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ABSTRACT – This study examined 127 U.S. pedestrian crashes involving model year 2009–2022 cars, SUVs, and pickups to 
explore how the height of the vehicle front end relative to the pedestrian’s hip and waist height affected pedestrian kinematics and 
torso injuries. Vehicle hood leading edge (HLE) height was compared with estimates of pedestrian hip and waist heights. Vehicles 
with HLEs higher than the pedestrian’s waist were associated with the largest proportion of AIS 2+ thorax, abdomen, and spine 
injuries produced by torso impacts with the front headlights, grille, and HLE. Vehicles with HLEs higher than the pedestrian’s hip 
but lower than the waist had the next highest proportion of AIS 2+ torso injuries from impacts with the hood and cowl. Future torso 
impactor testing of vehicle front ends must take kinematics and injury source differences for the tallest vehicles into consideration to 
ensure evaluations are assessing countermeasures relevant to real-world torso injuries. 

__________________________________ 

INTRODUCTION 

In 2022, 7,522 pedestrians were killed in motor vehicle 
crashes on roadways in the United States, an 83% 
increase since 2009 (IIHS, 2024). U.S. consumers are 
increasingly choosing larger vehicles, with 73% of 2024 
registrations being SUVs and pickups (HLDI, 2024). 
These vehicle types are associated with a greater risk of 
pedestrian injury compared with passenger cars (Hu and 
Cicchino, 2018; Monfort and Mueller, 2020). Previous 
examinations of U.S. pedestrian crashes using detailed 
measurements of striking-vehicle front-end geometry 
identified that vehicles with the highest hood leading 
edges (HLEs) and blunt shaped vehicles were more 
injurious, specifically for the head and torso (Hu et al, 
2024; Monfort et al, 2024; Yin et al, 2017). 

Historically, a pedestrian’s hip height relative to the 
striking vehicle’s front end has been a key predictor of 
crash kinematics and injury outcomes (Ballesteros et al, 
2004; Longhitano et al, 2005; Roudsari et al, 2005). 
Vehicles with front ends that are taller than the 
pedestrian’s hip height (approximately at a person’s 
center of gravity) are more likely to throw a pedestrian 
to the ground, rather than slide them up the vehicle’s 
front (Roudsari et al, 2005; Subit et al, 2008). A 
comparison of top selling cars, SUVs, and pickups over 
the last 30 years indicate that vehicle HLEs have 
increased on average by 10 cm, further exacerbating the 
problem of tall vehicles for pedestrians (IIHS, 2024). 

The current study examines U.S. pedestrian crashes 
involving model year 2009–2022 vehicles to identify the 
role that HLE height relative to the hip and waist heights 
of the struck pedestrian plays in crash kinematics and 
torso injury outcomes. 

METHODS 

In-depth pedestrian crash reconstructions from two 
U.S.-based crash datasets were used for this analysis. 
The Vulnerable Road User Injury Prevention Alliance 
(VIPA) dataset is an ongoing in-depth collection of 
pedestrian crashes since 2015 from Michigan involving 
vehicles newer than 15 years old and all pedestrian 
injury levels. As of July 2024, 185 pedestrian crash 
reconstructions have been collected. In 2022, the 
National Highway Traffic Safety Administration 
collected 92 in-depth pedestrian crashes in California, 
Texas, and New Jersey under the project Vulnerable 
Road User In-Depth Crash Investigation Study (VICIS) 
(Lockerby, 2023). Cases included any pedestrians struck 
by the front of a motor vehicle. Both datasets (VIPA and 
VICIS) collected police reports, scene information, and 
medical records as input for reconstructing the crash 
scenario. Experts used evidence from these data along 
with simulation tools to determine impact speed and 
pedestrian kinematics and to attribute injuries. 

Cases were included if the crash configuration involved 
the vehicle front striking an adult-sized pedestrian who 
was standing, walking, or running. All pedestrians 
sustained at least one AIS 2+ injury. A total of 81 VIPA 
and 46 VICIS cases met all study criteria. These cases 
involved 67 cars/minivans, 40 SUVs, and 20 pickups 
from model years 2009 to 2022. 

Measurements of the vehicle front ends were compared 
with the pedestrians’ waist and hip heights. Vehicle 
HLE heights were obtained using a method outlined in 
Hu et al (2024) and compared with the pedestrian height. 
If pedestrian height was unknown (n = 34), it was 
assumed to be 162 cm for adult females and 175 cm for 
adult males (Alvin and Henry Dreyfuss Associates, 
2002). Pedestrian hip height was estimated at 52% of 
total height (Alvin and Henry Dreyfuss Associates, 
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2002) and waist height was estimated at 60% of total 
height (Gordon et al, 1989). 

