -0.8 -
LEN90 129 frontal B 13.2 -106.0 -16.0 elbow

*A: WAD < 1800 mm (hood), B: 1800 <= WAD<1950 (cowl), C: 1950 == WAD< 2100 (windshield frame), D:
WAD = 2100 mm (windshield).

Figure 10. Model-predicted HIT values and simulation conditions (Chen et al., 2015)

Bhattacharjee et al. (2017) conducted 12 FE vehicle-to-pedestrian impact simulations with three
in-production vehicles (a sedan, a midsize SUV, and a pickup truck) and four GHMBC
pedestrian models (6YO, F05, M50, and M95). A regression model was also developed for using
bonnet leading edge (BLE) height and WAD to predict HIT (Figure 11). While this is a relatively
small sample size (n=12), this is the only HIT prediction model with U.S. vehicles. However,
one of the limitations of this study is that HIT was predicted by WAD, which is not a
measurement that can be determined easily for various combinations of vehicle, pedestrian, and
impact conditions. Moreover, impact speed was not varied. This study also reported a high
correlation between WAD and HIT, which is consistent with other studies.

HIT = -32.1-0. 0518(BLE Ht) + 0 11106(WAD)
. BLE Ht: Bonnet Leading Edge height @
T WAD: Wrap Around Distance

Figure 11. Pedestrian impact simulations and prediction model of HIT by (Bhattacharjee et al., 2017)

Klug et al. (2017) conducted pedestrian FE simulations for estimating HIT with four GV models,
two pedestrian models (THUMS and GHBMC M50), and three impact speeds (30, 40, and
50km/h). Pedestrian postures were also varied in the simulations. It was found that boundary
condition variations induced higher HIT variations than the HIT differences from using different
pedestrian models. Therefore, the boundary conditions of the pedestrian impact simulations,
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including the posture of the arm, friction between the pedestrian and the vehicle, and contact
definitions need to be defined properly and consistently to achieve reliable HIT predictions. One
of the major contributions of this study is the development of GV models. The geometries of the
four GV models (Sport Utility Vehicle [SUV], Family Car [FCR], Roadster [RDS], and Multi-
Purpose Vehicle [MPV]) were based on the front-end geometries of 11 European vehicles
provided by five car manufacturers or pictures with vehicle dimensions.

Song et al. (2017) conducted 11 PMHS pedestrian impact tests at 40 km/h with an adjustable
generic buck representing different types of vehicles. As providing a set of reference PMHS tests
for model validation is the main purpose of the study, HIT was not the focus but was reported.
Nevertheless, the van impacts resulted in much shorter HIT than those impacts with the SUV and
sedan (Figure 12).

TIR | TIR | TIR | TIR | TIR | TIR | TIR | TIR | TIR | TIR | TIR

Test #

MS MS MS MS MS MS MS MS MS MS MS

j #
Subject 7 697 | 698 | 699 | 700 | 701 | 712 | 708 | 707 | 711 | 710 | 709

Right

lower extremity 0 0 0 0 0 0 0 0 0 0 0
contact time (1s)
Left
lower extremity 17 15 17 15 22 18 21 20 19 17 18
confact time (ms)
- Pelvis 10| 10| 10| 1w0]| 10| s 5 o | s0 | so
contact time (ms)
Right elbow 7 75 | 6 70 | 70 o |30 | 30| 7| 7|e6

contact time (ms)
Shoulder
contact time (ms)
Head

105 100 85 100 100 45 45 45 100 100 95

B 115 115 105 115 110 70 G0 65 115 115 115 — 3
contact time (ms) -

Figure 12. HIT values reported in (Song et al., 2017), TIR 01-05: SUV, TIR 06-08: Van, TIR 09-11: Sedan

More recently, Decker et al. (2019) conducted pedestrian FE simulations with four GV models,
four sizes of pedestrian models (GHBMC 6YO, F05, M50, and M95), and three impact speeds
(30, 40, and 50km/h). Pedestrian size, vehicle type, and impact speed all affected HIT values. As
shown in Figure 13, impact speed and pedestrian size dominated the results, with lower impact
speed and taller pedestrians consistently associated with longer HIT. The SUV and MPV models
had shorter HITs than those from FCRs and RDSs.
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Figure 13. Effects from impact speed, vehicle type, and pedestrian size on HIT values (Decker et al., 2019)
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Discussion and Summary

HIT is the time difference between the vehicle first hitting the pedestrian, and the pedestrian’s
head contacting the vehicle (likely the hood or windshield). Figure 14 shows a simplistic view of
how HIT could be affected by vehicle impact speed, pedestrian size, and vehicle front-end
geometry.

A) If the vehicle hood leading edge is taller than the pedestrian, the pedestrian’s head will be
hit by the vehicle quickly after the vehicle hits the pedestrian’s limbs and torso. As a
result, HIT will be very short in this condition.

B) If the vehicle hood leading edge is shorter than the pedestrian, the pedestrian will rotate
around the hood leading edge and wrap around the hood. In this condition, HIT is
determined by the speed of the vehicle and the travel distance between the head and the
hood impact point.

C) Similar to condition B, if the hood is flatter, the travel distance between the head and the
hood impact point will be greater. Consequently, HIT will be longer.

D) If the hood leading edge is lower or the pedestrian is taller, the upper portion of the
pedestrian’s body that rotates around the hood leading edge will be longer, which will
result in longer HIT.

Based on this simple analysis, vehicle-to-pedestrian impact speed, vehicle type or front-end
geometry, and pedestrian size should be the three dominating variables affecting HIT. Other
factors may affect HIT to some extent but are not as significantly.

Table 4 shows the summary of the effects from all discussed variables on HIT based on the
reviewed literature. Higher impact speed will lead to shorter HIT, LTVs have shorter HIT than
passenger cars, and shorter pedestrians are associated with shorter HIT. WAD has also been
reported to be highly correlated to HIT. On the other hand, vehicle impact location, friction,
pedestrian age, pedestrian posture, and angle show limited and complex effects on HIT.

B)

Figure 14. Simplistic view of HIT and associated variables
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Table 4. Variables and their effects on HIT prediction

Variables

Effects on HIT

References

Vehicle-to-pedestrian
impact speed

Strong, negatively correlated

(Decker et al., 2019; Peng et al., 2013; Peng
etal., 2012; Watanabe et al., 2012)

Vehicle type / front-
end geometry

Strong, shorter in LTVs

(Bhattacharjee et al., 2017; Decker et al.,
2019; Elliott et al., 2012; Kerrigan et al.,
2012; Kerrigan et al., 2009; Klug et al.,
2017; Pal et al., 2014; Peng et al., 2012;
Song et al., 2017; Watanabe et al., 2012)

Pedestrian size

Strong, positively correlated

(Bhattacharjee et al., 2017; Decker et al.,
2019; Pal et al., 2014; Watanabe et al., 2012)

Worap around distance
(WAD)

Strong, positively correlated

(Bhattacharjee et al., 2017; Kerrigan et al.,
2012)

Vehicle impact
location

Weak, mixed trends

(Peng et al., 2013; Watanabe et al., 2012)

Vehicle-to-pedestrian
friction

Weak, mixed trends

(Elliott et al., 2012; Klug et al., 2017)

Pedestrian posture
(gait and arm)

Weak, mixed trends

(Chen et al., 2015; Elliott et al., 2012; Klug
etal., 2017; Peng et al., 2012)

Pedestrian age

Weak, no trends

(Pal et al., 2014)

Pedestrian impact
angle

Weak, no trends

(Chen et al., 2015)

In summary, this literature review suggested that variables that affect HIT in pedestrian impacts
have been well documented, and their general trends are clear. PMHS test data are generally
limited for HIT prediction, but more simulation data using MADYMO and FE ATD or human
models are available for HIT prediction. However, simulations using a large set of vehicle
models are not available and HIT prediction models are very limited in the current literature.
This literature review provides a solid foundation for developing a HIT prediction model based
on a large set of simulation data.
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Task 2: Simulations and Prediction Model to Determine HIT

The goal of this task was to generate a virtual database and develop a surrogate prediction model
to determine HIT through pedestrian impact simulations with various impact speeds, vehicle
geometries, and pedestrian characteristics. Head impact velocity and impact angle were also
collected in the simulation process, and associated prediction models were developed as well.

Generic Vehicle (GV) and Pedestrian Models

As mentioned in the previous sections, Euro NCAP TB 024 requires pedestrian models to be
certified by simulating a series of impacts with 4 previously published GV models at 3 impact
speeds (30, 40, and 50 km/h) with a series of kinematics criteria. As described in Klug et al.
(2017), the geometries of the four GV models (SUV, MPV, FCR, and RDS) were based on the
front-end geometries of 11 European vehicles provided by five car manufacturers or pictures
with vehicle dimensions. These publicly available FE models are shown in Figure 15.

 Sports Utility Vehicles (SUV)

® Multi-Purpose Vehicles and Superminis (MPV
* Family Cars (FCR)
® Roadsters (RDS)

Figure 15. GV models from https://cloud.tugraz.at/index.php/s/ehzfzo3CloZLy0c

In this study, four GHBMC simplified pedestrian models (-PS) were used, including 6YO-PS,
FO05-PS, M50-PS, and M95-PS (Figure 16). All of these models were specifically developed for
the Euro NCAP pedestrian simulation protocol, validated extensively against PMHS tests (Meng
etal.,, 2017; Pak et al., 2019; Untaroiu et al., 2018), and certified through Euro NCAP TB 024
procedures (Decker et al., 2019). Figure 16 shows the GHBMC pedestrian models and associated
versions used in this study.
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https://cloud.tugraz.at/index.php/s/ehzfzo3CIoZLy0c

Euro NCAP
compliant posture

M50-PS Version 5.3.4
M95-PS Version 5.3.4
FO5-PS Version 5.3.4
6YO-PS Version 2.8.1

Figure 16. GHBMC simplified pedestrian models and latest versions

U.S. Vehicle Front-End Geometries

The size classes of GVs used in TB024 include SUV, MPV, FCR, and RDS, which are only
representative of European vehicles and are not necessarily aligned with the traditional vehicle
classes used in the United States (e.g., sedan, minivan, SUV, pickup truck). However, based on
the geometries of the GVs, we proposed a mapping between the GV categories and U.S. vehicle
categories as shown in Table 5. In particular, the SUV category in GVs is close to small to
midsize SUVs in the United States; MPV category in GVs is close to minivans in the United
States; FCR category in GVs is close to larger sedans in the United States; and RDS category in
GVs is close to smaller sedans and coupes, especially those with two seats. However, none of the
GV categories is representative of large SUVs and pickup trucks that are common in the U.S.
market. As mentioned in previous sections, one of the main differences between the U.S. and
European vehicles is that U.S. has more large vehicles than the Europe. Unfortunately, based on
the field data mentioned earlier, large SUVs and pickup trucks tend to cause more pedestrian
injuries in terms of both frequency and severity. Therefore, it is beneficial to include a fifth
vehicle class (i.e., large SUV and pickup) specifically to account for U.S. larger vehicles as
shown in Table 5.

Table 5 also shows a list of the 20 vehicles used in this study. This list included the vehicle FE
models that are already available and additional vehicles that are popular in the U.S. market, for
which 3D scans were used to collect their front-end geometries. The set of FE vehicle models
have been validated against vehicle frontal crash tests, although not the pedestrian impact tests.
These models are publicly available through either the NHTSA website (www.nhtsa.gov/crash-
simulation-vehicle-models) or the George Mason University website
(www.ccsa.gmu.edu/models/). We have used many of these vehicle models and simulations for
various applications (Hu et al., 2017). In this study, 13 FE vehicle models were used as the basis
for U.S. vehicle front-end geometries. In addition, 3D front-end geometries of seven U.S. vehicle
models across different GV model classes were also acquired, which resulted in vehicle front-
end geometries from a total of 20 U.S. vehicles.

A vehicle scanning procedure was developed using Microsoft Azure depth cameras to obtain
high-resolution 3D point cloud data. Shapes of the vehicles from the B-pillar forward were
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recorded. After manual processing, cleanup, and smoothing, the front-end geometry of a vehicle
can be reconstructed virtually as shown in Figure 17.

Table 5. Category mapping between GV models and U.S. vehicles

C Ev U.S. Vehicle Category FE Models Available Scanned Vehicles
ategory
i Large SUV, Pickup, or F-250 (2006), Silverado (2014),
Van Econoline (1999)
- Explorer (2003), RAV4 CR-V (2017), Highlander

SUV Small to Midsize SUV (1997), Rogue (2020) (2019)

- Odyssey (2018), Sienna
MPV Mini-van Caravan (1997) (20{6) >I,3§1ci fic; (2019)
Familv Car Midsize to Full-size Camry (2012), Accord (2014),

y Sedan Taurus (2001), CT4 (2022)

Roadster Smaller Sedan Neon (1996), Yaris (2010) (F;()cgg)(zom), Civic

Note: Four vehicle models in bold were used to compare the HIT predictions between the morphed GV models and the FE
vehicle models.

Stitching point cloud

Mesh Morphing &
Projection

i)

Morphed US GV Model

Smooth out windshield & Landmarking

hood mesh for projection

Landmarked GV
as template mesh

Figure 17. Process to scan a vehicle front-end geometry and reconfigure/morph a GV model to the scanned vehicle
geometry

GV Models Morphed Into Different U.S. Vehicle Geometries

The FE GV model’s geometry was morphed to each selected U.S. vehicle’s geometry for
pedestrian simulations. As shown in Figure 17, the mesh morphing process involved four steps.
First, a set of landmarks at the boundaries of the bumper, grille, hood, windshield, and other
major components were identified on the vehicle geometry either from the FE vehicle model or
the reconstructed vehicle geometry model from the 3D scans. Second, the same set of landmarks
identified on the vehicles were identified in the FE GV model. A cubic-spline method was then
used to re-sample the landmarks on each boundary line, which ensured the same number of
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landmarks on each vehicle and the GV model. As a result, the two corresponding sets of
landmarks (same number and corresponding locations) could be defined on the U.S. vehicle
model and the GV model. Third, a landmark-based mesh morphing method based on radial basis
functions (RBF) was used to morph the FE GV model into the U.S. vehicle geometry based on
the landmark locations. After the mesh morphing, the geometry of the morphed GV models were
very close to the target geometry with only minor differences, especially in the regions that were
far away from the landmarks. Last, the surface mesh of the GV model was further projected to
the target geometry to ensure 100-percent geometry accuracy, and then another mesh morphing
was performed to the solid elements of the GV model based on the projected surface meshes.

