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SUMMARY

OVERVIEW This report presents the development of injusyteria for the Test Device for Human
Occupant Restraint (THOR)'Sfercentile male (or THGBOM) anthropomorphic test device (ATO)he
THORS0M is intended for use in frontal impact crash tests.

HEADX This report presents two head injury criteriaheffirst,the HeadInjury Criterion (HIGs), isa
metricthat is currently used with other ATDsr assessing head injury risk in frontal crashes. It is
currently in use in FMVSS No. 208 and froN&l Car Assessment ProgratCARtests Eppinger et

al., 1999 NHTSA, 2008The risk curve associated with Hi@ frontal NCAP testing represents a risk of
Abbreviated Injury Scalé\[(S 3+ injury(NHTSA, 2008However, while Higinjury assessment values in
frontal NCAP testing have continued to decreaser time as have the field incidence of skull and facial
fractures, the incidence of traumatic brain injury in frontal crashes has not decreased at a similar rate
(Takhounts et al2013) This may be because the k€riterion only addresses linear adesation of

the head, which does not completely describe the motion of and subsequent injury risk to the brain. To
assess the risk of brain injury due to rotation of the head, Takhcetrdat (2013) developed a
kinematicallybased brain injury criteriorBfIC)BrIC is calculated by combining the angular velocities of
the head about its three local axes compared to directionally dependent critical values. BrIC was one of
many brain injury correlates that were considered and was found to have the higheslation to two

strain metrics measured in the brain. These strain metrics, cumulative strain and maximum principal
strain, are the mechanical measures that have been shown to be directly associated with brain injury
potential (Takhounts et a)2003 Takounts 2015).

Injury Criterion: 21y 3 1 T0O® @0
0B nt)s ¢B T T o uX (1)
21 3 il O® x8vuvcop
nt) of3 &0 0o (2)
where: 8
(0)v)] 0 o Y 0woNo (3)

VER QG pUWRAGQ QOE E Qi

Injury Criterion: . __ 8 °®
51 06 61)3 op Q B (4)
0!)3 1p Q 8 (5)
where:
6105 - L L (6)

] 1 ]
] P& U QN L@ U NN TN GO

NECK This report describes BHORspecific version of the neck injury criterion (Nij) as a metric for
assessing neck injury in frontal dnas.The formulation of Nij vil be retained, but the critical values
have beerupdated to specifically represent the THO&V anthropomorphic tat device ATD. Based
on a comprehensive review of availalebeperimental data, the current effort is proposing a human



cadaverbased set otritical interceptshat have been adjustedased on the enhanced biofidelity thfe
THORS0M ATDThese criticavaluesare based on measurements from the upper neck load cell alone:
4200N in tension4520 N in compressior0.0Nm in flexion, and@9.2Nm in extensionAs the cadaver
ol &SR @I f dzSa NB LINBthiSsaitondervaiiveBstirhate Sfinjury RskDétaysaies
not account for additional resistance to tension provided by neck musculalibb (et al., 2006

Injury Criterion: b |
Niljy )3 ‘0 Qe s (7)
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CHEST This report presents the derivation aimulti-point thoracic injury criteon to predict chest

injury with the THORS0M ATDA relationshipvas sought between the measurements available in the
thorax of the THOBNnd PMHSobservednjury through a series of matcheghir sled tests conducted in
14 conditions Incidence of injury was quantified as AIS 3+ skethtakcic injury to the PMHS, which
represents three or more fractured ribs based on the 2005 (update 2008) version dhalBatched

set of postmortem human surrogate (PMHS) tests includ&dnoninjury observations and 30 injury
observationsOf the available thoracic measurements, the peak resultant deflection, calculated using
the maximum of the peak resultant chest deflections from the fm@asurement locationen the THOR
rib cage, was selected as the most reasonable predictor. Age was detertaibedh significant
covariate in the prediction of injury, but not mass, stature, or selxe resulting risk function, assuming
an age of 40 to represetihe mean age of exposed male drivers in frontal crashes, is shown in Equation

(9).
Injury Criterion: - - (9)
Peak Resultant Chest Deflectiol nt)s3 op Q3

ABDOMEN;, This report describes thdevelopment of an abdominal injury criterion for the TH&IM
ATD based opeak abdominal deflectioasmeasured by the abdometheflectioninstrumentation This
injury criterion is based on testing pbrcine surrogate by Kent et al(2008) who found percent
compression to be the best injury discriminator out of the considered met#icsk function was
developed to relate thgpeak compression of thEHORS0M ATDabdomen, measured using-laiteral
3Ddeflection instrumentatiorin the lower abdmen, to the risk of AlIS 3+ abdomen injuag shown in
Equation( 10).

Injury Criterion: -
Peak Abdomen Compression nt)s o Q 8 (10)
PELVIE This report describes the developmentasf acetabulum load critawn to assesshe potential
for pelvis injuries with the THOBOM ATD.Rupp et al. (2008) developed a posimortem human
surrogate(PMHS)njury risk function to relate the force transmitted to the hip, the stature of the
occupant, the hip flexion angle, and the hip abduction angle to the risk of a hip fratheealata used
to develop this isk function were reevaluated herein, and wasconfirmed thatneither sex or stature
have a significant contribution to the risk function, and while hip flexion angle is confirmed as a
significant covariate, abduction angle was rite relationship beteen the force transmitted to the
hip of the PMHS and the acetabulum force measured in the THODRATD is developed based the



ratio of applied force at the knee to measured force at the femur loadaseldl the ratio of measured

force at the femur load cell and the resultant force measured at the acetabulum load lveltisk

function considers both stature and flexion angle as covariates, and relates the peak resultant
acetabulum force measureghile the femur is in compressiomith the THOFRS0M ATD to the risk of hip
fracture. The resulting risk function is shown in Equafitft), assuming staturef 178 centimeters to
represent a 5 percentile male and a flexion angle of 15 degrees to represent the nominal flexion angle
in a belted frontal crash for both PMHS and THOR.

Injury Criterion: ~ i1 P8 c@ p&pmU Y
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KNEEFEMUR; This reportdescribes the development offeak femur axial forceriterion that can be
usedas a metric for assessikgeeffemur injury risk in frontal crashe$he data from Rupp et al.
(2009b) were reevaluated to consider covariates including sex, stature, age, and mass, using both
logistic regression and survival analyBist all formulations, sex as a covariate had aiigant effect on
the prediction.Ascurrentlyappliedin FMVSS No. 208 and frontal NC#ie femur forceinjury risk
function does not account for the difference betwethre applied force at the knee of the PMHS used to
develop the risk function and theeak axial compression force measured at the femur load cell of the
ATD Here, a correction factor was developed to relate the force measured at the “-BARRemur load
cell to the applied force at the knee. Thesulting in theriskfunction relates thedrce measured at the
peak axial force measured at the THBIM femur load cell to the probabilityf AIS 2+ knee and
kneeffemur injury, asshown inEquation( 12).

Injury Criterion: hiye ks 1108 W@ @®¢
Peak Axial Femur Force TP T (12)

LECG This report presentijury risk curves developed for the human lovestremity and applied to

the lower extremity hardware of the THEERM ATDNHTSA developed injury risk curves for the
prediction of tibia plateau fractures using the axial force measured by the upper tibia load cell;
tibia/fibula shaft fractures using theesultant momentcalculated using measurements from the upper
and lower tibia load cellgnddistal tibia,calcaneus, talus, ankle, and midfoot fractures using the axial
force measured by the lower tibia load cé{dditionally, a risk function for theombined stress
approachrepresented by thdRevised Tibia Index wdsveloped.

The upper tibia axial force risk function is:
P
Q 8 8 6bPAO OEAE. (13)

Injury Criterion: n'!)3 ¢
Upper Tibia Axial Force

WhereFRppertivia IS the largestompressivez-axis force in kN,measured in the left and right upper tibia
of the THORS0OM ATD.

The lower tibia axial force risk function is:

p
p Q8 8  j/xAO OEAE. (14)

Injury Criterion: n'!')3 ¢
Lower Tibia Axial Force



WhereFower tibiaIS the largest compressiveaxis force, in KN, measured in the left and right lower tibia of
the THORSOM ATD.

The tibia bending moment risk function is:

Injury Criterion: A1) 3 o &

Tibia Bending Moment ) P (15)
WhereMsis the largest resultant moment, in Nm, calculated from tkexis and yaxis moments
measured in the left and right upper and lower tibia of the TFEORI ATD.

The Revised Tibia Index risk function is:

Injury Criterion: - 3 Q 8

Revisedribialndex nt) P (16)
WhereRTlis the largest Revised Tibia Index value, calculated instantaneously using the axial
compressive force and the resultanttbie x-axis and yaxis moments measureat the left and right
upper and lower tibia load celtf the THOFS0M ATD.

Table S1Summary of THOROM Injury Measures and Values at 10, 25 and 50% Risk

AIS Severity
Injury Measure Level 10% Risk 25% Risk 50% Risk
2 0.62 0.69 0.79
BriC 3 0.68 0.79 0.96
4 0.71 0.85 1.05
HIGs 2 357 597 1,057
3 668 1,046 1,724
Nij 2 0.64 0.83 1.02
3 0.71 0.91 1.11
Chest Deflection (mm)* 3 27.3 38.3 51.4
Abdomen Deflection (mm) 3 63.0 79.6 97.6
Acetabulum Force (N) 2 2,583 2,977 3,486
Femur Force (N) 2 7,188 8,631 10,577
Upper Tibia Force (N) 2 4,328 5,670 7,011
Lower TibigForce (N)* 2 3,573 5,861 8,150
Tibia Moment (Nm) 2 183 246 318
Revised Tibia Index 2 0.82 1.01 1.23

*Age set to 40 per GES/CDS analysis of front row occupant age trends
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1 INTRODUCTION

This report describes in detail the methods and results for deriving injury measures and associated injury
risk functiongo interpret measurements collected using thiest device foHumanOccupantRestraint

(THOR) SDpercentile male anthropomorphic test device (ATiBre forward referred taas THOROM.

The THOfOM isintended for use in frontal crash testing

1.1 Realworld Data

Vehiclecrashworthiness osafety performance assessment and associated predictionsjfoyiand

fatality risk are influencefly three main areas: (1) the conditiamr evaluation protocothe vehicle is

tested in; (2) the quality of the tools (e.g. test dummies) used in the testing and how well they represent
humans; and (3) the injury mea®s used to estimate the risk of different injurias applied together

with (1) and (2).ltem (3) is the focus of this report as it relates to the TFEOR.

Despite priofcurrent efforts (standardized testdest devices or ATDs, injury measyreggnificant

societal larm remains in frontal crasheBigurel.1 shows the las15 years of fatality data sourced from
bl ¢{ ! &analgsls Reporting SysteRARE FARS provides an annual nationwide census of fatalities
resulting from motor vehicle crashes public roadways

--3--- 3-pt Belted Driver
12,000 1 ---l--- Unbelted Driver
---@--- 3-pt Belted RFP
---©--- Unbelted RFP
XXX ---X--- All Drivers & RFPs
B
i X
10,000 .
X
8,000 | X X
% XX X
9 )
x
© 6,000 A
o)
(4]
L
4,000 - = TR g
I e |
H R 0 iE ,,,,,, O o g (5 O
= o E B -
2,000 -
Qg e
® o W e @ g e R
R o JEe e o S, S S, S
0 T T T T T T T T T T T T T T T |
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Year

Figurel.l. Fontal crash fatalities- belted andunbelted drivers and right front passenger®élted cases coded as
wearing lap and shoulder belt; unbelted includes cases coded as no belt, shoulder or lap belt only, incorrect use
and unknown use) FARS 2002016.
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The National Automotive Sampling Systef@rashworthiness Data System (NAZEE) was queried for
case years 4 to 2015in summarizing the total number of injuries by bodyitegat the maximum
Abbreviated Injury ScaldAIS)2+ and 3+ severitevelfor AIS version 1990 (1998 updat@AAM,
1998)by occupant Tablel.1). Each occupant is only counted once per body regicapasopriate and
can be counted more than once if multiple body regions are injured at the 2+ and/or 3+ severity level
The results are presented for all occupaatsl then separately by driver and right front passenger
(RFP)Driver and right front passemeg is further broken down by belted and unbelted occuparithle
1.2 presents the same type of data but shows total igjapunts for each body regiom this case,
occupants could have multiple injuries represented at the 2+ and 3+ severity level for a body
region/injury groupingBoth tables are showing the total number of cases over theeaixyears and are
not showing annual estimate$he point estimate and 95%pper and lower confidence intervals
around the estimates are shown.

12



Tablel.1. NASSCDS 2000 t@015Frontal Crasheg WeightedMAIS totals by Body Region
Body Region MAIS Counts - Frontal Crashes - NASS 200b-2015

All Occupanté Belted Drivers/RFP's Unbelted Drivers/RFPs
Severity Body Region Pt Lwr Upr Pt Lwr Upr Pt Lwr Upr
TOTAL 1,022,168 722,773 1,321,562 729,060 555,953 902,166 293,108 151,997 434,219
Head/Face 308,576 187,925 429,227 164,624 114,819 214,428 143,952 64,924 222,980
Brain 270,883 155,510 386,257 150,013 103,207 196,820 120,870 45,316 196,424
Skull/Facial Fracture ~ 53,720 40,174 67,265 19,922 15,764 24,079 33,798 23,292 44,304
Neck 51,553 31,832 71,274 30,799 14,599 46,999 20,754 5,892 35,616
Spinal Cord 5,275 2,721 7,828 2,292 1,099 3,486 2,982 724 5241
Osteoligamentous 43,120 21,992 64,248 25,686 8,405 42,966 17,434 4,689 30,180
Fracture-only 37,917 18,277 57,556 22,657 6,372 38,942 15,260 4,134 26,385
Thorax 223,644 149,929 297,358 164,456 114,754 214,158 59,188 30,962 87,413
Rib cage/Sternum 186,404 127,595 245,214 140,153 99,176 181,130 46,251 23,110 69,393
Lungs 59,102 32,139 86,066 34,119 17,688 50,551 24,983 13,473 36,493
AIS 2+ Heart 6,805 4,298 9,313 2,328 1,014 3,642 4,478 2,838 6,117
Abdomen 70,223 50,673 89,773 38,753 29,867 47,639 31,470 18,223 44,717
Vessels/Nerves 2,539 443 4,634 1,215 387 2,044 1,323 0 3,033
Skin/Tissue/Muscle 193 0 394 172 0 350 21 0 68
Organs 69,980 50,607 89,354 38,544 29,904 47,185 31,436 18,194 44,678
Solid 59,582 42,621 76,543 30,081 23,947 36,216 29,501 16,377 42,625
Hollow 10,054 4,943 15,165 7,045 2,900 11,191 3,009 932 5,085
Other 10,899 7,714 14,084 7,677 5,236 10,118 3,222 2,091 4,353
Lower Ext 423,538 282,924 564,153 306,795 187,119 426,470 116,744 81,712 151,776
Knee/Thigh/Hip 198,047 165,567 230,527 123,918 89,931 157,904 74,129 55,142 93,116
Tibia/Fibula 149,998 120,231 179,765 109,149 90,977 127,322 40,849 22,619 59,078
Foot/Ankle 175,073 31,027 319,119 146,672 9,603 283,740 28,401 15,304 41,498
Upper Ext 267,121 173,576 360,666 200,813 120,596 281,029 66,308 37,561 95,055
TOTAL 308,617 207,902 409,332 176,007 136,587 215,426 132,610 61,550 203,670
Head/Face 73,682 26,911 120,454 28,071 17,519 38,623 45,611 3,543 87,679
Brain 63,402 19,866 106,938 23,948 13,809 34,087 39,454 0 79,383
Skull/Facial Fracture 16,815 12,061 21,569 6,118 3,998 8,239 10,696 7,347 14,046
Neck 18,879 9,068 28,690 10,243 4,985 15,500 8,636 913 16,359
Spinal Cord 5,275 2,721 7,828 2,292 1,099 3,486 2,982 724 5241
Osteoligamentous 11,990 3,433 20,547 7,094 839 13,348 4,896 0 9,832
Fracture-only 11,646 2,892 20,399 6,918 615 13,221 4,728 0 9,676
Thorax 118,109 77,146 159,073 71,740 48,427 95,052 46,370 24,357 68,383
Rib cage/Sternum 70,168 45,696 94,640 41,697 23,506 59,887 28,472 14,321 42,622
Lungs 58,708 31,677 85,738 34,000 17,546 50,455 24,707 13,139 36,276
AIS 3+ Heart 5588 2,758 8,417 2,132 842 3,423 3,455 1,013 5,897
Abdomen 24,504 13,427 35,582 14,242 8,533 19,951 10,263 3,487 17,038
Vessels/Nerves 2,539 443 4,634 1,215 387 2,044 1,323 0 3,033
Skin/Tissue/Muscle 12 0 37 12 0 37 0 0 0
Organs 23,630 12,979 34,281 13,643 8,105 19,181 9,987 3,355 16,620
Solid 18,058 11,003 26,913 10,015 6,976 13,054 8,943 2,235 15,651
Hollow 3,951 1,374 6,529 2,378 739 4,016 1,574 0 3,440
Other 2,668 1,072 4,263 1,088 374 3,603 679 177 1,182
Lower Ext 110,571 91,580 129,562 61,776 52,331 71,222 48,794 35,843 61,746
Knee/Thigh/Hip 75,709 58,459 92,960 38,266 30,707 45,825 37,443 25,217 49,669
Tibia/Fibula 44,650 36,374 52,927 29,454 22,740 36,168 15,196 10,801 19,592
Foot/Ankle - - - - - - - - -
Upper Ext 53,284 31,525 75,043 35,533 21,558 49,509 17,751 3,299 32,202

1. Unadjusted data, no correction for missing data (e.g. older model year vehicles in 2009-20
years) - Frontal/Small Overlap Crashes

2. All occupants - any seating position, no rollovers

3. All frontal/small overlap crashes, no rollover, age 13+ driver/right front passenger
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Tablel.2. NASSCDS 2000 t8015Frontal Crasheg Total WeightedInjury Counts
Total Injury Counts - Frontal Crashes - NASS 200022015

All Occupant$ Belted Drivers/RFPs Unbelted Drivers/RFPs
Severity Body Region Pt Lwr Upr Pt Lwr Upr Pt Lwr Upr
Total 2,135,757 1,585,223 2,686,291 1,398,864 1,130,473 1,667,256 736,893 423,195 1,050,591
Head/Face 411,437 269,509 553,365 212,077 157,984 266,171 199,360 102,506 296,214
Brain 318,849 194,755 442,944 174,867 125,178 224,556 143,982 62,288 225,676
Skull/Facial Fracture 79,525 59,823 99,226 31,394 26,646 36,142 48,130 31,652 64,609
Neck 71,770 42,452 101,087 42,239 18,462 66,016 29,531 11,076 47,986
Spinal Cord 5,275 2,721 7,828 2,292 1,099 3,486 2,982 724 5,241
Osteoligamentous 61,276 31,234 91,318 36,129 10,919 61,339 25,147 9,412 40,882
Fracture-only 55,040 27,124 82,956 32,445 8,700 56,190 22,595 8,675 36,516
Thorax 310,275 220,475 400,075 209,435 151,049 267,822 100,839 62,297 139,382
Rib cage/Sternum 202,797 142,333 263,261 151,796 109,455 194,136 51,001 26,527 75,475
Lungs 73,028 43,362 102,693 38,945 21,873 56,018 34,082 20,061 48,104
AIS 2+ Heart 9,956 5,663 14,250 3,285 1,221 5,349 6,671 3,370 9,973
Abdomen 110,452 76,748 144,156 61,230 44,780 77,680 49,222 28,080 70,364
Vessels/Nerves 2,723 510 4,936 1,347 389 2,304 1,377 0 3,103
Skin/Tissue/Muscle 193 0 394 172 0 350 21 0 68
Organs 107,536 75,025 140,046 59,712 44,163 75,261 47,824 27,364 68,284
Solid 82,543 56,717 108,369 42,012 32,382 51,642 40,531 21,643 59,420
Hollow 12,022 6,442 17,602 8,640 4,126 13,154 3,382 1,248 5,516
Other 12,970 9,067 16,873 9,060 5,780 12,340 3,910 2,508 5,312
Lower Ext 701,032 492,237 909,826 493,662 334,409 652,914 207,370 137,908 276,832
Knee/Thigh/Hip 263,397 215,929 310,864 158,354 120,649 196,059 105,042 73,505 136,580
Tibia/Fibula 221,579 175,542 267,616 158,579 130,426 186,731 63,000 35,366 90,634
Foot/Ankle 216,056 76,007 356,105 176,729 48,741 304,716 39,327 21,815 56,840
Upper Ext 366,932 253,213 480,651 273,865 178,196 369,534 93,066 49,294 136,838
Total 619,595 431,032 808,157 337,869 253,836 421,902 281,726 159,915 403,537
Head/Face 133,217 83,083 183,351 56,588 41,732 71,444 76,629 33,249 120,009
Brain 109,869 61,334 158,404 47,756 33,752 61,759 62,113 18,974 105,253
Skull/Facial Fracture 22,159 16,866 27,452 7,949 5,807 10,091 14,209 10,311 18,108
Neck 26,033 10,252 41,814 14,295 2,430 26,159 11,738 1,591 21,885
Spinal Cord 5,275 2,721 7,828 2,292 1,099 3,486 2,982 724 5,241
Osteoligamentous 18,916 3,987 33,845 11,085 0 23,832 7,831 384 15,278
Fracture-only 18,557 3,489 33,626 10,906 0 23,677 7,651 226 15,077
Thorax 172,021 116,719 227,323 98,030 66,620 129,439 73,992 45,093 102,890
Rib cage/Sternum 70,446 46,013 94,879 41,933 23,786 60,080 28,513 14,359 42,667
Lungs 71,169 41,608 100,730 38,477 21,373 55,581 32,692 18,837 46,547
AIS 3+ Heart 5,924 2,952 8,895 2,221 914 3,528 3,702 1,159 6,246
Abdomen 31,018 17,511 44,524 17,391 10,281 24,501 13,626 5,081 22,172
Vessels/Nerves 2,723 510 4,936 1,347 389 2,304 1,377 0 3,103
Skin/Tissue/Muscle 12 0 37 12 0 37 0 0 0
Organs 28,282 16,065 40,499 16,033 9,493 22,573 12,250 4,526 19,974
Solid 21,244 12,584 29,904 11,312 7,632 14,992 9,932 2,830 17,034
Hollow 4,327 1,509 7,145 2,732 778 4,687 1,595 0 3,471
Other 2,711 1,104 4,318 1,988 374 3,603 723 195 1,251
Lower Ext 144,259 113,727 174,790 81,514 66,915 96,114 62,745 42,636 82,854
Knee/Thigh/Hip 94,362 68,993 119,730 48,103 37,483 58,723 46,259 29,165 63,352
Tibia/Fibula 49,897 40,129 59,666 33,411 25934 40,888 16,486 11,189 21,784
Foot/Ankle - - - - - - - - -
Upper Ext 72,725 40,686 104,764 49,565 28,322 70,807 23,160 4,404 41,916

1. Unadjusted data, no correction for missing data (e.g. older model year vehicles in 2009-2015 cas
Frontal/Small Overlap Crashes

2. All occupants - any seating position, no rollovers

3. All frontal/small overlap crashes, no rollover, age 13+ driver/right front pass:
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Eigen and Martin (2005resented an approach to quantify the cost of injury for different body regions
and injuries elative to other body regiong.his attributable cost approach was recreated using updated
cost data fromBlincoe et al. (2015Blincoe provided data that broke down the cost of injury associated
with motor vehicle crashes into body regiondainjuty severity.Tablel.3 presents the sum of medical,
wage and household costs as well as the cost associateduidtiity-adjusted life years (QALYS) loatl
values are wth a 3% discount rate appliedihe total cost in these four areas amounts to over 95% of
comprehensive cost for AIS 2tlugh fatal injury severities.

Tablel.3. QALY and Economic Costs SunBloyly Region / Injury Severity

Total - QALYand Economic Costs (Medical Cstsost Wage$ Household Productivitf)

Head Face Neck Chest Lower Extremities  Upper Extremities

No No No No No No
Severity Fracture  Fracture Fracture Fracture Fracturé Fracturé Fracture Fracture Abdomen Fracture Fracture Fracture Fracture
AIS1 $100,296 ~ $12,879 $25,613 $594,740 $462,557 - $70,194 $175,330 $240,252 $19,643 $15,962 $23,546 $29,860

AIS2 $567,415 $1,524,384 $979,884 $321,571 $1,183,981 $378,790 $152,895 $343,522 $170,656 $96,741 $369,278 $194,013 $154,93(
AIS 3 $1,361,799 $1,941,020 $936,645 $969,900 $2,373,527° $941,343 $297,169 $527,705 $439,262 $711,098 $847,624 $952,755 $992,884
AlIS 4  $3,626,768 $2,121,003 - = $6,428,249 - $520,457 $703,772 $626,271 $1,546,776$1,680,853 -
AIS5  $5,939,398 - - - $7,897,643 - $960,200 "$1,063,954 $652,962 - $1,755,062

1. Table B-2 (Blincoe et al. 2015)

2. Table 2-4 (Blincoe et al. 2015)

3. Table 2-5 (Blincoe et al. 2015)

4. Table 2-6 (Blincoe et al. 2015)

5. AIS 1 and 2 are QALY only costs; AIS 3-5 are spinal cord cases
6. Fracture cases assigned cost from Table 4-2 (Blincoe et al. 2015)

In essence, the attributable coapproachlooks at the mostostlyinjury sustained bya given occupant

and subtracts the cost associated with the next masstlyinjury. The cost data fronfablel.3is used

for the respective injuriesThe difference between the two costs attributable costis recorded for that
occupant and associataslith the mostcostly body regionThis approaclean be applied across a target
population of interest. InFigurel.2 this approach has been applied to beltadd unbelteddrivers and

right front passengers involved in frontal crashes for NGBS ase years of 2010 @2015with the body

region data organized to match body regidhat map to those of THOBOM. This is done for all

maximum Abbreviated Injury Scale (MAISp2eupants ad associated AIS 2+ injurid$e version of

AIS used was AIS 1995/1998 (AAAM, 1998) given the injury coding used in Blincoe et al. (2015) used tha
version of AISThe costs shown represent a total for the case years included.
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NASS-CDS 2010-2015, Frontal/Small Overlap Crashes, Driver and RFP*
Total Attributable Cost by THOR Body Region

Brain

Skull
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KTH
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H Unbelted - Driver, RFP
m Belted - Driver, RFP
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*Unadjusted weighted total, age 13+, COSt (S Ml"lonS)
vehicle age of <10 in each case year,
crashes w/ airbag deployment, no rollover

Figurel.2. Attributable cost byTHOR50M body region for drivers and right front passengers involved in frontal
crashes for NASSDS 2012015case years.

1.2 Scope

This report describes injury criteria and associated risktion development where both the THOR
50M has available instrumentation and experimental/mathematicplry data exist.

1.3 THORS0M Technical Documentation

Throughout this document, references to the TH&IR refer to an ATD described in tAeigust 2018
THOR50M drawing package (NHT28.1%), for which qualification specifications are defined in the
September 201FHORS0M Qualification Procedures Manual (NHT3¥,%). Additionally, the THOR
50M Procedures for Assembly, Disassembly,lasdection(NHTSA, 2019lncludes relevant
information regarding instrumentation polarity and pgstocessing. Nonetheleswith the exception of
the molded shoe introduced in the August 2016 drawing packBgtr SA, 2016bdhe contents of this
report are believed to be applicable to amHORS0M ATDwith at least the Mod Kit design features
(Ridella and Parent, 201&hd theSD3 shoulder Parentet al,, 2013.
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The THOBOM isa physical model of 80" percentilemale motor vehicle occupant. The anthmpetry
of the THORBSOM was developed to meet the requirements of the Anthropometry of Motor Vehicle
Occupants (AMVO) study (Robbins, 1983).kihematic and dynamibiomechanicaperformance
requirements of the THOBOM were developed based on PMHS antlinteer response data
described in more detail iRarent et al(2017).

1.4 IntendedApplication

The THO®OM is intended for use ithe development/evaluation of vehiclgafety countermeasures

(e.g. occupant restraint systems such as seat beltsaambdgs)and vehicle safetygrformancein frontal
crashworthiness testindNHTSA has traditionally used™@ale crash test dummiesr ATDsn a variety

of frontal crash conditions for rulemakifemforcement, consumer metric andr research purposes in
evaluating the performance of passeargars, light trucks and variBhese conditions include full frontal
and small to moderate overlap crashes with those tests being run with various impact angles (collinear
and oblque).In these onditions, the dummies are often tested in both belted and unbelted conditions.
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2 METHODOLOGY

The following section of the report describes the methods used for collecting and analyzing
experimental, realvorld crash, and fleet data from crash tests/sintida for the purpose of creating,
evaluating and selecting injury criteria and associated risk functiortedofHORSOM ATD

2.1 Statigical Assessment / Creation of Risk Functions

The following section describes the steps and statistical measures usegddlik the respective injury
risk functions for thefHORS0M.

2.1.1 Methods for developing risk functions

Hasija et al. (2011) presentedprocess by which to differentiate between nroarrelated and well
correlated datasets when considering the deveteent ofinjury risk functionsThey recommended the
use of both logistic regression and survival analysis when using left censored injury daighand r
censored nornjury data.For a welcorrelated dataset with overlapping left and right censored injury
and noninjury data, both logistic regression and survival analysis (with Weibulpdpstic or log
normal) produce narly identical risk functiond’he advantage of survival analysis as compared to
logistic regression is that it produces a risk function fvatsents zero risk with zero stimulus.

For logistic regressiebased analyses to be possikiep conditions need to be mekEirst, the data must
include both injury and noimjury data points for the dependent outcome of interest. Second, this
dataset mushave overlappingnjury and noninjury data As will be described later in this report, it was
necessary to consider some dataseiattpresented only injury datdn thesecaseswhere the
experimental protocol allowed for the measurement/estimationl@did/stimulus magnitude at failure
(possiblydifferent than peak stimulusr left censoreddata where exact failure stimulus is not kngyn
risk functions are premted using survival analysis.