Vehicles were assigned to three categories relative to the 
pedestrian (percent of pedestrians in category with 
forward projection kinematics shown in parentheses): 
HLE < Ped — both pedestrian hip and waist above the 
HLE (12%); HLE = Ped — pedestrian hip below and 
waist above the HLE (24%); and HLE > Ped — 
pedestrian hip and waist below the HLE (33%).Vehicle 
kinematics, MAIS by AIS-coded body region, and 
injury source by body region were analyzed. A 
combined MAIS torso category was created from the 
combination of thorax, abdomen, and spine. Statistical 
comparisons were made using a logistical regression 
predicting the presence of AIS 2+ injury. A chi-squared 
test was used to assess the differences in injury sources 
by relative height categories. 

RESULTS 

Figure 1 compares the probability of MAIS 2+ thorax, 
abdomen, spine, and combined torso injuries by relative 
vehicle height. Average ISS is shown. 

 
Figure 1. Probability of MAIS 2+ injured pedestrians 
with MAIS 2+ torso injuries by vehicle height category 
* p<0.05; ** p<0.01 

Table 1 provides counts of the maximum AIS torso 
injury by vehicle component. Figure 2 depicts the 
typical pedestrian kinematics associated with each 
vehicle height. 

As vehicle front-end height relative to the struck 
pedestrian increased, the risk of AIS 2+ thorax (p < 0.01) 
abdomen (p < 0.05), and spine (p < 0.01) injuries also 
increased. Fewer hood/cowl but more HLE torso injury 
sources were observed, as vehicle height relative to the 
pedestrian was greater (p < 0.001). Only pedestrians 
with waist heights below the HLE had torso injuries 
from the headlights and grille. 

Table 1. Source of MAIS 2+ torso injury by vehicle 
height category 

 
Headlight/ 

grille HLE 
Hood/ 
cowl Greenhouse Ground None 

HLE < Ped 0 4 31 8 3 20 
HLE = Ped 0 8 15 1 1 7 
HLE > Ped 9 7 7 0 1 3 

 
Figure 2. Typical pedestrian kinematics for each vehicle 
height category 

DISCUSSION 

This study investigated the effect of vehicle front-end 
height relative to the hip and waist heights of the 
pedestrians they struck on kinematic differences and 
torso injury risk. We found that when the vehicle HLE 
was below the waist, the upper body was more likely to 
wrap around the top of the front end. In contrast, when 
vehicle front ends were tall enough to concurrently 
impact the hip and rib cage, the upper body tended to be 
constrained from wrapping around the vehicle. Instead, 
these cases produced torso injuries from primary 
impacts with components on the vehicle front (primarily 
the headlights and grille). 

Overall injury and kinematics trends were consistent 
with previous studies showing that taller vehicles are 
associated with increased torso injuries and more 
forward projection kinematics (e.g., Monfort et al, 
2024). The current study is the first to specifically 
examine late model SUVs and pickups in the context of 
impactor testing scenarios to identify that within this 
group of vehicles, the tallest vehicles (large SUVs and 
pickups) are associated with different vehicle torso 
injury sources. Older datasets of U.S. pedestrian data, 
such as PCDS, contain limited SUV and pickup cases 
because those vehicle types were not as popular in the 
1990s. Recent pedestrian datasets from Europe and 
Japan contain some SUVs but lack pickups, often citing 
pickups as a uniquely "American trend" though these 
markets have commercial trucks. 

Future research should focus on identifying the unique 
impact conditions associated with the tallest vehicles so 
that test and evaluation protocols can be modified to 
represent relevant real-world conditions. Effective 
vehicle-based countermeasures to reduce torso injuries 
for the tallest U.S. vehicles would likely require 
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different strategies compared with medium or short 
vehicles. Applying a thorax impactor test and evaluation 
protocol, for example, is a not a one-size-fits-all solution 
for the range of U.S. vehicles. For the greatest real-world 
relevance, tall vehicles should have their pedestrian 
crashworthiness determined primarily by their front-end 
components (e.g., headlights, grille, and HLE). In 
contrast, medium and short vehicles should be evaluated 
according to the crashworthiness of their components on 
the top of the front end, hood, and cowl, and with an 
angled impactor to represent the kinematics of a 
glancing torso impact. Test protocols that exempt tall 
vehicles or assess vehicles on irrelevant test conditions 
are missed opportunities to address a significant portion 
of pedestrian fatalities, especially as consumers continue 
to choose larger and taller vehicles. 