The RBF mesh morphing has been used extensively in a variety of our previous research,
particularly for morphing a midsize male FE human body model into a wide range of sizes,
shapes, and postures (Hu et al., 2019; Hwang et al., 2016; Zhang et al., 2017). In this study,
because of the similarity of U.S. vehicle geometry and GV model geometry, it was easy for RBF
mesh morphing to reconfigure the GV models to the target geometry with high mesh quality. It
should be noted that the thickness of the GV models were kept intact in the reconfiguration
process. That is, the clearance between the hood and the rigid component underneath it was not
changed for any of the GV model, although it is well known that the Roadster model has lower
clearance than the other GV models. The weight of the morphed GV models were adjusted to the
vehicle curb weight + 150 kg for accounting two occupants at the driver and front passenger
locations. The 20 morphed GV models are shown in Figure 18.

LargerSUV,
Pick-up,andVan

Mini-van

Smaller Sed”

-—

Figure 18. Morphed GV models representing the U.S. vehicle front-end geometries

The morphed GV model front centerlines were further analyzed using Principal Component
Analysis (PCA) to better understand the variations of the front-end geometries for U.S. vehicles.
In PCA, the first PC presents the direction in the space of the data with the highest geometric
variance, the second PC represents in the direction orthogonal to the first PC with the second
highest variance, and so on. As shown in Figure 19, the first PC accounts for 68.5 percent of the
geometry variations, the second PC accounts for 27.6 percent of the geometry variations, and all
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other PCs account for negligible amounts of geometry variation. More specifically, the first PC
represents the hood height variations, while the second PC represents a combination of hood
angle and length variations. This result confirms that using hood height, angle, and length as the
design variables should be able to account for most of the geometric variations in the vehicle
front-end geometries close to the centerline.
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Figure 19. PCA results for the U.S. vehicle front-end geometries
(Bounds of the figures on the right represent geometries with PC scores of mean + 2 standard deviations.)

HIT Comparison Between the Morphed GV Models and Vehicle Models

Simulation Matrix and Setup

In this study, the four vehicle models in bold in Table 5 were used to compare the HIT
predictions between the morphed GV models and the FE vehicle models. Specifically, we used a
2003 Ford Explorer as an SUV, a 1997 Dodge Caravan as an MPV, a 2022 Cadillac CT4 as a
Family Car, and a 1996 Chrysler Neon as a Roadster.

Vehicle-to-pedestrian simulations were conducted as described in TB024 with four pedestrian
models (GHBMC 6YO-PS, FO5-PS, M50-PS, and M95-PS), eight vehicle models (four U.S.
vehicle models and four morphed GV models corresponding to the four U.S. vehicles), and three
impact speeds (30, 40, and 50 km/h). A full factorial design of experiment (DOE) was
conducted, which resulted in a total of 96 (4x8x3) simulations. All simulations were conducted
along the vehicle centerline.

The simulation conditions closely followed the TB024 requirements, including:

e The initial posture of the pedestrian model follows the target natural posture defined in
TBO024. It is especially important to have accurate arm locations, because arm locations
tend to affect the HIT significantly.

e A segment-based contact was defined between the vehicle and the skin of the pedestrian
model with both dynamic and static coefficients of friction at 0.3.

e The mass scaling and time step settings were closely monitored.
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Assessment of Simulation Results

Figure 20 shows the HIT comparison between the FE vehicle models and the morphed GV
models. Overall, the HIT values predicted by the morphed GV models matched those predicted
by the FE vehicle models well. Specifically, a R? value of 0.997 was achieved between the two
sets of HIT values, and the mean difference between the two sets of HIT values is 0.59 ms,
indicating a great match. However, there are a few cases, in which the HIT difference is over 10
ms. Figure 21 shows two examples of the pedestrian kinematic comparisons between the
morphed GV model and the vehicle model, in which the example on the left (Explorer/M50
pedestrian/30 kph) represents a case with minimal HIT difference, and the example on the right
(Caravan/F50 pedestrian/30 kph) represents a case with relatively large HIT differences. The
relatively large HIT difference was mainly caused by the stiffness differences between the
morphed GV and vehicle model. In the specific Caravan case in Figure 21, the hood is less stiff
in the vehicle model than in the morphed GV model, causing the pedestrian torso to move more
rapidly toward the vehicle and shorter HIT in the vehicle model than the morphed GV model.
Nevertheless, the HIT values predicted by the morphed GV models are highly correlated to those
predicted by the vehicle models.

200 -
O Neon
. W Explorer A
£ A CT4
s 150 1 ¢ Caravan
.:g ——Regression A O
@
2 m \y = 0.9907x
£ 100 - R2=0.9971
] m
(=]
=
2., A A\ Min Delta HIT = -13.90 ms (Explorer)
§ Max Delta HIT = 16.30 ms (CT4)
Mean Delta HIT = 0.59 ms
O T T T 1
0 50 100 150 200

Morphed GV Model Predicted HIT (ms)

Figure 20. HIT comparison between the morphed GV models and FE vehicle models
(Delta HIT = HITmorphed-cv — HITehicte-modet)
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Figure 21. Exemplar pedestrian kinematic comparisons between morphed GV models and vehicle models
Virtual Database of Pedestrian Impacts

Simulation Matrix

In this study, all 20 morphed GV models shown in Figure 18 along with four (4) pedestrian
models (GHBMC 6YO-PS, FO5-PS, M50-PS, and M95-PS) and three (3) impact speeds (30, 40,
and 50 km/h) were used to generate the virtual data for HIT prediction. Based on a full factorial
design, a total of 240 pedestrian simulations were conducted for the virtual database.

Simulation Results

For each simulation, the pedestrian kinematics were output along with pedestrian HIT, WAD,
resultant head contact velocity relative to the vehicle (HeadV), and head velocity angle relative
to the horizontal line (HVANQ). Due to the large number of simulations, the process for
collecting output measures was automated using a combination of MetaPost and Matlab, so that
the results can be recorded automatically and accurately. Figure 22 shows a few examples of the
simulated vehicle-to-pedestrian crashes with varied vehicle front-end geometry, pedestrian size,
and impact speed. Figure 23 shows the result for one of the pedestrian simulations using the
automated procedure.
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Target Vehicle GV Target Vehicle
Type Vehicle Speed Type Vehicle Speed

Explorer FO05 40 kph

50 kph

GV Target Vehicle ) Target Vehicle
Type | Vehicle Speed Type Vehicle Speed
RDS Neon M50 30 kph Sienna 30 kph

Figure 22. Examples of pedestrian simulation results W|th varled vehicle geometry, pedestrian size, and impact
speed

GV-FCR Morphed to CT4
Speed: 30 kph / M50 GHBM
WAD = 1885.3 mm/ HIT = 181.8 ms

1 L -
200 Rel.V, ., =19.4 kph
«a Angle = 77.8°
1000 + -
800
600
400 Vehicle Front-End Contour
@ Nodes for WAD Calculation
200 F| ©O Head Contact Point
WAD Contour
0 1 1 1 1 "
-2000 -1500 -1000 -500 0

Figure 23. An example of automated simulation results for pedestrian simulations

Among the 240 simulations, initially about 15 percent of the simulations ended with error
terminations. The errors included out-of-range force or negative volume at the knee area, lower
leg flesh, or foot. All these errors were fixed by disabling bone failure, adding internal contact,
and/or reducing the simulation time step. As a result, 234 out of 240 simulations were finished
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with proper head contact and HIT values. There were two simulations still with error
terminations and four simulations terminated normally but without any head contact. The four
simulations without head contact were all with the pickup truck or van at lower impact speed, in
which the vehicle knocked down the pedestrian without any head contact. The full set of
simulation results are provided in Appendix A.

Data Trends on HIT, HeadV, and HVAng

Figure 24 shows factor effects on HIT as well as WAD ranges based on each pedestrian. It is
clear that hood height, WAD, pedestrian size, vehicle type and vehicle impact speed all have
substantial effects on HIT, which are consistent with the findings from the literature review. In
addition, simulation results showed that pedestrian size had a strong effect on WAD.
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Figure 24. Factor effects on HIT and WAD ranges by pedestrian

Figures 25 and 26 show factor effects on head contact velocity and head contact velocity angle.
Compared to HIT, HeadV and HVANg values varied more, and the associated factor effects are
not as strong. Nevertheless, there is a clear correlation between the vehicle impact speed and
HeadV. The HVAnNg distributions are more complex, especially for the 6YO and larger vehicles.
It should be noted that the SUV category included all SUVs, pickup trucks, and vans in

Figures 25 and 26.
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Development of HIT Prediction Models

Using the virtual database of the 240 simulations with morphed U.S. GV models, stepwise
multiple linear regressions were performed to predict HIT values using the available input
variables, including pedestrian size, impact speed, WAD, and a set of vehicle front-end geometry
descriptors. As shown in Figure 19, hood height, angle, and length account for more than 96
percent of the vehicle front-end geometry variations, therefore these three design variables were
used in the regression model. Figure 27 shows the definitions of the hood height, hood length,
and hood angle. Specifically, hood height is defined as the height of the hood leading edge from
the ground, hood length is defined as the length of the hood centerline from the trailing edge to
the leading edge, and hood angle is defined as the angle between the horizontal line and the line
passing the hood trailing edge and hood mid-point.

‘"“*‘ Hood Angle

100Q

Hood Hood
Trailing Mid-Point
Edge Hood
8001 Hood Length Leading
Edge
600 f ,
400 /
Hood Height /
200 f
Unit: mm | Vehicle Front-End Geometry Centerline

oL . " )
-1000 -800 -600 -400 -200 0

Figure 27. Definitions of hood height, hood length, and hood angle

In this study, the adjusted R? value and the root mean square error (RMSE) were considered in
the stepwise regression model as the criteria to find the best combinations of input variables for
predicting HIT. Two types of models were exercised: a linear model and a quadratic model. The
linear model only included the linear terms from each input variable, and quadratic model
included the linear, interaction, and quadratic terms between the input variables selected by the
linear model.

Figure 28 shows the error analysis for both the linear and quadratic models for predicting HIT.
High adjusted R? values were achieved by both models with 0.949 for the linear model and 0.979
for the quadratic model. The RMSE is 10.41 ms and 6.61 ms for the linear and quadratic models,
respectively. Figure 29 shows the error analysis for two additional regression models for
predicting HIT, in which pedestrian stature was removed. Because pop-up hood testing may only
use WAD to identify the impact location, pedestrian stature may not always be available.
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Removing pedestrian stature slightly reduced the adjusted R? values and increase the RMSE for
both the linear and quadratic models. The model coefficients and significant levels for all the
four regression models for predicting HIT are provided in Table 6.
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Figure 28. Error analysis for the HIT prediction models
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Figure 29. Error analysis for the HIT prediction models (without pedestrian stature)
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Table 6. Model coefficients and significant levels for the four HIT prediction models

Linear model with pedestrian stature

Linear model without pedestrian stature

Variables Estimate pValue Variables Estimate | pValue
(Intercept) 90.75392 <0.001 | (Intercept) 113.4387 | <0.001
Speed -2.10913 <0.001 | Speed -2.65451 | <0.001
WAD 0.001194 0.8626 | WAD 0.09098 | <0.001
HoodAngle -0.86218 <0.001 | HoodAngle -0.78888 | 0.0014
HoodHeight -0.11901 <0.001 | HoodHeight -0.06118 | <0.001
Stature 0.121307 <0.001

Quadratic model with pedestrian stature Quadratic model without pedestrian stature

Variables Estimate pValue Variables Estimate | pValue
(Intercept) 8.481195 0.7891 | (Intercept) 94.87157 | 0.0213
Speed -3.2659 <0.001 | Speed -5.80418 | <0.001
WAD -0.10435 0.0042 | WAD 0.209354 | <0.001
HoodAngle 3.556065 <0.001 | HoodAngle 3.383944 | 0.0140
HoodHeight -0.24821 <0.001 | HoodHeight -0.14745 | 0.0039
Stature 0.399259 <0.001 | Speed:WAD -0.00201 <0.001
Speed:WAD 0.000739 0.1879 | Speed:HoodAngle 0.033142 | 0.0813
Speed:HoodAngle 0.019258 0.2227 | Speed:HoodHeight 0.001039 | 0.0214
Speed:HoodHeight 0.002568 <0.001 | WAD:HoodAngle -0.00138 | <0.001
Speed:Stature -0.00395 <0.001 | WAD:HoodHeight 7.63E-05 | <0.001
WAD:HoodAnNgle 0.001486 0.1960 | HoodAngle:HoodHeight | -0.00416 | <0.001
WAD:HoodHeight 4.48E-05 0.0029 | Speed? 0.065289 | <0.001
HoodAngle:HoodHeight | -0.00266 0.0113 | WAD? -2.51E-05 | <0.001
HoodAngle:Stature -0.00331 0.0247 | HoodHeight? -2.56E-05 | 0.2433
Speed? 0.047413 <0.001
WAD? 1.66E-05 0.0346
Stature? -3.96E-05 0.0143

Table 7 shows HIT comparisons between those from FE simulations and two prediction models
with and without pedestrian stature. Overall, the prediction models provided reasonable HIT

values, but prediction models with stature provided more accurate results.

Table 7. HIT comparison of a future BEV between the FE simulations and prediction models

. Predicted

Stature | Speed | WAD | 100 ost] I ol .