Throughout this report, three main measures of model fit/predictability were used: area under the
receiver operating characteristic (ROC) curve, log likelihood a2di Y SNJ | Y R HoSméSaadK 2 6 Q a
Lemeshow, 2000goodness of fit test.

Area under the ROQrwe: The ROC curve is a plot of true positirersus false positive ratebhe area
under the ROC curve or AUREHD range from 0.5 (no model discrimination) up to.1.0

PerHosmer and Lemeshow (200@)UROC can be interpreted as follows

If AUROC=0.5 thsuggests no discrimination

If 0.7 <= ROC < 0.8 this is considered acceptable discrimination
If 0.8 <= AUROC < 0.9 this is congidexcellent discrimination

If AUROC >= 0.9 this is considered outstanding discrimination

=A =4 =4 =4

Hosmer and Lemeshow reti K I nipractide it is extremely unusual to observe areas underROC
Curve greater than 0.9n fact when there is complete separatidnis impossible to estimate the
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coefficients of a logistic regression model, yet nearly comefarationwould be required for the
F NSF dzy RSNJ 6§KS wh/ [/ dzZNBS (2 0S BdrE: dé

Loglikelihood €2 log L or Max Lolikelihood in SAS 9.3, SAS Institute lhogikelihood is minimized
(or targeted to be as close to zero as possible) in fitting a model to the associatsgtahen
optimizing for the modkcoefficientslt is dependent on the sample (content, sample size) and thus
should only be used for comparing models (e.g. AIS 2+ or AtterB#dfrom the same dataset and not
across different datasets.

Goodness of Fitlosmer and Lemeshow (200f9scribed a goodness of fit test that can be used to

assess the predictability tie model.l 2 A YSNJ I yR [ SYSaK2¢Qa 3I22RySaa 27
observations/probabilitiegusually near tegroups) for the purpose of comparing predicted versus

observed frequencied he gpodness of fit statistic obtained by calculating the Pearsorsghare

statistic Gx2 (G equals numbargroups) table of observed versestimated expected frequenciel.

the p value (Pr>ChiSq) is high (B then one cannot reject the null hypothesis thaetmodel fits (i.eis

correct).

2.2 Injury Severity and Risk Curve Expansion

This reprt uses the 1990 version (199%dhte) of the Abbreviated Injury Scale (AAAM, 1998w
considering realorld crash data and experimental data usedigvelop injury risk function#\s

needed, further analysis and/or descriptions are provided when considering some datasets and
applications that are based on the 2005 (2008 Updlatrsionof AIS (AAAM, 2008n these cases, the
version of AIS used will be specifically noted. Otherwise all listings of AIS severity (e.g. AIS 2+ or AIS 3+
injured occupants or body regions) will be in AIS 1990 (1998 Update) coding.

Where possiblethe risk functionsfor the respective body regions wile presented for more than one
AIS severity leveln somecases(see brain injury) this was simply done through refecing prior
expanded curvedn othercasesand as the experimental data allows, risk ftiogs are presented for
different levels of injury as derived directly from the experimental datg.6ee neck).

2.3 FieldData

This report utilizes various sourcesreél world orfield crashdata in analyzing trends of field versus
fleet data as well asotpresent case studgesults of injury mechanisms.

The following is a brief description of each database:

1 National Automotive Sampling SystemCrashworthiness Data System (NAGBS)b | ¢ { ! Q&
NASSCDS database d@snationally representativeample of crashes on public roadways where
at least one vehicle waswed from the crashNASSCDS contains detailedrash investigator
collecteddata related to the crash (scene, vehicle) and occupant/injury (demographics, injury
coding,injury sources)

9 Crash Injury Research and Engineering Netw@@KRENb | ¢ { ! Q& / L da@abetitaINP 3 NI Y
purposivesampleof seriously injured occupants who were admitted tbewvel | trauma center

19



Vehicle crash data @llected similar to NASSDSCIREN collects diional hospital and
medical imaging data and conducts medical/engineering expert team remiagsigning
sources, causeand mechanisms of injury

1 National Automotive Samplingystemg General EstimateSystem NASSGE$ NASSCDS is a
nationally repreentative sample of police reported crashes on a public roadway.8&SS
collects a larger sample of data as compared to NBSS in an effort to get an overall bigger
picture of crashes, but does not have crash investigator collected vehicle crashr detzupant
injury data.

 Fatality Analysis Reporting SysteAREb |1 ¢ { | Qa4 C! w{ R briwelScénsiB2 y i Ay

of fatal crasheslLike NASS&ES it does not have detailed crash or occupant injury data, but does
provide highlevel demographic, restraintse and crash type information.

1 Multiple Cause of Death (MCoDWMCoD is £DC datasaif national mortality and population
data based omleath certificates in the U.She underlying cause of death (e.g. motor vehicle
crash) andassociated injury types are documented.

Methods and associated results for comparing rates of injury in field data versus predicted injury risk
from use ofthe THORS0M in crash tests of fleetahicles are presented in section 9.

2.4 Fleet Data THORSOM

Each injury critedn presented herein is calculated for a set of vehicles which were tested in the frontal
rigid barrier (0O degrees, full overlap, 56 km(Keon, 2016and'or Oblique Moving Deformae Barrier

(15 degrees, 35% overlap, 90 km/h barrier spg&unders et al., 2018)ash tesprocedures Vehicle
aSt SOlAz2y sta ftAYAGSR (2 (K2aS 6KAOK NBOSAOBGSR
for Highway Safety (IIHS) Small e Impact (SOI) crash teend also had side curtain hags meeting

GKS NBIldZANBYSyi(ia 2F CSRSNIf az2i2N) +SKAOf SSe¢  FSie

APPENDIXfor a list of crash tests included in this evaluation. Data, reports, photos, and videos from
these crash tests are located in the NHTSA Ve@icsh TedDatabase
(http://www.nhtsa.gov/Research/Databases+and+Software

Fleet data fom currentNew Car Assessment PrografCARtesting is also presented for the purpose
of comparing trends in fleet testingersus trends in field data.

2.5 Age Considerations Injury Risk Functions

TheNational Automotive Samplingystem; General Estimates System (NASSS) was queried for case
years2006to 2015to present the mean age ohaledrivers involved in frontal crashe$he 10year

trend isseenin Figure2.1. Extrapolae forward to 2020andthe estimated mean age for male drivers in
frontal crashes is 49earsold. For risk functions presented later in this report that use age as a
covariate, 40 will be used as the age as it repnts the mean age of exposed male drivers in frontal
crashes.

20

a l

{



40 - Mean Age - 2006-2015 NASS-GES, Male Driversin
Frontal Crashes

39 -

X
38 -

y =0.2363x-437.05
37 5 R? = 0.8657
X
36 -
35 1 1 1 1 1 1 1 I 1
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Figure2.1. NASSGES mean age for male drivers in frontal crastease year20062015
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3 HEAD

3.1 Held andHistoricalFleet Data

It can be seen iifablel.1 that the brain is the most frequently injured body region at the AIS 2+ severity
level for all occupants in frontal crashes with kneef/thigh, rib cage injuries being the®2and 3¢ most
frequently injured for body regionassociated with the THGHOM. Brain injuries remain prominent

when looking at belted and unbelted drigeand right front passengerBrain injuries are also the most
costly injury type per the attributable costs presentedrigurel.2.

Figure3.1 shows how the ratef brain injury and skull and facial fractures (both at the AIS 2})lbave
changed in recent model years for belted drivers in frontal crashes where an airbag deployeddn del
or damage extent filter)The case years included for NASISS were 1993 2015 The rate represents a
running 3year averag®f the percentinjured (i.e. injured cases divided by total number of caseg;
model yearl992includes the total weighted count of 2+ injuries frd®90 1991and 1992 divided by
the total numberof cases for those yearshe 1990 model year is the first with o0 raw count
cases tht fit the inclusion criteriaPrior model years had very few cases of belted drivetis deéployed
airbags.This is why 1992 is the first model year considerethé presented 3/ear averagelt appears
that while the rate of facidskull fracture has not changed given belted, airbag restrained drivers in
frontal crashes, the rate of brain injury at the AIS 2+ level hasdserkln contrast,Figure3.2 showsa
decreasing trenaf HIGs values/risk of vehicletested in the 35mph full frontal test condition (NCAP,
FMVSS No. 20&8om model year 1990 to 2016These tests were with the Hybrid I1f'5@ercentile

male frontal dummy or H50M.
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NASS-CDS 1993-2015: Frontal Crashes
5% - MAIS > 0, Age 15+ Belted Drivers
< Brain MAIS 2+ Occupants No Rollover, Airbag Deployed
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Figure3.1. Skull/facial fracture MAIS 2+ and brain injury 2+ rate versus model (@882 to 2015) from NASS
CDS 1993 ta015.
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Figure3.2. H3-50M driver HIGs values and predicted AIS 3+ risk from model year 1990 to 2@18-mph frontal
NCAP tests
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Table3.1 shows the relative occupant counts of brain injury versus skull/facial fracture for belted drivers
in frontal crashes for NASEDS case years 200015where therewas a deployed frontal aidy. It can

be noted thatthe majority of occupants witan AIS 2+ or 3+ brain injugustainedhose injuries in the
absence of skull or facial fractures.

Table3.1. Brain injury versus skull/facial fractwr for belted, airbag restrained drivers in frontal crashes (NASS

CDS 200Q015).
Skull/Facial Fractur{|Skull/Facial Fractur;
AIS 2+ AIS 3+
0 1 0 1
0||5:365.132 7,083 |/5370,02¢ 2,192
c & (13,699) (87) || (13,761) (25)
)
0 < (|| 82135 4864 || 84758 2,241
(634) (99) (679) (54)
0||5:43557C 8496 |5441,538 2531
c & (14,161) (111) || (14,240) (32)
)
0 < (|| 11697 3451 || 13246 1,902
(172) (75) (200) (47)

Figure3.3 shows trends for traumatic brain injury (TBI) related fatalities due to motor vehicle crashes
(MVC)from the Multiple Cause of Death (MCoD) dataset maintained by the Centers for Diseasd Contr
and PreventionHtttp://wonder.cdc.gov/mcd.htm). Also shown are ARS totals for the same yealtscan

be seen that TBielated and total fatality counts follow similar trends.
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Figure3.3. TBlrelated brain injuries in motor vehicle crashes from MCoD dataset.

The CIREN database includes regional injury mechaaissigned by biomechanical engineers during

the case review process. A query of restrained first row occupants sustaining AlS 2+ head and face
injuries in frontal crashes was performed to determine the dominant inprgducing mechanisms.

Frontal crashewvere broadly defined for this query, and include crashes with principal directions of
F2NOS G6AGKAY o n aridléniy hdbéniof fioftal overlap2 @nIY Eraskied occurring after
June 1, 2010 were included in this query. Of 488 occupants inyjoglifontal crashes, 93 sustained an
AIS 2+ injury to the head or face, and the mechanishtise individual injuries by type are shown in
Figure3.4. Fractures were most often coded as the result of compression. Anatomical brain injuries and
loss of consciousness (LOC) were assigned regional mechanisms of rotational motion, linear
acceleation, and compressiol.hese recorded mechanisms are inferred from the available data and
may have been limited to available researcher/published biomechanical knowledge at the time each
case was revieweddditionally, in brain/LOC injury cases, when tbgional mechanism is assigned as
GO2YLINBaAaA2y¢ AU Aa IASYSNIffe NBFSNNAy3I G2 (GKS
such as the steering wheel ofpillar) and not an injury that is physically due to compreassibthe skull

or brain tissueln most of these cases rotational/translational acceleration/velocity was assigned as the
secondary regional mechanism.

25

[atN



CIREN Head/Face Primary Regional Mechanisms
140 Among 93 Occupants in Frontal Crashes
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Figure3.4. Recorded mechanisms of head and face injuries for beltedhfn@w occupants involved in frontal
crashes from the CIREN database

3.2 Instrumentation

For measurement of head center of gravity (CG) translational acceleration and angular velocity the
THORS0M is equipped with three uniaxial accelerometers and three aargalte sensors, respectively
(Figure3.5). FHve uniaxial face load celtain be installedthough these load cells have not beimstalled

in anyvehicle crash testwith THORS0M ATDs$n the NHTSA Vehicle Databa$he head also includes a
biaxial tilt sensor which measures the quasitic orientation of the head fgore-test positioning
purposes.
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Figure3.5. THORS0M head instrumentation.

3.3 Biofidelity

The biofidelity of the THOBOM is described in Pareet al.(2017). For translational motion the
response of the THOBOM headform was evaluatkin head drop, wholdody head impagctfacerigid
bar, and face rigid disknpact conditionsThe classified biofidelity performance was excellenttffigr
head drop whole-body head impagtand face rigid disk impacbnditions.The THOFSOM biofidelity
performance in the face rigid bar impact condition was marginal, whéé43-50M has poor biofidelity
in both face rigid bar and face rigid disk impact conditions

The angular velocity response of thelORS0M headcan be observed infew experimental coditions.
First, head and neck response is measured in a frontal flexion condition. In this condition, biofidelity for
the head/neck measures (angle, displacement, resultant acceleration) ranges from good to poor.
However, a qualitative comparison of heaagalar ratetime-history data of the THGBOM versus the
referenced biofidelity data shows that the peak value and timing is siriitee. THORBOM was also

tested in fulkbody sled testonditions.Four conditions were evaluated: (1) 40 kph, zeegree with
standard/nonforce limited threepoint seat belts; (2) 30 kph, zero degree with folicaited three-point

seat belts; (3yimilar to 29 condition, but with the sled buck rotated 30 degrees to represent a near side
condition for the occupant;rad (4) farside oblique condition in vehicle buck with production restraints
(seat belts, passenger airbag) tested in a condition meaning to duplicate treeildl angle/severity of

bl ¢{! Qa fSTi 20t AldzS ONI} &K G(G(Said LINRPOSRdAzZNB®
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For condition (1), the angait rate biofidelity ranged from ertlent to marginalExcellent biofidelity was
found for yaxis rotation (dominant axis of rotation a zeredegree frontal sled)~or condition (2),

angular rate biofidelity ranged fromoodto excellentfor the respectie axes of rotationBiofidelity for

x- and yaxis rotations in condition (3yere either excellent or goodBiofidelity for zaxis rotation was

poor. As was noted by Pareat al.(2017), the cadavers lacked any resistance-xis rotation as

compared b the THOFRBOM andH3-50M. Additionally, it is noted that this particular oblique condition
does not include any head restraint (airbags) and thus does not represent the interactions we see in full
scale fleet testing. Out of all of the conditions, coratit{4) is most relevant to the type of airbag
loading/restraint we expect for front row seated occupsum frontal/oblique crashedzor the THOR

pna aSIFGSR Ay | &AYAfLl N O2y TA 3 dzNheddaBgylar Uebcityi KS (1 K NB |
about the x and yaxes both had good biofidelity while theaxis angular velocity biofidelity was

excellent. In oblique, faside seated conditions, it isaxis rotation that contributes most to the angular
velocitybased criterion (BrlC) described later irstbhapter BrIC values were also calculated for the
respectivepostmortem human subjectfMH$ and paired THOBOM and F3-50M (Figure3.6) in the

four sled test conifions. THORS0M compares well to PMHS in all conditions other than condition (3)
(see prior discussion). In looking closer at condition (4), the single -bBKARest where the lower spine
adjustment was changed to allow for THO®M to sit in a more slouned position similar to three

cadavers resulted in a BrIC value of 1.2, which is closer to the average of 1.1 for the three PMHS.

Average BriC in Whole Body Tests
1.600
1.400 PMHS
THOR-50M
1.200 H3-50M
S 1000 l l
S
O 0800 g i
e
4]
0.600 ] . .
0.400
0.200
0.000 -
Cc1 c2 Cc3 ca
Test Condition

Figure3.6. Average BrIC values in sled tests of PMHS, FTH@RandH3-50M.
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3.4 Brain Injuries

3.4.1 Introduction

Rotational motiorof the head as a mechanism for brain injury was suspected as early asAlQs, (

1865), mentioned by Goggio (18} clearly explained by Hmurn (1943), and first observed on live
monkeys by Pudenz anthé&den (1946). Since then a number of research studies by various institutions
were conducted to confirm/reject this hypothegitorough reviews of these studies chafound, for
example, inGurdjian (1972), Hess et al. (1980), Ommaya (19&nnarelli et al. (1985Melvin et al.

(1993), Hardy et al. (1994), McLean and Anderson (1997), Goldsmith (2001), Shaw (2002), Goldsmith
and Monsoret al. (2005),Monson et al. (2005Meaney et al. (204)). Most of the studies were
O2yRdzOGSR 2y FyAYlFfa FyR O2yOf dzZRSR (KIFG NRGFGAZ2YI
cause axonal deformations large enough to induce their functional déBaitmaya, 1984)Other

studies utilized physical andathematical models of human and animal heads to derive brain injury
criteria based on deformation/pressure histories computed from their mo@@&nnarelli et al., 1971

1972, 1985Margulies and Thibault, 1992; Nusholtz et al., 1984; Zhang &0&l1,; Takhounts et al.,

2003, 2008)

All of these previous studiegetherwith established scaling techniques were utilizedhia
development ofthe Brain Injury Criteriomr BriC. First, loading histories of the available animal head
kinematics datavere digitized and scaled to the sizetloé human head. These loading histories were
then applied totwo different detailed mathematical models tie humanhead each validated against
various human brain response datasdiext, physical injury criteri@ased on maximum principal
strain, or MPSand cumulative strain damage measpoe CSDM) were established filre human brain
based on the injury information obtained from the animal dataghcethe animal injury data were
predominantly for diffuse xonal injury (DAI) typ@juries(includingsevere concussigrsubdural
hematoma, DAl|)which are AIS 4+ in severi§@SDM an®PS risk curvesere derivedfor AIS 4+

injuries. The associated DAI or severe concussion injuries are considered AIS 4ihamiksking at
both the AIS 1990 (1998 Update) and 2005 (2008 Update) versions éfAd$1(1998; AAAM, 2008).
The AIS 1+, 2+, 3+, and 5+ risk curves for CSDM and MPS were then computed using the ratios between
corresponding risk curves for head injumterion (HIC) at a 50% riskhe risk curves for BrIC were then
obtained from CSDM and MPS risk curves using the linear relationship between-880Mnd MP&
BrIC respectivelyheAlS 2+ brain injury risk curve was subsequently verified asigghr velocities
calculated at 50% probability of concussion in college football players instrumented widgg$ees of
freedom OOR helmet systemsFinally, Anthropomorphic Test Device (ATD) (Hybrid Ifl Bale, Hybrid
Il 3" Female, THOR BWale, ESre 50" Male, SIDIIs 8" Female WorldSID 50 Male, and WorldSID'5
Female) test data (NCAear impact and frontalobliquetests)were usedo establsh BriC foall

ATDs. A detaileddescription ofthe derivation of BrIC is given in Takhounts et al. (2013 and 2011).

BrIC is a function of the max angular velocities.(y,and. ;) computed (at anyime) aboutx-, y-, andz-
axesrespectively along with the correspondingtical angular velocitiesyg - ygand- ¢
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where. g - ygand. ,care given ifTable3.2 below.

Table3.2. Critical max angular velocities in each direction.

Critical Max Rad/s
Angular
Velocity

“x 66.25

vy 56.45

- 42.87

Besides angular velocities, other head kinematic parameters, such as angular acceleration (see, for
example, Takhounts et al., 2011)e time duration of angular velocity components (see below), and
other combinations of kinematic parameters were consatein the development of the brain injury
criterion, but a simple combination of the max angular velocity components (equatigrwas

sufficient to correlate to thestrainbased measures CSDM and MPS.

Figure3.7 (a) shows the correlation between BrIC and CSDM for all ATDs Figule3.7 (b) shows the
correlation between BrIC ahMP<; both correlations were based on the 413 data points available at
the time of publication (Takhounts et al., 2013). Ntitat the maxmum angular velocity in each
direction was calculated irrespective of the timén&doccurred as the second appexh (maknum
angular velocities at a fixed time of the niraxm of any component) did not improve the correlation
between BrIC and CSDM (and MHA®)s makes physical sengecause after the head rotates about
one axis and accumulates a certain volumearhdged brain cells (elements in the model exceeding
25% MPS see definition of CSDM in Takhounts et al., 2003, 200B328ny additional accumulation
of damaged brain cells due tosecond rotation(e.g. about a different axis of rotatiom)ill be addedto
the previously damaged brain cells (in reality this addition is not simple, but quite compligatsd
section below on time duration). This addition is reflected in the formulation of BrIC (equation 1) as a
simple addition of the magnitudes of compemts of angular velocity. Theffect of time difference
between the peaks of angular velocity componeotsCSDMwvas also investigatefibr up to 150 msand
no significant differences i@SDMvere observed.
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BrIC = 1.08*CSDM + 0.52
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Figure3.7. Correlation between (a) BriC and CSDM and (b) BrIC and MPS for all ATDdablavests (413 data
points); adapted from Takhounts et al. (2013).
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The risk curves for CSDM and MPS are given belbigume3.8, where AIS 1+, 2+, 3+, and 5+ risk curves
were obtained by scaling the AIS 4+ risk curve at a level of 50% probability of injury using coefficients
given in Takounts et al. (2013)while Table3.3 and Table3.4 list equations for eacbf these curves

=

=
=

=
[=]

=
-1

S
=S

=
Ln

05%CI

=
.

= o o= = GHEMC

=
(]

== o= e 05%CI

Probability of AIS 4+ Anatomic Brain Injury

02 ’ N
7/ +  Injuy/ No-Injury
y Data - SIhon

0.1 & Injury / No-Tnjury

Data - GHEMC

0 02 04 CSDM 0.4 038 1

(@)

ssswses AJS] - en am = AJSD - an am w ATS3

AlS4 = o oo AlSS - === 03%CTAIS4

Probability of Brain Injury

32



0.6 4

95%CI

Probability of AIS 4+ Anatomic Brain Injury

05 -
04 - = = = GHEMC
. === 95%Cl
03 4
5 +  Injury/No-Injury
02 A Data - SMon
¢ Injury /No-Injury
0.1 4 Data - GHEMC
0 4 ; 4 & : T
0 03 1 L5 2 23 3
Max Principal Strain
(c)
ssnsnss AJS] - e am wm AJSD - e am ow ATS3
ATS4 = o= o= o AISS - —— = 0595 CT AIS4
1
09
08 -
? 0.7
;f 06 -
2
% 05
£
E 04
-
=03
02
01
0 T T T
[I] 0.2 04 06 08 1 12 14 146 1.8 2
Max Principal Strain
(d)

Figure3.8. Risk of AlSl+ anatomic brain injury in scaled animal tests using CSDM (a) and MPS (c) along with the
scaled risk curves for various severities bassdCSDM (b) and MPS (drdapted from Takhounts et al. (2013).
Note that the areas under the receivaperator charaderistic (AUROCHor the AIS 4+ risk curves are 0.83 for
CSDM and 0.78 for MP&spectively
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Table3.3. Risk curve equations for CSDdvadapted from Takhounts et al. (2013).

8
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0 0 "ABY p Q 8

Table3.4. Risk curve equations for MPGadapted fromTakhounts et al. (2013).
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The riskcurvesfor BrlC were then obtained based tre linear relationship between BriIC and CSDM
(MPS) as showim Figure3.9. Table3.5 and Table3.6 list equations for each of these risk curves
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Figure3.9. BrIC based on CSDM (a) and MPSofitained from equation 1 with critical angular velocities given in
Table3.2 ¢ adapted from Takhouts et al. (2013).

35



Table3.5. Risk curves for BrIC based on CSBMlapted from Takhounts et al. (2013).
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Table3.6. Risk curves for BrIC based on M@&dapted from Takhounts et al. (2013).
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3.4.2 New Data

Sincethe publication of originatisk curves for BrIC (Takhountsadt, 2013) more data has become
available to test the correlation between BrlIC and CSDM/MPS. These incld@ANiblique tests with
the THORSOM (full frontal, right and left obliqug frontal NCAP tests with thei3-50M and H3-05F, and
side moving deformiale barrier (MDB) and vehicle to pole conditions with E82re 50" male and SID
lIs 8" female. NHTSA has also run side MDB and side pole tests with the-SVDrif) male.Alsg
additionallnsurance Institute for Highway SafetiHS small and moderi overlaptest data with the
H3-50M has been added-inally NHT# conductedsolated heaeto-airbag tests wherseveralATDs
were driven into the frontal and side airbags at various initial velocities and angles to simulate many
possible interactions beteen the ATDs heads and the resttagstemsFor each of these tests, the
SIMon model was exercised using the kinematic thistory data from the ATD to obtain CSDM and
MPS, while the BrIC metric was calculated directly from the kinematichistery chta.
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In total, theupdatedtest dataset is comprised @#49tests {ersusthe original 413); see Appendix A for
the publicly available test numbersigure3.10illustrates the correlation of BriC with CSDM for74#
tests. Neithetthe correlation coefficient nor the trend line have changed appreciably (compare with

Figure3.7- 0 A Y RA OF G Afa I (VKO 5 ¢y REF Gd 2 dzdh 0 K not &ffectniuéhéhé O2 Y RA

relationship between CSDM and Briiilis making this relationship further validated.
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Figure3.10. Correlation between BrIC and CSOM all ATDs for all currently available testa<£749).

3.4.3 Relationshipgor All ATDs vs IndividuAITDs

The correlations between BrIC and CSDM givénguare3.7a and Figure3.10 are given for all ATDs.

Although it is apparent from the higl? Bhat such relationships for individual ATDs cannot be statistically
different from that given for all ATDBjgure3.11areplicates Figure 1.8 from Takhounts et al. (2013) of

the relationship between CSDM and max angular velocity for all ATDs testedFighite3.11b

separates the same data for each individual AN®significantdifferencesare observed between

individual ATD linear regression lines and that of the combined dataset. It should be noted that the data
in Figure3.11is from the welcontrolled linear impactor tests described in Takhounts et al. (2013),

where each ATD was impacted in the direction of the primary use (frontal ATDs were impacted at 0
angle, side ATDg80°tothe SAB-F EA &0 & ¢Sttt | & I°fromihe @rectiod off A |j dzS ¢
primary use. Thughe correlations irFigure3.11 already inorporate out of plane head rotation

(combinedy- andz-axes rotation for frontal ATDs; axdandz-axes rotation for side ATDSs),

consequently reflecting current neck properties (stiffness) of each ATD (including torsiareatisr

stiffness) in the relabnship between BrIC and CSDM.
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Figure3.11. CSDM versus max resultant angular velocity for all ATDs (a) and for each individual ATD (b).
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3.4.4 Dependence on TimBuration

It has beerhypothesized by Holbourma(cbn o 0
brain are proportional to the force, hence the injury is proportional to the acceleration, or the rate of

OKFG aF2N of2ga
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switchover occurs somewhere between 2 and 200 ms. Glaister (1975) presented the following chart
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(Figure3.12) that was introduced in H.E. von Gierke (1964) demonstrating that the human body
response (injury response) when loaded with acceleration pulses of varioustodemand time
durations depends on the velocity change for the first 2BDOms, then on the pulse length (pulse
time duration) for up to 2, 10 s, then for even longer time durations it depends on the peak
accelerationNote that when referring to theignalpulsetime duration, both Holbourn and Glaister (or
von Gierke) implied the time duration of the (angular) acceleration ptgri(e3.12), and when

angular acceleration and time duration are considered togethexpresentsangular velocity upon

which BrIC is basetlere, however, the dependence of BrlC on the angular velocity time duration was

analyzed.
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Figure3.12. Response of human body (injury response) to the applied acceleration pulse of various magnitudes
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and time durations ¢opiedfrom Glaister, 1975).

To investigatehe potential dependence of BrIC on the angular velocity signal time durdtien,
haversine type angular velocity time histories showFigure3.13were applied to theéSimulated Injury
Monitor or SIMon finite element (FE) head model. The niagle of the max angular velocity about
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each rotational axis was varied from 20 to 120 raal/40 rad/s intervad, while the time duration

ranged from 5 to 200 ms with 15 ms time intervdt can be observed frofigure3.13that the slopes

of the applied angular velocity signals (or max angular acceleration) are decreasing with increased time
duration. Hencethis study of the time duration effect on BriC/CSDM may also be considered a study of
the angular acceleration effect. The values of CSDM for each loading case were calculated and the
curves of constant CSDM were plotted as functions of the angular tyesighal time durationFigure

3.14 llustrates such dependence of CSDM on the signal time duration for rotations Higoxtaxis

(coronal plane rotation). It indates that up to approximately 30 ms, CSDM is increasing with increased
time duration for each magnitude of the max applied angular velocity, and begins to monotonically
RSONBI &S dzld dzy GAf | LILNBEA YI (S fihe critical maley faranglilaf G SNJ 6 K A
velocity aboutthe x-axis k-direction) as functions of the sightime duration can be plottedsing two

values from the CSDMased risk curveF{gure3.15): 0.49 and 0.3, representing 50% and 25% risk of AIS
4+ brain injury, respectivelyrhese critical angular velocity values decrease for up to approximately 30
ms time durationafter which theybeginto increase until approximately 1620 ms after which they
become relatively constant (independent of the time duration). The current critical valubdor

direction is 66.25 rad/sT@ble3.2), caresponding taapproximately 45ms time duration.

Pulse105.txt  Pulse120.txt  Pulse15.txt Pulse30.txt Pulsed5.txt Pulse60.txt Pulse75.txt Pulse90.txt

/ -
/ .

000 001 002 003 004 005 006 007 008 009 010 011 042
MILLISECONDS

Figure3.13. Haversine type angular velocity timkistoriesapplied to the SIMon head model.
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Figure3.14. CSDM versus-axis angular velocitgignaltime duration for four values of the max angular velocity:
40, 60, 80, and 120 rad/s.
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Figure3.15. Critical angular velocities ir-direction for 50% and 25% risk of AMS brain injury as functions of
signal time duration.