The current research describes observations of real-
world torso injury sources for the range of vehicle 
heights relative to pedestrians, which can guide vehicle 
designers to focus countermeasure efforts on relevant 
real-world vehicle components by vehicle size. 
Additional research is needed to understand the potential 
of vehicle countermeasures to mitigate torso injuries, 
particularly from the tallest vehicles. 

The real-world crashes evaluated in this analysis are 
from two non-representative samples of U.S. pedestrian 
data; therefore, observations cannot be directly scaled to 
any larger population of pedestrian crashes. Although 
this dataset contains a variety of SUV and pickups less 
than 15 years old, designs may not reflect the most 
recent geometries of newer SUV and pickups. 

CONCLUSION 

This study examined U.S. pedestrians struck by cars, 
SUVs, and pickups for torso injury patterns. Vehicles 
with HLEs taller than the struck pedestrian waist are 
associated with the largest proportion of AIS 2+ thorax, 
abdomen, and spine injuries resulting from pedestrian 
torso impacts with the front headlights, grille, and HLE, 
compared with vehicles with HLEs below the waist with 
injuries from the hood and cowl. 

ACKNOWLEDGMENTS 

The authors would like to acknowledge the contribution 
of the International Center for Automotive Medicine 
Vulnerable Road User Injury Prevention Alliance 
consortium members. 

REFERENCES 

Alvin, R.T., and Henry Dreyfuss Associates (2002) The 
measure of man and woman: Human factors in design 
(revised edition). Wiley, New York, NY. 

Ballesteros, M.F., Dischinger, P.C., and Langenberg, P. 
(2004) Pedestrian injuries and vehicle type in 
Maryland, 1995–1999. Accident Analysis & 
Prevention 36 (1): 73-81. 

Gordon, C., Churchill, T., Clauser, C., Bradtmiller, B., 
McConville, J., Tebbetts, I., and Walker, R. (1989) 
Anthropometric survey of U.S. Army personnel: 
Summary statistics, interim report for 1988. 

HLDI (2024) Distribution of vehicles by type, 1983-
2023 model years [unpublished analysis]. 

Hu, W., and Cicchino, J.B. (2018) An examination of 
the increases in pedestrian motor-vehicle crash 
fatalities during 2009–2016. Journal of Safety 
Research 67: 37-44. 

Hu, W., Monfort, S.S., and Cicchino, J.B. (2024) The 
association between passenger-vehicle front-end 
profiles and pedestrian injury severity in motor 
vehicle crashes. Journal of Safety Research 90: 115-
127. 

IIHS (2024) Fatality facts 2022: Pedestrians. 
IIHS (2024) Heights of popular vehicles over time 

[unpublished data]. 
Lockerby, J. (2023) An update on the Vulnerable Road 

User In-Depth Crash Investigation Study. SAE 
Government Industry Meeting. 

Longhitano, D., Henary, B., Bhalla, K., Ivarsson, J., and 
Crandall, J. (2005) Influence of vehicle body type on 
pedestrian injury distribution. SAE Transactions: 
2283-2288. 

Monfort, S.S., Hu, W., and Mueller, B.C. (2024) 
Vehicle front-end geometry and in-depth pedestrian 
injury outcomes. Traffic Injury Prevention 25 (4): 
631-639. 

Monfort, S.S., and Mueller, B.C. (2020) Pedestrian 
injuries from cars and SUVs: Updated crash outcomes 
from the Vulnerable Road User Injury Prevention 
Alliance (VIPA). Traffic Injury Prevention 21 (sup1): 
S165-S167. 

Roudsari, B.S., Mock, C.N., and Kaufman, R. (2005) 
An evaluation of the association between vehicle type 
and the source and severity of pedestrian injuries. 
Traffic Injury Prevention 6 (2): 185-192. 

Subit, D., Kerrigan, J., Crandall, J., Fukuyama, K., 
Yamakazi, K., Kamui, K., and Yasuki, T. (Year) 
Pedestrian-vehicle interaction: Kinematics and injury 
analysis of four full scale tests. Proc. 2008 IRCOBI 
Conference. 

Yin, S., Li, J., and Xu, J. (2017) Exploring the 
mechanisms of vehicle front-end shape on pedestrian 
head injuries caused by ground impact. Accident 
Analysis & Prevention 106: 285-296. 

 



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