HBM Height Angle HIT | HIT** o
(mm) | (kph) (mm) Stature

(mm) (deg) (ms) (ms)

(ms)
6YO | 1164 40 1020.1 764 5.82 46.7 45.4 37.2
F05 1548 40 1469.6 764 5.82 92.2 93.7 89.8
M50 1780 40 1899.2 764 5.82 127.0 125.1 130.6

* Hood angle is based on CT4.

** Predictions were based on regression models with interaction and quadratic terms.
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Prediction Models for Head Contact Velocity

The method of developing the prediction models for the HeadV is like those used for the HIT
prediction model. Figure 30 shows the error analysis results for the linear and quadratic models
along with the adjusted R? and RMSE. Although the adjusted R? values are not as high as those
for the HIT prediction models, high correlations (0.699 and 0.799) were achieved between
predictors and HeadV.
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Figure 30. Error analysis for the HeadV prediction models

Prediction Models for Head Velocity Angle

Figure 31 shows the error analysis results, adjusted R? and RMSE for the linear and quadratic
models with all the simulation results, while Figure 32 shows the results with only the adult
pedestrian simulations. Overall, high correlations were achieved. Regression models with only
the adult pedestrian results provided higher adjusted R? and lower RSME, because many of the
6YO simulations are associated with HeadVVAng close to zero, in which the vehicle knocks down
the 6YO pedestrian by the grille or front-end components below the hood. In such cases, pop-up
hood designs may not provide benefit for pedestrian protection. The model accuracy reduced
significantly when HeadVVAngle is over 110 deg, which are rare cases with extreme head/neck
rotations. An example of such pedestrian kinematics can be found in the SUV case shown in
Figure 22.
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Figure 31. Error analysis for the HeadVAng prediction models
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Task 3: Simulations for Hood Edge Impact With a Pop-Up Hood

The goal of this task was to produce an impact scenario where the pedestrian body strikes the
edge of a deployed pop-up hood. Based on our experience, the benefit of a pop-up hood in
pedestrian protection may be the most when the pedestrian head contact is around the side
edge(s) of the hood. Therefore, our simulations focused on the cases where the pedestrian’s head
may contact the side edge of the hood and the contact edge may create a safety hazard to the
head.

Pop-Up Hood Model

A GM vehicle (2022 Cadillac CT4) model with a pop-up hood design was previously developed
and validated against physical tests. Figure 33 shows exemplar model validation results against
the Euro NCAP headform impact tests. Figure 34 shows headform acceleration time history
comparisons between tests and simulations of the vehicle pop-up hood design. Overall, the
model provided good correlations to the test data.
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Figure 33. Pop-up hood model validation results against headform impact tests at different hood locations
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Figure 34. Headform acceleration comparison between tests and simulations of the GM pop-up hood design

Figure 35 shows the GM CAE modeling for the pop-up hood actuator system as well as an
exemplar simulation with the GHBMC-F05-PS model. The actuator system in the model is
represented by two Actuators (Dynamic and Static) and a tether wire to achieve the intended
deployment.



e Dynamic Actuator activates and pushes the bonnet in deployed condition and returns.

e Tether wire helps limit the bonnet actuation to the intended deployment.

e Static Actuator remains out of contact until bonnet pops out completely and provides the
resting face for the deployed bonnet to come back afterwards.

Pop-up Hood Actuator System

with GHBMC-F05-PS model and a pop-up hood

Figure 35. CT4 pop-up hood model actuator system and exemplar simulation with GHBMC pedestrian model

Simulation in a Hood Edge Impact Scenario

Simulations were initially conducted with the pop-up hood design and four GHBMC pedestrian
models (6YO, F05, M50, and M95) at three speeds (30, 40, and 50 kph). All simulations were
conducted at the centerline (Y=0 mm) of the vehicle front-end. None of the simulations with the
M95 pedestrian model had a head-to-hood contact, and all head contacts occurred at the
windshield. For the M50 model, head-to-hood contact only occurred at 30 kph. Because a higher
body weight of pedestrian and higher vehicle speed could cause a pop-up hood to collapse, the
M50th and M95th were simulated by increasing the vehicle height to ensure a head impact on the
hood. It should be noted that the full body weight is not applied to the hood because of this
adjustment.

Figure 36 shows two hood edge impact scenarios, both with the GHBMC M50 pedestrian model
at 40 kph, the location of the pedestrian was varied along the lateral direction of the vehicle from
the centerline (Y=500 mm and Y=400 mm). In both simulations, the pop-up hood was pushed
down by the pedestrian, and the HIC values are relatively high. Since the Y=400 mm condition
at 40 kph resulted in higher HIC, this condition was used as the hood edge impact scenario for
further analysis in Task 4.

33



Impact location
& results

Y =500mm

HIC = 1021

HIT =12 —t1
=110.1-13.4
=96.7 ms

HIC = 1361

HIT =t2 —t1
=120.9-10.8
=110.1 ms

Figure 36. Two hood edge impact scenarios with M50 GHBM at 40 kph
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Task 4: Simulations in a Hood Collapse Scenario

Selection of a Hood Collapse Case

In this task, the hood edge impact scenario identified in Task 3 was further used to study effects
from pop-up hood design parameters on pedestrian head injury responses. As shown in Task 3,
the hood edge impact scenario was conducted with M50 GHBMC pedestrian model under 40
kph at the Y=400mm impact location. In this scenario, the pedestrian’s body force is high
enough to “bottom out” the hood before a head strike occurs, which resulted in a relatively high
HIC value.

Parametric Simulations in the Hood Collapse Scenario

A total of eight simulations were conducted with the pop-up hood design with two levels of
actuator stiffness (0.3 and 1.5 kN), two levels of actuator bracket thickness (1.5 and 3 mm), and
two levels of hinge reinforcement thickness (0.8 and 1.5 mm). Table 8 shows the simulation
matrix and results, in which design #1 is the original/baseline design. Actuator stiffness
dominated the pedestrian HIC values, while effects from actuator bracket thickness and hinge
reinforcement thickness are not as significant. The higher level of actuator stiffness reduced HIC
significantly. HIT and WAD are insensitive to any pop-up hood design parameters.

Table 8. Pedestrian simulation results by varing pop-up hood design parameters

Actuator . .
Design Ac_tuator Bracket Hlnge Reinf. HIT WAD
Stiffness . Thickness HIC
No. Thickness (ms) (mm)
(kN) (mm)
(mm)

1 0.3 15 0.8 845.6 110.4 1854.9
2 0.3 15 15 9735 110.4 1854.8
3 0.3 3 0.8 941.8 110.7 1854.8
4 0.3 3 15 872.5 109.9 1865.7
5 15 15 0.8 503.7 107.1 1864.3
6 15 15 15 532.7 107.3 1873.6
7 15 3 0.8 527.2 107.4 1877.3
8 15 3 15 533.8 107.2 1876.4

Based on the results from Table 8, design #8 (Actuator stiffness of 1.5 kN, Actuator bracket
thickness of 3 mm, and hinge reinforcement thickness of 1.5 mm) was selected as a good pop-up
hood design for further simulations. Three additional simulations under 40 kph at the Y=400
location were conducted to further evaluate the pop-up hood design #8, in which F05, M50, and
M95 GHBMC pedestrian models were used. In each of the additional simulations, the height of
the vehicle was adjusted, so that the head of the pedestrian always hit the pop-up hood in an area
close to the actuator. The pedestrian kinematics as well as the HIC and HIT values are shown in
Figure 37. The pop-up hood design #8 provided good pedestrian protection in terms of the HIC
values. Hood collapse did not occur in any of the additional simulations. With deployment
system design as per hood design #8, HIC for the smaller pedestrian slightly increased (HIC of
425 compared to original HIC value of 350), but it is still much lower than threshold value of
HIC 1000.
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=118.8-1.5
=117.3 ms

M50 GHBM
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HIC =425.9
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Figure 37. Pop-up hood design #8 evaluation results with varied HBM size
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Summary

This study generated a virtual database of pedestrian impacts with a wide range of vehicle front-
end geometries; developed prediction models to use vehicle front-end geometry, pedestrian size,
impact speed, and WAD to predict pedestrian HIT, head contact velocity, and head contact
angle; and investigated effects from pop-up hood design parameters on pedestrian head injury
responses.

The GV models originally developed based on European vehicle geometries were morphed into
20 U.S. vehicle front-end geometries across a wide range of vehicle types and characteristics. A
total of 240 pedestrian impact simulations were conducted using the 20 morphed GV models
with four sizes of pedestrian human body models at three impact speeds. A set of predictors were
selected based on the literature to predict HIT, head contact velocity, and head contact angle.
High correlations and good accuracies were achieved in the prediction models.

Simulations with the pop-up hood design found that deployed hoods could potentially collapse
due to body weight of a pedestrian under certain situations — based on impact location and
pedestrian stature. The actuator stiffness during impact duration is the biggest contributor for the
pop-up hood design to avoid hood collapse. Due to the variations of kinetic energy provided by
different sizes of the pedestrian, the deployment system of a pop-up hood needs to be designed
for highest pedestrian stature for avoiding hood collapse. With deployment system design as per
the highest pedestrian stature, HIC for smaller pedestrian may slightly increase, but it is still
lower compared to an undeployed hood for this vehicle design. It should be noted that this study
is not intended to suggest that a pop-up hood is the only way for every vehicle to meet pedestrian
safety requirement. A passive hood can also be designed to meet pedestrian safety requirements.
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Appendix A: Simulation Results (HIT, WAD, HeadV, HVANg)
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ol L I L I L L L
-2000 -1500 -1000 -500 -2000 -1500 -1000 -500
GV-FCR Morphed to Accord GV-FCR Morphed to Accord
Speed: 40 kph / M50 GHEM Speed: 40 kph / M95 GHEM
WAD = 1950.2 mm / HIT = 140 ms WAD =2299.1 mm / HIT = 154.5 ms
1200 Rel. V, =286 1200
o Angle = 84.4°
1000 [ 1000 [
< 800 800
<
600 600 [
2
400 400
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 ©  Head Contact Point
WAD Contour WAD Contour
ol L I L I L L L
-2000 -1500 -1000 -500 -2000 -1500 -1000 -500
GV-FCR Morphed to Accord GV-FCR Morphed to Accord
Speed: 50 kph / M50 GHEM Speed: 50 kph / M95 GHEM
WAD = 2038.8 mm / HIT = 116.3 ms WAD = 2389.9 mm / HIT = 128.7 ms
1200 Rel V=385 kph 1200
o Angle = 81.5°
1000 [ 1000 [
< 800 800
<
600 600 [
B
400 400
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 ©  Head Contact Point
WAD Contour WAD Contour
ol L I L I L L L
-2000 -1500 -1000 -500 -2000 -1500 -1000 -500




Toyota Camry (2012)

6YO

F05

GV-FCR Morphed to Camry
Speed: 30 kph / 6YO GHEM
WAD = 1042.8 mm /HIT = 74.6 ms

GV-FCR Morphed to Camry
Speed: 30 kph / FO5 GHBM
WAD = 1502.2 mm / HIT = 118.8 ms

1200 Rel V=159 kph 1200
o Angle = 80.9°
1000 1000
e
800 [ 800 [
o
— 600 600
o
™
400 400
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @®  Nodes for WAD Calculation
200 | © Head Contact Point 200 | © Head Contact Point
WAD Contour WAD Contour
0 . L . L L L . L L 0 . L . L L L . L L
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 O -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 O
GV-FCR Morphed to Camry GV-FCR Morphed to Camry
Speed: 40 kph / 6YO GHEM Speed: 40 kph / FO5 GHBM
WAD = 1084.7 mm / HIT = 56.8 ms WAD = 1565.8 mm / HIT = 95.9 ms
1200 Rel V. =255 kph 1200
o Angle = 91.9°
1000 1000
<
800 [ 800 [
o
— 600 600
o
<
400 400
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @®  Nodes for WAD Calculation
200 | © Head Contact Point 200 | © Head Contact Point
WAD Contour WAD Contour
0 . L . L L L . L L 0 . L . L L L . L L
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 O -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 O
GV-FCR Morphed to Camry GV-FCR Morphed to Camry
Speed: 50 kph / 6YO GHEM Speed: 50 kph / FO5 GHBM
WAD = 1136.7 mm / HIT = 46.9 ms WAD = 1608.4 mm /HIT = 81.3 ms
1200 Rel. V, =323 kph 1200
o Angle = 87.6°
1000 1000
<
800 [ 800 [
o
— 600 600
o
Kol
400 400
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @®  Nodes for WAD Calculation
200 | © Head Contact Point 200 | © Head Contact Point
WAD Contour WAD Contour
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 O -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 O




Toyota Camry (2012)

M50

M95

GV-FCR Morphed to Camry
Speed: 30 kph / M50 GHEM
WAD = 1791.3 mm/ HIT = 174.2 ms

GV-FCR Morphed to Camry
Speed: 30 kph / M95 GHEM
WAD = 2221.7 mm/ HIT = 189.9 ms

WAD Contour

-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 O

WAD Contour

-1800 -1600 -1400 -1200 -1000

-800 -600 -400

-200

1200 Rel. V, 1200
o Angle
1000 1000
e
800 [ 800 -
o
— 600
r 600 [
o
™
400 400
Vehicle Front-End Contour Vehicle Froni-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 | © Head Contact Point 200 1| © Head Contact Point
WAD Contour WAD Contour
0 . L . L L L . L L 0 L L L L s L . L L
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 O -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 O
GV-FCR Morphed to Camry GV-FCR Morphed to Camry
Speed: 40 kph / M50 GHEM Speed: 40 kph / M95 GHEM
WAD = 1993 mm / HIT = 132.1 ms WAD = 2268 mm / HIT = 148.6 ms
1200 Rel V, _,=33kph 1200
o Angle = 81.4°
1000 1000
<
800 [ 800 -
o
— 600
r 600 [
o
<
400 400
Vehicle Front-End Contour Vehicle Froni-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 | © Head Contact Point 200 1| © Head Contact Point
WAD Contour WAD Contour
0 . L . L L L . L L 0 L L L L s L . L L
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 O -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 O
GV-FCR Morphed to Camry GV-FCR Morphed to Camry
Speed: 50 kph / M50 GHEM Speed: 50 kph / M95 GHEM
WAD = 2037 mm / HIT = 109.6 ms WAD = 23154 mm / HIT = 123.4 ms
1200 Rel V. =421 kph 1200
o Angle = 73.7°
1000 1000
<
800 800
o
X
600 600 [
o
Kol
400 400
Vehicle Froni-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
2001 | © Head Contact Point 200 1| © Head Contact Point