Similar figures for the other two rotational directions énd z- directions) were also obtained and their
critical values of angular velocity as a functiorthaf signal time duration were plotted and subsequently
tabulated Table3.7). Table3.7 can be viewed as a look up table for finding critical angular velocity
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when the signal the duration is known. The question now becomes: how to find time duration for an
arbitrary angular velocity signaine history?

Table3.7. Critical angular velocities for each time duration and each rotatibdéection.
X-direction Y-direction Z-direction
Avcr, rad/s Avcr, rad/s Avcr, rad/s Avcr, rad/s Avcr, rad/s Avcr, rad/s

Time, s @CSDM=0.4{ @CSDM=0.3( @CSDM=0.4¢ @CSDM=0.3( @CSDM=0.4¢ @CSDM=0.3(
50% AlIZ+ 25% Alg+ 50% Alg+ 25% AlZ+ 50% Alg+ 25% AlZ+

0.005 105 70 92 65 99 57
0.010 68 52 66 52 60 39
0.015 61 47 59 49 46 34
0.030 60 47 58 48 42 32
0.045 66 50 54 46 39 31
0.060 78 60 59 51 50 38
0.075 89 69 68 57 64 49
0.090 99 76 74 62 73 57
0.105 106 81 80 65 81 63
0.120 112 85 84 68 87 68
0.150 117 88 89 70 95 74
0.200 115 86 93 70 100 78

Three methods of estimating time duration for arbitrary signals were devised and the values of BrIC with

time adjusted critical values of angular velocities recalculated Ugade3.760 OF t £t SR abSg . N1/ €
one of the three methods (Appendix B) resultecimimproved R (Figure3.16) when compared with

0KS GhNRIAYFiguredL/ ¢ 3IAGBSY Ay
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corresponding to the 50% risk of AIS 4+ brain injury. From the regression giigaorieB.10, it can be

calculated thata 50% risk of AIS 4+ brain injury (CSDM = 0.49) correspoadsxitth NA IA Yy £ . NL/ € ¢
1.06. Out of749data points 160exceeda BrIC value of D6, correspondng toa failure rate 0f21.4%

F2N) GKS GO NBANYEKS . ®NS & AYNEL /N R2dzad SR . NL/ X GKS px
CSDM of 0.48quals 0.93 asalculated fronthe regression line given iRigure3.16. Out of749data

points, 159exceeda BriC value of 0.98orresponding tafailure rate 0f212: T2 NJ 0 KS abSg . N1
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. Ndis/cléser to that of CSDM

33>

Figure3.17 shows histograms of time durations of the head angular velocity for4@tests in each
direction, calculated usinghe algorithm given inAPPENDIX Bhe most frequent time duration il

three rotational directionss 60 ms. Froritable3.7 (for CSDM = 0.49), necritical values for BrIC can be
selected to represent the most frequently occurring time duratidal{le3.8).
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Figure3.17. Histograms of the angular velocity signal tinteirationsin x-direction (a),y-direction (b)and z-

direction (c).

Table3.8. Critical max angular velocities at the most fregqat time durations for each direction.

Critical Max
Angular
Velocity

Rad/s
(Original)

Rad/s
(Liberal)

* X

66.25 78 @ 60 ms

ty

56.45 59 @ 60ms

vz

42.87 50 @ 60 ms

Recomputing BrIC with the critical values of angular velocity shown in the third coluifabté3.8
with higher than original critical values, and replotting anothersion of the BrIC versus CSDM

NEfFGA2yaKALEZ 3IAQBSa

values.

Iy 23 KSNJ Kgare3g) @uy to Bigher cribichl/ =
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Figure3.18. BrIC vs CSDM withighercritical values of angular velocitiesd [ A6 SNJ f . NL/ ¢ @
Now, the 50%isk of AIS 4+ brain injury corresponding to CSDM =D2NJ a[ A6 SNI f . NL/ ¢ S|

calculated from the regression equati@figure3.18). Little hasactuallychanged compared to the
GhNRIAYLFf Fightd3/A0the RvaluSsdre dbgut the same, but the correlation line moved

down by 004 with the slight change in slope, giviad 2 6 SNJ ¢ [ A0 SN} f . NL/ ¢ ydzYo SNJ
/{5a 6Fa O2YLI NBR (2 GKS aGhNARIAYyLFf . NL/édw | SyOSs
NL/ F2NXNdzE | GA2Yy R2Say Qilthelcéréaionlidie dawk with slightidsciess8 0 dzi
AY (GKS &f2LS® ¢KS G[A0SNIE . NL/ ¢ i KjusdwSNI ONRAGA O
fewerOF aSa (KIy {.6\Bte thdt QIDH fais thé highdsfinimber of cases and the number

of OFrasSa FIFIAfSR o0& (KS ahNREAAWIEKS NLD $6 A.aNIOf €2 325NN di

Figure3.19 demonstrates the number of true positives (TP), true negatives (TN), false negatives (FN),

FYR FFfaS LRAAGAOSE O0Ct 0 TeNI10663 ya DNIBOVE G b.SMIL /. eNI.
failure at0.9 Ay NBROZX YR (GKS a[ AGSNYf AINRBY S Do h DRNI KE X T
increases true predictions (based on CSDM = 0.49) &thout of 749F 2 NJ 1 KS  da h8BLRaDA y I £ . NJ
correct predictions, with the area under the receivmrerator curve AUROC of 0.93-igure3.20) to

677out of 749(90.4% of correct predictions with AUROC = 0.96), or improvementd8g 0.

(improvement in AUROC isl-05%).
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In conclusion, neither adjusting BrIC for the signal time duration nor increasing its critical values offer a

clear advantage ovektS G h NAIAY Lt . NL/ ¢ @KSy | LILX h&d F2NJ OF NJ
reached by Gabler et aR@16). For other loading conditions, such as those seen perhaps in volunteer

tests (or twirling figure skaters) or pedestrians where the time duratioegpaesumably higher than

those given irFigure3.17, the time adjusted BrlC may be used.

' y20KSNJ aGdzReé NBfIGSR G2 GKS GAYS RdAzNI A2y kAydSNDI
between the peaks of angular velocity components wereratldrom 0 to150 ms, and then applied to

the SIMon model to calculate CSDM. This study was carried out for three different total time durations

of the angular velocity signals (35, 50 and 70 ms)significant changes in CSDM were obserired.

addition,i KS O2NNBf I GA2y 0SG6SSy . NL/ Léy Ry {é5Kah QoK & yUiaSdi i
velocity components were taken at the time of the maximum component of BrIC (the highest ratio of a

peak angular velocity component over its critical value). @RI G KS aAyadlyd . NL/ € R
Then, the time window focalculating the max dhe other two angular velocity components was

expanded tat 25 ms of the time of peak of the angular velocity component contributing most to the

value of BriC,and th®@2 NNBf | GA 2y 0SapSSNLOKABRY djivihdgtadB& a (Sai
value slightly lower than that of the original BriIC. The same process was repeated with a #irié ms

window with similar results: the original BriC had high&rdRug althoughthe difference was

decreasing with increased time window (note that the original BriGihaslimited time window).

3.4.5 Human Volunteer Data;: CSDMMPS?

Human volunteer head rotational data (angular velocities) allbetx-axis (Ewing et al1,976) and y

axis (Ewing et al1977) were digitized and applied to the SIMon FE head model. CSDM and MPS were
monitored. The values of CSDM ranged between 020@D0.009 for rotations abouhe x-axis (coronal

plane rotation for a total of three volunteers) and 0@¢ 0.025 for rotations abouthe y-axis (sagittal

plane rotation for a total of nine volunteers), while MPS ranfyech 0.29¢ 0.41 and 0.1%, 0.59

respectively. The lower values of CSDM are not surprising due to the much longer signal time duration
seenin volunteer tests when compared to those measured in the ATDs and FE models (see DOE and
Optimizationstudiesbelow) for occupants in the vehicle crash environment. Using risk curves for CSDM
and MPSKigure3.8), the risk of sustaining AIS 4+ brain injury under the loading conditions measured in
volunteer tests is 0.003% for the max CSDM of 0.025 and 19.3% for the max MPS of 0.59. Given the fact
that none of thevolunteers sustained any brain injuitywould appear that CSDM is a more appropriate
measure of the brain injury risk than MPS. In addition, MPS may be susceptible to potential numerical
inaccuracy of a single finite element in the model, while CSDMisé@é A y 4§ SANI £ ¢ YSI & dzNB 4/
smoother response due to the way it is calculated (see Takhounts et al., 2003 for details of calculating
CSDM). Giveanalmost equal numbeof pros and cons for CSDM and MPS described in Takhounts et al.
(2013), in which MRBased risk curves for BrIC were suggested, this additional volunteer data makes

the case for CSDMdased risk curves for BriIC more appeally. this reasonall of the prioranalysis on

the signal time duration was given for CSDM only.

It should benoted, however, that the referenced human volunteer data was for healthy young adults
The risk of injury ithoseyoung adults may be different thdor the average driving population.oF
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examplewould the risk of brain injury fa80-90 year olds (who arstill driving cars andetting in

crashesexposed tahe same loading conditiores the healthy young volunteehswve remained as low

aswas computedby CSDMy G A f &dzOK RFEGF SEA&G&A 2N 6KS adNI Aya
iK2aS 2FSONESO&NEBRgzfIdzyRSNI ARSYGAOLE t2FRAY3 O2yRAG.
answerto the questionabove remains unknown.

3.4.6 Design oExperiments and Optimization Studies

Computational simulations were conducted to investigate the parameters affecting BriC and to
investigate the expected interaction of BrlC with other injury metrics during restraint optimization. The
simulations involvedesign of experiment (DOE) and opiation studies using th&lobal Human Body
Models Consortium@HBME50" male simplified occupant modelgrsionM50_OS_v1.8Global

Human Body Models Consortium, Lif€a modified sled model of a Toyota YéReichert et a).2014).

A summary of the findings from these studies is included in this section, while more detail can be found
in AFPENDIX.C

3.4.6.1 DOE Study #1

To investigate parameters afféng BriClimited DOE studies were conductethe DOE wadsnited to

the same vehicle dimensions, steering wheel parametersditairbag size, seat position, and occupant
parameters including the size, stature, sex, antlal posiion. Whendelta-V and PDOF were included
into the parameters listhe following conclusions were reached:

1. Out of nine parameters varied in this studg€ Table C.for the list of parameters, their
nominal values and the varied rangdglta-V influences values of BrIC thmst (33.3 %
influence), followed by PDOF (28.0 % influence).

2. Increasing PDOF increases the range of values of BrIC, yet it is possible to find a set of
parameters with smaller values of BrIC.

3. When investigating relationships between varsgparameters, sch as BriC andetta-V,
metamodels are more useful than just a scatter plot of the two parameters because various
other parameters (for example, when looking at the fleet tests of various vehicles with various
sets of restraint parameters) contaminate thelationship (contrast Figures C.8 a@d®)leading
02 SNNRyS2dza O2yOfdzaizya lFo2dzi GKS aiGNHzS¢é NBf I

4. Correlation between the values of BriC afedta-V and PDOF is the strongest (higher correlation
coefficients) and positive (with increasddlta-V and PDOF the values of BrIC also increase).

3.4.6.2 DOE Study #2

When deltaV was fixed to 35 mpand PDOF was fixed &t @epresenting full frontal crash modeR(°
(representing near side driver oblique crash mode), and §2presenting far side driveradique crash
mode) the following parameters were found to affect BrIC the nfdable C.9): frontal airbag mass flow
rate, load limiter, frontal airbag friction, side airbag friction (for the near side driver oblique crash
mode), and frontal airbag firingme (for the far side driver oblique crash mode).
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Together, the twdOE studies indicated that it was possible to select many combinations of the
investigated parameters yielding values of BrIC corresponding to zero to small risk of brain injury
dependirg on the crash mode.

3.4.6.3 Optimization Study #1

Optimization studies were conducted usiagenetic algorithm for the global minimum search, in which
BrIC was the objective function subject to constraints ind{@nstrained to 700), central chest

(sternal) eflection (constrained to 63 mm), left and right femur force (both constrained to 10 kN). First,
parameters identified as important in the DOE studies (Tablew&@) varied and optimal solution for

BrIC was searched for each crash mode separately. Ishasn that:

1. Itwas possible to obtain low values of BrIC for each crash mode with the highest optimized BrIC
in the far side driver oblique crash mode (just under 0.6), and under 0.5 for the full frontal and
near side driver oblique crash modes.

2. Decreasig HIGs and/or sternal deflection caused BrIC to increase (and vice versa) indicating
that optimizing for just one injury parameter without the knowledge of others may lead to so
Ottt SR adzyAy i Sy RERNDS ¥R $1JzS Y aBidamdalBlsfiécions a@ 2 (i K
used as injury criteria (but not BrIC), minimization of which without the knowledge of its effects
on BrIC may lead to increased risk of brain injucid®e observation that was also confirmed
with the field data analysis.

When one set of optimization parameters was chosen and ran at various PDOFs (or crashtmdes),
following observations wermade (Table C.12):

1. The values of BrIC (not optimized) can be kept in a relatively low range for the near side driver
oblique runs up untit25° PDOF; when the PDOF angle was furthere@@, BriCsignificantly
increaseddue to the head almost missirige frontal airbag.

2. The value of BrIC for the far side driver oblique run at PDOF 8fveR0relatively high
compared b that when optimized for just this test condition (BrlC was equal to § & last
column of Table C.10).

3. HIGsvalues were relatively low with the highest value of 362 in a full frontakrinis is the
crash mode in which BrlC was the lowest.

4. Simila to HIGs, the highest value of the sternal deflection of 53 mm was in a full frontal
condition,while the lowestwasat -30°, the conditionin which BrIC was the highest (0.93).

3.4.6.4 Optimization Study #2

To investigate the effect of greater airbag coverage,frontal airbag volume was scaled up from 50

liters (used in all previous studies) to 98 liters and optimization similarabdiscribed above was run

for PDOF =20° only (near side driver oblique crash mode). Then a parameter set was identifiealt @ot
minimal BrIC) to investigate if BrIC can be further reduced for all PDOFs (Table C.16) when compared to
that given in Table C.12 (for a smaller size alyb&mnificant reduction in the values of BriIC was

observed demonstrating conceptually that fulscreasing the frontal airbag size will reduce the values of
BriC while keeping other injury criteria values below their respective limits.
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3.4.7

Summary BriC

The equation for BrIC as a functionnoéx angular velocity components (equati®i) - along withits
correlation to CSDMoriginally developed in Takhounts et al. (2013) was tested extensively. These tests
included:

1.

Additional data was added (various NHTSA tests, IIHS tests, and laboratory airbag tests, etc.) to
investigate if the correlation betweeBrIC and CSDM from the originally published 413 data

points (shown irFigure3.7a) would change with the additioof 336 data points Figure3.10).

Neither slope nor the intercept have changed significantly (compagare3.7a) andFigure

3.10). The change inRvas also insigrifant (changed from 84to 0.81). This indicates the

a a i | ofite BriC&érsus CSDM relationship irrespective of the ATD and the test mode.

Developing BrIC for individual ATDs is futile as is demonstrateidune3.11.

Dependence of critical angular velocities for BrIC (in equaibynon the signal time duration

(and/or dependence of CSDM on the signal time duration) was thoroughly investigated and

found that such dependence is significant. However, when applied to the occupants of vehicles

in various crash conditions, this dependence on signal time duratiombesdinsignificant as is

assessed by the changeiflRy R ! ! wh/ dBIG K® G & ly¥Sé RdzNF G A2y RSLISYR
AYLINR BSR LISNF 2 NY I yDSy loft | whlL /0é 2 e whishSamdmh BNAY | G St &
concluded to be insignificant based on the Pareto principle.

Fa demonstration purposes, the critical values of the angular velocity components in the BrIC
formulation (equation8M0 S SNBE AYONBIF ASR AAIYyAFAOLyGte 60l f
how such increase will affect the assessment of the brain imjaky It was demonstrated that

such increase in critical values of angular velocity components only shifts the correlation
0SG6SSy . NL/ O0a[AO0SNXf .NL/£0 FyR /{5a R2gy 06N
corresponding to CSDMO0.49- 50% risk ofAIS 44brain injury) with no significant changes ih R

or AUROCHigure3.20).

Another time duration/interval study was conducted in which the time interval between the

peaks of angular velocity components was altered and the effect of such alteration on CSDM

was studiedThe effect was foundtobedA AY A FAOLI yid Ly @I&Buai A2y > GAY
velocity components values are taken at the same time of the highest component gf BrIC)

clipped to + 25 ms, and + 50 ms were looked at famnhd that R value decreases with the
RSONBFAaSR Of ALILMAY3I (GAYS gAlmeGKS £2Sad @It dzS
Human volunteer data (Ewing et al., 1976, 1977) was used to compute the niglry (or non

injury since nondave reportedly sustained any brain injury)wks found that CSDM (showing

low risk of brain injury) was more representative of the injury outcome from these volunteer

tests. Based on these volunteer tests, the CSDM based risk curves for BrlIC were recommended
(Figure3.9aand Table3.3).
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3.5 Sull/ Faciallnjuries

3.5.1 Injury Criteria

The Head Injury Criterion or HIC is a criterion that has been used by NHTSA and many other safety
agencies in regulatory and consumer metric crash testing for decatiegiskfunction for HIC with 15

ms duration (or HI{) as applied in theurrent NCAP rating schemidHITSA, 20083 based on short

duration (10 msand unde} linear skull fracture experimental data. Prasad and Mertz (1985) tabulated
skull fracture experimental data from other experimental sources showing HIC versus the presenc
absence of skull fracturgrimarily linear fractures)Hertz (1993performedregression studies on the
fracture data from Prasad and Mertk985) to produce the AIS 2+ risk function for HitBat is
presented in Eppinger et 41999. NHTSANHTSA200Q created an expanded set of curves producing
Fdzy OG A2y dza SssessigfPragiam (NHTSA, 2008.47he/ | NJ
formulation for HIG and associated risk functions are presented below.

the currentAIS 3NN a |

where:
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0 0
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beginning and end of calculation time window ggconds)
Head CG resultant acceleration tirhestory (in g)

Attempts have been made to relate HIC to concussion/brain injury, but are not supported theoretically
based on studies of brain injurgechanisms (Takhounts et al., 20Takhounts 201%nor by observed

trends in fleet and field data (sd-igure3.1, Figure3.2 and Table3.1). For example, Takhounts et al.
(2013) showed howdIC has poor correlation to the stradimsed measures that are associatedw

brain injury Figure3.21). Takhounts (2015)resented the results of investigations relatedtteo

physical brain injury mechanisms were investigated: strain and preskwras demonstrated that

oFraSR 2y GKS YSOKFYyAOFf LINBPLISNIASE 27
cause brain injuries, while strain does. It wasahown that head translational accelerations (upon

which HIC is based) correlate to pressure while causing small strains in the brain compared to those
caused by the rotational head motion.
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Figure3.21. CSDM and MPS vs. H§@rom Takhounts et al., 203).

The previously mentioned DOE stud&yPPENDIX) @lso found in some cases a negative correlation
between BrlGnd HIC meaning that optimizing to reduce one measure may result in an increase in the
other.

Based on the findings from fleet and field data, the findings from the DOE studies and the fact that the
current functions are based on linear skull fracturesdarced from short duration head impacts to rigid
surfaces, both HIC and BdBould be considered for useith the THORS0M. BriCcanbe applied for

the purpose of mitigating brain injuries while Hi&h be appliedo mitigate against the types of hard
cortacts that can cause skull and/or facial fractures.

3.6 FleetTestData THORBOM

The recommended head injury risk functions were applied to FB@MRmeasurements collected in

frontal rigid barrier and frontal Oblique fleet testingigure3.22 and Figure3.23 show the risk of AIS 3+

and AIS 4+ injury, respectively, as a function of BrIC, with observations representing the injury risk
predicted from each occupd response grouped by occupant position and test mdksed on BrIC,

the predicted injury risks to the Oblique right front passengers are generally higher than those predicted
for the Oblique drivers, which in turn are higher than those predicted fodiineers in the frontal rigid

barrier test mode.
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Figure3.22. Probability of AIS 3+ brain injury predicted using BriIC measured from fleet test results for the driver
in the frontal rigid barrier testmode and both the driver and right front passenger in the Oblique MDB test
mode.
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Figure3.23. Probability of AIS 4+ brain injury predicted using BrlC measured from fleet test results for the driver
in the frontal rigid barrier test mode and both the driver and right front passenger in the Oblique MDB test
mode.

Figure3.24 and Figure3.25 show the risk of AIS 2+ and AIS 3+ injury, respectively, based gn HIC
Skull/facialinjury risk is generally low except for three Oblique right front passenger observations where
the head contacted the center instrument panel.
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Figure3.24. Probability of AIS 2+ skull/facial injury prectied using Hig measured from fleet test results for the
driver in the frontal rigid barrier test mode and both the driver and right front passenger in the Oblique MDB
test mode.
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Figure3.25. Probability of AIS 3+ skull/facial injury predicted using Hi@nheasured from fleet test results for the
driver in the frontal rigid barrier test mode and both the driver and right front passenger in the Oblique MDB
test mode.
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4 NECK

4.1 Fieldand Historical FleeData

Figured.1 presents theregionalmechanisms of injury assigned to nesid cervical spinajuriesin

CIREN frontow belted occupants inveed in frontal crashes. While these recorded mechanisms are
inferred from the available data and may have been limited to available researcher/published
biomechanical knowledge at the time, it can still be concluded from these CIREN cases that nesk injurie
result from a variety of combinations of loadirgis important to note that the mechanisms shown are
regional mechanisms, néwcalmechanismsat the specific vertebral leveThat is, the chosen

mechanism represents the type of loading/motion expaded by the entire neck structure.

CIREN Neck Primary Regional Mechanisms
Among 86 Occupants in Frontal Crashes

35
Compression + other rotation
Torsion

30 Flexion or extension o
Tension

& Linear acceleration
m Compression

N
ol
I

N
o
I

[EnY
]
I

Number of AIS 2+ Injuries

[EnY
o
I

Y
5
0 | % n = H H N
Vascular Dislocation Cord/stem Other Multiple fx  Process fx Facet, laminaOdontoid fx Vertebral ~Cord/stem
without fx per vertebrae pedicle fx body fx injury with fx

Figure4.1. Recorded mechanisms of neekd cervical spine injuriefor belted front row occupants involved in
frontal crashes fronthe CIREN database.

Figure4.2 presents the vehicle model yeiased trend for AIS 3teck injuries for belted drivers in

frontal crashesThe injury rate represents a running thregear average of the percent ofjury cases
(injury cases divided by total number of caseg,. model year 1992 includes the total weighted count of
AIS 3+ injries from model years 1990, 1991 and 1992, divided by the total number of cases for those
model years)While there appears to be an increasing trend, the percentisi€k2%or lessfor all model
years
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NASS-CDS 1993-2015: Frontal Crashes,
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Figure4.2. Neck injury rate by model year1@92to 2015 for frontal crashes ilNASSCDS 1993 t2015

The trend for Hybrid 11l 30male (H3-50m)Nij values in 38nph full frontal tests can be seenfigure

4.3. Two versions of risk are presented. The first is based on the Nij risk curve that is used in the current
NCAP program (NHTSA, 2008). The second uses updated data presented in Merazsathd2@00) and
aWeibull curvebased risk functiomevelopedusingsurvival analysis.
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Figure4.3. H3-50M driver Nij values and predicted AIS 3+ rifloth current NCAP risk function and revised
versionbased on corrected data and Survivdleibull function)from model year 1990 to 2018 35mph frontal
NCAP tests

4.2 Literature Review

The risk ofheck (i.e. cervical spine, including spinal camf)ry in motor vehicle crashes is important to
consider becauseervical spine injuries imotor vehiclecrashesontinue toresult in significant

morbidity (Wang et al.2009 and have high attributable cost relative to other body regidrigiirel.2).

In belted front row adults, cervical spine injuries are caused by a variety of mechamshading all

four primary modes (flexion, extension, tensi@empression) as well as combined load{Rmure4.1).

In addition,for the CIREN population shownRigure4.1, the most common involved physical
components were the belt (flexion/extension of the neck due to restraint of the torso by the belt), A
pillar (head contact), airbag (head/torso restraintthg airbag) and steeringmi (head contact)The

wide variety of injury causation mechanisms and involved physical components demonstrate the need
for either a number of separate injury risk functions, or an inclusive injury measure such as the Nij neck
injury criterion.

The Nij neck injury criteriomused inFederal Motor Vehicle Safety Standards (FMVSS) N¢Epp&ger

et al,, 1999 Kilinich et al.1996) was originally developed to target cof-position occupantsThe Nij

criterion was formulated based on paired tests canted with anesthetized piglets and baboons, and
aninstrumented 3year old anthropomorphic tests devices (ATDs) built by General Motors (Mertz et al.,
1982) and brd (Prasad and Daniel, 198#) typical outof-position configurations (i.e. with the
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occumnt close to deploying airbags). The injusestained suggested a primary mechanism of high
tensile loads in the neck. Based on the paired tests, Prasad and Daniel (1984) proposed that combined
tension and bending moments was a better predictor of infingn tensile forces alone. Critical

intercepts for the Hybrid Il family of dummies were derived from these animal tests, scaled up to adult
human level. Other data used in forming the intercepts were fidertz et al. (1978), where ld3-50M

ATD was subjged to impacts using a sprifgaded tackling dummyNyquist et al. (1980) whereinH&-

50M ATD was used to reconstruct field crashes (of which only five were injured, and those at the AIS 1
level), and Mertz et al. (1971), wherein flexion and extensiemding moment tolerances were

described based on volunteers tested up to pain tolerance and cadaver tests that wenejuious.
Gvenareliance on theH3-50M to develop theseintercepts,and the inherent differences in the neck
design between thé13-50M and the THOROM, they would not be appropriate for use with the THOR
50M dummy.

Since the original formulation of Nij, newer experimental data has been conducted (e.g. Nightingale et
al.,, 2007;Dibb et al, 2009) that expands the knowledge of human taleces without relying upon
scaledanimalor dummy dataThese data will be described in more depth in upcoming sectidms.
addition, computationalhuman models have been developéthancey et al2003)and validated under

a wide variety of conditionmcluding pure bending, tensidmending, compressive impact, and

volunteer frontal flexionDibb et al, 2011). Human modelsllow estimation of the contribubn of

muscles to neck responsehereas PMHS doot. The THORBS0M separates muscle and

osteoligamentais contributions to neck loads due its design involving anterior and posterior neck
cables making comparisons to both PMHS and computational models fedkilnd& et al.2014) The
availabilityof new experimental data anthe humanlike desigrof the THOR nedklow for improved

ability to developa human cadavebased set of neck injury measures for THEDRI. In contrast to

previous efforts that focused heavily on protecting afitposition occuparg who were seated close to

a deployingairbag, current injury measures are being developed for normally seatadpositionfront
rowoccupantf RdzS (2 023K ¢l hwQad AYGiSYRSR dza$S | LILX A Ol GA:
neck injury causation ithe field, as described above

4.3 Design

The THOHOM neck assembly consists of a series of aluminum disks and rubber pucks which are
molded together using an epoxy resin system. The elliptical rubber pucks provide the desired frontal,
lateral, and torsional bending responses for the neck assgn@lmpression springs are located in the
fore and aft regions of the skul\ center safety cable provides durability, while a neoprene spacer at

the attachment of the lower neck load cell provides compliance in axial terisi@udition, rubber soft
stops at the base of the neck aid in achieving the desired bending characteristics in both front and rear
motion.

4.4 Instrumentation

The instrumentation for the neck assembly includes a pair of skull spring load cells, which measure the
compression at the fronand rear spring locationsixaxis load cells at the top and base of the nexk
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measure the forces and moments developed at these locatianda rotary potentiometer at the
occipitalcondyle pinto measurethe relative rotation between the head and tapb the neck(Figure4.4).

LN N

Neck Spring

Neck Sprin
brng Load Cell, Front

Load Cell, Rear

OC Rotary
Potentiometer
N
Upper Neck
Load Cell Flexible
Neck
Column
Lower Neck
Load Cell

Figure4.4. THORS0M neck instrumentation

4.5 Biofidelity

Biofidelity of the THOROM neckwas assessed in thre@nditions(Parentet al.,, 2017): frontal flexion

lateral flexion and torsion. In the frontal and lateral flexion conditions, from which the response was
oFaSR 2y @2fdzyiSSN) 6SadAay3 O2yRdzOGSR o0& GUKS bl g ¢
condition), the THOROM demonstratedverall goodviofidelity, as defined byParentet al. (2017). In

torsion, the THOROM response qualitatively showed a similar loading slope tdPikiéiSesponse

corridor, but did not exhibit the lownoment toe regiorover the first 50 to 75 degrees of rotatiom the
humanresponse. The overall neck internal and external BioRank scores were 2.15%and

respectively. The THEBROM was quantitatively more biofidelic than th¢3-50M (overall BioRank scores

of 2.185 and 4.318, respectively)
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4.6 ExperimentalData

As noted abovgthe datausedin the developmenbf the Nij neck injury criterion for use in Federal

Motor Vehicle Safety Standards (FMVSS) No. 208 as presented by Eppingé98Qaivere not
considered tdoe appropriatefor use withthe THORS0OM dummy.Instead,human cadaver basedhta
sources mogly published since Eppinger et al. described the current Nij formulation and risk functions
used with the Hybrid Il family of dummiesere identifiedthat could be used to develop risk functions

in combined loading (Nij). These data sources are destribmore detall in thesubsection

corresponding to each particular loading mode (tension, flexion, extension, compreasmieombined
loading and aretabulated in Appendix F (Tables F.1 and.F.2)

4.6.1 Tension

In tension, testing osteoligamentous neckreictures and motion segmentsas evaluatedirst. Dibb

et al. (2009conductedtensile tests on upper cervical spine motion segmé@EC2)0 2 1 K A Y & LJdzNB ¢
tension (loading through th®Q and combined tensicextension(loading through the head center of

gravity) All specimens were male and all were loaded to failliree specimens were tested with a free

cranial end condition (fixed at C2). Ultimate failure was defined as the maximum tensile load each spinal
segment could withstand, and the injuries &ised included complete joint disruption, Type Ill dens

fracture, occipital condyle fracture and posterior ligament disrupt®efore testing to failureeach

specimen was subjected fryclical preconditioning and multiple noimjurious tests with pealoads of

about 300 N

Next, data on whole neck structures was evaluated. Assuming that under tension, the neck acts as a set
of springs in series, the tensile tolerance for motion segments is not expected to differ significantly from
that of the entire neck. Yliniemi et al. (20@®)nducted high rate tensile testing to failure using intact
PMHS head and torso specimeB8gecimens were intact heatecktorso (including skin and other soft
tissues surrounding the skeletal structurebgnsion was applied with a military helmet with an

integrated chinnape strap.To ensure tension as the primary mode of loading, the top of the helmet was
allowed free rotation about all three axes. The caudal end was fixed-afl T8with additional straps

over the shoulders to secure the torso. Actuatlisplacement rates ranged from 0.52 to 0.74 m/s),

which resulted in tensile loading rates between 35,000 and 60,000 N/s in a Hybrid 1ll ATD neck. The
tensile loading rates for the PMHS were not givEmere were four females and eight males, and all
specmens were tested to failurd=ailure was defined by a constant or decreasing slope in the load
displacement curve. Injuries sustained included atlam¢oipital dislocation, Type Il dens fracture, as

well as endplate fractures at various spinal levels.