0




Dodge Caravan (1997)

6YO

F05

GV-MPV Morphed to Caravan
Speed: 30 kph / 6YO GHBM
WAD = 985.8 mm / HIT = 64.1 ms

GV-MPV Morphed to Caravan
Speed: 30 kph / FO5 GHBM
WAD = 1486.6 mm / HIT = 105.7 ms

1500 - 1500 -
Rel.V, 4= 18kph Rel.V, =292 kph
o Angle = 90.2° a Angle = 77.3°
<
1000 1000
o
a4
o
™
500 500
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
©  Head Contact Point © Head Contact Point
WAD Contour WAD Contour
0
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-MPV Morphed to Caravan GV-MPV Morphed to Caravan
Speed: 40 kph / 6YO GHEM Speed: 40 kph / FO5 GHBM
WAD = 1082.8 mm/ HIT = 51 ms WAD = 1504.9 mm / HIT = 84.5 ms
1500 - 1500 -
Rel.V, =251 kph Rel.V, =392 kph
o Angle = o Angle =717
e 1
000 1000
o
‘4
o
<
500 500
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
©  Head Contact Point © Head Contact Point
WAD Contour WAD Contour
0
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-MPV Morphed to Caravan GV-MPV Morphed to Caravan
Speed: 50 kph / 6YO GHEM Speed: 50 kph / FO5 GHBM
WAD = 1116.2 mm/ HIT = 43 ms WAD = 1576.6 mm / HIT = 72.3 ms
1500 1500
Rel.V, =292 kph
a Angle = 87.9°
e 1
000 1000
o
X
o
Lo
500 500
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
©  Head Contact Point © Head Contact Point
WAD Contour WAD Contour
0
-1500 -1000 -500 0 -1500 -1000 -500 0
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Dodge Caravan (1997)

GV-MPV Morphed to Caravan GV-MPV Morphed to Caravan
Speed: 30 kph / M50 GHEM Speed: 30 kph / M95 GHEM
WAD = 1786.4 mm / HIT = 147.9 ms WAD =2104.2 mm / HIT = 165.7 ms
1500 1500
Rel.V, 4 =22kph Rel.V, .4 =32kph
a Angle = 82.4% o Angle = 47.9°
<
1000 1000
o
a4
o
™
500 500
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
©  Head Contact Point © Head Contact Point
WAD Contour WAD Contour
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-MPV Morphed to Caravan GV-MPV Morphed to Caravan
Speed: 40 kph / M50 GHEM Speed: 40 kph / M95 GHEM
WAD = 1876.8 mm / HIT = 110.2 ms WAD = 2149.7 mm / HIT = 132.4 ms
1500 1500
Rel.V, =378 kph Rel.V, . =383kph
o Angle = o Angle =
e 1
000 1000
o
‘4
o
<
500 500
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
©  Head Contact Point © Head Contact Point
WAD Contour WAD Contour
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-MPV Morphed to Caravan GV-MPV Morphed to Caravan
Speed: 50 kph / M50 GHEM Speed: 50 kph / M95 GHEM
WAD = 1965.4 mm / HIT = 93 ms WAD =2195.3 mm / HIT = 109.9 ms
1500 1500
Rel.V, . =446 kph Rel.V, =457 kph
o Angle = o Angle =
e 1
000 1000
o
X
o
Lo
500 500
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
©  Head Contact Point © Head Contact Point
WAD Contour WAD Contour
-1500 -1000 -500 0 -1500 -1000 -500 0
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Honda Civic (2009)

6YO

F05

GV-FCR Morphed to Civic
Speed: 30 kph / 6YO GHEM
WAD = 1088.9 mm / HIT = 83.6 ms

GV-FCR Morphed to Civic
Speed: 30 kph / FO5 GHBM
WAD = 1581.9 mm/HIT = 137.8 ms

1200 - 1200 [
Rel. Vneau 19.6 kph
a Angle = 81°
1000 1000 [
< 800 800
o
4
600 600 [
o
o
400 400 [
Vehicle Front-End Contour Vehicle Front-End Contour
| @  Nodes for WAD Calculation L @  Nodes for WAD Calculation
2001 o Head Contact Point 20071 o Head Contact Point
—— WAD Contour —— WAD Contour
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0 -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0
GV-FCR Morphed to Civic GV-FCR Morphed to Civic
Speed: 40 kph / 6YO GHBM Speed: 40 kph / F0O5 GHBM
WAD = 1155.8 mm / HIT = 62.2 ms WAD = 1690.9 mm / HIT = 109.4 ms
1200 - 1200 [
Rel. Vneau =316 kph
a Angle = 73.1%
1000 1000 [
< 800 800
o
X
600 600 [
o
<
400 400 [
Vehicle Front-End Contour Vehicle Front-End Contour
| @  Nodes for WAD Calculation L @  Nodes for WAD Calculation
2001 o Head Contact Point 20071 o Head Contact Point
—— WAD Contour —— WAD Contour
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0 -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0
GV-FCR Morphed to Civic GV-FCR Morphed to Civic
Speed: 50 kph / 6YO GHBM Speed: 50 kph / FO5 GHBM
WAD = 1193.5 mm / HIT = 52.6 ms WAD = 17429 mm / HIT = 90.9 ms
1200 - 1200 [
Rel. Vneau =39kph
o Angle = 73°
1000 1000 [
< 800 800
(@8
X
600 600 [
o
Lo
400 400 [
Vehicle Front-End Contour Vehicle Front-End Contour
| @  Nodes for WAD Calculation L @  Nodes for WAD Calculation
2001 o Head Contact Point 20071 o Head Contact Point
—— WAD Contour —— WAD Contour
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0 -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0




Honda Civic (2009)

M50

M95

GV-FCR Morphed to Civic
Speed: 30 kph / M50 GHEM
WAD = 1956.5 mm /HIT = 171.9ms

GV-FCR Morphed to Civic
Speed: 30 kph / M95 GHEM
WAD = 2228.5mm/HIT = 197.6 ms

-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200

o

1200 - 1200 [
Rel. Vneau
o Angle
1000 1000 [
< 800 800
o
4
600 600 [
o
o
400 400 [
Vehicle Front-End Contour Vehicle Front-End Contour
| @  Nodes for WAD Calculation L @  Nodes for WAD Calculation
2001 o Head Contact Point 20071 o Head Contact Point
—— WAD Contour —— WAD Contour
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0 -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0
GV-FCR Morphed to Civic GV-FCR Morphed to Civic
Speed: 40 kph / M50 GHBM Speed: 40 kph / M95 GHEM
WAD = 2010.6 mm /HIT = 136.7 ms WAD = 2337.7 mm/HIT = 161.2 ms
1200 - 1200 [
Rel. Vneau =308 kph
a Angle = 68.9°
1000 1000 [
< 800 800
Q.
X
600 600 [
o
<
400 400 [
Vehicle Front-End Contour Vehicle Front-End Contour
| @  Nodes for WAD Calculation L @  Nodes for WAD Calculation
2001 o Head Contact Point 20071 o Head Contact Point
—— WAD Contour —— WAD Contour
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0 -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0
GV-FCR Morphed to Civic GV-FCR Morphed to Civic
Speed: 50 kph / M50 GHBM Speed: 50 kph / M95 GHEM
WAD = 2118.7 mm/HIT = 113.7 ms WAD = 2392.6 mm/HIT = 135.1 ms
1200 - 1200 =
Rel. \c‘m =358 kph Rel. Vneau =37 kph
a Angle = 61.9° a Angle = 33.1°
1000 1000 [
< 800 800
(@8
X
600 600 [
o
Lo
400 400 [
Vehicle Front-End Contour Vehicle Front-End Contour
| @  Nodes for WAD Calculation L @  Nodes for WAD Calculation
2001 o Head Contact Point 20071 o Head Contact Point
—— WAD Contour —— WAD Contour

-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0




Honda CR-V (2017)

GV-SUV Morphed to CR-V GV-SUV Morphed to CR-V
Speed: 30 kph / 6YO GHBM Speed: 30 kph / FO5 GHBM
WAD = 1053 mm / HIT = 42.6 ms WAD = 1406.4 mm / HIT = 98.7 ms
1500 1500
< 1000 - 1000 -
o
X
o
™
500 500
Vehicle Front-End Contour Vehicle Front-End Contour
®  Nodes for WAD Calculation ®  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
WAD Contour WAD Contour
0 L L 0 .
-1500 -1000 -500 0 -1500 -1000
GV-SUV Morphed to CR-V GV-SUV Morphed to CR-V
Speed: 40 kph / 6YO GHBM Speed: 40 kph / FO5 GHBM
WAD = 1080.9 mm / HIT = 33.4 ms WAD = 1452.2 mm / HIT = 75.6 ms
1500 1500
Rel. V, =203 kph
o Angle = 64.4°
= 1000 - 1000 -
o
X
o
<
500 500
Vehicle Front-End Contour Vehicle Front-End Contour
®  Nodes for WAD Calculation ®  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
WAD Contour WAD Contour
0 L L 0 .
-1500 -1000 -500 0 -1500 -1000
GV-SUV Morphed to CR-V GV-SUV Morphed to CR-V
Speed: 50 kph / 6YO GHBM Speed: 50 kph / FO5 GHBM
WAD = 1108.4 mm /HIT = 27.5 ms WAD = 1461.5 mm / HIT = 62.2 ms
1500 1500
Rel. V, =244 kph
o Angle = 41.8° o Angle = 92.3°
= 1000 - 1000 -
o
X
o
Kol
500 500
Vehicle Front-End Contour Vehicle Front-End Contour
®  Nodes for WAD Calculation ®  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
WAD Contour WAD Contour
0 L L 0 . L
-1500 -1000 -500 0 -1500 -1000 -500 0
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Honda CR-V (2017)

M50

M95

GV-SUV Morphed to CR-V
Speed: 30 kph / M50 GHBM
WAD = 1640.3 mm / HIT = 131.1 ms

GV-SUV Morphed to CR-V
Speed: 30 kph / M95 GHBM
WAD = 1859.3 mm / HIT = 170.5 ms

Vehicle Front-End Contou
®  Nodes for WAD Calculation
©  Head Contact Point
WAD Contour

i

-1500 -1000 -500

o

1500 1500
Rel. Vneaﬂ =
< 1000 - 1000 -
o
X
o
™
500 500
Vehicle Front-End Contour Vehicle Front-End Contour
®  Nodes for WAD Calculation ®  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
WAD Contour WAD Contour
0 L L 0 . L
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-SUV Morphed to CR-V GV-SUV Morphed to CR-V
Speed: 40 kph / M50 GHBM Speed: 40 kph / M95 GHBM
WAD = 1707.6 mm/ HIT = 102.7 ms WAD = 2002.2 mm/HIT = 133.5ms
1500 1500
Rel. V, =366 kph
o Angle = 95.9°
= 1000 - 1000 -
o
X
o
<
500 500
Vehicle Front-End Contour Vehicle Front-End Contour
®  Nodes for WAD Calculation ®  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
WAD Contour WAD Contour
0 L L 0 . L
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-SUV Morphed to CR-V GV-SUV Morphed to CR-V
Speed: 50 kph / M50 GHBM Speed: 50 kph / M95 GHBM
WAD = 1786.5 mm / HIT = 85.1 ms WAD = 2097.3 mm/HIT = 111.4 ms
1500 1500
Rel. V, . =47.8 kph
o Angle = 88°
= 1000 - 1000 -
o
X
o
Kol
500 500

Vehicle Front-End Contour
®  Nodes for WAD Calculation
©  Head Contact Point
WAD Contour

-1500 -1000 -500 0
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Cadillac CT4 (2022)

6YO

F05

GV-FCR Morphed to A2SL
Speed: 30 kph / 6YO GHBM
WAD = 1058 mm / HIT = 76.2 ms

GV-FCR Morphed to A2SL
Speed: 30 kph / FO5 GHBM
WAD = 1518 mm/ HIT = 138.4 ms

1200 Rel V. =18.1kph 1200 - Rel V. =20.2kph
o Angle = 79.4% o Angle = 79.6°
1000 1000
- 800 | 800
o
4 600 | 600
&
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 - ©  Head Contact Point
WAD Contour WAD Contour
ol . L L " 0l . L L "
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500 0
GV-FCR Morphed to A2SL GV-FCR Morphed to A2SL
Speed: 40 kph / 6YO GHBM Speed: 40 kph / FO5 GHBM
WAD = 1097.1 mm /HIT = 57.6 ms WAD = 1626 mm / HIT = 110.6 ms
1200 Rel. V=269 kph 1200 - Rel V=289 kph
o Angle = o Angle =
1000 1000
- 800 800 -
o
4 600 | 600
2
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 - ©  Head Contact Point
WAD Contour WAD Contour
ol . L L " 0l . L L "
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500
GV-FCR Morphed to A2SL GV-FCR Morphed to A2SL
Speed: 50 kph / 6YO GHBM Speed: 50 kph / FO5 GHBM
WAD = 1148.8 mm / HIT = 47.8 ms WAD = 1707.7 mm /HIT = 95.2 ms
1200 Rel V=368 kph 1200 - Rel V=367 kph
o Angle = 74° o Angle =
1000 1000
- 800 800 -
o
4 600 | 600
B
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 - ©  Head Contact Point
WAD Contour WAD Contour
ol . L L " 0l . L L "
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500 0
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Cadillac CT4 (2022)