4.6.2 FlexiorExtension

For flexion and extension, Nightingale et(@D07) conducted pure bending tests of male upper cervical
spine motion segment@OCGC3)at a loading rate of approximately 90 Nmishe cranial end of the
segment was secured using halo figat and both C2 and C3 were cast. Each specimen was used for
low load (1015% of failure load) flexibility testing prior to failure testifigvo of the eight specimens
tested in flexion sustained AIS 3+ injg8tC2 dislocation, Type Ill dens fractym@)d one sustained AIS
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2 injury(C1 facet fracture)ln extension, five specimens tested sustained infiiggpe 11l dens fracture,
OGC1 dislocation)Three additional extension specimens sustained fractures at the fixation; therefore
these were excludeddm the analysis

4.6.3 Compression

For compressiorstudies have been conducted on both motion segments and whole neck structures
Panjabi et al. (1991) conducted compression testing on upper cervical spine motion segme@8 (OC
usinga falling mass impact oéiguration.Specimens were fixed at the lower end and free at the upper

end. Motion of the falling mass was constrained to a single axis, resulting in compression of the motion
segmentAge and sex of individual specimens was not repgrsedall specimenwere assumed to be

male and 61 years (i.e. equal to the mean adéree specimens sustained no injury to C1, and the

results from those specimens were not reported. The remaining eight specimens sustained various types
of C1 injuries, four of which wemt the AIS 3+ level.

Carter et al. (2008) conducted pure compression of lower cervical spine motion segn{@&€5, C4

C6, CEBC7, and Cd1)using a higkrate materials testing fixtureSoft tissues were removed from the
specimens, though osteoligaments structures surrounding the vertebrae were left intact. Both ends
of the specimen were potted, resulting in fixed boundary conditiéGimar males and four females were
tested to failure The specific injuries sustained were not detailed in the papethsustructures injured
were identified in Carter et al. (2002b). All specimens sustHirony injuries consistent with AIS 2+
severity, but lack of detail was available to determine whether the injuries could be described3s AlS
Several specimens wermmted to have canal occlusion consistent with potential for neurologic injury,
however this was not taken as sufficient evidence to assign a severity of AtBagigh an upper

cervical spine injury criterion is being targeted, the failure loads inawel cervical spine motion
segments were not significantly different from the upper cervical segments tested by Pgxatds)
Thus, they were considered for this analysis.

A number of studies involving compression of whole neck structures were evdlt@teclusion in this

study. These included Pintar et al. (1995), Maiman et al. (1983), Nightingale et al. (1997) and Saari et al.
(2013). These studies used a variety of experimental test conditions, including drop tests and impact
loading to an uprightstraightened spine. For the whole neck in compression, there are a number of
influential factors that contribute to failure, such as buckling behavior, cervical alignment, and
confounding bending moments that were not measured in any of these studiespbetheless would

have contributed to overall failure. Evamatomic considerations (e.g. disc integritgh have a great

effect on injury tolerance but were not reported in these studiese to these confounding factors,

these whole neck compressiotudies were deemed unacceptable for inclusion in the present study.

4.6.4 Conbined Loading

Pintar et al. (2005) conducted high rate tensixtension testing of intad®MHS using a strap under

the chin.The specimens used were both males and femalesnaré intact (muscles, ligamentum
nuchae, and skin included) from head to torsbe torso was strapped to the frame using a harness.
The mandible was removed and a load cell was fixed to the hard palate, where the external load was
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applied. Initial nortinjurious tests were performedt low speedfollowed by higkspeed failure tests.

The input load rate for the highpeed tests was between 520 and 3954 kN/s, while the tension load rate
experienced by the neck (defined as the slop¢he positive portiorof the neck force timehistory

between 15% and 85% of the peak tension force) ranged from approximately 465 to 1,600 kN/s (mean
852 kN/s)Injuries produced were predominantly @Rseparations or partial separations.

Carter et al. (2002a), in addition testing pure axial compression, also conducted tests in compression
flexion and compressieaxtension. The methods were similar to that described above, with the
modification that the load was applied with eccentricity, allowing concomitant bending monents
develop. Eight specimens were tested in compres$iiexion (six females and two males), and eight
specimens were tested in compressiertension (five females and three males). In the compression
flexion group, the structural damage was primarily asated with soft tissue failure, while in the
compressiorextension group, structural damage occurred primarily in the posterior elements (spinous
process, lamina) and anterior elements (disc and vertebral body). Where only soft tissue (ligament, facet
capsule) injuries were sustained, severity level was considered AIS 1. Where disc and/or bony injuries
were sustained, these were considered to be consistent with AIS 2+ severity, but lack of detail was
available to determine whether the injuries could be delsed as AlS+ As noted above, several
specimens were noted to have canal occlusion consistent with potential for neurologic injury, however
this was not taken as sufficient evidence to assign a severity of AIS 3.

An additionaldata source focombinedloading is a recent matrix of PMHS sled tests collected by the
University of Virginia, consisting of frontal impact sled testsdidifferent velocity or restraint

conditions with a total of 8 PMHS observations. In each of these test conditions, at teasTHOR

50M tests were conducted (Tabi#e?. Of the 48 PMHS tested, 3 sustai® sore of 3 or greater (AIS
3+), lased on the AIS 2005 Update 2q@&\AM, 2008)¢ervical spine injury. A limitation to this test
series is that PMHS neck loads were dioéctly measured. Due to this limitation, the matched pair tests
are used herein to relate PMHS outcome to THOR measurements in the same test condition.

Another data source consists of the volunteers and PMHS run in the NBDL 15 g frontal sled condition. |
that condition, there were five volunteers who sustained no injury, and nine PMHS specimens, only one
of which sustained aAIS2 injury (Thunnissen et all995; Wismans et al1987).The volunteers were
young, healthy males who were instructed to giemse their muscles during the test. Volunteers had
instrumentation (mass 0.5 kg) added to their headatbhed pair test were conducted with THOROM

in the equivalent condition. As with the UVA sled test series, volunteer and PMHS neck loads were not
directly measured. Due to this limitation, the matched pair isstsed herein to relate PMHS outcome

to THOR measurements in the same test condiitableF.2.

Finally, Parr et al. (2013) conducted volunteer tests in a frontal sled condition at 8 ggafiavénty

seven subjects (11 females and 16 males) wore e#le6 kg or 2 kg flight helmet and were instructed

to brace during the test. Subjects participated in up to three different experimental test conditions (8 g
with a2 kg helmet, 8 g witl 1.6 kg helmet, and 6 g with 2 kg helmet) though only the most severe

test condition for each subject was included in the current analyiper neck loads (tension and
flexion) were calculated based upon subject anthropometry, helmet inertial properteshaad
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acceleration recorded at a bite bar. No subject sustained neck injury. The volunteer neck load time
histories were obtained from the authors and Nij was calculated using the critical intercepts developed
for the current study.

4.7 Data Analysis

For purposes of developing critical intercepts for an Nij injury metric, most of the experimental data
previously discussed was used directly, while some required additional analysis.

4.7.1 Applicability to THOROM

For inclusion of the matched pair tests wilHOR50M, and b allow direct comparison of the THOR

50M response to the humahased risk function, transfer functions were developed for each loading
mode, and then applied to the THERM data prior to Nij injury risk function development. Because
PMHSeck stiffness underestimates neck stiffness, it may not be an ideal surrogate for tension neck
loading (Dibb et al2006). This limitation can be addressed by using a computational model that
includes the effects of musculature. Thus, for this analyfsésloaddisplacement respose in each

loading mode of the THOBOM was compared to the responsetbfe Duke Adult Head and Neck Model
(DAHNM), which is a hybrid multibody and finite element model that consists of an osteoligamentous
cervical spine and heaas well as 22 pairs of cervical musc@sanceet al, 2003. Validation of the
DAHNM in axial tension and tensibending was done by simulating whole spine PMHS tests from Dibb
et al. (2009), using the osteoligamentous model only (Dibb, 2011)etettests, force was applied at 50
N/s up to a maximum of 300 N. Model validation in pure bending was conducted by simulating quasi
static whole spine bending tests from Wheeldon ef{2006), up to rotation angles of approximately 40
degrees (and momendf 2 Nm) (Dibb, 2011). Again, this validation used the osteoligamentous spine
model only (no muscleskror the purposes of thcurrentanalysis, modeling was performed using a
relaxed muscle configuration, meaning that muscles were included and exhibleecdtd muscle

activation levelsThe THO®BOM was tested in matched configuration both with and without the cables
attached.Therelaxedmodelcondition most closely relates to a condition in the THEDR wherein

muscle cables are not included.

In tensia, both the DAHNMDibb et al, 2006)and the THOBOM neck(with and without cables)vere
SESNDOAASR Ay d4heltaniBdine of Soficn Alignéd ofiek thekoccipital condydes

loading rate of 50 N/s and up to a peak force of 1000 N (Luak, €014). Three tests were averaged to
generate the THOROM response. In this condition, the THOBBM neck was twdimes stiffer than the
human modelgxhibiting 3.3 mm of displacement at 1080of applied axial load, compared with 6.6
mm in the modelFigure4.5).
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= Computational Model (Dibb 2006)

=—=THOR-50M with center safety cable without muscle cables, Low Rate

==THOR-50M with center safety cable with muscle cables, Low Rate

Figure4.5. THORS0M response in tension, with and without muscle cables, compared with the computational
model. The tensile line of actiorwasaligned over the occipital condylesnd the loading rate was 50 N/s.

In compression, theravasno matched THOROM dataavailableto develop a transformationlThe
assumption is therefore made th#tte compression stiffness ratio is equal to the tension stiffness.ratio

In dynamic flexion and extension, Luck et al. (2014) compapetied moment to the resulting head

angular displacement and upper neck load cell moment, in botlTth®R50M neck (without cables)

andthe human mode(DAHNMwith relaxed musculature, at a loading rate of approximately 90 Nm/s

Six THOROM tests wereaveraged. The response of the THRIRM was nonlinear, particularly in the

head angular displacement range of approximatelyy to 20 degrees, where applied moment was small.

Thus, the current stiffness comparison focuses on the approximately linear ssffegion involving

head displacement between approximately 25 and 60 degrees in flexioexadsion.Thedifference

in rotational stiffness (i.e. the slope of upper neck load cell momentragd3 dzf | NJ RA & LX F OSYSy i
was evaluated for both flexionrad extension Eigure4.6). The rotational stiffness of the THEERM

response was about 1.14 and 1.21 times that of the madé#Exion and extensigrrespectively
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Figured.6. Rotational stiffnessy{ a & K) pf THORS0M (average of six tests) and human model response,
adapted from Luck et al2014). The stiffness comparison focuses on the approximately linear stiffness region
involving head displacement between approximately 25 and 60 degrees in flexionextteinsion The nonlinear
portion in the head angular displacement range of approximate®p to 20 degrees is shown in dashed gray.

For tension, flexion and extension, the TH&IR neck was stiffer than human. To develop a transfer
function, scaling waapplied using an equal work approach. In other words, it was assumed that the
work to failure is the same for human and TH&IRI. Assuming the neck behaves as a linear spring, the
force (Eg4.1) and work to failure (Eet.2) can be combined to yield aatnsfer function for failure force

as a function of stiffness ratio (Ed.3). These transfer function@ able4.1) were applied to all THOR

50M data used in developmeénof the Nij risk function.

"0 Qo [4.1]
0 - [4.2]
"0 —0 [4.3]
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Table4.1. Transfer functions to equate forces/moments measured in TH&ER to humanequivalent forces,
assuming equal work to failure.

Loading Q O
Mode 0 "O

Tension 2 1.4
Compression* 2 1.4
Flexion 1.14 1.1

Extension 1.20 1.1

*Compression transfer function assumed to be equal to tension

4.7.2 Load Rate Scaling

Tensile failure load is known to increaséhnbading rate (Nuckley et aR005) It was desired to have
the data used to develop the risk curve be representative of loading rates experienced in the crash
environment. To define the loading rate of the crash environment, fleet tests with FH00Rvere
identified (Tabld-.3 and the loding rate was calculated as the slope of the positive portion of the
upper neck load cell-g@xis force timehistory between 15% and 85% of the peak tension force

Nuckley et al. (2005) developedaling ratios for baboon spine segments for loading ratéwéen 0.5
mm/s (80 N/s) and 5000 mm/s,{57,000N/s) (Table4.2). For PMHS data conducted in tension (where
load rates were known), a ratio was determined usinglthboon failure load at both the original PMHS
loading rate and the target load rate (i.e. the mean THBOR! loading rate from fleet tests). The original
failure data was then scaled by this load rate ratio.

"0 "0 [3.4]

Table4.2. Failure loads based on loading rate, from Nuckley et(2005

Displacement = Mean stiffness  Loading Baboon mean
rate (mm/s) (N/mm) rate (N/s) failure load (N)
0.5 161.4 80.7 468.3
5 193.1 965.5 626.9
50 207.9 10,395 809.3
500 262.6 131,300 1135.3
5000 351.4 1,757,000 2189.5

Flexion and extension are expected to exhibit similar load rate dependence to that in tension, due to
dependence on the same ligamenkor the data described above, if tensile load rate was unknown but
flexion/extension rate was knowithe flexion and extnsionloading ratecan be convertedhto the
equivalenttensile loading rate experienced by the spinal ligamdmytslividing by the moment arm. To
determine the moment armgne needs to know the distance from the center of rotation (COR) in
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flexion and etension to the relevant ligaments. While these distances were not known for each
specimen tested, representative distances were established forsimitl males using the S®ercentile
Male GHBMQM50-O v.4.3 Occupant Model, Global Human Body Models Ctmsy LLC)According

to Chancey et al. (2007), the combined center of rotation ofG20s approximately located at the
centroid of the OC.He distances from the COR to the anterior and posterior ligaments at C2 were
measured on the GHBMEigure4.7). Because ligaments are located at varying locations and
orientations across the neck, and cervical ligaments have differing failure strains and failure forces
(Mattucciet al, 2012), the total neck moment has a distribution across the entire distance and does not
just act at the extreme limits of the geometry. Although the exact moment distribution is unknown, for
the purposes of this analysis, the combined moment amssumed to be located at approximately two
thirds of the total distance. Moment arms of 20.2 mm (two thirds of 30.3 mm) and 13.6 mm (two thirds
of 20.4 mm) were used for flexion and extension, respectively. The equitalesite loading ratevas
determined by the original moment load rate divided by the respective moment arm. Once the
equivalenttensile loading ratevas calculated, a load rate ratio was established from the baboon data
using the same procedure described above.

19.6 mm

Figure4.7. Distances from the center of rotation (COR) to the anterior and posterior ligaments at C1 and C2,
measured on the GHBMC MBS0 in the normal driving posture.
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The mean THOBROM tensile loading rate ifieet testing wasapproximately 54,000 £ 29,000 &(Table

F.3. Given theTHORS0M transfer functios described above, this equates to approximately 38,200 N/s
for PMHS (i.e. 54,000/1)4By interpolation the baboon failure load at 38,200 N/s is approxiety 885

N. Tensile loading rates were known for the Dibb et al. (2009) study and the Pintar et al. (2005) study.
The baboon failure load at each respective loading rate was compared to 885 N (the failure load at the
target load rate), resulting in the &l rate ratios shown iffable4.3.

Table4.3. Load rate ratios applied for tension

Study Loading rate Load rate
(N/s) ratio
Dibb et al(2009 1000 1.4

Pintar et al(2005 mean 852,000 0.55

For flexion and extension (Nightingale et al., 2007), using the assumed moment arms, the resulting
tensile loading rates were approximately 4400 and 6600 N/s. Usinylkley et al. (2005) scaling
ratios, the failure load at an equivalent load rate of 38,200 N/s is approximately 1.3 and 1.2 times the
failure load at 4400 and 6600 N/s, respectivdlglfle4.4)

Table4.4. Load rate ratios for flexion and extension (Nightingale et &007)

Loading  Approximate Distance to extreme Assumedmoment arm  Tensile loading Load rate ratio
type loading rate limits of C2 geometry for ligaments (mm) rate (N/s)
(Nm/s) (mm)
Flexion 90 30.4 20.2 4400 1.3
Extension 90 20.4 13.6 6600 1.2

4.8 (Qitical Intercepts forCombined Loading Criterion

To develop critical intercepts, data (with load rataling where applicable) from each loadingde

was analyzed separatelyhe mean AIS 3+ injury value was used as the critical intercept in each mode.
THORspecific critical intercepts were obtained using the previously described transfer functions for
each loading modé¢Table4.5). These interceptassume a relaxed muscle state.

While several methods have been proposed in the literature for development of critieatépts for
O2YOAYSR f2FRAY3 ONR (I SNAtt NE @KSNE QAY yRY SIH 2X yRe dzNiB y'N
(Takhounts et al2013) and Combined Thoracic Index (Eppinger £1299) have targeted 50% risk

levels for each critical inteept. Critical intercepts for the earlier published Nij criterion (Eppinger et al.

1999) were based on differing methods such as minimum injury levels (Prasad and Daniel, 1984) and

ageforce linear regession (Pintar et gl1998).0Others have used mean injury vatu@Revisedibbia

Index, Kuppa et gl2001).Mean injury values tend to represent a higher level of risk than 50%, while

minimum values wouldapresent a lower level of risk.
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Table4.5. Summary of proposed Nij critical intercepts based on mean AIS 3+ injury values

Loading Studies used PMHS THORS0M transfer THORS0M
Mode intercept function intercept
Tension (N) Dibb et al, (2009), Yliniemi 3000 1.4 4200
et al, (2009)
Compression (N) Panjabi et al.(1991), 3230 1.4 4520
Carter et al.(2002)
Flexion (Nm) Nightingale et a].(2007) 545 1.1 60.0
Extension (Nm) Nightingale et a).(2007) 72.0 1.1 79.2

The interceptpresentedhere differ from those in use with thd3-50M (Table4.6), with flexion being
the most different.Because of the construction of the THO®M neck, which allows load sharing
between the neck cables and neck structure during neck flexion/extension, it makes sense that
moments measured at the THEERM upper neck load cell would be less than those meatatdahe
H3-50M upper neck, given a similar input condition.

Table4.6. Comparison of THGBOM intercepts to historicaH3-50M intercepts

Loading THORS0M H3-50M
Mode intercept intercept
Tension (N) 4200 6806
Compression (N) 4520 6160
Flexion (Nm) 60.0 310
Extension (Nm) 79.2 125

4.9 Injury Rsk FunctionFormulation

Once critical intercepte/ere developed for the THGpecific version of the neck injury criterion (Nij) as
a metric for assessing neck injury in frontal craskies,combined loading criterion was evaluatéabr

each specimen, Nij was calculated using instantaneousfaxig and yaxis moment data, using the
standard formulation and new interceptBor tests conducted with theHORS0M ATD, loads and
moments were obtained directly fronhe upper neck load cellhis wa more comparable to
experimental flexion and extermi data conducted on motion segments (Nightingale et al., 2007), from
which the flexion and extension critical intercepts were developed, than calculated OC moment.

The dependent variable used in the developmenthaf neckinjury criterion was the presee of an AlS

score of 2 or greater (AIS 2+) or 3 or greater (AIS Z&sgdon the AIS 2005 Update 2qBRAM, 2008).

Using Nij as the predictor variable, stepwise multiple regression was carried out to assess the sensitivity
of occupantbased covariategage and sex)lhe criteria for covariates to enter and stay in the model

was p<0.1. Model significance andogimess of fit were evaluated.
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49.1 AIS 2+ model

For the dependent variable of AIS 2+ injury, results of the stepwise logistic regression indiedtibe th
model was significant (p<0.05), and age metslgnificance standarfbr inclusion in the model. Sex did
not enter the modelModel fit statistics are shown ihale 4.7.

The final AIS 2+ modphrameters(Figure4.8) are given byTable4.9. An age of 40 years was uskxd
calculation of 95% confidence intervalShe age of 40 represents an approximation of the mean age of
male drivers in frontal crashes, based tie National Automotive Sampling Syster@eneralEstimates
System
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Figure4.8. AIS 2+ injury risk curve (mean and 95% confidence intervals), using an age of 40 Fgasimental
data also shown.

4.9.2 AIS 3+ model

For the dependent variable of AIS 3+ igjuresults of the stepwise logistic regression indicated that the
model was significant (p<0.05), and age metsfgnificance standarfbr inclusion in the modeSex did
not enter the modelModel fit statistics are shown ihale 4.7. The final AIS 3+ modehrameters
(Figured.9) aregiven inTable4.9.
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Figured.9. AIS 3+ injury risk curve (mean and 95% confidence intervals), using an age of 40 years

TaHde 4.7. Model fit statistics for AlIS 2+ and AIS 3+ risk functions
Model Covariates  Wald AUROC HosmerLemeshow -2 Log L

Pr>ChiSq Pr>ChiSq
AlS 2+ Age <0.0001  0.907 0.978 130.9
AlS 3+ Age <0.0001 0.898 0.0278 115.6

4.9.3 Sensitivity Analysis

For the AIS 3+ risk function, there were three observations that were overly influential, which were
identified by the DFBETAS diagnostic. Two of the observations were specimens from Pintar et al. (2005)
that sustained injury at the AIS 2 level but not the AIS 3 level, yet had ljighldes (greater than 1.5).
The other influential observation was a-§&arold specimen in the whole body sled test performed by
University of Virginia, in which a bilateral fadkslocation was sustained (note that the other four PMHS
specimens tested in the identical conditioidaot sustain AIS 3+ injuryjhe matched pair test with
THORS0M recorded peak tension of only B& and peak Nij of only 0.2@/ith one or all of thee three
observations removed, the model fit improvetaple4.8), although the resulting risk functions were

still captured within the upper and lower confidence bis of the original risk function with all data
included Figure4.10). Because there is no physical reason for exclusion of these specimens, it is
therefore recommendd to retain the original risk function using allailabledata.
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Table4.8. Model fit statistics for AlS 3+ risk functions with influential observations removed

Model Covariates  Wald Pr>ChiSq AUROC  HosmerLemeshow Pr>ChiSq
AIS3+ original Age <0.0001 0.898 0.0278
UVA specimen removed Age <0.0001 0.914 0.1054
Pintar et al, (2005) specimens removec Age <0.0001 0.914 0.3686
Three influential observations removec Age <0.0001 0.93 0.4583
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Figure4.10. For the AIS 3+ risk function, three observat(eircled in red) were overlay influential. Removal of
these ob®rvations improved model fit buthe resulting risk functions were still capturedithin the confidence
bounds of the original risk function.

4.9.4 Final logistic regression model

Using all available datahe resultinglogisticregression takes the form:

n')3 ¢ 7Te
where:
[ = Intercept
r = Independent parameter coefficient
[ =  Agecoefficient
w = Nij (calculated using upper load cell valueg

Table4.9. Model parameter estimates foNij
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Model

(Int.) (Nij) (Age)
AIS 2+ -9.031 5.681 0.0803
AIS 3+ -7.447 5.440 0.0350

Table4.10. Resulting Nijnjury assessment reference values

Model 10% 25% 50%
AlS 2+ 0.64 0.83 1.02
AlS 3+ 0.71 0.91 1.11

4,9.5 Survival model

Once logistic regression was used to determine model goodness of fit, an additional form of the risk
function was developed using left/right censored survival analpdlisailure data were considered to be
left censored and all nefailure data were rightensored The survival analysis risk functjomhich
assumes Weibull distributiontakes the form:

NoOYo p QwNQORF——

where:
[ = Intercept
[ = Age parameter
w = Nij (calculated from upper neck load cedllues)
| = scale

Table4.11. Model parameter estimatesand goodnesof-fit

-2 Log L
Model (nt) (Age)  (Scale)
AIS 2+ 0.8842 _ -00175 03603 1387
AIS 3+ 05307  -0.0064 03281  120.1

The AIS 2and AIS 3+isk functiors presented here demonstrated differences between the logistic
regression andurvival curves, particularly whehe age of 40 was considerethis was unexpected
considering that the data wagenerallywell correlated.The closest match between the logistic
regression and survival curve was for an agéQofears in the AIS 2+ curva age of 60 years more
closely represents the actual specinsamsed in the risk function development/émage age of the
injured specimens was 62 ysawith range 30 to 94 years}iven thelower log likelihood values for the
logistic model (compared with the survival modehe logistic regression curves are reutnended.
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Figured.11. Comparison of logistic regression and survivabysis for AIS 2+ injury riskor an age of 60, the
logistic regression andurvival curves closely matclror an age of 40 yearthe curves diverge at higher risk
levels.
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Figure4.12. Comparison of logistic regression and survivabdysis for AIS 3+ injury riskor both age 40 and age
60, the logistic regression and survival curvdigerge at higher risk levels.
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4.10 Application ofRisk Functions to THOFRSO0M

As the development of the Nij risk function considered application to the TH0DRin the development
of critical intercepts (Sectiof.8), no additional modification is necessary. The measurements from the
THORS0M upper neck load cell used to calculate the risk of AIS 2+ or AIS 3+ neck injury as follows:

. p

nt)3 cp a5 ©

. p

n'!)3 o O3 3
. 006 UL O
v O 0

where:
00 = Forcetime-historymeasured by the-axis of the THOR upper neck load cell (in N)
0 0 = Momenttime-historymeasured by the saxis of theTHOR upper neck load cell (in Nm)
O = Critical intercept for force:
TCTMEOVO T
TUCE OO T
0 = Critical intercept for moment:

ETQED O ™

X@ Qv 0 T

4.11 FleetTestData THORBOM

The recommended neck injury risk functions were applied to FE@IRmMeasurements collected in
frontal rigid barrier and frontal Oblique fleet testingigure4.13 and Hgure4.14 show the risk of AIS 2+
and AIS 3+ injury, respectively, as a function of Nij, with observations representing the injury risk
predicted from each occupamesponse grouped by occupant position and test mode. Risk of AIS 2+
neck injury was below 15 percent for all observations, while risk of AlIS 3+ neck injury was below 10
percent for all observations.
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Figure4.13. Probability of AIS 2+ neck injury predicted using Nij measured from fleet test results for the driver in
the frontal rigid barrier test mode and both thériver and right front passenger in th©blique MDB test mode.
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Fgure 4.14. Probability of AIS 3+ neck injury predicted usiNg measured from fleet test results for the driver in
the frontal rigid barrier test mode and both the driver and right front passenger in theli@be MDB test mode.
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4.12 Limitations

There are many limitatianto the current workThe method used here in the development of the Nij
risk function was to combine available data, despite differences in test condit@@ding rates, and
specimen typed.g.PMHS vs. volunteerfome of the studiegontained all norinjured specimens (e.g
the volunteer data), while some contained all injured specimens (e.g. the Dibh 20@9. and Yliniemi
et al, 2009tension data. Since each study did not contain both injured and-imjared specimens,
there may be inherent laboratory bidlsat cannot be accounted foi.his method was employed
because there weresufficient studies containing both injury and ronury to develop a robust injury
criterion. A similar method has been used iany previously published risk functions. Forrapde,

early work on femur tolerance by Morgan et al. (1989) included sled test data on cadavers that was not
conducted for the purpose of creating kn#@gh-hip injury (in fact, its purpose was interaction
between driver thorax and steeringheel) (Morgaret al,, 1987).There were no kneghigh-hip injuries
sustained and risk of injury in that study were mainly less than 5%, and yet it was included in risk
function development. Yoganandan et al. (2015) have published several versions of lower leg risk
functionsusing tests on repeated subjects, in wharte low energy testvasintended tonot produce
injury and one high energy testasintended to produce injuryTakhounts et al. (2013) used volunteer
data (i.e. college football players) in the developmehthe Brain Injury Criterion (BrIC). Laituri et al.
(2016) used volunteer data in their version of risk curves for BrIC. Poplin et al. (2017) includpe éalv
sled tests (10 km/hr) in development of a chest injury risk cuwgchhadvery low risk ofnjury.

Despite the limitations of the current approach, inclusion of a wide variesyuafiesyieldedsufficient
available injury and noinjury data for risk function development.

While more than 150 specimens were included for the development oNihask function, the sample
sizes in each loading mode used for critical ioé@t values were much smallén particular, the

number of injured specimens in flexion and extension was only two and five respedtivatidition,

subject preparations,.g&h as instrumentation/mounting hardware and/or the use of helmets may have
influenced the inerta of the head in these testslowever, because these added masses were accounted
for in calculation of upper neck loads, the desired comparison of neck loaguty status should not be
significantly affected.

The critical intercepts developed in this etfassume relaxed musculatur€herefore, muscléensing
was not accounted forAs was previously done for the Hybrid Il ATD, these intercepts couldumsent]
by assuming a level of proteati provided by muscle tensingowever, the assumed relaxed state is
more conservative, and may be more appropriate considering that 40 to 50% of occup#fotstal
crashesexhibit no preimpact braking (indicativefdeing unaware of the impending crash) (Craig et al.
2011).

Another limitationhas to do with the use of thBuke Adult Head and Neck Modet predicting THOR
50M response in tensn, flexion and extensiorhe transfer functions werdeveloped for motion
beyondthe range the model was validated fdrhis could affect the transfer functions developed and
the resulting injury 8ks predicted by the THE®M. In addition, transfer functions were based on an
assumption of equal workdiween the human and THOBOM. Because this method assumes a linear
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response, it may not account for the rate efts seen in the PMHS respongdso, there was no
matched THORBOM data with which to develop a tmafer function in compressioithus, the
applicaion of the Nij risk curve in compressifiexion and compressieaxtension should be used with
caution.For inposition occupantsshe THORS0M should rarely experience a peak iN either
compression modeOnly one of the THOBOM fleet tests examinedi@bleF.3 had a peak Nij in
compression (Nij=0.3), while the remaining tests all had the peak Nij in either teftesiion (28%) or
tensionextension (69%).

Finally,a combined loading criteriowas targeted here, whicimay be desirableue to the many

different mechanisms associated with real \binjury. Through parametric analysis of t6&"

Percentile MaleGHBMC M5@D, Hasija et al. (2017) demonstrated that both axial force and moment at
the occipital condyles are necessary for prediction of ligaimesnneck injuries (rather than axial force
alone), suggesting the continued need for a criterion such adlthehat includes both metrics.
Nonethelessthe traditional Nij formulation presented herein has limitations. For example, the Nij
formulation 5 based on the assumption that the neck structure acts as an-Balaoulli beamwith

the principle of superpositiofreing used to surthe stress due to the momersndthe stress due to the
axial forcefor a composite total stress in the bone. fact,the neckexhibits complex dynamic behavior
(e.g. multiple mode buckling) that may not be accurately represented by beam theory.
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5 CHEST

5.1 Field andHistoricalFleet Data

Similar to observations with brain injury, there appears to be an opposite trefidenhdata predicted
injury risk from NCAP testBigure5.1) and injury rates from field datdigure5.2). The field data injury
rate or riskrepresents a running thregear average of the percent ofjury casesiqjured case count
divided by the total numbeof casese.g. model year 1992 includes the total weighted count I&f A+
injuries from model years 1990, 1991 and 1992, divided by the total numhmrsek for those model
years).njury risk was calculated using the risk function that is currently in use witRl3&M in
frontal NCAP testingNHTSA, 2008
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Figureb.1. H350M NCAP driver chest deflections and predicted injury risk (AlSf8mdests from model year
1990 to 2016
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Figureb.2. Thorax MAIS 2+ and 3rate versus model yeaf199 to 2015) for belted and airbag restrained drivers
in frontal crashefrom NASSCDS 1993 to 2015

Figure5.3 shows the regional mechanisrmoinjury assigned to thoracic injuries in 280 CIREN -rowt

belted occupants involved in frontal crashes. These mechanisms are inferred from the available data and
may have been limited to available researcher/published biomechanical knowledge anindttis

important to note that the mechanisms shown are regional mechanisms, not esgecific

mechanisms. That is, the chosen mechanism represents the type of loading/motion experienced by the
entire thoracic region. Compression is the dominant medtrarfor skeletal injuries, while the soft

tissues are more frequently injured from a combination of compression and the rate of compression.
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CIREN Thorax Primary Regional Mechanisms
Among 280 Occupants in Frontal Crashes
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Figureb.3. Recorded mechanisms of thoracic injuries fmelted front row occupants involved in frontal crashes
from the CIREN database

5.2 Literature Review

Eppinger et al. (1999) presented a summary of historical research into the development of thoracic
injury criteria, primarily focused on those applicable he H3-50M for use in Federal Motor Vehicle

Safety Standards (FMVSS) No. 208. Based dmigtwical research, a set of thoracic injury risk

predictors were selected and logistic regression models were fit to the results of 71 PMHS sled tests. The
predictar variables investigated were thoracic spine resultant accelerdhsn normalized central chest
deflection at the measurement location of tih3-50M (dc¢), normalized deflection at any of five
measurement locations on the chesinjay, chest deflection elocity, and viscous criterion. Of these
predictors, the best injury predictor was a linear combination of thoracic spine resultant acceleration
and the normalized deflection at any of the five measurement locations on the chest. This predictor was
definedas the combined thoracic injury criteria, 61 Injury risk functions were developed fas
alone,dcalone (as measurement dimaxis not possible for th&13-50M), andCTI These injury risk

curves were not directlimplemented to develop injury assessment reference values (IARVs) for FMVSS
No. 208, as theclimit wastaken to be 63 mm and thAslimit was taken to be 60 gs to harmonize with
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the Canadian Motor Vehicle Safety Standards (CMVSSETWvas not useddr regulatory purposes,
but for analysis purposes only.

In the 2008 NCAP Final Decision Notice (NHTSA, 2008), it was noted that the injury risk function
developed by Eppinger et al. (1999) did not account foraagkwas not adequately adjusted to reflect
reaklworld chest injury risk. Instead, the chest injury risk function presented by Laituri et al. (2005),
which was developed based on a larger set of published PMHS test data and included more diverse
loading conditionswas usedTo relate the PMHBasedinjury risk function to theHd3-50M, a transfer
function was developed by Laituri et al. (2005) using a subset of matched pairfmiesteesulting chest
injury risk function related the peak chest deflection as measured by1880M sternum
potentiometeralong with the age of the subject to the risk of AIS 3+ thoracic injury, as defined as seven
or more rib fracturesFor AIS 1990 (1998 update) four fractured ribs or more constituted an AIS 3+
thoracic injury. Laituri et al. added three fractured ribstiee threshold of seven per reference to
earlierstudiesthat hadfound adifference in the number of fractured ribs between dead specimens (e.g.
PMHS) and live subjects (Viano et B9.77; ForetBruno et al. 1978). As implemented in Frontal NCAP,

an ge of 35 years was selected to represent the average age of the driving population.

Both the Eppinger et a{1999 and Laituri et al(2005) injury risk functions required corrections or
assumptions to account for the limitation of the singleint measuement capability of the43-50M.
NHTSA has previously identified instrumentation opportunities beyond a gdogi¢ chest deflection
measurement system that may improve the assessment of thoracic loading in a vehicle environment
with advanced restraint tehnology such as airbags and pretensior{®i@ganandan et al., 2009)
Thoracic trauma imparted to restrained occupants does not always occur at the same location on the rib
cage for all occupants in all frontal crastiekrgan et al., 1994Kuppa and Eppger(1998) found that,

in a dataet consisting of 71 human subjects in various restraint systems and crash sewsitigghe
maximum deflection from multiple measurement locations on the chest resulted in improved injury
prediction.As such, multpoint deflection instrumentation was prioritized in the development of the
THOR ATD (Haffnet al,, 2001).

Realworld data also demonstrate the need for a multipoint deflection measurement to better reflect
actual fracture/igury patterns andoetter discriminate between vehicle performancés a small sample

of restrained occupants with rib fractures, Shimamura ef2003)found that rib fractures were more
common in the lower ribs (@2) compared with the upper ribs, suggesting that theldgedairbag

shared and distributed the load to the upper chest but had less effect near the seat belt buckle where
concentrated seat belt loads still occurrdaee et al(2015)used the CIREN database to examine the rib
fracture patterns of 158 beltand airbagrestrained front seat occupants and found that 63% of
fractures occurred on the inboard (with respect to the vehicle) side of the chest. Notably, only 40% of
the occupants sustained sternal fracture (indicative of central loading). Asymmettigr&gatterns

(both upper/lower and left/right) suggest that peak deflections typically do not occur centrally and thus
are unlikely to correspond to the location of the rgternal chest slider in the Hybrid Il family of
dummies.
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5.3 Design

Throughout the deelopment of the THOROM ATD, specific attention was given to the huntia

response and injury prediction capability of the chest. The rib cage geometry is more realistic because
the individual ribs are angled downward to better match the human ribrdaon (Kent et al., 2003)
Performance requirements were selected to ensure hurke behavior in response to central chest
impacts, oblique chest impacts, and steering rim impacts to the rib cage and upper ab@dMESA,
2005a) Better chest anthropo8 1 N2 YSI ya GKIFG (GKS RdzyyéQa Ay uaSNI Ol
the seat belt lies over the shoulder and across the chest, for example) is more representative of the
interaction humans would experience. The THEDRI ATD is capable of measuring thudienensional
deflections at four different locations on the rib cage. This instrumentation, coupled with its thoracic
biofidelity, provides the THGBOM ATD with the ability to predict thoradigjuries and to potentially

drive realistic restraint system ootermeasures.

5.4 Instrumentation

THORS0M ATD was designed to meastieracic deformation at multiple points to facilitate the
prediction of injury riskThe threedimensional position timéiistoryis measured fofour points on the
anterior rib cageelative to the local spine segment of rib originatidtigure5.4). The anterior

attachment points are at the vertical level of the fourth and eighth anatomical ribs, and at the lateral
level of the costochondral junction. The upper chiestrumentation anteriorattachment points are 40
millimeters from the sagittal agerline of the ATD, while the lower chaastrumentation anterior
attachment points are 80 millimeters from the sagittal centerline. The posterior attachment point of the
upper thoraxinstrumentationis on the Upper Thoracic Spinebox, which spans théoamiaal landmarks

of T4 through T8. The posterior attachment point of the lower thargxrumentationis on theThoracic
Spine Load Cell Flex Joint Adaptor Rlataich is at the anatomical level of L1. Between the upper and
lower thoraxinstrumentationattachment points is a flexible joint known as the Upper Thoracic Spine
Flex Joint, so the reference coordinate system for the upper and lower thorax 3D motion measurements
can change dynamically during a loading ev&he deflection instrumentation usedrfthe matched

pair testing conducted for this study was thdrared Telescoping Rod for Assessment of Chest
CompressiorfiIRTRACC)
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Figureb.4. (Left) Location of the four measurement points on the tharaf the THOR. (Right) Attachment of
the 3D deflection instrumentatiorassemblies to the spine.

THOR50M was not designed to measure sternum deflection, in part due to the design of the sternum
assembly which was developed to meet the biofidelity requieetrin the lowspeed blunt thoracic

impact condition. The space occupied by the sternum assembly prevents installation of a measurement
device to the anterior surface of the sternum. However, since the upper traefiction
instrumentationattachment ponts are at the vertical level of the anatomic rsternum landmark,

sternum deflection can be approximated using the midpoint of the line between the two upper thorax
deflection instrumentatiorassemblies.

In addition to the deflection measurement systetine THORS0M can also be instrumented with a

uniaxial sternum accelerometer, triaxial accelerometers installed along the spine at the level of T1, T6,
and T12, and a fivaxis (three forces, two moments) load cell installed between the lumbar spine pitch
change mechanism and the lumbar spine flex joint at the approximate anatomical level of T12. Clavicle
loads cells can also be installed, but are not included in the TH0®RJescribed in the September 2015
drawing packagéNHTSA, 2015aJHORS0M thoracicinstrumentation is summarized ifiable5.1.
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Table5.1. THORS0M ATD thoracic instrumentation

Sensor Measurement Description Measurement Axes
Upper Left3D deflection 3D position of left # rib WRT upper thoracic spine XL, YL, ZL
Upper RighBD deflection 3D position of right # rib WRT upper thoracic spine XL, YL, ZL
Lower Left3Ddeflection 3D position of left 8 rib WRT lower thoracic spine XL, YL, ZL
Lower Righ8D deflection 3D position of right 8 rib WRT lower thoracic spine XL, YL, ZL
Sternum accelerometer Acceleration of sternum XL
Spine accelerometer(s) Acceleration of the spine at T1, T6, T12 XL, YL, ZL
Spine load cell Force and moment at T12 Force: XL, YL, ZL

Moment: XL, YL

5.5 Biofidelity

Parentet al.(2017) evaluated the fidelity of the THOO0M chest in two conditions: sternal impact
andlower ribcage oblique impact. In the sternal impact condition, TR demonstrated excellent
internal and external biofidelity, with Biofidelity RankiBgstem (BioRank) scores of 0.815 and 0.732,
respectively. In the lower ribcage oblique impact comuitithe THOROM demonstrated good internal
and external biofidelity, with BioRank scores dflRand 1163, respectively. In all thoracic impact
conditions, the THOBOM was quantitatively more biofidelic than th¢3-50M. Additionally, in four
whole-bodyrestraint frontal impact sled test conditions, the TH8BM demonstrated good internal
biofidelity, which is primarily a measure of the biofidelity of mplint rib cage deflection.

5.6 Data

Several datasets wemnsidered in the development of a thoraaigury criterion for the THOR ATD.
First, the data presented in the development of the thoracic injury criterion foHB&0M for use in
Federal Motor Vehicle Safety Standards (FMVSS) No. 208sented by Eppinger et al. (1998¢re
reviewed. This geof 71 data points, of which 63 were considered after removing outliers, included post
mortem human surrogate (PMHS) sled tests at velocities of between 23 km/h and 59 km/h in various
restraint configurations including betinly (2point and 3point), airbagonly, and belt andirbag
conditions. In each test, chestbands were used to measure external chest deformation, which was
presented at five different locations: left, center, and right at the vertical level of theb4 and left and
right at the vetical level of the 8 rib. The relationship between PMHS external deflection and the
internal deflection measured by the Hybrid Ill ATD was accounted for in the development of the
Combined Thoracic Injury (CTI) criterion by subtracting 8 millimeterstfrerdeflection component of

the deflection vs. acceleration regression line. It is not ¢leawever,if this 8-millimeter shiftwas
accounted for in thaelevelopment of thechest deflectiorrisk function Such a relationship would be
necessary to apply thinjury criteria developed by Eppingetral. (1999)to THOR, as the relationship
between the measured and calculated PMHS chestband deflection and thepountiinternal

deflection measured by THOR is unknown.

One approach to address this limitatiorould be to conduct identical tests with THGBM ATD and
relate the measured THOR internal deflection to the measured PMHS external deflection. However,
since many of these tests were conducted in the early 1990s, obtaining identical test fixtures and
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restraint systems would be difficult or impossible. Instead, a more recent matrix of PMHS tests was
collected by the University of Virginia based on the availability of test fixtures and restraints, consisting
of frontal impact sled tests in 12 different veitcor restraint conditions with a total of 42 PMHS
observations. In each of these 12 test conditions, at least two TH0DRtests were conducted
(summarized irCrandall, 2013individual test references presentedTiable5.2). Later, two additional
matched pair test conditions were conducted using both PMHS and -BAMRone set with the

occupant in a neaside oblique configuratiofCrandall, 2015)}he other wth the occupant in a faside
oblique configuratio(Crandall, 2014)A total of 14 test conditions were considered in this matched

pair study, with a total of 48 PMHS observatiohal{le5.2). For tests sponsored by NHTSA, which

include a majority of the PMHS tests and all of the TI30IR tests, NHTSA Biomechanics Test Database
test numbers are included in the table. A limitation to this test series is that the meaasmteof PMHS
thoracic deformation was not consistent for all tests, as some used single chestbands, some used
multiple chestbands, and others used the VICON system to measure skeletal deformation directly. Due
to this limitation, the matched pair tests atessed herein to relate PMHS outcome to THOR
measurements in the same test condition.
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Table5.2. Source data for PMHS sled tests

Occupant Environment DeltaV Mass Height PMHS THOR
Position [Reference] Restraint (km/h)  Age Sex (kg) (cm) AIS 3+ BioDB BioDB
Front Gold Standard 3-point standard 59 F 80 167 No 11125
Driver [LopezValdes, 2010 belt 10 69 M 84 178 No 11126
’ 60 M 81 191 No
Front Gold Standard 3-point standard 59 F 80 167 yes 11123
Driver [LopezValdes, 2010 belt 40 69 M 84 178 ves 11124
’ 60 M 81 191 Yes
57 M 70 174 No 8371 11129
Front 1997 Ford Taurus 3-point forcelimited 48 69 F 53 155 Yes 8372 11130
Passenger [Forman, 2006a]  belt plusairbag 72 F 59 156 Yes 8373
57 M 57 177 No 8374
40 M 47 150 Yes 8377 11131
Egjsnstenger [1}?:; onéng]a”r“S Lap belt withairbag 48 70 M 70 176 No 8378 11132
' 46 M 74 175 No 8379
. 55 M 85 176 Yes 8382 11127
Front 1997 Ford Taurus 3-point standard
Passenger [Forman, 2006a] beplt with airbag 48 69 M 84 176 Yes 8383 11128
' 59 F 79 161 Yes 8384
Front 1997 Ford Taurus 3-point standard 49 M 58 178 No 11133
Passenger [Forman, 2006a]  belt 29 44 M ” 172 No 11134
' 39 M 79 184 No
Front 1997 Ford Taurus 3-point standard 38 4 M 77 172 No 11135
Passenger [Forman, 2006b]  belt 11136
7% M 70 178 Yes 9546 11117
47 M 68 177 Yes 9547 11118
54 M 79 177 Yes 11119
Front Gold Standard 1~ 3-point standard 0 49 M 76 184 Yes
Passenger [Shaw, 2009] belt 57 M 64 175 Yes
72 M 81 184 Yes 11014
40 M 88 179 Yes 11015
37 M 78 180 No 11016
50 M 68 178 No 11468 11120
. - 66 M 70 179 No 11469 11121
E;’S”Stenger gﬂgwstggclizd 2 g'eplto'”t forcelimited 5, 67 M 68 177  Yes 11509 11122
' 67 M 68 173 Yes 11510
74 M 70 183 No 11511
. 51 M 55 175 Yes 9337 11143
Rear 2004 Ford Taurus 3-point standard
Passenger [Forman, 2009] beplt 48 57 F 109 165 Yes 9338 11144
' 57 M 59 179 Yes 9339 11145
3-point forcelimited 67 M 71 175 Yes 11140
E:sa;enger [zlf:rif:r:dzgzglus belt with 48 69 M 60 171 No 11141
' pretensioner 72 M 73 175 Yes 11142
3-point inflatable 72 M 88 173 Yes 11137
Egsa;enger [zsgri oné‘:lga”rus forcelimited belt 48 69 M 69 175  No 11138
' with pretensioner 40 M 83 186 No 11139
69 M 72 173 Yes 11518 11514
Front &Oéinfgre"iggﬂ(fue) 3-point forcelimited <0 6 M 76 172  Yes 11519 11515
Passenger belt 67 M 65 177 No 11520 11516
[Crandall, 2@5]
11517
59.5 73 M 69 180 Yes 11500 11503
Front Farside Oblique 3-point forcelimited ’ 83 M 85 178 Yes 11501 11504
Passenger [Crandall, 2014] belt with airbag 63 M 69 187 Yes 11502 11505
11506

Given the approach afsing matched pair tests to relate PMHS outcome to THOR measurements in the
same test condition, the Eppinger et @999 dataset was revisited to consider any test conditions that
were similar enough to the test conditions presented’able5.2 to be included. Subjects were

considered for inclusion if they were unembalmed, could be located in the NHTSA Biomechanics
Database, were tested at a velocity within £2 km/h of a matched THOR test, and were tested in the

88



same restraint condition as a mateth THOR test. This winnowed the original 71 subjects down to just 5
possibilities three subjects in a lap belt witirbagcondition at 48 km/h, and two subjects in a three
point belt plusairbagcondition at 48 km/hTable5.3). It is hypothesized that the similarity in restraint is

more important than the difference in occupant position (driver vs. right front passenger) and

environment (1986 Ford Tempo vs. 1997d-daurus).

Table5.3. Source data for additional PMHS sled tests

Occupant DeltaV Mass Height PMHS THOR
Position Environment Restraint (km/h) Age Sex (kg) (cm) AIS 3+ BioDB BioDB
67 F 50 Yes 2857
Driver 1986 Ford Tempo Lap belt withairbag ~ 48.3 64 M 70 Yes 2854 11132
58 M 73 No 2856
. 3-point standard 67 F 57 Yes 2861
Driver 1986 Ford Tempo belt with airbag 48.3 68 M 59 Yes 2878 11127

Additionally, impactor tests wereonsidered for inltision in the matched pair daset, as THOROM

response data are available for both blunt sternal impact and lower thorax oblique impact conditions.
PMHS observations in blunt sternal impact tests at various speeds and maspessamed in Kroell et

al. (1971and 1973. Based on the analysis presented by Neathery .5, half of the 48
observations presented by Kroell were recommended for elimination based on differences in spine
fixation, impactor travel restriction, podest injury assessment technique, and instrument failure, as

well as one subjedhatg & & Of S| NI & FI yi KBdzivtnA NERIY I Ay Ay 3

iSadas

based on similarity in impact velocity (4.3 m/s, 4.8 m/s, and 6.7 m/s) and impact mass (@&kig}ing
THORS0M test conditionsTable5.4). Also considered herein are 7 PMHS observations in a lower

thorax obliqgue impact condition presented by Yoganandan €1.807).
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Table5.4. Sairce data for PMHS impactor tests

Mass Height PMHS THOR
Test Condition DeltaV (km/h) Age Sex (kg) (cm) AIS 3+ BioDB BioDB

26.7 81 M 762 168 Yes
24.8 80 M 531 165 Yes
242 78 M 658 176 Yes
24.2 19 M 712 196 No
24.2 29 M 56.7 180 No
24.2 72 M 748 188 Yes

Blunt Thoracic Impact
Nominal 23kg Impactorp@ 6.7 m/s 25.9 52 M 748 183 ves
26.4 46 M 948 178 No
24.9 72 M 630 163 Yes
22.7 60 F 590 160 Yes
26.1 67 F 626 163 Yes
26.4 76 F 576 156 Yes
27.8 58 F 612 163 Yes
Blunt Thoracic Impact 175 61 M 544 183 No
Nominal 23kg Impactor @ 4.8 m/s 18.2 64 M 640 181 ves
18.8 75 M 771 174 Yes

Blunt Thoracic Impact
Nominal 23kg Impactor @ 4.3 m/s 156 66 M 794 180 ves

72 M 82 170 Yes 3085
81 M 63 175 Yes
84 M 68 168 No
Lower ThoraOblique Impact

Nominal23kg|mpacct]or@ 4F.)3m/s 155 86 M 56 170 No
62 M 61 174 Yes
70 M 91 169 Yes
68 M 83 178 Yes

Different combinations of the datets presented iTable5.2, Tableb.3, andTable5.4 are carried
through the analysiand referenced throughout this report as follows:

Table5.5. Description of dataet combinations evaluated throughouteport.

Name Description

SledOnly only the observations iffable5.2

SledExtended combined observations ifable5.2 and Table5.3

Sled+Impactor combined observations imable5.2, Table5.3, andTable5.4

ImpactorOnly only the observations iffable5.4

SledNoOBL only the observations froriable5.2, but without either set of oblique adervations
SledNoFSO only the observations froriable5.2, but without the Faiside Oblique (FSO) observations

5.7 Predictor Variable

Several variables were considered for use as the predictive parameter in a thoragiciitgrion. As

the input dabset includes test data measured using the TFHEORI ATD, measurements from the

sensors shown iffiable5.1 and metricscalculated from these sensors can be considered as independent
parameters. While sternum and spine acceleration and spine force data are often collected during THOR
crash tests, this study focused on deflectiomsed measurements as previous research has

demonstrated a strong relationship between rib deflection and rib strain, which in turn relates to risk of
fracture. Several calculations of deflectibased measurements were considered for application as the
independent parameter in the THOR thoraciairgjcriterion Table5.6).
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Table5.6. Deflection metrics considered

Deflgctlon Description Calculation
Metric
w-axis Deflection of the anterior attachment point of tt8#D deflection

. instrumentationalong thex-axis of the local spine coordinate SeeTHORPADI
Deflection

system (LCS)

Resultant Vector resultant deflection of the anterior attachment point o i AG O o o
Deflection the 3D deflectioninstrumentation
Change in Change in distance between the anterior and postesidr - i Ao ﬁ

Chord Length deflectioninstrumentationattachmentpoints

The above three metrics can be calculated at each of the fol

peak quadrants; the peak deflection measurement calculates the I AGHYYD & Y
Deflection . . .

maximum of a given metric across all four quadrants
PC Score Result of Principal Component Analysis (PCA) SeePoplin et al(2017)

While change in chord length was originally considered because it was thought to better correlate with
rib strain, it was found to be wetlorrelated withpeakx-axisdeflection This is demonstrated for the
SledOnly dataset iRigure5.5, but held true for all combinations of datasets as well. Thus, chord length
was eliminated from consideration as an independent variable for simplicity.

Peak Chord vs. Peak X-axis
60 T

y = 0.9524x + 3.4405
R2 = 0.9637

50 +

40 +

30 +

20 +

10 +

Peak X-axis Deflection (mm)

0 10 20 30 40 50 60
Peak Delta Chord Length (mm)

Figureb5.5. Relationship between change in chord length and pea#xis deflection in the SledOnly dataset.

The remaining deflection terms;axis deflection and resultant deflection, can be calculated at each of
the four quadrants ofhe thorax. Due to the physicedlationship béween the measurement locations,
some correlation between these measurement locations is expected, thus including all four individual
qguadrant deflections in a prediction model is likely to cause overfitiihg.upper left andupperright
measurement locations arexpected to behighly-correlated due to the proximitgf the measurement
locationsto each other and to thehoulder belfif used Theupper and lower measurement locations

on each side arexpected to béhighly correlated due to connectivity of the ribca@mn the other hand,

the lower left and lower right measurement locatioase not expected to be highly correlateals they

are the futhest away from each other and from a shoulder biltused.
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Toinvestigate whether these expected correlations are true in the current saraggpwise multiple
logistic regression was carried out for bottaxis and resultant deflection metricBhestepwise
regressiorbegan with only and intercept armbnsidered four parameterf®r inclusiong the upper left,
upper right, lower left, and lower right quadrant deflections. For both deflection metrics, no more than
two parameters wereadded andetained in the resulting regression model (upper right and lower left
for x-axis deflection, lower left and lower right for resultant deflectio®)is suggests that two

deflection terms are necessary to describe the variance in the data set

Due to the limita@l size of the data set, two approaches were considered to examine whether the
number of parameters necessary to describe the thoracic deflection could be reduced to one: a peak
overall deflection term, and principal component analysis.

A single peak deftgion term was developed, which considered only the maximum deflection in any of
the four individual quadrants.additional round of stepwise multiple logistic regression was then
carried out which included a peak deflection term in addition to theahfour parameters. For both
deflection metrics, and for all datasets considered, the resulting model contained only the peak
deflection term. Adding any of the individual quadrant deflections in addition to the peak deflection
term did not result in a stistically-significant description of the remaining variance for this sample. This
is not unexpected, as the peak deflection term is highly correlated to the individual quadrant deflection
terms since, in each observation, the peak deflection term is eiguathe of the fair individual

deflection termsFurthermore, the regression models containing only the peak deflection term
demonstrated a better model fit than the corresponding twarameter modelslescribed aboveAs

such, the peak deflection terms (ple xaxis deflection and peak resultant deflection) were considered
instead of a combination of individual quadrant deflectidosthe remainder of this analysis.

An additional approach to variable reduction wa#cipal component analysis (PCA), whickscarried
out bythe University of Virgini@Poplin et al.2017)and used to develop the PC Score metric. The PC
Score is a single parameter calculated from combinations of the four individual quadrant deflections,
which was developed to be positive aladt/right symmetric. Additionatietails of the PCA analysiad
resulting PC Scoréar the SledNoOBL and SledNoFSO datasatde foundn McMurry et al. (2016a

and 2016b respectivelyyvhich were provided as deliverables under Cooperative AgreemeNtHRZE
07-H-00247.

5.8 Covariates

A stepwise multiple logistic regression was carried out to assess the sensitivity of several covariates. If
addition of a given variable as a covariate in a logistic regression along with the independent variable
described abwe resulted in a statisticalgignificant (p < 0.05) description of variance in the fitted

model, the covariate should be included in the injury risk function. Covariates considered were age,
mass, stature, and sex, which were available for all subjectBdatasets. For all datasets considered,
adding age as a caxiate in addition to thepeakx-axisdeflectionor peakresultantdeflectionresulted in

a statisticallysignificant description of the remaining variance. Mass, stature, and sex were not
significant explanatory variabldsr this sample
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5.9 Dependent Variable

The dependent variable used in the development of a thoracic injury criterion was the presence of an
Abbreviated Injury Scale (AIS) score of 3 or greater (AIS 3+). Based on the AIS 2005 Update 2008, an AIS
3 skeletal injury to the thorax is defined by fraes of three or more ribs without flail at any location of

either or both sides of the ribcage including costal cartilgg®AM, 2008)While soft tissue injuries can

also result in AIS 3 or greater scores, these injuries are difficult or impossibgtwde in PMH%it

least per the rules of 2005/2008 AIS (AAAM, 20B8) example, pulmonary contusions result from an
inflammatory response and require living tissue for this to occur.

5.10 Injury Risk Function Formulation

Three sets of injury risk functisr(nonparametric, logistic, and survival analysis) were formulated for
each independent parameteipgakx-axisdeflection, peak resultant deflectio)) for each dataset
(SledOnly, Sled+Impactor, SledExtended, SledNoFSO), and both with and without ageasisiz.c
Goodnesof-fit metrics described in Hasija et 2011)were calculated for the logistic and survival
analysis risk curveincluding the Receiver Operating Characteristic (ROC) Area Under Curve (AUC),
maximum log likelihood, and Hosmkeemesha Goodnesf-Fit test.

5.10.1 Nonparametric

Nonparametric survival functions wefermulated using the SAS PROC LIFETEST procedure for both
peakx-axisdeflection(Figureb.6) andpeak resultant deflectioifFigureb.7) metrics. Both metrics

indicate only subtle differences between the SledOnly, SledExtended, and SledNOFSO datasets, but
marked differences in the Sled+Impactor dataset.