GV-FCR Morphed to A2SL GV-FCR Morphed to A2SL
Speed: 30 kph / M50 GHBM Speed: 30 kph / M35 GHBM
WAD = 1885.3 mm/HIT = 181.8 ms WAD =2257.2 mm/HIT = 199.2 ms
1200 1 Rel V. =19.4kph 1200 Rel V. =385kph
a Angle = 77.8° a Angle = 63.4°
1000 1000
- 800 | 800
o
X 600 600
&
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 - ©  Head Contact Point
WAD Contour WAD Contour
ol . L L 0l . L L
-2000 -1500 -1000 -500 -2000 -1500 -1000 -500
GV-FCR Morphed to A2SL GV-FCR Morphed to A2SL
Speed: 40 kph / M50 GHBM Speed: 40 kph / M35 GHBM
WAD = 1964.9 mm/HIT = 141.3 ms WAD = 2375.9 mm / HIT = 159 ms
1200 1 Rel V=303 kph 1200 Rel. V=506 kph
o Angle = a Angle = 51.8°
1000 1000
- 800 800 -
o
X 600 600
2
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 - ©  Head Contact Point
WAD Contour WAD Contour
ol . L L 0l . L L
-2000 -1500 -1000 -500 -2000 -1500 -1000 -500
GV-FCR Morphed to A2SL GV-FCR Morphed to A2SL
Speed: 50 kph / M50 GHBM Speed: 50 kph / M35 GHBM
WAD =2106.2 mm/HIT = 120.1 ms WAD = 2416.5mm/HIT = 131.9ms
1200 1 Rel V. =37.9kph 1200 Rel V. =615kph
o Angle = o Angle =
1000 1000
- 800 800 -
o
X 600 600
B
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 - ©  Head Contact Point
WAD Contour WAD Contour
ol . L L 0l . L L
-2000 -1500 -1000 -500 -2000 -1500 -1000 -500
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Ford Econoline (1999)

6YO

F05

GV-SUV Morphed to Econoline
Speed: 30 kph / 6YO GHBM
WAD = 1087.3 mm/ HIT = 9.8 ms

2000
1800 Rel. V, =298 kph
o Angle = 2.02°
1600
1400 - -
< o Normal termination
X 1000 (Pedestrian knocked down without head
o
™ 800 contact)
600
4 Vehicle Front-End Contour
00 ®  Nodes for WAD Calculation
200 O Head Contact Point
WAD Contour
0
-1500 -1000 -500 0
GV-SUV Morphed to Econoline GV-SUV Morphed to Econoline
Speed: 40 kph / 6YO GHBM Speed: 40 kph / FO5 GHBEM
WAD = 1124.5mm/HIT=74ms WAD = 1308.3 mm /HIT =45.2 ms
2000 2000
1800 Rel. V, . =39.7 kph 1800 Rel.V, =208 kph
o Angle = 1. o Angle = 101°
1600 1600
1400 1400
<
o 1200 1200
— 1000 1000
o
< 800 800
600 600
4 Vehicle Front-End Contour 4 Vehicle Front-End Contour
00 ®  Nodes for WAD Calculation 00 @  Nodes for WAD Calculation
200 O Head Contact Point 2001 | O Head Contact Point
WAD Contour WAD Contour
0 0
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-SUV Morphed to Econoline GV-SUV Morphed to Econoline
Speed: 50 kph / 6YO GHBM Speed: 50 kph / FO5 GHBEM
WAD = 11241 mm/HIT =6 ms WAD = 1346 mm / HIT = 34.5 ms
2000 2000
1800 Rel. V., 1800 Rel. Vi
o Angle = 0. o Angle =
1600 1600
1400 1400
<
o 1200 1200
— 1000 1000
o
o] 800 800
600 600
4 Vehicle Front-End Contour 4 Vehicle Front-End Contour
00 ®  Nodes for WAD Calculation 00 @  Nodes for WAD Calculation
200 O Head Contact Point 2001 | O Head Contact Point
WAD Contour WAD Contour
0 0
-1500 -1000 -500 0 -1500 -1000 -500 0

A-14




Ford Econoline (1999)

M50

M95

GV-SUV Morphed to Econoline
Speed: 30 kph / M95 GHBM
WAD = 1708.9 mm / HIT = 95.9 ms

2000
1800 Rel V. =286 kph
a Angle = 88.5°
1600
- - 1400
= Normal termination .
= | (Pedestrian knocked down without head 1000
o
™ contact) 800
600
4 Vehicle Front-End Contour
00 @  Nodes for WAD Calculation
200+ | O Head Contact Point
WAD Contour
0
-1500 -1000 -500 0
GV-SUV Morphed to Econoline GV-SUV Morphed to Econoline
Speed: 40 kph / M50 GHEM Speed: 40 kph / M95 GHEM
WAD = 1588.8 mm / HIT = 68.3 ms WAD = 1796.4 mm / HIT = 89.7 ms
2000 2000
1800 Rel. V., 1800 Rel V. =363 kph
a Angle = 87.5% a Angle = 81.2°
1600 1600
1400 1400
e
g_ 1200 1200
1000 1000
o
< 800 800
600 600
4 Vehicle Front-End Contour 4 Vehicle Front-End Contour
00 ®  Nodes for WAD Calculation 00 @  Nodes for WAD Calculation
200 O Head Contact Point 200+ | O Head Contact Point
WAD Contour WAD Contour
0 0
-1500 -1000 -500 -1500 -1000 -500 0
GV-SUV Morphed to Econoline GV-SUV Morphed to Econoline
Speed: 50 kph / M50 GHEM Speed: 50 kph / M95 GHEM
WAD = 1659 mm / HIT = 59.9 ms WAD = 1873.5 mm /HIT =65.3 ms
2000 2000
1800 Rel. V., 1800 Rel V.. =551 kph
o Angle = o Angle =
1600 1600
1400 1400
e
g_ 1200 1200
1000 1000
o
Lo 800 800
600 600
4 Vehicle Front-End Contour 4 Vehicle Front-End Contour
00 ®  Nodes for WAD Calculation 00 @  Nodes for WAD Calculation
200 O Head Contact Point 200+ | O Head Contact Point
WAD Contour WAD Contour
0 0
-1500 -1000 -500 -1500 -1000 -500 0
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Ford Explorer (2003)

6YO

F05

GV-SUV Morphed to Explorer
Speed: 30 kph / 6YO GHBM
WAD = 1046.7 mm / HIT = 18.2 ms

GV-SUV Morphed to Explorer
Speed: 30 kph / FO5 GHBM
WAD = 1238.3 mm /HIT = 115.6 ms

1600 [ 1600
Rel. V, =27.1 kph Rel. V, =2.75kph
head head
1400 - o Angle = 0° 1400 - o Angle = 121°
1200 1200 +
e
o 1000 1000 -
X
o 800 - 800 -
™
600 [ 600 [
400 Vehicle Front-End Contour 400 - Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 O Head Contact Point 200 O Head Contact Point
WAD Contour WAD Contour
0 0
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-SUV Morphed to Explorer GV-SUV Morphed to Explorer
Speed: 40 kph / 6YO GHBM Speed: 40 kph / FO5 GHBM
WAD = 1117.7 mm /HIT = 13.1 ms WAD = 1279.2 mm / HIT = 76.4 ms
1600 [ 1600
Rel. V, =138.2 kph Rel. V, =16 kph
he head
1400 - o Angle = 0° 1400 - o Angle = 114°
1200 1200 +
%_ 1000 1000 -
X
o 800 - 800 -
<
600 [ 600 [
400 Vehicle Front-End Contour 400 - Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 O Head Contact Point 200 O Head Contact Point
WAD Contour WAD Contour
0 0
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-SUV Morphed to Explorer GV-SUV Morphed to Explorer
Speed: 50 kph / 6YO GHBM Speed: 50 kph / FO5 GHBM
WAD = 1139.8 mm /HIT = 10.2 ms WAD = 1360 mm / HIT = 59.4 ms
1600 [ 1600
Rel. V, =309 kph
head
1400 - o Angle = 0° 1400 - o Angle = 105°
1200 1200 +
g_ 1000 1000 -
X
o 800 - 800 -
Kol
600 [ 600 [
400 Vehicle Front-End Contour 400 - Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 O Head Contact Point 200 O Head Contact Point
WAD Contour WAD Contour
0
-1500 -1000 -500 0 -1500 -1000 -500 0
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Ford Explorer (2003)

M50

M95

GV-SUV Morphed to Explorer
Speed: 30 kph / M50 GHBM
WAD = 1600.9 mm /HIT = 114.9 ms

GV-SUV Morphed to Explorer
Speed: 30 kph / M95 GHBM
WAD = 1807.7 mm / HIT = 146.9 ms

1600 [ 1600
Rel V_ _ =25kph Rel V_ _ =29.9kph
head head
1400 - o Angle = 94.6° 1400 - o Angle = 101°
1200 [ 1200 |
<
o 1000 1000 -
a4
o 800 - 800 -
™
600 - 600 -
400 - Vehicle Front-End Contour 400 - Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 O Head Contact Point 200 O Head Contact Point
WAD Contour WAD Contour
0 0
-1500 -500 -1500 -1000 -500 0
GV-SUV Morphed to Explorer GV-SUV Morphed to Explorer
Speed: 40 kph / M50 GHEM Speed: 40 kph / M95 GHEM
WAD = 1641.6 mm / HIT = 88.9 ms WAD = 19143 mm/HIT = 116.5 ms
1600 [ 1600
Rel V=369 kph Rel V_ _ =412kph
he head
1400 1400 - a Angle =
1200 [ 1200 |
<
o 1000 1000 -
‘4
o 800 - 800 -
<
600 - 600 -
400 - Vehicle Front-End Contour 400 - Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 O Head Contact Point 200 O Head Contact Point
WAD Contour WAD Contour
0 0
-1500 -500 -1500 -1000 -500 0
GV-SUV Morphed to Explorer GV-SUV Morphed to Explorer
Speed: 50 kph / M50 GHEM Speed: 50 kph / M95 GHEM
WAD = 1683.4 mm /HIT = 74.5ms WAD = 1980.4 mm / HIT = 96.5 ms
1600 [ 1600
Rel V=507 kph Rel V_ _ =51.1kph
he head
1400 1400 - o Angle = 91.2°
1200 [ 1200 |
g_ 1000 1000 -
X
o 800 - 800 -
Lo
600 - 600 -
400 - Vehicle Front-End Contour 400 - Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 O Head Contact Point 200 O Head Contact Point
WAD Contour WAD Contour
0
-1500 -500 -1500 -1000 -500 0




Ford F-250 (2006)

GV-SUV Morphed to F250 GV-SUV Morphed to F250
Speed: 30 kph / 6YO GHBM Speed: 30 kph / FO5 GHBM
WAD = 1123 mm / HIT = 11.7 ms WAD = 13245 mm/ HIT = 52 ms
1800 Rel.V, =259 kph 1800 Rel.V, =146 kph
1600 a Angle = 1.9° 1600 a Angle = 89.9°
1400 1400
g_ 1200 1200
=~ 1000 1000
o
o 800 800
600 600
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 ©  Head Contact Point
—— WAD Contour —— WAD Contour
"] "]
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500 0
GV-SUV Morphed to F250 GV-SUV Morphed to F250
Speed: 40 kph / 6YO GHBM Speed: 40 kph / FO5 GHBM
WAD = 1123 mm/HIT =8.8 ms WAD = 1359.5 mm / HIT = 39.1 ms
1800 Rel.V, =372 kph 1800 Rel.V, . =245kph
1600 a Angle = 0" 1600 a Angle =
1400 1400
%_ 1200 1200
=~ 1000 1000
o
<t 800 800
600 600
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 ©  Head Contact Point
—— WAD Contour —— WAD Contour
"] "]
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500 0
GV-SUV Morphed to F250 GV-SUV Morphed to F250
Speed: 50 kph / 6YO GHBM Speed: 50 kph / FO5 GHBM
WAD = 1123 mm/HIT=72ms WAD = 1371.1 mm/HIT =31.8 ms
1800 1800
Rel.V, ., =305kph
1600 a Angle = 0" 1600 a Angle = 76
1400 1400
g_ 1200 1200
= 1000 1000
o
Lo 800 800
600 600
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 ©  Head Contact Point
—— WAD Contour —— WAD Contour
"] "]
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500 0
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Ford F-250 (2006)

M50

M95

GV-SUV Morphed to F250
Speed: 30 kph / M95 GHBM
WAD = 1670.7 mm / HIT = 126.9 ms

1800 Rel.V, .4 =157 kph
1600 a Angle = 111°
1400
g_ Normal termination 1200
= | (Pedestrian knocked down without head 1000
o
™ contact) 800
600
400 Vehicle Front-End Contour
@  Nodes for WAD Calculation
200 ©  Head Contact Point
—— WAD Contour
"]
-2000 -1500 -1000 -500 0
GV-SUV Morphed to F250 GV-SUV Morphed to F250
Speed: 40 kph / M50 GHEM Speed: 40 kph / M95 GHEM
WAD = 1475.3 mm / HIT = 97.9 ms WAD = 1750.5 mm / HIT = 89.9 ms
1800 Rel.V, . =4.22 kph 1800 Rel.V, =273 kph
1600 a Angle = 168" 1600 a Angle = 110°
1400 1400
%_ 1200 1200
=~ 1000 1000
o
<t 800 800
600 600
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 ©  Head Contact Point
—— WAD Contour —— WAD Contour
"] "]
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500 0
GV-SUV Morphed to F250 GV-SUV Morphed to F250
Speed: 50 kph / M50 GHEM Speed: 50 kph / M95 GHEM
WAD = 1600.9 mm / HIT = 64.2 ms WAD = 1820.6 mm /HIT =73.4 ms
1800 1800 Rel.V,,, =43.3 kgh
1600 a Angle = 110" 1600 a Angle = 104°
1400 1400
g_ 1200 1200
= 1000 1000
o
Lo 800 800
600 600
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 ©  Head Contact Point
—— WAD Contour —— WAD Contour
"] "]
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500 0
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Ford Focus (2013)