Nonparametric Survival - Peak X-axis Deflection Nonparametric Survival - Peak Resultant Deflection
1.0 | 1.0 |
~09 | ~09 =
w T o T
<07 - <07+
“06 <06
05 + 05 +
0.4 0.4 -
03 1 -=-SledOnly Peak_X_axis 0.3 ; - =-SledOnly Peak_Resultant
SledExtended Peak_X_axis 1 SledExtendedPeak_Resultant
0.2 ? Sled+Impactor Peak_X_axis 0.2 ? Sled+Impactor Peak_Resultant
01 - —— SledNOFSO Peak_X_axis 01 — SIedNOFSO Peak_Resultant
0.0 - 0.0 —— ‘ :
0 20 40 60 80 100 0 20 40 60 80 100
Peak X-axis Deflection (mm) Peak Resultant Deflection (mm)
Figure5.6. Nonparametric survival function for four | Figure5.7. Nonparametric survival function for four
datasets using peak-axis deflection as a predictor. datasets using pak resultant deflection as a
predictor.

5.10.2 Logistic Regression

Logistic regression was carried out to develop risk functions for both predictors for all four datasets,
both with and without age as a covariate using the SAS PROC LOGISTIC procedure. For each
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combination, the ARQC, maximumog likelihood, andHosmerLemeshow Goodness-Fit test results
are reported inTable5.7. The logistic regression rifiknctions take one of two forms:

Without Age: nt)s o———
With Age: n')3 o
where:
) = Intercept
I = Independent parameteraefficient
w = Independent parameter value
1 =  Age coefficient
@ =  Subject age, in years

Table5.7. Fit statistics for logistic regression models

Hosmer and
Age as Lemeshow
Dataset Predictor Covariate N -2Log L AURCC Pr>ChiSq
Sled+Impactor Peak X Yes 77 80.450 0.803 0.0007
Sled+Impactor Peak X No 77 90.631 0.686 0.5447
ImpactorOnly Peak X Yes 24 22.748 0.676 0.0085
ImpactorOnly Peak X No 24 26.988 0.519 0.8010
SledExtended Peak X Yes 53 52.079 0.832 0.3280
SledExtended Peak X No 53 60.111 0.742 0.3553
SledNoFSO Peak X Yes 45 50.735 0.823 0.4490
SledNoFSO Peak X No 45 57.054 0.757 0.0781
SledOnly Peak X Yes 48 48.248 0.833 0.3388
SledOnly Peak X No 48 54.979 0.736 0.2850
Sled+Impactor PeakResultant Yes 77 80.545 0.803 0.0287
Sled+Impactor Peak Resultant No 77 89.952 0.708 0.2477
ImpactorOnly Peak Resultant Yes 24 22.453 0.732 0.0664
ImpactorOnly Peak Resultant No 24 26.981 0.519 0.8250
SledExtended Peak Resultant Yes 53 50.230 0.856 0.6463
SledExtended Peak Resultant No 53 56.911 0.792 0.7974
SledNoFSO Peak Resultant Yes 45 45.449 0.830 0.7542
SledNoFSO Peak Resultant No 45 50.152 0.772 0.8132
SledOnly Peak Resultant Yes 48 45.842 0.851 0.7010
SledOnly PeakResultant No 48 51.265 0.796 0.7322
SledNoOBL Peak Resultant Yes 42 41.599 0.845 0.5021
SledNoOBL Peak Resultant No 42 45.804 0.788 0.2906
SledNoFSO PCA Yes 45 45.642 0.838 0.6925
SledNoFSO PCA No 45 50.280 0.758 0.3577
SledNoOBL PCA Yes 42 41.856 0.850 0.3565
SledNoOBL PCA No 42 46.142 0.772 0.4626

A common thread among the lowest AUROCSs was that the associated datasets included observations
from impactor tests. Irfive combinations, the Hosmer and Lemeshow goodness of fit test indi¢hted
possibility of a poor model fit four of these five alsatluded observations from impactor tests
(Sled+Impactor and ImpactorOnly for bgibakx-axisand peakresultant in models including age as a
covariaté. Of the logistic regression models, the highest AUROCSs occurred for the models using peak
resultant defection as the predictor, with age as a covariate, and either the SledOnly or SledExtended
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datasets Figure5.8). Parameter estimates for these two models are showhahle5.8. As shown in
Figureb.9, presented at an age of 40 yearsetlogistic risk functions fit to the SledOnly and
SledExtended datasetse virtually indistinguishable
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Figureb5.8. Receiver Operating Characteristic (ROC) for the logistic regression models with the highest AUC

Table5.8. Model parameter estimates

Model n n I
SledOnly, Peak Resultant -8.8086 0.1168 0.0744
SledExtended, Peak Resultant -8.9322 0.1121 0.0819

1.0
0.9
0.8
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Figureb.9. Logistic risk functions fit to the SledOnly and SledExtended datag&tble5.8).

The risk functions and confidence intervals for the two models with the higheRtOBWvere calculated
at two different values of the age covariat#0 years oldthe mean age of exposed malevers in
frontal crashesand 61 years old, thmmeanage of the PMHS subjects in the aset (Figure5.10). For
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both the SledOnly and SledExtended models, the iptioh at 61 years of age demonstrates a higher
probability of AIS 3+ injury for all values of peak resultant deflection, and the models calculated at 40
years of age showider confidence intervals compared to those calculatechge 61.
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Figureb.10. Risk function and confidence intervals for logistic models with highestROCshown at different
values of the age covariate.

5.10.3 Survival Analysis

Survival analysis was also carried outlewelop isk functionausing the SAS PROC RELIABILITY
procedure. Modelsvere developed fopeak resultant deflectionsince this parameter provided a

similar or better model fit thampeakx-axisdeflectionfor all logistic models, and for PCA for the

applicable datasets. All survival models also included age as a covariate, as including age resulted in a
better model fit for all logistic model3.hree of the subjects (Front Driver, as showiable5.2) were

tested in both lowspeed and higlspeed conditions. Since these subjects were altinqured after the
low-speed tests and injured after the higipeed test, these observations were treated as interval
censored. Fothe remaining observations, the nénjury points were treated as rightensored and the
injury points were treated as leftensoredFor each combination, maximum log likelihood is reported in
Table5.9. The survival analysis risk functiassuminga Weibull distribution takes the form:
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A!1)3 op Q

where:
f = Intercept
w = Independent parameter value
f =  Age coefficient
@ =  Subject age, in years

| = 1/scale

Table5.9. Parameter estimates and fit statistics for survival analysis models

Maximum
Log

Dataset Predictor N 1 1 | Likelihood
Sled+Impactor PeakResultant 74 5.1466 -0.0218 1.2483 -40.8130
ImpactorOnly Peak Resultant 24 5.2861 -0.0187 1.4873 -11.7869
SledExtended Peak Resultant 50 4.8535 -0.0191 2.7450 -24.6966
SledOnly Peak Resultant 45 47276 -0.0166 2.9770 -22.4988
SledNoFSO PeakResultant 42 47262 -0.0165 2.9060 -22.3690
SledNoOBL Peak Resultant 39 4.6919 -0.0158 2.9560 -20.4446
SledNoFSO PCA 42 2.8104 -0.0177 2.6761 -22.4464
SledNoOBL PCA 39 2.8010 -0.0176 2.6789 -20.5598

Survival functions and associatednfidence intervals resulting from analysis of the SledOnly,
SledExtended, SledNoFSO, and SledNoOBL were shiglaeb.11), with minimal differences in the
peakresultant deflection values associated with 10%%2 and 50% risk of AIS 3+ injurgifle5.10).

The Sled+Impactor and ImpactorOnly survival functionsthe other land,demonstrate a shape with a
less pronounced toe region. Accordingly, the Weibull shape parameters for these two datasets is
noticeably lower|( in Table5.9). The confidence intervals for the ImpactorOnly dataset are divergent,
further demonstrating the poor fit suggested by the logistic regression of the same dataset.
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Figure5.11. Survival Weibull estimates and 95% confidence intervals for modelBahle5.9.

Table5.10. Peak resultant deflections at 10%5%, and 50% risk of AlS 3+ thoracic injury, shown for both age 40

and age 61.
Peak Reultant Deflection (mm) | Peak Resultant Deflection (mm

Risk of AIS 3+ at Age 40 Risk of AIS 3+ at Age 61

Dataset 10% 25% 50% 10% 25% 50%
SledExénded 26.3 37.9 52.2 17.6 25.4 34.9
SledOnly 27.3 38.3 51.5 19.3 27.0 36.3
SledNoFSO 26.9 38.0 51.5 19.0 26.9 36.4
SledNoOBL 27.1 38.0 51.2 19.4 27.3 36.8
SledHmpactor 11.8 26.5 53.5 7.5 16.7 33.9
ImpactorOnly 20.6 40.5 73.1 13.9 27.3 49.4
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As the SledOnly and SledNoOBL datasets result in nearly identical survival fufiggares.11) and

injury assessment reference valudable5.10), itis assumed that the influence of the oblique loading

on the relationship between chest deflection and AlS 3+ thoracic injury risk is not significant. Therefore,
the SledOnly datset is preferred because it includes more of the available data. Similarly, the
SledExtended and SledOnly datasets result in similar survival functions and injury assessment reference
values, but since the additional tests included in the SledExtendedelataquire more assumptions,

the SledOnly datasas preferred as it is more defensible

As both PCA angeakresultantdeflectionappear to show similar predictive abilifyeakresultant
deflectionis preferred for its relative simplicityikewisewhile there are some discernable differences
between thelogistic and Survival Weibull modeldureb.12), Surviral Weibull model is preferred for
its representation of zero risk atzero-stimulusvalue.

Logistic Regression vs. Survival Weibull, Age =40
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Figureb.12. The difference between the Survival Weibull and logistic risk functions, batuding age as a
covariate, presented at an age of 40 years old.

The recommended risk function is:

nA')3 op Q & B

where:
Y
&

Peak resultant deflection, in millimeters
Age in years

Simplifying, assuming Agel@years §ee Sectior2.5):

n')3 ap Q 8
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5.11 FleetTest Data: THORS0M

The recommended thoracic injury risk function vegoplied to THOROM measurements collected in
frontal rigid barrier and frontal Oblique fleet testingigure5.13 shows the injury risk function with
observations representing the injury risk predicted from each occupant response, groupedupant
position and test modePredictedprobability of AIS 3+ injurgpans from just under 20 percent to just
over 70 percentyith lower risk associated with the right front passenger in the Oblique crash test
compared to the driver in the Oblique or frontal rigid barrier crash.

1.0 - | —
0.9 - < Frontal Driver
0.8 - O Obligue Driver
0.7 4 O Obliqgue RFP
T 0.6
™
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<
o 0.4
0.3
0.2 1 Yaa 2977
0.1 - f]AIS3+ =1 'Q 58183
00 ———"1 |
0 20 40 60 80 100

Peak Resultant Deflection (mm)

Figureb5.13. Distribution of fleet test resuis superimposed over Survival Analysis risk function.

5.12 Limitations

The assessment of injury to PMHS is more rigorous than possible on live subjects sustaining injury in car
crashes. For example, the PMHS are often autopsied after the research test, and rib fractures are
investigated at a level of detail that is not podsithrough physical external examination and reading of
radiology from live subjects. Because of this, the number of rib fractures recorded from PMHS research
tests may be an overestimate of the number of rib fractutreet would be clinically diagnosed anliving

human Eppinger et al(1999 describes how the thoracic injury risk curves were shifted to account for

this overreporting, along with age differences between the PMHS dataset and the average driving
population and the increased fragility of Pldompared to live humans, by shifting the curve to the

right along the independent axis such that the 50% risk level for PMHS became the 25% risk level for live
humans. While the reasoning for the shift appears to be sound, sufficient information talukeoe

maghnitude of the shift is not provided thus cannot be replicated herein.

To assess the sensitivity of the resulting risk function to the possible overestimation of rib fractures in
PMHS, the formulation of the dependent variable was modifetepresent a variable number of
fractured ribs (NFRIPrevious research has demonstrated that post mortem subjects may sustain 2 to 3
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more fractured ribs (Viano et al., 1977), or 3 and 5 more rib fractures (Bougio et al., 1978), than live

subjects. Thereifre, formulations of the dependent variable were carried ouN&RK 0 X @ KA OK A &
consistent with thedependent variabl@efinedin Sectiorb.9; NFRk4, whichwould be consistent with

the description of an AIS 3+ injury accordingto AIS 98 | a > Mpdhpy O T bCw x p= G2
X € X (2 amNBhaNBEaduyed ribs measuredMMHSests which, once adjusted to represent

live subjects based on anjadtment by 3 fractured ribs (to be consistent with both referenced studies),

would represent an AIS 3+ skeletal thoracic injury to a live subject according to AIS 2005 (2008 Update)
6!'11as HanyOT YR bCw x T3X aAiyYBsfihjuNdtoladive Sukj&&t b Cw X ¢
according to AIS 1998 (AAAM, 1998K S | (i i, &ould bebc@hsistemt with the definition used

by Laituri et al. (2005).

Survival Weibull Injury risk functions were fit using 8ledOnlydataset andare presented at agp of 40

and 61lyears(Figureb.14, along with the corresponding equationsTiable5.11). Generally, as the

number of fractured ribs in the dependent variable definition increases, the risk curve shifts to the right
(e.g. higher value of peak resultant definition for the samelefriskk TKS b Cw x T NAal 7Fdzy(
demonstrates a different shapevhich is more exaggerated when presented at an age of 40 yHaese

are onlytwo data pointsthat chango S 6 SSy (i K S (we risk functiors: 4 7¢-yRarold male

at 40 km/hand a 67#yearold male at 30 km/hboth toggling from injury to noinjury. These

observations were assessed to determine whether they were outliers by examining several influence
diagnostics, including Pearson residuals, DFBETAspafidence intervatlisplacement diagnostic
however, there was no indication that these observations were overly influefiigtead, this change in
shape is more likely an artefact of the relatively small size of the sample, as there are not enough
observations to directlpredict the number of fractured ribs.

It can be semthat the injury risk functioms formulatedfor 3 and4 rib fractures as the injury threshold

are very comparablezspecially up to 50 percent risk of injuren presented at an age of 40 years
Without the aforementioned correction for PMHS versus living specimens, these two curves represent
the AIS 2005 (2008 update) and 1990 (1998 update) definitions for AIS 3+ injury, respectively.

Influence of Injury Definition on

Influence of Injury Definition on ) i -
Chest Injury Risk Function (Age = 61)

Lo Chest Injury Risk Function (Age = 40)
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Figureb.14. Sensitivity of the thoracic injury risk function to the number of fractured ribs selected in the
dependent variable definition.
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Table5.11. Injury risk functions shown ifrigure5.14

Dependent Variable (whersgk T;ec tiiznyea,)s
bCw x (¢ n')3 ap Q QUK C X W1 p @ :
bCw x 1 N')3 ap Q Q& p U MBI p DY :
bCw X | N!)3 op Q oXexmopd 8
bCw x (¢ N!)3 op 'Q o@vomews i
bCw x 1 N!)3 op Q oF cxwmm :

A Survival Weibull Injury risk function was also fiet@luate the risk of AlS 2+ injury using the SledOnly
dataset At an AIS 2+ injury level, three observations would change frorinjary to injury:one 37
yearold subject that sustained 2 fractured ribs in the Gold Standard 1 condition, cpeat®Id

occupant that sustained 2 fractured ribs in the rear passengauifit inflatable forcelimited belt with
pretensioner condition, and one 6@arold subject that sustained one fractured rib and a fractured
sternum in the rear passenger@int forcelimited belt with pretensionecondition.The AIS 2+ injury
risk function presented at an age of 40 yeaRBdure5.15, along with the corresponding equation in
Table5.12),F2f f 2¢6a GKS al YS &Kl LIS ,buiis shiked lefar_ayeragetof 8F dzy O A 2
millimeters.As this average difference is distributed evenly throughout the risk function,
countermeasures intended to reduce the risk of AIS 3+ injuries warolgbrtionatelyreduce the risk of
AIS 2+ injuries.

Influence of Injury Severity on
Lo Chest Injury Risk Function (Age = 40)
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Figureb.15. Thoracic injury risk function presented at the AIS 2+ and AIS 3+ level.
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Table5.12. Injury risk functions shown ifrigure5.15

Risk Function

8
n')3 gp Q 8
8

n'!)3 op Q 8

Theability of PMHS to predict injuries other than rib fractures is also a limitatcthe development of
thoracic injury criteriaWhile rib fractures may be overestimated in PMHS research tests, soft tissue
injuries such as pneumothorax and lung contusions may be underreported. This limitation arises from
the need for clinical diagnasfor classification of these injuries based on the Abbredifigiry Scale
definition. For example, a major hemothorax injury is classified by more than 1000 cc of blood loss on at
least one side (AAAM, 2008), which for a PMHS is not possible to melsute the lack of blood flow.
Likewise, other soft tissue injuries such as lung contusions are diagnosed through bruising in live
humans, which would not occur in PMHS for the same reason

One additional limitation to this analysis is the scopemblication of the thoracic injury risk functions
developed herein. While the intent of this exercise was to arrive at a risk function independent of
loading condition, the final dataset did not include all of the available matched pair observations.
Spedically, the hub loading conditions were excluded since the ImpactorOnly dataset showed a poor fit
when analyzed using logistic regressiand showeddivergent confidence intervals when analyzed

using survival analysis. There are several possible re&siotigs result. One possibility is that the
ImpactorOnly data sés relatively small and injuslgiased, as it includes 18 injury observations and 6
non-injury observations (75% injured). In contrast, the SledOnly data set includes 29 injury observations
and 16 norinjury observations (64% injuredAccordingly the ImpactorOnly dataset is comparatively

more severe; the average peak resultant defleciioiTHORSO0M matchedpair testing in the
ImpactorOnlyconditions wa 74 millimeters, compared to 44 mitleters in the SledOnigonditions

Another possibility is that the ImpactorOnly dataset may be demonstrating a different physical
relationship than the balance of the test conditio®@ne way to investigate this is through Principal
Component Analysis, aarried out by Poplin et al. (2017he PCA methodology was used to develop a
combined deflection metric, which was formulated to capture both the magnitude and the localization
of the chest deflectionAfter applying the weighting determined by the P&lysis, the combined
deflection metric can be viewed as a description of the chest deflection patterns. Overall, the
ImpactorOnly deflection patterns were not consistent with those determined from the SledOnly
conditions. The deflection patterns in th&e80nly conditions were evenly distributed between among
the four components (sum of upper chest deflection, sum of lower chest deflection, difference between
left and right upper chest deflection, and difference between left and right lower chest deft¢ctn
contrast, thelocalized loading of the ImpactorOnly conditions resulted in disproportionately higher
weighting of the sum components compared to the difference components. Thus, the same combined
deflection metric could not be used to describe tBiedOnly and ImpactorOnly conditions, which

implies that the deflection patterns are inherently different.
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It is recommended that users applying the injury risk functions developed herein use caution if applying
to loading conditions other than twand threepoint restraints with or without airbags. Those
investigating injury risk due to hdike loading, suclhs an unbelted occupant without an airbag, should
investigate adding additional matchegmhir observations at lower impact velocities, which would
presumably add more nemjury data points to the injury risk function development.

Despite these limitatios, theutility of the developed injury risk function beyond the test conditions
included in the final datasavas evaluated by calculating injury risk in theluded testsTwo sets were
evaluatedthe additional observations in th8ledExtendedet (Table5.3), and thelmpactorOnlyset
(Tableb.4). Injury risk predictions were taulated using the survival function coefficientsTiable5.9 for
the SledOnly set, calculated using the matcipadt peak resultant deflection and the age of thdct.
Error was calculated using the difference between the predicted injury risk and the actual injury
observation (0 for nofinjury, 1 for injury) The average error for both the SledExtend®®2) and
ImpactorOnly (0.23) data sets were actually lowen the average error for the SledOnly data set
(0.33), though both sets had fewer observations than the SledOnly set.

To further investigate this error, injury predictions were classified by rounding the predicted injury risk
to the nearest integer (Cof no injury, 1 for injury) and comparing the predicted outcome to the actual
outcome.Table5.13 shows a breakdown of the accuracy of injury predictions, includicmpat and
percentage ofrue positives, injury cases accurately predicted to be injury; false negatives, injury
observations predicted to be neinjury; false positives, nemjury observations predicted to be injuries;
and true negatives, neimjury casesccurately predicted to be neimjury. As a baseline, the injury risk
predictions for the SledOnly data s#town. These predictions weeecurate 78% of the time, with 24
(53%) being true positives and 11 (25%) being true negatives. Errors were evenly distributed between
false negatives and false positives with 5 of each. Predictions made for the SledExtended set were
accurate for 60% of observations (2 true positives arnidie negative), with both errors being false
negatives. Predictions made for the ImpactorOnly set were accurate for 75% of observattore|
incorrect predictions being false positives.

Table5.13. Asessment of injury risk function in other data sets.

Data Set True Positive False Negative False Positive True Negative Average
N % N % N % N % Error
SledOnly 24 50 5 10 5 10 14 29 031
SledExtended 2 40 2 40 0 0 1 20 0.32
ImpactorOnly 18 75 0 0 6 25 0 0 0.23

To summarize, even though the SledExtended and ImpactorOnly data sets were not used in the
development of the injury risk function, injury predictions for observations in those data sets were
relatively accurate. For th8ledExtended set, the injury risk function generally underpredicted injury, as
the only errors were false negatives. For the ImpactorOnly data set, the injury risk function generally
overpredicted injury, as the only errors were false positives. Howavéigth cases, the prediction was
accurate for 72% of those observations.
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An additional data set was considered for inclusion in the development of a chestanjena, but
ultimately not includedThis data setepresents tests conducted by the Labarat of Accident Analysis,
Biomechanics, and Human Behavior (LAB)mitted to ISO TC22 3EWG6 in document N1041SQ,

2018, and analyzed in document N1083%0Q, 2019 It contains 35 obsentans, of which 33 were

injured ¢k7 fractured ribsand 2 wee uninjured(O1 fractured rib) Compared to the SledOnly data set,

the mean age was 17 years older (77£10 years), the mean mass was 4 kg lower (69+10 kg), the mean
stature was 5 cm shorter (1706 cm), and the average number of fractured ribs was 9(higeNFR).
Survival Weibull risk functionssing peak resultant deflection as the predictor variable and age as a
covariatewere developed using this data set alone (LAB) and in combination with the SledOnly data set
(SledOnly+LABJigure5.16 showsa comparison of these risk functions with the previoysigsented
SledOnly data set.

Influence of Data Set on Chest Injury Risk Function
(Survival Weibull, Age=40)

p(AIS 3+)

SledOnly
e | AB

=== SledOnly+LAB

O - 1 1 1 1 1

0 20 40 60 80 100
Peak Resultant Deflection (mm)

Figure5.16. Comparison ofSurvival Weibull riskunctions developed using the SledOnly, LAB, and SledOnly+LAB
data sets

As there are only two noinjury observations in the LAB data set, the risk functleweloped usingnly

the LAB data is nearly asymptotic to th@xs. Using this risk function58 percent risk of AIS 3+ injury
would occur at a peak resultant deflection of 10 millimeté#hen the risk function is formulated using

the combined SledOnly+LAB data set, the risk curve shifts to the left by roughly 10 millimeters of peak
resultant defection. The SledOnly+LAB risk function would predict a 50 percent risk of AIS 3+ injury at a
peak resultant deflection of 41 millimeters, compared to 51 millimeters using the SledOnly data set. As
such, a risk function developed using the SledOnly+LABndatkl result in higher predicted injury risks.

For example, the average risk of AIS 3+ injury from the fleetukitey the SledOnly+LAB risk function
would be 58%, compared to 41% using the SledOnly risk function.

To evaluate the effectiveness the LAB datain the development of chest injury risk functigrise LAB
and SledOnly+LAisk functions were assessed by comparing the predicted outcome to the actual
outcome as described aboy€&able5.14). The model fit to only the LAB data resulted in the highest
average errorand tended to overpredict injury as all but three of the observations were predicted to be
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injured, and all of the errors werfalse positivesThe model fit to the SledOnly+LAB datewed lower
average percent errorghoughmostof the errorclassificabnswere still false positive§he modeffit to

the SledOnly data resulted in the lowest average error for all data sets, and an even distribution of false
positive and false negative errofBhe injury classification for the LAB observations is the danl

three injury risk functions, with 33 injured observations correctly predicted to be injured and 2

uninjured observations incorrectly predicted to be injured.

Table5.14. Assessment of injury risk fugtion in other data setsncluding LAB data

Developmen | Assessment| True Positive | False Negative False Positive| True Negative| Average
t Data Set Data Set N % N % N % N % Error
SledOnly 24 50 5 10 5 10 14 29 0.31
SledOnly ;A‘Bdom — 33 94 0 0 2 6 0 0 0.065
5 57 | 69 | 5 6 7 8 | 14 | 17 | o2
SledOnly 29 60 0 0 16 33 3 6 0.37
LAB 33 94 0 0 2 6 0 0 0.11
LAB SledOnly+LA
5 y 62 | 75 | 0 0 18 | 22 | 3 4 0.26
SledOnly 25 52 4 8 8 17 11 23 0.33
SledOnly+LA| LAB 33 94 0 0 2 6 0 0 0.084
B S'edon'wLA 58 | 70 4 5 10 | 12 | 11 | 13 0.23

Additional formulations of the chest injury risk function fit to the LAB data were evaluated as well, such
asredevelopingPrincipal Component Analysis testo fit the extended data setr inclusion of a term

to describe the difference between left and right deflectiorfowever, none of these formulations
produced lower average errors or more even error distributions than the risk function formulated using
peak resultant deflection withige as a covariate and fit to the SledOnly data. The fact that any
formulation developed herein predicted the same injury classification for the LAB observations suggests
that the LAB data set is biased towards k#gverity injured observations and doest provide effective
differentiation in the development of an injury risk functiorhat said application of the incumbent risk
function correctly classifies injury in 94% of the LAB observations.

A final limitation to note is that within the SledOnlgtdset, all of the available observations were
retained in the development of the final moddlo investigate the validity of this approacim, a
assessment of outliers was carried out throughiew ofseveralinfluence diagnostics, including
Pearson residals, DFBETAs, arwbnfidence interval displacement diagnosfithese diagnostics
suggested that two observations have a large influence on the regressi6gyearold male in the 48
km/h 3-point forcelimited belt with pretensionecondition who was umijured, and a 4§/earold male
in the 48 km/h lap belt with airbag condition who was injured. Review of thgeg®old male
observation did noturn upany evidence of improper coding imconsistent test conditions, thus its
inclusion is not thought todsuspect. The 4@earold male, on the other hand, had a pexisting
physical condition (scleroderma) which may have contributed to the observed injury (Poplin, 2017).
However, the effect of scleroderma on injury risk is not explicitly known, and dsssitge for this or
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related preexisting conditions to exist in the population. For these reasons, along with the desire to
retain as many data points in the sample as possible, this observation was not excluded.

Nonethelessfor applications where usexdeem this 46yearold observation to be an outliethe
Survival Weibuiinjury risk function was processed both with and without they#@rold observation to
examine the magnitude and direction of its influer(€égure5.17, Table5.15). If the 40yearold
observation is excluded, the resulting injury risk functiom&nlyshifted tothe right, with 50% risk
levels increased by roughlyo# 1.5millimeters when evaluated at ages 40 or 61, respectively.

Influence of Potential Outlier on Influence of Potential Outlier on
o Chest Injury Risk Function (Age = 40) Lo Chest Injury Risk Function (Age = 61)
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Figureb.17. The difference between the Survival Weibull risk functioingluding or excluding the 4§ear-old
potential outlier observation

Table5.15. Injury risk functions shown ifrigure5.17

Data Set Risk Function
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6 ABDOMEN

6.1 Field andHistoricalFleetData

The current frontal crash test standards and consumer metric programs do not dimesdigure
abdominal injury riskAs suchit is not possible to present any abdominalinyj trends from crash
testing.

Abdomen - MAIS 3+ Occupants

0.3%
NASS-CDS 1993-2015: Frontal Crashes, MAIS >

0, Age 15+ Belted Drivers, No Rollover, Airbag
Deployed

0.3% A

0.2% X

0.2% X X

Rate
X
X

0.1% X

0.1%

Vehicle Model Year

Figure6.1 shows the trend of AIS 3+ abdominal injury fortbéldrivers in frontal crashe3 he field data
injury rate represents a running thregar average of the percent of injured divided by the total

number of cases (e.g. model year 1992 includes the total weighted count of AIS 3+ injuries from model
years 1990, 1991 and 1992, divided bg tbtal number of cases for those model yeaBifferent than
observed in preceding sections, there appears to be no significant increasing or decreasing trend.
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Abdomen - MAIS 3+ Occupants
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Figure6.1. AIS 3+ abdominal injury énds ty vehicle model year (199® 2015) from frontal crashes in NASS
CDS (1993 to 2@).

Tablel.1 andTablel.2 (presented in Chapter Bhowunadjusted counts ofAIS 2+ and 3iajured
occupants by body regions associated with the THSOR as well as total injury counts for those body
regions, respectively Figurel.2 presents the attributable cost associated with the respectiveybod
regions at the AlIS 2+ lev&lorboth belted and unbeltedfront row occupants involved in frontal crashes,
the occurrence and attributable coassociated with abdomen injuriesl@ver thanthe majority of

other body regionsNonethelessthere remains a neetbr an abdomerspecific injury criterion to

protect aganst abdominal injuries due to seat belt or steering wheel related compressiother

sources of abdomiridoading that may be present wittifferent seating positions, restraint geometries,
and/or crash types.

Figure6.2 shows the regional mechanisms of injury assigned to abdominal injurietGIREN front

row belted occupants involved in frontal crashes. These mechanéseninferred from the available

data and may have been limited to available researcher/published biomechanical knowledge at the
time. It is important to note that the mechanisms shown are regional mechanisms, not-epgaific
mechanisms. That is, théd@sen mechanism represents the type of loading/motion experienced by the
entire abdominalregion.Abdominal injuries, in general, were attributed to a combination of
compression and rate of compressidn this context, rate of compression implies that the injigryot
likely to occur from static compression algm®t necessarily that the severity of injury is proportional to
the rate of compression.
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Figure6.2. Recorded mechanisms of abdominal injuries for belted front row occupants involved in frontal
crashes from the CIREN database.