GV-FCR Morphed to Focus GV-FCR Morphed to Focus
Speed: 30 kph / 6YO GHBM Speed: 30 kph / FO5 GHBM
WAD = 1053.1 mm /HIT =75.3 ms WAD = 1522.3 mm / HIT = 131 ms
1200 Rel. V. =18kph 1200 Rel. V=223 kph
a Angle = 78.2° a Angle = 82.5°
1000 1000
e
o 800 800 [
4
o 600 600
™
400 400
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
20011 o Head Contact Point 2007 o Head Contact Point
—— WAD Contour —— WAD Contour
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200
GV-FCR Morphed to Focus GV-FCR Morphed to Focus
Speed: 40 kph / 6YO GHBM Speed: 40 kph / FO5 GHBM
WAD = 1096.4 mm / HIT = 56.6 ms WAD = 1568.4 mm /HIT = 103.9 ms
1200 Rel. V. =27.7 kph 1200 Rel. V. =325kph
o Angle = a Angle = 81.7°
1000 1000
<
o 800 800 [
X
o 600 600
<
400 400
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
20011 o Head Contact Point 2007 o Head Contact Point
—— WAD Contour —— WAD Contour
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0 -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200
GV-FCR Morphed to Focus GV-FCR Morphed to Focus
Speed: 50 kph / 6YO GHBM Speed: 50 kph / FO5 GHBM
WAD = 1166.4 mm / HIT = 47.1 ms WAD = 1682.3 mm / HIT = 86.6 ms
1200 Rel. V. =37.3 kph 1200 Rel. V. =43.2kph
a Angle = 76. o Angle = 75.5°
1000 1000
<
o 800 800 [
X
o 600 600
Kol
400 400
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
20011 o Head Contact Point 2007 o Head Contact Point
—— WAD Contour —— WAD Contour
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0 -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200




Ford Focus (2013)

M50

M95

GV-FCR Morphed to Focus
Speed: 30 kph / M50 GHBM
WAD = 1884 mm / HIT = 163.5 ms

GV-FCR Morphed to Focus
Speed: 30 kph / M95 GHBM
WAD = 2194 mm / HIT = 183.5 ms

-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 O

1200 Rel. V=245 kph 1200 Rel. V=316 kph
o Angle = 74° o Angle = 48.5°
1000 1000
e
o 800 800
4
o 600 600
™
400 400
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
20011 o Head Contact Point 2007 o Head Contact Point
—— WAD Contour —— WAD Contour
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0 -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0
GV-FCR Morphed to Focus GV-FCR Morphed to Focus
Speed: 40 kph / M50 GHBM Speed: 40 kph / M95 GHBM
WAD = 19849 mm/HIT = 124.1 ms WAD = 2194 mm/ HIT = 141.2 ms
1200 Rel. V. =37.3 kph 1200 Rel. V=388 kph
o Angle = 70.8° o Angle =
1000 1000
<
o 800 800
X
o 600 600
<
400 400
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
20011 o Head Contact Point 2007 o Head Contact Point
—— WAD Contour —— WAD Contour
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0 -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0
GV-FCR Morphed to Focus GV-FCR Morphed to Focus
Speed: 50 kph / M50 GHBM Speed: 50 kph / M95 GHBM
WAD = 2036.1 mm/HIT = 103.8 ms WAD = 2141.1 mm / HIT = 114 ms
1200 Rel. V=438 kph 1200 Rel. V. =54.7 kph
o Angle = o Angle =
1000 1000
<
o 800 800
X
o 600 600
Kol
400 400
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
20011 o Head Contact Point 2007 o Head Contact Point
—— WAD Contour —— WAD Contour

-1800 -1600 -1400 -1200 -1000 -800 -600 -400
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Toyota Highlander (2019)

GV-SUV Morphed to Highlander GV-SUV Morphed to Highlander
Speed: 30 kph / 6YO GHBM Speed: 30 kph / FO5 GHBM
WAD = 1014.5 mm / HIT = 28.3 ms WAD = 1330.7 mm / HIT = 92.6 ms
1600 - 1600 -
1400 | Rel. ¥y = 16.5.kph 1400 Rl ¥y = 17:8 kph
a Angle = 34.3° o Angle = 98°
1200 1200 -
< 1000 - 1000 -
o
X 800 - 800 -
o
@ 600 - 600 -
4001 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 | O Head Contact Point 200-| © Head Contact Point
WAD Contour WAD Contour
0 ; : . . 0 ; : . .
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-SUV Morphed to Highlander GV-SUV Morphed to Highlander
Speed: 40 kph / 6YO GHBM Speed: 40 kph / FO5 GHBM
WAD = 1035.1 mm/ HIT = 19 ms WAD = 1360.5 mm /HIT =714 ms
1600 - 1600 -
1400 | Rel. Voo 1400 Rol. ¥y = 31.2 kph
a Angle = 3.26° « Angle = 100°
1200 1200 -
< 1000 - 1000 -
Q.
X 800 - 800 -
o
< 600 - 600 -
4001 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 | O Head Contact Point 200-| © Head Contact Point
WAD Contour WAD Contour
0 ; : . . 0 ; : . .
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-SUV Morphed to Highlander GV-SUV Morphed to Highlander
Speed: 50 kph / 6YO GHBM Speed: 50 kph / FO5 GHBM
WAD = 1055.2 mm / HIT = 14.4 ms WAD = 1440.6 mm/ HIT = 58 ms
1600 - 1600 -
1400 | Rl Vg = 45.3.kph 1400
a Angle = 0"
1200 1200 -
< 1000 - 1000 -
(@8
e 800 - 800 -
o
Lo 600 - 600 -
4001 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 | O Head Contact Point 200-| © Head Contact Point
WAD Contour WAD Contour
0 ; : . . 0 ; :
-1500 -1000 -500 0 -1500 -1000
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Toyota Highlander (2019)

M50

M95

GV-SUV Morphed to Highlander
Speed: 30 kph / M50 GHBM
WAD = 16229 mm /HIT = 124.2 ms

GV-SUV Morphed to Highlander
Speed: 30 kph / M95 GHBM
WAD = 1848.4 mm / HIT = 157.4 ms

1600 - 1600 -
1400 - Rel. Vigaq = 25.3 kph 1400 - Rel. Vigaq = 28:4 kph
o Angle = 97.5% a Angle = 95.4°
1200 1200 -
< 1000 - 1000 -
o
X 800 - 800 -
o
@ 600 - 600 -
400 Vehicle Front-End Contour 4001 Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200-| © Head Contact Point 200-| © Head Contact Point
WAD Contour WAD Contour
0 L . . . 0 L . . .
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-SUV Morphed to Highlander GV-SUV Morphed to Highlander
Speed: 40 kph / M50 GHBM Speed: 40 kph / M95 GHBM
WAD = 1704.9 mm / HIT = 97.5 ms WAD = 1930.8 mm / HIT = 125.5 ms
1600 - 1600 -
1400 F Rel. Vne =36.1 kph 1400 F Rel. Vneaﬂ =39.7 kph
.87 o Angle =
1200 1200 -
< 1000 - 1000 -
o
X 800 - 800 -
o
< 600 - 600 -
400 Vehicle Front-End Contour 4001 Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200-| © Head Contact Point 200-| © Head Contact Point
WAD Contour WAD Contour
0 L . . . 0 L . . .
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-SUV Morphed to Highlander GV-SUV Morphed to Highlander
Speed: 50 kph / M50 GHBM Speed: 50 kph / M95 GHBM
WAD = 1776.9 mm / HIT = 81.6 ms WAD = 1959.9 mm/ HIT = 98 ms
1600 - 1600 -
1400 - Bol V) o= 46.8.kph 1400 - Rel. Vigad
o Angle = 92° a Angle = 89.8°
1200 1200 -
< 1000 - 1000 -
o
e 800 - 800 -
o
Lo 600 - 600 -
400 Vehicle Front-End Contour 4001 Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200-| © Head Contact Point 200-| © Head Contact Point
WAD Contour WAD Contour
0 L . . . 0 L . . .
-1500 -1000 -500 0 -1500 -1000 -500 0




Dodge Neon (1996)

6YO

F05

GV-RDS Morphed to Neon
Speed: 30 kph / 6YO GHEM
WAD = 1105.3 mm / HIT = 90.6 ms

GV-RDS Morphed to Neon
Speed: 30 kph / FO5 GHBM
WAD = 1523.6 mm / HIT = 144.8 ms

1200 [ 1200 [
Rel.V, .4 =21.7 kph
1000 gAngle 1000
- 800 800
o
=~ 600 600
o
™ 400 400 -
Vehicle Froni-End Contour Vehicle Froni-End Contour
| | ® Nodes for WAD Calculation 200 - @  Nodes for WAD Calculation
200 ©  Head Contact Point ©  Head Contact Point
WAD Contour WAD Contour
L s s L L L L L L 1 1 L I L L L
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 o -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 1]
GV-RDS Morphed to Neon GV-RDS Morphed to Neon
Speed: 40 kph / 6YO GHEM Speed: 40 kph / FO5 GHBM
WAD = 1166.7 mm / HIT = 72.5 ms WAD = 1675.6 mm /HIT = 113.2 ms
1200 [ 1200 [
Rel Viga =
1000 g Argle =83.1° 1000
- 800 800
o
= 600 600
o
< 400 400 -
Vehicle Froni-End Contour Vehicle Froni-End Contour
200 F @  Nodes for WAD Calculation 200 - @  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
WAD Contour WAD Contour
I 1 1 L L L L L L 1 1 L I L L L
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 1] -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 1]
GV-RDS Morphed to Neon GV-RDS Morphed to Neon
Speed: 50 kph / 6YO GHEM Speed: 50 kph / FO5 GHBM
WAD = 1210.9 mm / HIT = 61.2 ms WAD = 1780.3 mm / HIT = 93.5 ms
1200 [ 1200 [
Rel. V, _ =38.1 kph
1000 aAngle = 82.1° 1000
- 800 800
o
= 600 600
o
Lo 400 400 -
Vehicle Froni-End Contour Vehicle Froni-End Contour
200 F @  Nodes for WAD Calculation 200 - @  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
WAD Contour WAD Contour
I 1 1 L L L L L L 1 1 L I L L L
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 1] -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 1]
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Dodge Neon (1996)

M50

M95

GV-RDS Morphed to Neon
Speed: 30 kph / M50 GHEM
WAD = 1939.2 mm / HIT = 170.4 ms

GV-RDS Morphed to Neon
Speed: 30 kph / M95 GHEM
WAD = 2209.2 mm/ HIT = 196.6 ms

400

Vehicle Froni-End Contour
@  Nodes for WAD Calculation
©  Head Contact Point
WAD Contour

200 -

1200 1200
1000 1000
- 800 800
o
= 600 600
o
™ 400 [ 400 [
Vehicle Froni-End Contour Vehicle Froni-End Contour
200 F @  Nodes for WAD Calculation 200 - @  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
WAD Contour WAD Contour
. L L L L L L L L L L L | L L L
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0 -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0
GV-RDS Morphed to Neon GV-RDS Morphed to Neon
Speed: 40 kph / M50 GHEM Speed: 40 kph / M95 GHEM
WAD = 1994.3 mm / HIT = 137.1ms WAD = 2319.7 mm/HIT = 157.2 ms
1200 1200
Rel. V, . =333 kph
1000 o Angle = 71.9° 1000
s 800 800
o
= 600 600
o
< 400 [ 400
Vehicle Froni-End Contour Vehicle Froni-End Contour
200 F @  Nodes for WAD Calculation 200 - @  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
WAD Contour WAD Contour
. L L L L L L L L L L L | L L L
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0 -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0
GV-RDS Morphed to Neon
Speed: 50 kph / M95 GHEM
WAD = 2319.7 mm/ HIT = 128.4 ms
1200
1000 o Angle = 54.9°
s 800
S Error Termination
. . . 600
3 (Negative volume in left armpit area)

-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200

0
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Honda Odyssey (2018)

6YO

F05

GV-MPV Morphed to Odyssey
Speed: 30 kph / 6YO GHBM
WAD = 1026.9 mm / HIT = 52.7 ms

GV-MPV Morphed to Odyssey
Speed: 30 kph / FO5 GHBM
WAD = 1459.4 mm / HIT = 100.9 ms

1500 - 1500 -
Rel. Vneaﬂ =16.5 kph Rel. Vneaﬂ =24.2 kph
a Angle = 86.4" a Angle = 83.5°
< 1000 | 1000 |
o
X
o
™
500 500 -
Vehicle Front-End Contour Vehicle Front-End Contour
@®  Nodes for WAD Calculation @®  Nodes for WAD Calculation
O Head Contact Point O Head Contact Point
—— WAD Contour —— WAD Contour
0 s L . 0 s L .
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-MPV Morphed to Odyssey GV-MPV Morphed to Odyssey
Speed: 40 kph / 6YO GHBM Speed: 40 kph / FO5 GHBM
WAD = 1070.9 mm / HIT = 41.7 ms WAD = 1488.6 mm / HIT = 80.3 ms
1500 - 1500 -
Rel. Vneaﬂ =34.1kph
o Angle =
< 1000 | 1000 |
o
X
o
<
500 500 -
Vehicle Front-End Contour Vehicle Front-End Contour
@®  Nodes for WAD Calculation @®  Nodes for WAD Calculation
O Head Contact Point O Head Contact Point
—— WAD Contour —— WAD Contour
0 s L . 0 s L .
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-MPV Morphed to Odyssey GV-MPV Morphed to Odyssey
Speed: 50 kph / 6YO GHBM Speed: 50 kph / FO5 GHBM
WAD = 1106.6 mm / HIT = 353 ms WAD = 1526.6 mm / HIT = 65.5 ms
1500 - 1500 -
Rel. Vne =239 kph Rel. Vneaﬂ =47 kph
o Angle = 86° a Angle = 80.4°
< 1000 | 1000 |
o
X
o
Kol
500 500 -
Vehicle Front-End Contour Vehicle Front-End Contour
@®  Nodes for WAD Calculation @®  Nodes for WAD Calculation
O Head Contact Point O Head Contact Point
—— WAD Contour —— WAD Contour
0 s L . 0 s L .
-1500 -1000 -500 0 -1500 -1000 -500 0
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Honda Odyssey (2018)

M50

M95

GV-MPV Morphed to Odyssey
Speed: 30 kph / M50 GHBM
WAD = 1663.4 mm / HIT = 139.8 ms

GV-MPV Morphed to Odyssey
Speed: 30 kph / M95 GHBM
WAD = 2022.5 mm / HIT = 169.9 ms

1500 - 1500 -
Rel. Vneaﬂ =225 kph Rel. Vneaﬂ =31kph
o Angle = 89.6° o Angle = 71.1°
< 1000 | 1000 |
o
X
o
™
500 500 -
Vehicle Front-End Contour Vehicle Front-End Contour
@®  Nodes for WAD Calculation @®  Nodes for WAD Calculation
O Head Contact Point O Head Contact Point
—— WAD Contour —— WAD Contour
0 s L . 0 s L .
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-MPV Morphed to Odyssey GV-MPV Morphed to Odyssey
Speed: 40 kph / M50 GHEM Speed: 40 kph / M95 GHEM
WAD = 1909.6 mm /HIT = 108.9 ms WAD = 2171.6 mm / HIT = 134 ms
1500 - 1500 -
Rel. Vne =322 kph Rel. Vneaﬂ =42.7 kph
a Angle = 91.3° o Angle =
< 1000 | 1000 |
o
X
o
<
500 500 -
Vehicle Front-End Contour Vehicle Front-End Contour
@®  Nodes for WAD Calculation @®  Nodes for WAD Calculation
O Head Contact Point O Head Contact Point
—— WAD Contour —— WAD Contour
0 s L . 0 s L .
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-MPV Morphed to Odyssey GV-MPV Morphed to Odyssey
Speed: 50 kph / M50 GHEM Speed: 50 kph / M95 GHEM
WAD = 1877.8 mm / HIT = 89.6 ms WAD =2221.5mm/HIT = 112.1 ms
1500 - 1500 -
Rel. Vne =438 kph Rel. Vneaﬂ =51kph
o Angle = 43.7°
< 1000 | 1000 |
o
X
o
Kol
500 500 -
Vehicle Front-End Contour Vehicle Front-End Contour
@®  Nodes for WAD Calculation @®  Nodes for WAD Calculation
O Head Contact Point O Head Contact Point
—— WAD Contour —— WAD Contour
0 s L . 0 s L .
-1500 -1000 -500 0 -1500 -1000 -500 0
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Chrysler Pacifica (2019)

6YO

F05

GV-MPV Morphed to Pacifica
Speed: 30 kph / 6YO GHBM
WAD = 1007.3 mm / HIT = 54.9 ms

GV-MPV Morphed to Pacifica
Speed: 30 kph / FO5 GHBM
WAD = 1441 mm / HIT = 105 ms

1500 - 1500 -
Rel. Vneaﬂ =16 kph Rel. Vneaﬂ =226 kph
a Angle = 86.6° a Angle = 89.5°
N 1000 1000
o
X
o
™
500 500
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
—— WAD Contour —— WAD Contour
0 . L L " 0 . L L "
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-MPV Morphed to Pacifica GV-MPV Morphed to Pacifica
Speed: 40 kph / 6YO GHBM Speed: 40 kph / FO5 GHBM
WAD = 1070.1 mm/ HIT = 43 ms WAD = 14741 mm /HIT = 82.2 ms
1500 - 1500 -
Rel. Vneaﬂ =24.1 kph Rel. Vneaﬂ =34.5kph
a Angle = 92.4° a Angle = 84.7°
C 1000 1000
o
X
o
<
500 500
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
—— WAD Contour —— WAD Contour
0 . L L " 0 . L L "
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-MPV Morphed to Pacifica GV-MPV Morphed to Pacifica
Speed: 50 kph / 6YO GHBM Speed: 50 kph / FO5 GHBM
WAD = 1113 mm / HIT = 36.9 ms WAD = 1485.9 mm / HIT = 69.5 ms
1500 - 1500 -
Rel. Vneaﬂ =25.4 kph Rel. Vneaﬂ =44.5 kph
a Angle = 88.8° a Angle = 86.4°
c 1000 1000
o
X
o
Kol
500 500
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
—— WAD Contour —— WAD Contour
0 . L L " 0 . L L "
-1500 -1000 -500 0 -1500 -1000 -500 0




Chrysler Pacifica (2019)

M50

M95

GV-MPV Morphed to Pacifica
Speed: 30 kph / M50 GHBM
WAD = 1685.5 mm / HIT = 143.7 ms

GV-MPV Morphed to Pacifica
Speed: 30 kph / M95 GHBM
WAD = 2066.4 mm / HIT = 176.1 ms

1500 - 1500 -
Rel. Vneaﬂ =215 kph Rel. Vneaﬂ =309 kph
a Angle = 91.8° a Angle = 79.2°
N 1000 1000
o
X
o
™
500 500
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
—— WAD Contour —— WAD Contour
0 . L L " 0 . L L
-1500 -1000 -500 0 -1500 -1000 -500
GV-MPV Morphed to Pacifica GV-MPV Morphed to Pacifica
Speed: 40 kph / M50 GHBM Speed: 40 kph / M95 GHBM
WAD = 1782.3 mm /HIT = 109.9 ms WAD =2148.2 mm / HIT = 138.8 ms
1500 - 1500 -
Rel. Vneaﬂ =325 kph Rel. Vneaﬂ =41kph
a Angle = 85.1% a Angle = 63.7°
C 1000 1000
o
X
o
<
500 500
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
—— WAD Contour —— WAD Contour
0 . L L " 0 . L L
-1500 -1000 -500 0 -1500 -1000 -500
GV-MPV Morphed to Pacifica GV-MPV Morphed to Pacifica
Speed: 50 kph / M50 GHBM Speed: 50 kph / M95 GHBM
WAD = 1779.7 mm / HIT = 93.2 ms WAD =2149.6 mm/HIT = 111.5ms
1500 - 1500 -
Rel. Vneaﬂ =412 kph Rel. Vneaﬂ =48.4 kph
a Angle = 81.6° a Angle = 68.5°
c 1000 1000
o
X
o
Kol
500 500
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
—— WAD Contour —— WAD Contour
0 . L L " 0 . L L
-1500 -1000 -500 0 -1500 -1000 -500
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Toyota RAV4 (1997)

GV-SUV Morphed to Rav4 GV-SUV Morphed to Rav4
Speed: 30 kph / 6YO GHBM Speed: 30 kph / FO5 GHBM
WAD = 1075 mm / HIT = 28.3 ms WAD = 1359.2 mm / HIT = 94.9 ms
1600 1600
Rel. Vneaﬂ =205 kph Rel. Vneaﬂ =21.1kph
1400 o Angle = 27° 1400 o Angle = 99.5°
1200 1200
e
o 1000 | 1000 |
X
o 800 800
™
600 [ 600 [
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
®  Nodes for WAD Calculation ®  Nodes for WAD Calculation
200 | © Head Contact Point 200| © Head Contact Point
—— WAD Contour —— WAD Contour
0
-1500 -1000 -500 0 -1500 -1000 -500 ]
GV-SUV Morphed to Rav4 GV-SUV Morphed to Rav4
Speed: 40 kph / 6YO GHBM Speed: 40 kph / FO5 GHBM
WAD = 1111.3 mm/ HIT = 20 ms WAD = 1423.8 mm /HIT =72.9 ms
1600 1600
Rel. Vne =33.1 kph Rel. Vneaﬂ =135.6 kph
1400 o Angle = 4.6 1400 o Angle = 102°
1200 1200
<
o 1000 | 1000 [
X
o 800 800
<
600 [ 600 [
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
®  Nodes for WAD Calculation ®  Nodes for WAD Calculation
200 ©  Head Contact Point 200 ©  Head Contact Point
—— WAD Contour —— WAD Contour
-1500 -1000 -500 0 -1500 -1000 -500 ]
GV-SUV Morphed to Rav4 GV-SUV Morphed to Rav4
Speed: 50 kph / 6YO GHBM Speed: 50 kph / FO5 GHBM
WAD = 1102.6 mm /HIT = 15.2 ms WAD = 1459.6 mm / HIT = 60.3 ms
1600 1600
Rel. Vne =459 kph
1400 o Angle = 0° 1400
1200 1200
<
o 1000 | 1000 [
X
o 800 800
Kol
600 [ 600 [
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
®  Nodes for WAD Calculation ®  Nodes for WAD Calculation
200 ©  Head Contact Point 200 ©  Head Contact Point
—— WAD Contour —— WAD Contour
-1500 -1000 -500 0 -1500 -1000 -500 ]
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Toyota RAV4 (1997)

M95

GV-SUV Morphed to Rav4
Speed: 30 kph / M95 GHBM
WAD = 1846.3 mm / HIT = 156.5 ms

Rel. Vneaﬁ =30.3 kph
a Angle = 94.2°

Vehicle Front-End Contour
@  Nodes for WAD Calculation
@ Head Contact Point
—— WAD Contour

-1500 -1000 -500 ]

GV-SUV Morphed to Rav4
Speed: 40 kph / M95 GHBM
WAD = 1894.7 mm / HIT = 124.6 ms

Rel. V, . =41.9kph

o Angle =

Vehicle Front-End Contour
@  Nodes for WAD Calculation
@ Head Contact Point
—— WAD Contour

-1500 -1000 -500 ]

GV-SUV Morphed to Rav4
Speed: 30 kph / M50 GHEM
WAD = 1607.3 mm/HIT = 126.9 ms
1600
Rel. Vneaﬁ =26.4 kph
1400 o Angle = 103°
1200
e
o 1000
X
o B
™
600 [
400 Vebicle Front-End Contour
®  Nodes for WAD Calculation
200 ©  Head Contact Point
—— WAD Contour
-1500 -1000 -500 0
GV-SUV Morphed to Rav4
Speed: 40 kph / M50 GHEM
WAD = 1672.4 mm /HIT = 97.9 ms
1600
Rel. \c‘m =395 kph
1400 o Angle = 101°
1200
<
o 1000
X
o B
<
600 [
400 Vebicle Front-End Contour
®  Nodes for WAD Calculation
200 ©  Head Contact Point
—— WAD Contour
-1500 -1000 -500 0
GV-SUV Morphed to Rav4
Speed: 50 kph / M50 GHEM
WAD = 1757.4 mm /HIT =81.5ms
1600
Rel. \c‘m =
1400 o Angle = 92°
1200
<
o 1000
X
o B
Kol
600 [
400 Vebicle Front-End Contour
®  Nodes for WAD Calculation
200 ©  Head Contact Point
—— WAD Contour
-1500 -1000 -500 0

GV-SUV Morphed to Rav4
Speed: 50 kph / M95 GHBM
WAD = 1939.7 mm / HIT = 95.7 ms

Rel. V. =548 kph

o Angle = 91.3°

Vehicle Front-End Contour
@  Nodes for WAD Calculation
@ Head Contact Point
—— WAD Contour

-1500 -1000 -500 ]




Nissan Rogue (2020)

6YO

F05

GV-SUV Morphed to Rogue
Speed: 30 kph / 6YO GHBM
WAD = 1040.3 mm / HIT = 42.7 ms

GV-SUV Morphed to Rogue
Speed: 30 kph / FO5 GHBM
WAD = 1414 mm / HIT = 94.7 ms

1500 1500
Rel.V, =175 kph
o Angle =717
e 1000 [ 1000
o
a4
o
™
500 - 500
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
O Head Contact Point O Head Contact Point
WAD Contour WAD Contour
0 . L . 1 0 . L
-1500 -1000 -500 0 -1500 -1000
GV-SUV Morphed to Rogue GV-SUV Morphed to Rogue
Speed: 40 kph / 6YO GHBM Speed: 40 kph / FO5 GHBM
WAD = 1099.6 mm / HIT = 33.3 ms WAD = 1453 mm / HIT = 74.1 ms
1500 1500
Rel.V, =208 kph
a Angle = 52.6°
e 1000 [ 1000
o
‘4
o
<
500 - 500
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
O Head Contact Point O Head Contact Point
WAD Contour WAD Contour
0 . L . 1 0 . L
-1500 -1000 -500 0 -1500 -1000
GV-SUV Morphed to Rogue GV-SUV Morphed to Rogue
Speed: 50 kph / 6YO GHBM Speed: 50 kph / FO5 GHBM
WAD = 1101.6 mm / HIT = 26.9 ms WAD = 1501.6 mm / HIT = 61.5 ms
1500 1500
Rel.V, . =27.1kph
a Angle = 28.9°
e 1000 [ 1000
o
X
o
Lo
500 - 500
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
O Head Contact Point O Head Contact Point
WAD Contour WAD Contour
0 . L . 1 0 . L
-1500 -1000 -500 0 -1500 -1000
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Nissan Rogue (2020)

M50

M95

GV-SUV Morphed to Rogue
Speed: 30 kph / M50 GHBM
WAD = 1618.2 mm/HIT = 130.3 ms

GV-SUV Morphed to Rogue
Speed: 30 kph / M95 GHBM
WAD = 1866.2 mm / HIT = 170.5 ms