6.2 Literature Review

The risk of abdominal injury in motor vehicle crashes is important to consider because the abdamen is
possible load path of the seat belt, primarily the lap belt portion between the buckle and thé&obelt
vehicle anchor. While the intended function of the lap belt is to engage the bony pelvis at the anterior
superior iliac spine (ASIS), this does natagls occur due to submarining brought about by occupant
posture, initial position, anthropometry, and both vehicle and occupant motion during a crash. Intrusion
of the lap belt into the abdomen can bring about compression of the abdominal organs, indlueling

liver, spleen, and digestive system, which do not necessarily benefit from the protection of the rib cage.
Additionally, contact between the steering rim atite abdomen is a potential load path specific to the
driver seating position, and has beerosin to be the primary object associated with abdominal injuries
for drivers.

Klinich et al. (2008) revieweabdominal injury over the time period of 1998 to 2004, which included
vehicles no older than model year 198&/hile less common than head, chesihd lower extremity

injuries, an estimated 10,000 occupants sustain AlS 2+ abdomen injuries in frontal crashes each year.
The liver and spleen are the most frequently injured organs for both drivers and right front passengers
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in frontal crashes. The odd$ a belted driver sustaining an abdominal organ injury are substantially
higher when the driver also sustains 2 or more rib fractures compared to 1 or no fractures (16, 30, and
12 times higher for the liver, spleen, and kidney respectively). This studgupptemented with a

CIREN dataset, which included 526 cases involving AlS 2+ abdomen injury in vehicles from model year
1985 tlrough 2005. As in the NASS dag the liver (50%) and spleen (29%) were the most frequently
injured abdominal organs for drivgin frontal crashes.

I addzRe 2F ONI &K Ay 2dzNE -eperitive CradhBnjary Stédg (CCI) AramSIBOS Y A vy 3 |
to 2010 showed that rear passengers have a substantially higher rate of AIS 2+ and AIS 3+ abdominal

injury compared to front segpassengers and drive(Brampton et al.2012) Drivers and front seat

passengers most frequently sustained injuries to solid organs (liver and spleen), while rear seat

occupants most frequently sustained injuries to the hollow organs (jejuileam, megntery, and

colon). Injury patterns were sensitive to rib fracture, as some organ injuries (kidney, liver, mesentery,

pancreas, and spleemere more likely when two or more rib fractures occurred, while others (colon,

duodenum, jejunurrileum, stomach) wex more likelywhenzero or one rib fractures occurred.

6.3 Design

The abdomen of the THEBOM consists of two components, the upper abdomen and the lower
abdomen. The upper abdomen is the region on the dummy that represents the lower thoracic cavity,
which fils the volume that exists between the lowest three ribs, above the lower abdomen and in front
of the spineg(Figure6.3). The lower abdomen is defined the region of the human body between the
lower thoracic rib cage and the pelvic girdle.

The upper and lower abdomen components of THOR are represented by structural fabric bags

containing foam inserts which define the compression stiffness. Both abdonserts are anchored

posteriorly to the spine, while the upper abdomen insert is additionally anchored to the lower rib cage

through three ribto-bib attachment bolts on each side. When the lumbar spine pitch change joint is set

12 AK8JdZADK SPREY LI2KASA GFA0 R2YSYy AyaSNIla NB Ay O2ydal OG0 ¢
FYR aySdziNI} ¢ LRAAGAZYAaS (GKS I L) 60SGsSSYy GKS FoR2
neutral/erect position foam. This gap is also spanned by two steel stiffenersabnsade that are

installed into the torso jacket. The bottom surface of the lower abdomen insert is coincident with the

pelvis, which includes bilateral mechanical representations of the antstiperior iliac spine (ASIS).
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Figure6.3. Design and instrumentation in the THEM upper and lower abdomen.

6.4 Instrumentation

The upper abdomen is no longer instrumented, as the ggision string potentiometer in the THENRT
design resulted in permanent deformatiof the foam insert¢Ridella and Parent, 201apd often
underestimated the upper abdominal deflecti¢gBhaw et al., 2004 heupper abdomen deflection
instrumentation would be at the same vertical level of the lower tha3Bxdeflectiormeasurement
locations,should a measure afpper abdomen deflectiorelated to skeletal deformatioof the lower
rib cage be necessaflfigure6.3).

The lower abdomen includes bitatl threedimensional displacement measuremenstrumentation
located at the vertical center of the lower abdomen insert and laterally offset by roughly 65 millimeters.
In the AMVO posture, the anterior attachment location of 82 deflection instrumerattion is nearly
coincident with point 25, the maximum abdominal protrusion, in ¥&plane. The anterior attachment
point is 24 millimeters inferior of the umbilicus (point 24) along zkexis and ira similar location along

the xaxis. The posterior attachment point is at the vertical level of the iliocristale (point 27).
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6.5 Biofidelity

Parentet al.(2017) presented an evaluation aFHORSOM biofidelity in three conditions: steering rim
impact to the upper abdomen, rigid bar impaotthe lower abdomen, and belt loading to the lower
abdomen.Biofidelity was assessed using B®fidelity Rankingystem (BioRank), originally presented
by Rhule et al. (2002, 2009) and implemented as describBdrientet al. (2017). Since the upper
abdomen loading condition primariktresses the lower rib cage, it is not relevant to the assessment of
lower abdomen biofidelity. In the rigid bar impact condition, the TFEDMI demonstratedjoodinternal
biofidelity, butpoor external biofidelity athe reaction force was greater than the associated PMHS
response corridor. In the belt loading condition, the THEDRI demonstrated excellent external
biofidelity in comparison to the forepenetration biofidelity corridor, though the maximum deflection
measued was lower than that of the mean PMHS resporgehe abdomen body region leyehe
BioRank results for the THEBRM demonstrate good interngll.470)and marginal externgR.803)
biofidelity. The THORBOM was quantitatively more biofidelic than th3-50M, which had abdomen
body region BioRank scores of 1.629 and 3.474 respectively

6.6 Data

Kent et al(2008)presented the results of 45 tests of porcine specimens subjected to compressive
loading of the upper and lower abdomen in both a raamgirelease(RR) and ramjnd-hold (RH)
loading condition Table6.1). From this data, several injury risk functions were developed and
evaluated, and it was determined that maexim normalized abdominal penetration was the most
appropriate predictor of injury resulting from abdomen belt loadikignt et al(2008)considered only
the RR condition in the development of injury risk functions, as it was thought that the RH comnakityon
have exacerbated the severity of the injuries durihg hold phase of the event.
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Table6.1. Source data for PMHS tests
ID M . Conditon Site MAIS ID M .. Conditon Site MAIS
1.07 0.36 RR Lower 1.32 0.36 RR Lower
1.08 0.37 RR Upper 1.33 0.40 RR Upper
1.09 0.37 RR Lower 1.34 0.45 RR Upper
1.10 0.55 RR Lower 135 0.44 RR Lower
1.11 0.32 RR Lower 1.36 0.27 RR Upper
1.12 0.32 RR Lower 1.39 0.46 RR Upper
1.13 0.35 RR Upper 141 043 RR Lower
1.15 0.40 RR Lower 1.43 047 RR Lower
1.16 0.46 RR Lower 1.44 0.56 RR Lower
1.17 0.23 RR Lower 145 0.62 RR Upper
1.18 0.26 RR Upper 1.01 045 RH Lower
1.20 0.43 RR Upper 1.02 0.54 RH Lower
1.21 043 RR Lower 1.03 0.48 RH Lower
1.22 0.39 RR Lower 1.04 0.49 RH Lower
1.23 0.40 RR Lower 1.05 0.50 RH Upper
1.24 0.40 RR Upper 1.06 0.65 RH Upper
1.25 0.42 RR Lower 137 0.31 RH Lower
1.26 0.40 RR Upper 1.38 0.48 RH Upper
1.27 0.30 RR Upper 1.40 0.52 RH Lower
1.28 0.42 RR Lower 1.42 0.50 RH Lower
1.29 0.52 RR Lower 146 0.64 RH Upper
1.30 0.23 RR Upper 1.47 0.56 RH Lower
1.31 0.37 RR Upper

w
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Several additional data sets were also considered for inclubidler (1989)subjected 25 anesthetized
swine to simulated lap belt loading at velocities between 1.6 and 6.6 meters per second to magnitudes
of between 6% and 67% compression in a fikadkcondition, with injuries ranging from AIS 0 to AIS 5.

As analyzed in Kent at al. 2008, including these data points resulted in only slight changes to a survival
Weibull injury risk function based on maximum normalized penetration. Therefore, this datasetot
included in the injury risk function development herein but retained as a validation datelaety et al.
(2001) subjected PMHS to rigid bar, seat belt, and airbag loading to the upper, mid, and lower abdomen
at nominal velocities between 3 af®dmeters per second. As this study focused on the mechanical
response of the abdomen, most the subjects were injured, this data set was not included in the injury
criteria development herein to prevent bias. Trosseille et al. (200@stigated the influace of

abdominal loading representative of pyrotechnic pretensioning by subjesttnBMHS to highpeed lap

belt tensionat velocities betweel8.2 and 11.Mneters per secondsimilarly, Foster et al. (2006)

conducted higkspeed lap belt pretensioner load tests on eight PMHS at loading rates between 4.0

and 13.3 meters per seconBetween these two pretensionaelated data sets, only 3 of the 14 PMHS
sustained injuries above the AIS 2 letielis Trosseille and Fostdata seswere also not includedn the

injury criteria development hereibut were retained as validation data
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6.7 Predictor Variable

Given the conclusion from Kent et al. (2008) that maximum normalized abdominal penetrainomng

the best available metrics for injury predictionabdoninal belt loadingconditions, and that the THOR
50M is equipped with instrumentation to measure abdominal deflection at two locations, maximum
normalized abdominal penetration is used as the predictor variable for the remainder of this analysis.

6.8 DependentVariable

The dependent variable used in the developmentmiaddominainjury criterion was the presence of
an Abbreviated Injury Scale (AIS) score of 3 or greater (AlBhsstipjury definitionwas selected
because, compared to AIS 2+ or AIS 4+, USIB3+ as the injury definition results in a relatively
balanced distribution of injured (28) and namjured (17) observations from the available data set
(Table6.1).

6.9 Injury Risk Function Formulation

Nonparametric survival analysis was carried mexamine the qualitative influence of two strata on
injury outcome: loading conditioRR vs. RHand loadng site (Upper vs. Loweflhis analysis is a first

step in determining whether to include all available data points in the resulting injury risk function, and
whether a covariate is needed to describe the two strata.

There was a notable qualitative ina®e in survival time of the RH group compared to the RR group
(Figure6.4). Kent et al(2008) posit that the RH tests could result in more severe injuries than ibéie

was not held at the point of peak penetration. While the RH observations were injured more frequently
than the RR observations (RH: 83%, RR: 55%), the RH observations also experiencedXangsn
normalized abdominal penetratior(®H: 0.51, RR:4D), therefore it cannot be concluded that the RH
condition was inherently more injurious than the RR conditi@vhile it is understood that the RH
condition was not specifically intended for use in injury criteria development, these observations
represern valuable data in a relatively small sample, and, although unlikely, it is conceivable that a
similar loading scenario could occur in a motor vehicle crash environment. Therefore, two datasets were
considered for the development of abdomen injury riskdtions: only the RR observations (RR Only),
and a combined set of the RR and RH observations (RR+RH). However, the RH condition was not
considered independently, as a logistic regression risk function could nottbalse observations
alonedue to thelack of overlapping neijury and injury data points.
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Figure6.4. Nonparametric survival analysis of abdomen injury risk, stratified by condition and loading site.

Risk functions were developed through both logistic regression and survival analysis for@hty Rid
combined RRRH groups. There was not a significant influence on the shape or magnitude of the risk
functions using the RBnly(as in Kent et al2008) or the RRRH datasetsHigure6.5). The RR+RH
datasetwas selected fothe finalabdomen injury risk functiomodel, as itincludes a relatively large
number of obsevations,includes a combination of both injured and nrorured observationshas
sufficient overlap of these points in the transition region, alwésnot result ina meaningful difference
between the logistic and Survival Weibull risk functi@ffigure6.5). As the difference between the
logistic and Survival Weibull risk function is negligible, the Survival Weibulldgmraferred for its
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Abdomen Injury Risk Functions
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Figure6.5. Comparison of injury risk functions formed using logistic regression and survival analysis, for both the
RR only and the RR and RH groups combined.

Thequalitative difference between the Upper and Lower loading site groups was comparatively small
(Figure6.4), which is consistent with the findings of Kent et(200) who found no significant

difference between the Upper and Lower groups. To investigate further, injury risk functions were fit
usingSurvival Weibull formulatioto the Lower only, Upper only, and combined Upper and Lower
observations Figure6.6). The risk function for th&lpper Only group is steeper than the Lower Only and
Combined groups, as there is limited overlap in the-mary and injury data for the Uppédnly group.

The Combined group, however, resulted in a similar risk curve to the Lower Only group, suggesting that
the influence of the Upper Only group on the combined dataset is relatively small. Therefore,
observations fronboth the Upper and Lower loat site groupsvere included in thisinalysis.
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Abdomen Injury Risk Functions
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Figure6.6. Comparison oSurvival Weibulinjury risk functions for the Lower only, Upper only, and both Lower
and Upper groups combined.

6.10 Applicationof Risk Functiorito THOR50M

The THOBOM ATD is equipped to measure the compression of the abdomen, thus the maximum
normalized abdominal penetration can be measured nearly directly using the THOR instrumentation.
One limitation is that whileéhe 3D deflection instrumentation is attached the anterior aspect of the
abdomen, there may be some compression of the torso jacket which is not captured in the compression
measurements. To calculate maximum normalized abdominal penetration, the p#a lefit and right
abdominalx-axis deflections is divided b2 millimeters, the abdominal depth of the THGRM ATD

at the location of the8D deflection instrumentatiomttachment points.

Recommended injury risk function:

8
A')3 o Q ° T

where:
1 =  Maximumof left and right peak abdomexraxis deflectionin millimeters
Q = THOR abdomen depth at location3i) deflection instrumentation
attachment points
[252millimeters]
Simplified:

A1)3 o Q 8

118



6.11 Fleet Test DataTHORS0M

The recommended abdominal injury risk function was applied to FslIlMRmeasurements collected in
frontal rigid barrier and frontal Oblique fleet testingigure6.7 shows the injury risk function with
observations representing the injury risk predicted from each occupant response, grouped by occupant
position and test mode. Predicted probability of AIS 3+ injury is below 20 percent for all observations.
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Figure6.7. Peak abdomen compression from frontal rigid barrier and oblique moving deformable barrier tests
using THORBOM.

6.12 Limitations

While the analysis above used an injury definition of AIS 3+, it would also hblpdesconstruct AIS 2+

and AIS 4+ injury risk functions using the same dat&sgure6.8 (further described byrable6.2) shows

injury risk functions calculated using both logistic regression and survival analysis for AIS 2+, 3+, and 4+
injury definitions for both the RR Only and the RR+RH groups. As expected, the AIS 2+ risls function
show an earlier and steeper rise than the AIS 3+ risk functions, indicating a higher risk of injury at lower
values of maximum normalized deflection. Likewise, the AIS 4+ risk function shows a later and shallower
rise than the AIS 3+ risk function. Thare no remarkable differences between the logistic and survival
formulations, and the difference between the RR Only and RR+RH groups is only apparent in the AIS 4+
risk function.
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Figure6.8. Abdomeninjury risk functions calculated using AIS 2+, 3+, and 4+ as the injury definition.
Table6.2. Abdomen injury risk functions shown iRigure6.8.
Injury Logistic Survival Weibull
Condition | Defintion ) 1 AUC ) | -2LL
RR Only AIS 2+ -9.7866 30.8588 0.934 -1.0769 6.7922| -8.68816
RR Only AIS 3+ -6.8101 17.7572 0.8 -0.8563 3.6719| -17.7432
RR Only AIS 4+ -6.6325 10.0766 0.661 -0.3103 4.2744| -9.03295
RR+RH AIS 2+ -10.8588 33.5684 0.956 -1.0646 7.4102| -9.17808
RR+RH AIS 3+ -7.8489 20.2868 0.857 -0.8639 4.3127| -20.4505
RR+RH AIS 4+ -7.1525 11.3339 0.752 -0.3797 49102 -14.8926
2 08 06 | Q
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The risk function presented in Secti6ériOwas formulated usig observations in both the ramand
release (RR) and rargnd-hold (RH) conditiongAs shown irFigure6.5 and Figure6.8, including the RH
observations results in only a minor change in the resulting risk fun¢tmsh likely occurs because

the RH observations are primarily injured and have a higher average maximum normalized deflection
than the RR observationkiclusion of the RH observations was done to maximize the number of
observations used to develop injurisk functions, though in the end the RH observations were not
particularly influential on the resulting risk functions.

An alternate approacko developing the abdomen injury risk functewould be tofit the model to the

RR Only observations, amdlidate the resulting functios against the RH observatiofsr robustness.

This exercise was carried out using the AIS 3+ Logistic risk functions shicatahe12. In the process,

both the RR Only and the RR+RH AIS 3+ Logistic risk functions were used to sga@ratealidation

data sets: Miller, 198 Hardy et al(2001); Trosseille et a[2002; Foster et al(2000T &G Cbl b ¢ € X
combination of the Foster, Hardy, afidosseille experiments, which all used PMHS; and

awl B Bbb ¢combindtion all available validation data along with the Kent RH observations.
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For each data set, injury predictions were classified by using the RR Only and RR+RH AIS 3+ Logistic risk
functions to calculate a predicted probability of injury, rounding this probability to the nearest integer (0
for no injury, 1 for injury), then comparing the predicted outcome to the actual outcdrable6.3

shows the accuracy of the injury predictions, including a count and percentage of: true positives, or
injury cases accurately predicted to be injury; false negatives, or injury observations predicted to be
non-injury; fake positives, or noinjury observations predicted to be injuries; and true negatives, or
norn-injury cases accurately predicted to be miojury. Additionally, an average error was calculated for
both risk functions using the difference between the preééitinjury risk and the actual injury

observation (0 for nofinjury, 1 for injury) averaged across all of the validation data set observations.
Across all of the evaluation data sets, there were no differences in the classification of injury between
the RROnly and RR+RH risk functions, thus the confusion matrices for each data set did not differ
between the RR Only and RR+RH risk functions. The average erequwahsriower using the RR+RH

risk function for all data sets.

Table6.3. Assessment cibdomeninjury risk functiorsin other data sets.

True Positive|False Negativ| False Positivd True Negative Average Error
Data Set N (%) N (%) N (%) N (%) SW RR Only SW, RR+RH
RR 15 (45%) 3 (9%) 5 (15%) 10 (30%) 0.369 0.356
RH 10 (83%) 0 (0%) 1 (8%) 1 (8%) 0.183 0.157
RR+RH 25 (56%) 3 (7%) 6 (13%) 11 (24%) 0.320 0.303
Miller 6 (24%) 1 (4%) 4 (16%) 14 (56%) 0.211 0.199
Hardy 9 (43%) 7 (33%) 0 (0%) 5 (24%) 0.345 0.345
Trosseille 0 (0%) 1 (17%) 0 (0%) 5 (83%) 0.289 0.264
Foster 2 (22%) 0 (0%) 1 (11%) 6 (67%) 0.296 0.272
F+H+T 11 (31%) 8 (22%) 1 (3%) 16 (44%) 0.324 0.313
RH+F+M+H+] 27 (37%) 9 (12%) 6 (8%) 31 (42%) 0.310 0.298

Across all of the validation data sets, the classification of injury by either the RR Only or RR+RH risk
functions was accurate for at least 75% of the observations in all but one of the validation data sets. The
RH+F+M+H+T validation data set shows thatibjury risk function formulated using either the RR Only

or RR+RH observations was accurate in classification of injury in 58 out of 73 (79%) of the observations,
resulting in an AUC of 0.869. This demonstrates that the developed injury risk functhie te

discriminate between injury and neinjury observations over a wide range of loading conditions and
human surrogates.

One exception to the validation data accuracy was in the Hardy data set, where 33% of the observations
were classified incorrelst, and all of these errors were false negatives. There are several reasons that
this may be occurring. First, several of the subjects in the Hardy data set were impacted multiple times,
which may be convoluting the relationship between exposure and infpegond, many of the injuries

were rib fractures, which may have resulted from loading at a higher loading site on the abdomen than
would be relevant to measurement by the THE®M lower abdomen. Finally, reviewing the Hardy
observations, many of the injad observations were among the lowest measured maximum normalized
penetrations of the data set. This suggests that additional predictor variables or covariates may be
necessary to capture the variation related to the subjects or loading conditions bfaldy
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experiments. However, as the abdomen injury risk functions show good differentiation of injury and
non-injury in the remainder of the validation data sets, no additional steps were taken to address this
limitation.

¢ KS & wl EablééB showa fhat either risk function (RR Only or RR+RH) would accurately classify
the injury outcome for 91% of the observations, with the only miss being a false positive. Forjboth in
risk functions, the average error calculated from the RH observatioh83&nd 0157) is relatively

small compared to the average error in the data sets used to develop the respective modéss (0.

0.303). This, along with the identical injury ci#fications and small error differences throughout the
validation data sets, suggests that the RR Only risk function is sufficiently robust without inclusion of the
RH observations during development.

The abdomen injury risk function presented herein usely maximum normalized abdomen

penetration as the independent variable. While it has been suggested that abdomen penetration rate is
important to the characterization of abdominal injury, this did not appear to be true in the dataset used
to develop therisk function. To check thiSurvival Weibultisk functions were developed using either
maximum penetration rate alonevna)y or bothvmaxand maximum normalized abdomen penetration

(d andvmax) as predictor variable@~igure6.9). The inclusion ofmaxdid not appear to improve the risk
function, as both function showed low&UG than the risk function which used maximum normalized
abdomen penetration alone (d).
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Figure6.9. Receiver Operating Characteristic (R@@nparing Survival Weibull risk functions formulated using
different predictor variables.

There areseveralcaveats that limit the application of the abdoménjury risk function to the prediction
of abdomen injury using the THEERM ATD. First, the injury risk function was developed usivenile
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porcine specimens as human surrogates. The benefit of this approach is the ability to diagnose soft
tissue injures which would not be possible with PMHS, though the drawback is that the relationship
between livejuvenileporcine specimens and lialult humanspresents some uncertaintyl his

uncertainty can be qualified in two ways. One, the relationship betweeenjie and adult swine can be
investigated by comparing the data from Kent et al. (2008) and Miller (1989), as the latter subjects were
adult swine. As noted in Kent et al. (2008), differences between injury risk functions developed using
juvenile swine ad adult swine were slighfThis can be confirmed in the current analysis by reviewing

the Miller validation datasetT(able6.3), as either the RR Only or RR+RH injukyfuisctions accurately
classified injury in 80% of observations, with average errors among the lowest of the validation datasets
(0.211, 0.199 respectively). This suggests that the difference in injury risk as calculated using maximum
normalized abdomen peetration is not substantially different between juvenile and adult swine.

Similarly, the relationship between porcine subjects and human subjects can be investigated by
evaluating the F+H+T validation data set, which consists of only PMHS observatidthes&o
observations, the RR Only or RR+RH injury risk functions correctly classify the occurrenceiof injury
75% of the observationsvith average erros similar to the baseline error. This suggests that a transfer
function to relate between porcine sjdrts and PMHS is not necessarie relationship between PMHS
and live humans is more nuanced, though it has been shbattensing of the rectus abdominus
muscles was not a significant variable in the prediction of abdominal injury (Kent 20@8).

Another caveat to the application of the abdomen injury risk function to the FBMRATD is thathe
experiments used to develop the abdomigjury risk functionwere conducted in a fixebdack
configuration, which does not consider inertiahding due to acceleratioor deceleration of the body
and theinternal organs of the abdomen which would occur in a belted frontal crash environisat,
the relationship between PMHS response and TR response presents a limitati@incethe
THORS0M demonstratedjood internal but marginal external biofidelitywhile the THORS0M
abdomenshowed excellent external biofidelity anfreebackbelt loadingconfiguration, biofidelity
performance may not be the same in the fixbdck configuration of the injury criteria development
tests.Asthe biofidelity performance of the THEBOM wascomparedPMHS, the relationship between
the abdominal response of the TR50M and dive human is not directly known.

A final caveat is thahere is an apparent disconnect between the distribution of abdominal injuries in
reakworld motor vehicle crashes and the injuries sustained bystifgects used to develop the
abdomen injury risk functionAs shown ifrigure6.2, a majority of the abdomen injuries suffered by
belted front row occupants in frontal crashegreto solid organs, while majority of the injuries
sustained by the subjects in the RR+RH dataseeto hollow organs. Further, as presented in Kent et
al. (2008), injuries to the hollow organs of the abdomen are also common in pediatric occupants in
frontal motor vehicle crashe The difference in injury patterns between freraw adult occupants and
presumably rearow pediatric occupantmay relate to bothdifferences irrestraint systers between

the front and rear seaand biomechanical differences between adults and childfensuch, the
abdomen injury risk function developed herein may be more effective in predicting injury toowar
occupants tharfront-row occupantsn frontal motor vehicle crashes
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7 KNEE, THIGH AND HIP

7.1 Field andHistoricalFleet Data

Table7.1 shows the weighted (unweighted in parenthesis) counts for hip/pelvis and knee/femur AIS 2+
and AIS 3+ injuries for belted and airbag restraideders in fontal crashes for NASSDS case years

2000 t02015 It can be seen that roughly twihirds of hip/pelvis injuries occur in the absence of
femur/knee 2+ or 3+ injuries.

Table7.1 Hip/pelvis versus femur/kneenjuries for belted, airbag restrained drivers in frontal crashes; NAS3S

20002015
Femur/Knee Femur/Knee
AlIS 2+ AIS 3+
0 1 0 1
» 0 5,369,812 70,378 ||5,420,58¢ 19,602
% & (13,6945) (591) (13,904) (332)
aun
.%< 1 12,398 6,626 13,033 5,990
(167) (116) (187) (99)
%) 0 5,377,09¢ 74,340 ||5,428,282 23,156
% & (13,746) (650) (14,013) (383)
a o
.‘IE-< 1 5,111 2,664 5,339 2,436
(66) (57) (78) (45)

Figure7.1 shows the trend of AIS 3+ KTH injury for éeltrivers in fronthcrashesSimilar to that done

for other body regions, the trend represents gy&ar averagetarting with model year 1992 here does

not appear to be any significant increasing or decreasing trend with newsdel yearsin contrast,
Figure7.2 shows a decreasing trend of peak femur forces and associated injury risk (risk function from
NHTSA, 2008) with newer model year vehicles as evaluatedheiti3-50M in full frontal, 35mph

tests.
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Figure7.1l. AIS 2+ knee/thigh/hip injury trends by vehicle model year (236 2015) from frontal crashes in
NASSCDS (1993 to 2@).
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Figure7.2. H3-50M frontal NCAP average peak femur axial force and injury risk (AIS 2+) for model year 1990 to
2016
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Figure7.3 shows the regional mechanisms of injury assignekhiee, thigh, hip, and pelvisjuries in

165 CIREN frontow belted occupants involved in frontal crashes. These mechanisms are inferred from
the available data and may have been limited to availableae$eer/published biomechanical

knowledge at the time. It is important to note that the mechanisms shown are regional mechanisms, not
localmechanismst the component levelThat is, the chosen mechanism represents the type of
loading/motion experienced bthe entireknee/thigh/hipregion.The overwhelming majority of injuries

to the knee, thigh, and hip region are duedompressiort, in most cases directed along the length of

the femur.

CIREN Kne@&highHip Fracture/Dislocation Primary Mechanisms
Among 165 Occupants in Frontal Crashes
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Figure7.3. Recordel mechanisms of knee, thigh, hip, and pelvis injuries for belted front row occupants involved
in frontal crashes from the CIREN database.

7.2 Literature Review

Theimportance of protection of the knee, thigh, and hip in motor vehicle crashes is highlightee by
research of Rudd et al. (2011), who showed that AIS 3+ KTH injuries were the most cowmenaniyg
injuries in small overlap and oblique frontal crashes.

In both FMVSS No. 208 and Frontal NCAP, the only KTH injury assessment carriea asgéssment
of femur fracture risk based on peak compressive force. As applied in FMVSS No. 208, the IARV for
femur compressive force measured by tH850Mis 10 kN (8 CFR 571.208.56.5), while the femur force
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injury risk function presented by Eppinger et al. (1999) is used in the Frontal NCAP rating system
(NHTSA, 2008).

Since the implementatioof the injury criteria development study carried out by Eppinger et &9€1),

a large body of work has been conducted and published by the University of Michigan Transportation
Research Institute (UMTRI) to understand KTH injury mechanisms and injury prediction in frontal
crashes (Rupgt al, 2003 2005 2006 2009 2009b). These studies are referenced heavily where
appropriate throughout this section.

7.3 Design

The knee/thigh/hip (KTH) region of the THBIM is configured to mimic the structure and range of
motion of the human. Starting from thenee, a revolute joinat the knee allows flexion and extension

of the lower leg with respect to the upper leg. A sliding joint at the interface between the distal femur
and the proximal tibia at the knee allows linear translation perpendicular to the tibia that represents
both bending of the proximal tibia and extension of the posterior cruciate ligament (PCL). At
approximately the mieshaft of the femur, a translational joint allows compression along the axis of the
femur using a guided plunger which compresses a rubber eleriéis joint was designed to meet the
human response to femur compression defined by Rupp.42@03. The proximal femur is attached to
the pelvis through a spherical joint at the acetabulwajchin turnisattached to the body of the pelvis
througha load cell. The pelvis bone is functionally rigid and includes a hiikeaifiac wing
representation, and the entire pelvis is covered with a sipigee flesh component. A diagram of the
topology and instrumentation of the THEERM KTH is shown igure7.4.

ASIS
Load Cell

Acetabulum
Load Cell

Femur

Knee String Load Cell

Potentiometer

Acetabulum
Joint

Femur Compressive

Element
Knee Slider

Joint

Knee Rotational
Joint

Figure7.4. Joint and instrumentation configuration of THGOM KTH
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7.4 Instrumentation
THORS0M ATD KTH instmentation is summarized ihable7.2.