1500 1500 -
Rel.V, =259 kph
o Angle
e 1000 1000 ¢
o
a4
o
™
500 - 500 -
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
O Head Contact Point O Head Contact Point
WAD Contour WAD Contour
0 . L . 1 0 . L . 1
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-SUV Morphed to Rogue GV-SUV Morphed to Rogue
Speed: 40 kph / M50 GHBM Speed: 40 kph / M95 GHBM
WAD = 1706.1 mm / HIT = 103.2 ms WAD = 1907.3 mm / HIT = 129.1 ms
1500 1500 -
Rel.V, ., =36kph Rel. V, .4 =36kph
a Angle = 98.3° a Angle = 90.8°
e 1000 1000 ¢
o
‘4
o
<
500 - 500 -
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
O Head Contact Point O Head Contact Point
WAD Contour WAD Contour
0 . L . 1 0 . L . 1
-1500 -1000 -500 0 -1500 -1000 -500 0
GV-SUV Morphed to Rogue GV-SUV Morphed to Rogue
Speed: 50 kph / M50 GHBM Speed: 50 kph / M95 GHBM
WAD = 1774.9 mm / HIT = 86 ms WAD = 2188.4 mm / HIT = 112.7 ms
1500 1500 -
Rel.V, ., =46.1kph
a Angle = 92.3°
e 1000 1000 ¢
o
X
o
Lo
500 - 500 -
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
O Head Contact Point O Head Contact Point
WAD Contour WAD Contour
0 . L . 1 0 . L .
-1500 -1000 -500 0 -1500 -1000 -500 0
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Toyota Sienna (2016)

6YO

F05

GV-MPV Morphed to Sienna
Speed: 30 kph / 6YO GHBM
WAD = 1035.7 mm/ HIT = 53 ms

GV-MPV Morphed to Sienna
Speed: 30 kph / FO5 GHBM
WAD = 1497.5 mm / HIT = 101.6 ms

1500 | 1500
Rel. V, = 18.3 kph Rel. V, =251 kph
o Angle = 85.7° o Angle = 81.5°
e
1000 | 1000
o
X
o
™
500 | 500 |
Vehicle Front-End Contour Vehicle Front-End Contour
@  Modes for WAD Calculation @  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
~————WAD Contour ~————WAD Contour
0 0
-1500 -1000 -500 o -1500 -1000 -500 0
GV-MPV Morphed to Sienna GV-MPV Morphed to Sienna
Speed: 40 kph / 6YO GHBM Speed: 40 kph / FO5 GHBEM
WAD = 1078 mm / HIT = 42.4 ms WAD = 1496.2 mm / HIT = 79.8 ms
1500 | 1500
Rel. V, =217 kph Rel. V, =351 kph
o Angle = 78.5
e
1000 | 1000
o
X
o
<
500 500
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
~————WAD Contour ~————WAD Contour
0 0
-1500 -1000 -500 o -1500 -1000 -500 0
GV-MPV Morphed to Sienna
Speed: 50 kph / 6YO GHBM
WAD = 1126.9 mm / HIT = 355 ms
1500 |
Rel. V, =239 kph
o Angle = 69.2°
%_ 1000 | . .
S Error Termination
3 (Negative volume in lower leg flesh)
500
Vehicle Front-End Contour
@  Nodes for WAD Calculation
©  Head Contact Point
~————WAD Contour
0
-1500 -1000 -500 "]
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Toyota Sienna (2016)

M50

M95

GV-MPV Morphed to Sienna
Speed: 30 kph / M50 GHBM
WAD = 1640.4 mm / HIT = 143.7 ms

GV-MPV Morphed to Sienna
Speed: 30 kph / M95 GHBM

WAD = 1939.1 mm / HIT = 161.9 ms

Vehicle Front-End Contour
@  Nodes for WAD Calculation
©  Head Contact Point
——— WAD Cantour

-1500 -1000 -500 "]

1500 f 1500 |
Rel V, . =23kph Rel V.. =305 kph
o Angle = 95.6° o Angle = 81.6°
e
1000 | 1000 |
o
X
o
™
500 | 500 |
Vehicle Front-End Contour Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
——— WAD Cantour —— WAD Contour
0
-1500 -1000 -500 o -1500 -1000 -500 0
GV-MPV Morphed to Sienna
Speed: 40 kph / M50 GHBM GV-MPV Morphed to Sienna
WAD = 1842.5 mm/HIT = 111.8 ms Speed: 40 kph / M95 GHEM
1500 | WAD = 2081.2 mm/HIT = 126.6 ms
Angie = 867 1500
a Angle = Rel. \c‘neaﬂ’dd.ﬁ kph
o Angle = 72°
1000 |
e 1000 |
o
X
o
< 500 f
Vehicle Front-End Contour 500 f
@  Nodes for WAD Calculation Vehicle Front-End Gontour
©  Head Contact Point @  Nodes for WAD Calculation
WAD Cantour O Head Contact Point
—— WAD Contour
-1500 -1000 -500 0 0
-1500 -1000 -500 0
GV-MPV Morphed to Sienna GV-MPV Morphed to Sienna
Speed: 50 kph / M50 GHEM Speed: 50 kph / M95 GHEM
WAD = 1890.4 mm / HIT = 89.7 ms WAD = 21747 mm/HIT = 111.2 ms
1500 f 1500 |
Rel. V, =478 kph Rel. Vneaﬂ =50.5 kph
o Angle = 77.2° o Angle = 45.8°
e 1000 | 1000 |
o
X
o
Kol
500 | 500 |

Vehicle Front-End Contour
@  Nodes for WAD Calculation
©  Head Contact Point
—— WAD Contour

-1500

-1000 -500 0




Chevrolet Silverado (2014)

6YO

F05

GV-SUV Morphed to Silverado
Speed: 30 kph / 6YO GHBM
WAD = 1122.5 mm / HIT = 13.9 ms

1600 -
Rel. \1"“9‘,_m =29.4 kph
o Angle = 0.715°
1400
1200 1 1
< Normal termination
Q 1000 - 1 1
X (Pedestrian knocked down without head
o 800
S contact)
600
400 Vehicle Front-End Contour
@ Nodes for WAD Calculation
200+ © Head Contact Point
—— WAD Contour
0
-2000 -1500 -1000 -500 0
GV-SUV Morphed to Silverado GV-SUV Morphed to Silverado
Speed: 40 kph / 6YO GHBM Speed: 40 kph / FO5 GHBM
WAD = 1122.5 mm / HIT = 10.4 ms WAD = 1277.4 mm /HIT = 64.2 ms
1600 Rel V. =396 kph 1600 Rel V.. =112 kph
a Angle = 0. a Angle = 139°
1400 1400 -
1200 1200
S
1000 - 1000 -
X
o 800 800
<
600 600 [
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@ Nodes for WAD Calculation @ Nodes for WAD Calculation
200+ © Head Contact Point 200 | © Head Contact Point
—— WAD Contour —— WAD Contour
0 0
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500 0
orphe ilverado orphe ilverado
GV-SUV Morphed to Sil d GV-SUV Morphed to Sil d
Speed: 50 kph / 6YO GHBM Speed: 50 kph / FO5 GHBM
WAD = 11225 mm/HIT =84 ms WAD = 1314.2 mm / HIT =49.2 ms
1600 Rel V. =496 kph 1600 Rel V.. =234 kph
a Angle = 0., o Angle = 121°
1400 1400 -
1200 1200
S
1000 - 1000 -
X
o 800 800
Kol
600 600 [
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@ Nodes for WAD Calculation @ Nodes for WAD Calculation
200+ © Head Contact Point 200 | © Head Contact Point
—— WAD Contour —— WAD Contour
0 0
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500 0
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Chevrolet Silverado (2014)

GV-SUV Morphed to Silverado GV-SUV Morphed to Silverado
Speed: 30 kph / M50 GHEM Speed: 30 kph / M95 GHEM
WAD = 1470.6 mm /HIT = 126.5 ms WAD = 1712.8 mm / HIT = 127 ms
1600 Rel V.. =1.75 kph 1600 Rel V.. =221 kph
a Angle = 101" a Angle = 109°
1400 1400 -
1200 1200
e
Q 1000 - 1000 -
X
o 800 800
™
600 600 [
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@ Nodes for WAD Calculation @ Nodes for WAD Calculation
200+ © Head Contact Point 200 | © Head Contact Point
—— WAD Contour —— WAD Contour
0 0
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500 0
GV-SUV Morphed to Silverado GV-SUV Morphed to Silverado
Speed: 40 kph / M50 GHEM Speed: 40 kph / M95 GHEM
WAD = 1525.3 mm / HIT = 83.2 ms WAD = 1737.3 mm / HIT = 90.2 ms
1600 Rel V. =218 kph 1600 Rel V.. =38.1 kph
a Angle = 109° o Angle =
1400 1400 -
1200 1200
S
1000 - 1000 -
X
o 800 800
<
600 600 [
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@ Nodes for WAD Calculation @ Nodes for WAD Calculation
200+ © Head Contact Point 200 | © Head Contact Point
—— WAD Contour —— WAD Contour
0 0
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500 0
GV-SUV Morphed to Silverado GV-SUV Morphed to Silverado
Speed: 50 kph / M50 GHEM Speed: 50 kph / M95 GHEM
WAD = 1606 mm / HIT = 66.4 ms WAD = 1864.9 mm / HIT = 83.1 ms
1600 1600 =
Rel. Vneaﬂ 8.9 kph
o Angle = 108" A0
1400 1400 -
1200 1200
S
1000 - 1000 -
X
o 800 800
Kol
600 600 [
400 Vehicle Front-End Contour 400 Vehicle Front-End Contour
@ Nodes for WAD Calculation @ Nodes for WAD Calculation
200+ © Head Contact Point 200 | © Head Contact Point
—— WAD Contour —— WAD Contour
0 0
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500 0
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Ford Taurus (2001)

GV-FCR Morphed to Taurus GV-FCR Morphed to Taurus
Speed: 30 kph / 6YO GHEM Speed: 30 kph / FO5 GHBM
WAD = 1061.5 mm /HIT = 80.4 ms WAD = 1552.3 mm/HIT = 137.3 ms
1200 Rel. V. =186 kph 1200 Rel V. =229 kph
a Angle = 89° o Angl
1000 1000
< 8oo 800 1
o
X 600 600
&
400 Vehicle Front-End Contour 400 r Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 ©  Head Contact Point
WAD Contour WAD Contour
ol L L L L L L L
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500 0
GV-FCR Morphed to Taurus GV-FCR Morphed to Taurus
Speed: 40 kph / 6YO GHEM Speed: 40 kph / FO5 GHBM
WAD = 1091.7 mm /HIT = 61.7 ms WAD = 1621 mm/ HIT = 109.2 ms
1200 Rel. V= kph 1200
a Angle = 91.8°
1000 1000
< 8oo 800 1
o
X 600 600
2
400 Vehicle Front-End Contour 400 r Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 ©  Head Contact Point
WAD Contour WAD Contour
ol L L L ol L
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500 0
GV-FCR Morphed to Taurus GV-FCR Morphed to Taurus
Speed: 50 kph / 6YO GHEM Speed: 50 kph / FO5 GHBM
WAD = 1141.8 mm /HIT = 50.9 ms WAD = 1690.5 mm /HIT =914 ms
1200 Rel. Vy g =342 kph 1200
a Angle = 88.1%
1000 1000
< 8oo 800 1
o
e 600 600
B
400 Vehicle Front-End Contour 400 r Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 ©  Head Contact Point
WAD Contour WAD Contour
L L L L ol L L L
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500 0
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Ford Taurus (2001)

M50

M95

GV-FCR Morphed to Taurus
Speed: 30 kph / M50 GHBM
WAD = 1806.1 mm /HIT = 171.2 ms

GV-FCR Morphed to Taurus
Speed: 30 kph / M95 GHBM
WAD = 2206.5 mm /HIT = 191.4 ms

1200 Rel V. =222 kph 1200 Rel.V, . =40 kph
o Angle 3 a Angle = 58.1°
1000 1000
< 8oo 800 1
o
X 600 600
&
400 Vehicle Front-End Contour 400 r Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 ©  Head Contact Point
WAD Contour WAD Contour
ol L L L L L L L
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500 0
GV-FCR Morphed to Taurus GV-FCR Morphed to Taurus
Speed: 40 kph / M50 GHEM Speed: 40 kph / M95 GHEM
WAD = 1970.3 mm/HIT = 136.1 ms WAD = 2211 mm/ HIT = 148.9 ms
1200 Rel. Vy 5y =326 kph 1200
a Angle = 78.9°
1000 1000
< 8oo 800 1
o
X 600 600
2
400 Vehicle Front-End Contour 400 r Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 ©  Head Contact Point
WAD Contour WAD Contour
L L L L ol L L L
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500 0
GV-FCR Morphed to Taurus GV-FCR Morphed to Taurus
Speed: 50 kph / M50 GHEM Speed: 50 kph / M95 GHEM
WAD = 2059.7 mm / HIT = 112 ms WAD = 2408.7 mm / HIT = 130 ms
1200 Rel. Vy g =478 kph 1200
o Angle = 70.7°
1000 1000
< 8oo 800 1
o
e 600 600
B
400 Vehicle Front-End Contour 400 r Vehicle Front-End Contour
@  Nodes for WAD Calculation @  Nodes for WAD Calculation
200 ©  Head Contact Point 200 ©  Head Contact Point
WAD Contour WAD Contour
L L L L ol L L L
-2000 -1500 -1000 -500 0 -2000 -1500 -1000 -500 0
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Ford Yaris (2010)

6YO

F05

GV-FCR Morphed to Yaris
Speed: 30 kph / 6YO GHBM
WAD = 1038.5 mm / HIT = 66 ms

GV-FCR Morphed to Yaris
Speed: 30 kph / F05 GHBM
WAD = 1487.2 mm / HIT = 120.9 ms

©  Head Contact Point
—— WAD Contour

0
-1600 -1400 -1200 -1000 -800 -600 -400

1200 - Rel V. =197 kph 1200 - Rel V. =225 kph
a Angle = 77.9° a Angle = 82.2°
1000 | 1000
e
o 800 - 800 -
X
Q 600 - 600 -
™
400 - 400 -
Vehicle Front-End Contour Vehicle Front-End Contour
200 - @  Nodes for WAD Calculation 200 - @  Nodes for WAD Calculation
©  Head Contact Point ©  Head Contact Point
—— WAD Contour —— WAD Contour
0 . L . L L 0 . L
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Ford Yaris (2010)

M50

M95
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