Table7.2. THORS0M ATD thoracic instrumentation

Sensor Measurement Description Measurement Axes
Knee string Translation of ppximal tibia with respect to distal femur Displacement: XL
potentiometer along an axis perpendicular to tibia
Femur load cell Force and moment between knee and femur Force: XL, YL, ZL

Moment: XL, YL, ZL

Acetabulum load cell Force between the proximal femur and tpelvis Force: XL, YL, ZL
ASIS load cell Force and moment applied to the ASIS, typically througForce: XL
lap belt loading Moment: YL
7.5 Biofidelity

Biofidelity of the THOROM KTH was assessed in two conditiQRarentet al,, 2017): femur

compression and knee shear. In the femur compression conditielTHORS0M demonstrated good
internal and externabiofidelity with BioRank scores of 1.400 and801respectivelywhile theH3-50M
demonstrated poor internal and external biofidtgl In the knee shear condition, for which only external
BioRank scores are available, the THOR BioRank scoreangigal(2.282), while theH3-50M
demonstrated good biofidelity with BioRank scoreldd7Q

7.6 Knee/Femurlnjury

There are two injury mechastins for which injury risk functions have been developed for the KTH:
knee/femur injury and hip injury. These injury mechanisms are investigated independently and
described in this section (knee/femur injury) and the following section (hip injury).

7.6.1 Knee/Fenur Injury. Data

Assessment of injury related to knee/femur loading is not unique to TH@MR as a femur injury risk

function has been developed for human subjects by Kuppa et al. (2001) and is currently being applied in
consumer information testing usirtge Hybrid 11l family of frontal impact ATDs (NHTSA, 2008). This

injury risk function was developed through logistic regression of the results of whole PMHS tests
reported by Morgan et al. (1989). The dataset contained 126 tests, of which 14 had ncedefdata for
applied knee force. Since applied knee force is the primary variable of interest, these 14 specimens were
excluded. Of the remaining 112 testSRPENDIX I34 sustained AIS 2 or greater injury. Although the
injuries were predominantly to the knee (e.g. patella) and distal femur (e.g. femoral condyles), 11
specimens (33%) had thigh injuries (e.g. femoral shaft, femoral neck) and three specimens (9%)
sustaned hip injury (one of which was isolated and two of which had associated knee/femur injuries).
Given the breadth of injuries sustained, the risk function is assumed to apply to all knee/femur injuries.
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Rupp et al. (2009b) reanalyzed the same datasetguaiSurvival Weibull model in order to capture the
censoring effects of the injury and némjury data, though the difference between the resulting risk

function and the risk function developed by Kuppa et al. (2001) was negligiple€7.5) aside from

the perceived benefit of the Survival Weibull model having exactly zero predicted risk at an applied force
level of zero.
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Figure7.5. Comparison of logistic and Survival Weibull risk curves (modified from Rupp £2@0%D).

However, neither of these risk functions considered the influence of subject characteristics. Per Rupp
2009b, characteristics su@s age, sex, stature, and mass are likely to influence the relationship

between peak applied force and injury risk. These characteristics were not investigated previously
because their variability in the available data was small (Rupp, 2009b). Despétathinent, an initial

review of descriptive statistics suggests some sex differences, as the uninjured female observations have
a similar mean applied force to the uninjured male observations (6.2 kN for females compared to 6.92

kN for males) but a notiably lower mean applied force in injured observations (8.9 kN for females
compare to 14.6 kN for males). As such, a more detailed analysis was carried out.

7.6.2 Knee/Femur InjuryPredictor Variable

The peak applied force (as tabulateddRPENDIX Was the only predictovariable considered for the
development of the knee/femur injury risk function, as implanted femur load cell information was only
available for a subset of the observations.

7.6.3 Knee/Femur InjuryCovariates

Parametric survival analysis (SAS PROC PHREG) using the stepwise variable selection method was carried
out to examine the influence of sex, stature, mass, and agemaximum sigrficance level for entering

the model was 0.25 and the maximum significance level for staying in the model was 0.10; several other
significance levels were tested but provided the same outcome. Using either censored or uncensored
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observations, none of theowariates demonstrated sufficient significance to enter and remain in the
model. This was confirmed by reviewing the Akaike Informatiaterion(AIC) value for models using alll
possible covariate combinations, where in all cases adding additional deginareased the AIC value
compared to a model using only peak applied force.

A similar analysis was carried out using parametric logistic regression (SAS PROC LOGISTIC) using the

stepwise variablselection method to examine the influence of sex, stafunass, and age. The same

significance parameters were used as the parametric survival analysis described above. Aside from peak

applied force, the covariates of sex and age were found to be a significant component of the model (sex:
p @ ¢ &yt 18t ayage:... uv8 Y & T8 p ( Mass was added to the model as well

(.. c¢8umirp T v ¢, but wassubsequently removed. Stature was not added to the model,

though this may result from a strong correlation between stature and sex in this dataset.

Basedon these findings, the covariates included in the remaining model development stepsxaed
age
7.6.4 Knee/Femuinjury: Dependent Variable

The dependent variable used in the development &hae/femur injurycriterion was the presence of

an AIS 2+ injury to the femur or knee. In the experimental data described in Sé@&ihra majority of

the injuries were fractures of the patella and femoral cyled, while a smaller subset of the injuries
involved fractures to the femoral shaft, neck, and head, fractures to the proximal tibia, and ligamentous
injuries.

7.6.5 Knee/Femuinjury: InjuryRisk Function Formulation

7.6.5.1 Nonparametric

A nonparametric survival ftion was formulated using the SAS PROC LIFETEST prousihgré&oth
the entire datasetFigure7.6), stratified by sexHigure?7.7), and stratified by age groufigure7.8).
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Figure7.6. Femur/knee injury nonparametric survival function for all observatians
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Figure7.7. Independent femur/knee injury nonparametric survival functions for female (red, red @s)land
male (blue, blue triangles) observations
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Nonparametric Survival - Peak Applied Force
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7.6.5.2 Logistic Regression

Logistic regression was carried out to develop risk functionslate peak applied force to risk of AIS 2+
femur/knee injury. Functions were developéoth with and without the covariates of sex and aggng
the SAS PROC LOGISTIC procedure. For each combinatiorR@& Alaximumnog likelihood, and
HosmerLemeshow Goodness-Fit test results are reported ihable7.3. The logistic regression risk
functions take one of two forms:
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Without Covariates: n')3 o

With Covariates: n')3 o
where:
1 = Intercept

—x
1

Independent parameteraefficient

w = Independent parameter value

f =  Age coefficient

@ =  Subject age, in years

1 =  Sex coefficient

® = Subjectsex(Male = 1, Female = 0)

Table7.3. Fit statistics for logistic regression models

Hosmer and
Lemeshow
Covariates N J) J JI JI -2 LogL AIC AURCC Pr>ChiSq
None 112 -5.795 0.5196 83.128 87.128 0.879 0.6682
Age 112 -10.604  0.5373 0.0751 78.317 84.317 0.897 0.5601
Sex 112 -5.4531  0.6727 -2.4308 71.418 77.418 0.919 0.6263
Sex and Age 112 -16.675 0.7658 0.1777 -3.453 61.654 69.654 0.942 0.8632

The logistic regression models demonstrate that including one covariate increases thandesdhe
ROC curveHjgure7.9), with a larger increase when including sex as compared to age. The model
including both age and sex shows the highest AUROC.
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Figure7.9. Receiver Operating Characteristic (ROC) for the logistic regression mskelgn inTable7.3.

The risk function andssociated confidence intervals for the model including only peak applied force are
shown inFigure7.10. The risk functions and confidence intervals for the models including covariates
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were evaluated at two different values for each of the covariates, if included in the mieidek¢7.11).

Models including age as a covariate were evaluated at 40 years old, the mean age of exposed male
drivers in frontal crashes, and 61 years old, the mean age of the PMH#8tsuhjthe dataset. Models

including sex as a covariate were evaluated for both males and females. In general, the models
calculated at age 40 show wider confidence intervals compared to those calculated at age 61, which is
expected since presenting theadel at an age further away from the mean age of the underlying

dataset requires more extrapolation. The model prediction for female subjects shows a higher risk for a
given peak applied force than the model prediction for males. For example, the moldeliimconly sex

as a covariate predicts a 50% risk of AIS 2+ injury at a peak applied force of 11.7 kN for males and 8.1 kN
for females, which is consistent with the descriptive statistics discussed earlier.

Logistic Regression Prediction + 95% C.I.
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Figure7.10. Logistic risk function relating peak applied force (without covariates) to AIS 2+ femur/knee injury.
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Logistic Regression Prediction +95% C.I.
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Figure7.11. Risk function and confidence intervals for logistic modgisluding age (top row), and sex (second

row), and both sex and age (bottom two rows) asvariates.

135




In the model including both sex and age as covariates, the confidence intervals partidky avieen
evaluated at 40 years of ageigure7.12, left) but only overlap in the tails when evaluating at 61 years

of age Figure7.12, right). Comparing the male and female predictions, the difference in risk is similar
when evaluated at 40 or 61 years, as either way the 50% risk of AIS 2+ injury for females occurs around

4.5 kN ofpeak applied force lower than for males. However, the confidence intervals are much wider
when evaluated at 40 years.

Logistic Regression Prediction (Age = 40) + 95% C.1. Logistic Regression Prediction (Age = 61) + 95% C.I.
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Figure7.12. Comparison of logistic model confidence intervals between male and female covariate values,
presented at ages of 40 years (left) and 61 years (right).

7.6.5.3 Survival Analysis

Survival analysiwasalsocarried out to develop risk functiorie relate peak applie force to risk of AlIS

2+ femur/knee injury. Functions were developed both with and without the covariates of sex and age
using theSAS PROC LIFEREG procedure to estimate model parameters and confidence intervals.
Analyses were carried out using three eiffnt censoring schemes: uncensored, wheoa-mjury
observationsare treated asight-censoredand injury observations are treated as uncensored; censored,
where nonrinjury observations are treated as rigbénsored and injury observations are treatedeft-
censored; and Ruppensored, where data followed the censoring rationale presented by Rupp at al.
(2009b) as documented BWPPENDIXModels were developed assuming several different probability
distributions to determine the best fit to the data. Of these, the two best distributions were Weibull and
LognormalFor each corination of covariates, distribution, and censoring assumptions, model
estimates and fit statistics are reportedTiable7.4.
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The Survival Weibull model takdsetform:

n')3 ¢p Q

where:
O =  Peak force applied to knee (in kN)
f = Intercept
f =  Age coefficient
&) =  Subject age, in years
I =  Sex coefficient
=  Subjectsex(Male = 1Female = 0)

— ea

1/scale

The Survival Lognormal model takes the form:

I TO W
A1) 3 ok L 1o

where:

B =  Cumulative normal distribution function
O =  Peak force applied to knee (in kN)

) = Intercept

1 =  Age coefficient

© =  Subject age, in years

f =  Sex coefficient

© =  Subjectsex(Male = 1, Female = 0)

. Standard deviation or scale
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Table7.4. Parameter estimates and fitatistics for survival analysis models

Predictor Covariate(s)*  Distribution 1 1 1 | 2 LL AlC
None Weibull 2.7814 0.2573 42.95 46.95

Age Weibull 2.9429  -0.0026 0.2591 42.57 48.57
Peak Applied Sex We?bull 2.2871 0.5557 0.2015 21.54 27.54
Forceat Knee Age and Sex Weibull 2.4817 -0.0033 0.5701  0.2030 20.67 28.67
uncensored " None Lognormal 2.6172 0.3124 38.78 42.78
Age Lognormal 3.0087 -0.0062 0.3129 37.37 43.37
Sex Lognormal 2.2665 0.4181 0.2630 22.24 28.24

Age andSex Lognormal 2.8461 -0.0097 0.4536 0.2584 18.73 26.73

None Weibull 2.5140 0.2611 81.98 85.98

Age Weibull 3.3936  -0.0143 0.2561 77.58 83.58

K lied Sex Weibull 2.1876 0.3638 0.2049 71.13 77.13
era ﬁ’f € Ageand Sex  Weibull 3.3417 -0.0197 04323 0.1830 62.81  70.81
ooy None Lognormal __ 2.3859 03297 8226  86.26
Age Lognormal 3.2587  -0.0142 0.3180 76.91 82.91

Sex Lognormal 2.0825 0.3646 0.2680 71.79 77.79

Age and Sex Lognormal 3.3609 -0.0216  0.4357 0.2247 61.95 69.95
None Weibull 2.7342 0.3028 69.54 73.54

Age Weibull 2.9965 -0.0041 0.3080 68.80 74.80

Peak Applied  Sex Weibull 2.2810 0.5124  0.2489 55.37 61.37
Forceat Knee, Age and Sex Weibull 2.5668 -0.0048 0.5359 0.2540 54.12 62.12
censored per  None Lognormal 2.5543 0.3487 65.78 69.78
Rupp 2009b Age Lognormal 3.0830 -0.0084 0.3510 63.55 69.55
Sex Lognormal 2.2240 0.3959 0.3014 54.20 60.20

Age and Sex Lognormal 29114 -0.0115 0.4423 0.2982 50.03 58.03
*Covariate unitssexrepresented by male & female =0; age in years

For most models, the fit statistics of AIC aBd_L indicate that those assuming a Lognormal distribution
provide a better fit than their Weibull counterparts. In all cases, moaelsiding both sex and age as
covariates show a lowePR LL than models with either no covariates or only one covariate. However,

when considering the AIC, models with two covariates are similar to models with only sex as a covariate,
and in two cases (unosored Weibull, Ruppensored Weibull) the model with only sex as a covariate
demonstrates a better fit.

Comparing models with no covariates, the censored models predict a higher risk for a given peak applied
force Figure7.13). The Rupjzensored and uncensored models are more similar, with a slightly higher

risk predicted by the Ruppensored models compared to uncensored models. The shape of the Weibull
and Lognormainodels differ, with the Weibull models predicting lower risk in the middle of the curve

and higher risk in the tails.
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Survival Model Comparison
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Figure7.13. Comparison of survival models with no covariates using differeahsoring schemes, with models
assuming a Weibull distribution in solid lines and models assuming a Lognormal distribution in dashed lines.

The censored Weibull model with no covariates is the most similar of the models to the Logistic
regression model witout covariatesKigure7.10). This is not surprising, as the parameter valties=(
2.514) =0.2611) are identical to those presented in Equation 6.2 from Rupp(@0a9h. However,

this risk function results from treating all observations as censored. When implementing the censoring
scheme described in Section 5.2 of Rupp ef28I09 and its associated Appendix A, the resulting risk
function (Rupgcensored Wdiull) appears to be shifted to the right by roughly 3(Kigure7.13).

Comparing models with covariates, similar trends appEryure7.14 shows Survival Lognormal model
predictions using the three different censoring schemes, each evaluated at two values of sex. Within
each sex, the censored model predicts the highest risk, followed by the-€amgored and uncensored
models. The differencim risk between male and female models is the lowest for the censored model
and progressively higher for the Ruppnsored and then uncensored models. For example, the
difference in peak applied force at a 50% risk level is lower for females by 3.5Hd\censored model,
4.5 kN in the Ruppensored model, and 5.0 kN in the uncensored model.
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Comparison of Censoring Schemes - Survival Lognormal
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Figure7.14. Comparison of survival lognormal models with sex as a covariate using different censoring schemes,
with uncensored models in dotted lines, censored models in solid lines, and Rigmsored models in dashed
lines. Models evaluated at the covariate values of male and female are shown in blue and red, respectively.

For all censoring schemes, including sex&ovariate had a significant effect on the model prediction,
based on Type Il Analysis of Effepts 0.01 in all cases). Including age as a covariate, on the other
hand, only showed a significant effect (p < 0.05) in the censored models (for bobluNAzeid

Lognormal distributions) when including both age and sex as covariates.

Similar to the logistic regression analysis, confidence intervals for the survival lognormal models with
age as a covariate are much larger when evaluating at an age eb4§ yhe mean age of exposed male
drivers in frontal crashes, compared to 61 years old, the mean age of the PMHS subjects in the dataset.
Likewise, in the models that include both sex and age as covariates, the confidence intervals for males
and females werlap when evaluated at an age of 40 yedig(re7.15, left), but only overlap in the tails
when evaluated at an age of 61 yearsglre7.15, right). The overlap of the confidence intervals for the
Survival Lognormal prediction, shown here for the censored model, are more pronounced than in the
logistic regression model. Also usithe logistic regression model, the point estimates between the

male and female groups are sensitive to age, as difference in peak applied force at the 50% risk level is
6.9 kN lower for females at age 40 and 4.4 kN lower for females at age 61.
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Survival Lognormal Prediction (Age = 40) + 95% C.I. Survival Lognormal Prediction (Age = 61) + 95% C.I.

.0 eee=== : 1.0 -
-

—
=
.

=

0.9 -
0.8 -

0.9 -
0.8 -
0.7 -
0.6 -
0.5 -

.
-
-
-

0.7 - ’
0.6 - .

p(AIS 2+)
P(AIS 2+)

0.5 | / 4
0.4 - 1 T
0.3 - ¢
0.2 |
0.1
0.0

0.4 -
0.3 -
0.2 -

- Female

I p—— i
-~ T —— Male 0.1

] Female

g :‘—':::. Male

‘ ; i ] | 0.0 | | | ‘ |

0 5 10 1 20 25 30 0 5 10 15 20 25 30
Peak Applied Force (kN) Peak Applied Force (kN)

Figure7.15. Comparison of Survival Lognormal censored model confidence intervals between male and female
covariate values, presented at ages of 40 years (left) and 61 years (right).

The three censoring schees result in noticeably different risk functions and covariate effects. The
uncensored scheme assumes that the injured specimens sustained AIS 2+ injuries at exactly the
measured peak force applied to the knee, which is unlikely and could only be camhfisivey

measurement techniques that were not available at the time of these tests. The censored scheme, on
the other hand, may overcorrect for this phenomenon in that it assumes no exact injury magnitudes are
known, so injuries may have occurred up to (hat greater than) the peak applied force at the knee.
However, as described in Rupp et al. (2009b), certain injury types other than femur fractures may still
support additional increases in force beyond the point of injury, thus the assumption of pekédapp
force representing an absolute maximum would not be true. The Remsored scheme treats

uninjured observations and specimens sustaining only ligamentous injuries aseitgured, injuries
involving the patella as leftensored, and injuries invahg femur fracture as exact.

Of the three censoring options, the Ruppnsored scheme requires the fewest assumptions, thus will

be used in the remaining analysis of knee/femur injury risk. Within the Reppored models, those
assuming a Lognormal digtution result present the best model fit as assessedlyl. and AIC. The
Lognormal model including both age and sex as covariates presents the lowest AIC, but due to the large
confidence intervals when presented at an age of 40 (which, bas&aiion 2.5, would be used in
application to THOROM) and the norsignificant effect of the age covariate in the model, the model

with sex alone as a covariate is preferred.

7.6.6 Knee/Femutnjury: Application to THOBOM

While the risk curves presented 8etion 7.6.5relate the peak force applied to the knee to the risk of

knee and distal femur injury, the injury risk function has been applied foH&80M (e.g. as pplied in

the New Car Assessment Program) using the peak force measured by the femur load cell (NHTSA, 2008).
Several studies have demonstrated that the peak force measured in the femur is lower than the peak
force applied to the knee for both PMHS and ATDonnelly et al. (1987) conducted pendulum impacts

to the unrestrained femur of whole subjects for both PMHS and4B&0M. The PMHS tests from this

study were included in the Morgan et al. (1989) and Kuppa et al. (2001) analyses. In the PMHS tests, an
implanted load cell in the shaft of the femur measured force in a similar fashion td3t&®M femur
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load cell. It was found that in the PMHS tests, there was a strong correlation between the force
measured at the implanted femur load cell and the forppléed to the knee, with the femur load cell
measuring 53% of the peak applied force. An even stronger correlation was foundH3-8GM tests,

but a higher ratio of the impact force was measured at the femur load cell (68%). A separate estimate of
the relationship betweerH3-50M measured femur load cell forces and applied force to the knee was
developed by Rupp et al. (2009a) in a test apparatus developed to represent knee bolster impacts in
frontal crash tests. In these tests, the peak force measurddeati3-50M femur load cell was 77% of

the applied force independent of knee bolster fordeflection characteristic.

Using the measureH3-50M femur load cell peak force instead of the peak applied force as input to the
injury risk function would resulhialower estimate of injury risk than intended. For instance, if Hi@

50M measured a 10 kN peak femur force, the estimated force applied to the knee bf3b6M would

be either 13.0 kN, assuming the Rupp et al. (2009a) estimate of 77%, or 14.7WNingsthe Donnelly

et al. (1987) estimate of 68%. Using the measwi@b0M force directly in the Kuppa et al. (2001) injury
risk function would predict a 35% risk of AIS 2+ injury, while using the estimated force applied to the
knee as the input to the sk function as originally developed would result in a predicted injury risk of
70% to 85%.

Due to the improvements in biofidelity of the THGBM compared to thed3-50M, it is assumed that

the limitations of the application of the knee/femur injury risknttion developed by Kuppa et al. (2001)
are only alleviated when applied to THG8M compared tdH3-50M. However, since the construction

of the THORS0M knee is similar to that of the3-50M and is likely more coupled than the human knee,
the force measued at the femur load cell is still lower than the force applied to the knee. Therefore,
correction for this difference between applied force at the knee and peak force measured at the load
cell is recommended before calculation of injury risk.

Several appaches were investigated to determine the relationship of the peak applied force at the
knee to the peak force measured at the femur load cell of the TBR One approach would be to
assume the same relationship as tH850M, for which the distal femuand knee structure is nearly
identical. Another approach was to investigate pendulum impacts to the knee of the-56i@k a
gualification test condition, as described below.

Seated knee impacts to the THBBM were conducted at several impact velodtiend impact

conditions using a-kilogram pendulum impactor. In an unrestrained back condition, the knee was
impacted at six increasing velocities. The average of the ratios between peak load cell force and peak
applied force computed at each velocitys8%, and a linear fit to the data for each set results in ratio of
slopes of 55%Hgure7.16). However, the ratio of measured force to applied force appears to falow
higherorder polynomial or power relationship, with impacts at lower velocities being closer to an equal
ratio. Tests were also conducted in a fiXeack condition at six impact velocities, and the resulting

ratios of peak femur load cell force to peghpdied force was consistently 55%iqure?7.17), though this

may be due to the smaller range of velocities in the fikadk condition.
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Figure7.16. Relationship between force applied to the femur and force measured at the femur load cell for free
back tests with THOROM.
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Figure7.17. Relationship between force appléeto the femur and force measured at the femur load cell for
fixed-back tests with THOROM.

While these results suggest that the relationship of applied femur force to load cell force for THOR is
more similar to the PMHS than Hybrid lll, it is aletar how significant the difference in impact mass

might be, as the tests reported by Donnelly et al. (1987) usedkil@3ram impactor while the THOR

tests reported above used akdlogram impactor. It is also unclear how well either condition relates t

the loading condition seen in a motor vehicle crash, where the femurs are restrained by the knee bolster
and loaded inertially by the remaining effective mass of the body. In addition, because the relationship
between applied force at the knee and measdiforce at the femur load cell in THGBM was shown

above to be sensitive to impact velocity in pendulum testifigiire7.16 andFigure?7.17), selection of a

single transfer function would not be straightforward because the impact velocity could not be

measured during a crash test.

For the reasons described above, it is not recanded to use pendulum impacts to the knee of the
THORS0M in a qualification test condition to develop the correction factor for peak applied knee force

to the peak measured femur force. Instead, the analysis presented by Rupp et al. (2009a) in testing of
the H3-50M under loading rates occurring in FMVSS No. 208 and US NCAP crash tests is recommended
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as the knee and distal femur of the THE8®RV andH3-50M are structurally similar. Therefore, a
correction factor accounting for the estimated 77% of the agpfirce at the knee measured by the
femur load cell force is recommended for THEIM.

In summary, the recommended risk function for application to THOIR to predict AlS 2+ knee/femur
injury is described below:

. 1 To i CRCTT® wl w
|
nt)a B @ T
where:
B = Cumulative normal distribution function
O = Peak compressive force measured by tkexis for the THOR femur load cell (in kN)
i = Ratio of applied force at knee to measured force at femur loadb@ll77] (Rupp et al.,
2009a)
[ = Subject sex (Male = 1, Female = 0)
Simplified:
: 1 7p& W@ @
|
7.7 Hip Injury

Contrary tokneeffemur injury, thepredictionof pelvis injury related to axial femur loading is a unique
capability of THOROM due to its biofidelity and instrumentation. As such, further analysis is necessary
to determine an appropriate injury risk function to predict injury to the pelvis in motor vehicle crashes.

7.7.1 Hip Injury: Data

Rupp et al. conducted compressive loading te$t27 PMHS knethigh-hip complex specimens using a

pneumatic ram(Rupp et al., 2009b)he iliac wing of the specimen was fixed and the knee was loaded

along the axis of the femur through a molded knee interface. The target loading rate was 300 N/ms,

which was argued to be representative of kAeelster loading rates seen in unbelted crash td&app

et al. 2003) though individual specimen loading rates varied fronN&&s to 566 N/ms. For the dataset

presented in Rupp et a200d), the specimenswereJ2 8 A GA2Y SR AY | Gy Sdzi NI f é¢ LJ
standard driving posture as defined by Schneider gt1883. Additional tests were conducted with

flexion and adduction applied and it was found that there was a statistisgghjificant decrease in

tolerance with increase in both flexion and adduction compared to the standard driving p¢Rupg

et al. 2003) For completeness, both the neutral posture dataset presented by Rupp(20atb),

referredi 2 KSNB | & &b S diilspetirhensvith §ekon any &dldudiBriayigikes of Gind

the complete set of tests documented in Ru@906, NE F SNNB R (i 2 tek &rdb&nsldéredin/ 2 Y LI S
this analysis. Subject anthropometry and associated fracture forces are shdwablgv.5.
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Table7.5. Dataset considered in the development of a hip injury risk function (Rupp 2006)

Test ID Fracture Sex Age Stature (cm) Mass  Adduction Flexion NHTSA BioDBE
force (kN) (yr) (kg) (deg) (deg) TSTNO

NBO105L 5.59 F 55 163 113 0 0 5240
NBO105R 5.37 F 55 163 113 0 0 5241
NBO106L 4.85 M 86 173 91 0 0 5419
NBO108L 7.57 M 79 180 82 0 0 5423
NBO108R 7.87 M 79 180 82 0 0 5424
NBO110L 6.6 M 60 178 125 0 0 5427
NBO112L 4.53 M 72 173 81 0 30 5861
NBO112R 6.67 M 72 173 81 0 0 5862
NBO114L 3.06 F 68 165 71 0 30 5864
NBO114R 4.65 F 68 165 71 0 0 5865
NB0216L 3.9 F 71 178 82 0 30

NB0216R 5.59 F 71 178 82 0 0

NBO0217L 4.79 M 75 175 72 0 0 5924
NBO217R 291 M 75 175 72 0 30 5925
NB0218L 5.57 M 72 178 82 0 0 5926
NB0218R 5.35 M 72 178 82 -10 0 5927
NB0222L 8.85 M 41 176 91 0 0 6177
NB0222R 7.87 M 41 176 91 -10 0 6179
NB0224R 3.92 M 60 178 82 0 0 6189
NB0225L 5.65 F 86 168 68 0 0 6213
NB0225R 5.83 F 86 168 68 0 0 6215
NBO0226L 6.6 M 62 183 91 0 0 6217
NB0228L 3.08 F 65 163 82 -10 0 6246
NB0228R 4.05 F 65 163 82 0 0 6248
NBO0230L 4.71 M 45 185 75 -10 0 6493
NBO0230R 6.09 M 45 185 75 0 0 6495
NB0231L 4.48 F 79 165 91 -10 0 6497
NB0231R 5.63 F 79 165 91 0 0 6499
NB0234L 8.17 M 74 175 100 0 0 6532
NB0234R 8.17 M 74 175 100 10 15 6534
NBO337L 5.09 M 58 175 62 10 15 6719
NBO337R 5.09 M 58 175 62 0 0 6722
NBO338LH 3.48 M 86 173 59 -10 0 6725
NBO338RH 4.59 M 86 173 59 0 0 6727
NBO340RH 7.54 M 63 183 66 0 0

NBO341RH 6.89 M 79 165 68 0 0 6812
NBO342RH 6.26 M 83 189 93 0 0 6987
NB0343RH 9.79 M 79 191 109 0 0 6991
NBO345LH 5.75 M 82 173 75 10 0 6998
NBO345RH 511 M 82 173 75 0 0 7001
NBO0447LH 7.69 F 49 157 59 10 0 7564
NB0447RH 6.14 F 49 157 59 0 0 7567
NB0448LH 6.1 M 76 178 80 10 0 7570
NBO448RH 6.13 M 76 178 80 0 0 7573
NBO450LH 6.03 M 73 178 86 0 0 7613
NBO450RH 6.12 M 73 178 86 10 0 7616

7.7.2 Hip Injury: PredictoWariable

The peak applied force (as tabulatedTiable7.5) was the only predictovariable considered for the
development of the pelvis injury risk function. In line with the rationale presented in Rupp(206&),
since each test resulted in some combination of hip fracture (fracture of the acetabulum, pubic rami,
femoral head/nek, and/or hip dislocation) and there were no evident partial failures prior to the time
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of peak appliedorce, it is assumed that the peak applied force is a known point of failure and
considered to be uncensored.

7.7.3 Hip Injury: Covariates

To confirm the assmptions ofRupp et al(200%), who found only stature to be significant in the model

fit to the Neutral dataset, agrametric survival analysis (SAS PROC PHREG) using the stepwise variable
selection method was carried outhemaximum significance levelrfentering the model was 0.25 and

the maximum significance level for staying in the model was 0.10; several other significance levels were
tested but provided the same outcome. As thexcategorical variable resulted in the highestscore,

it was the frst parameter added to the model; any other added parameters were subsequently

removed. While this appears to contradict previous findings, it may result from the relationship between
sexand stature; of the subjects in the considered dataset, the avenagje stature is 178 cm while the
average female stature is 165 cm. To further investigate this discrepancy, both covariates are retained
throughout model development.

Hexion and adduction angles were considered as covariates in the Complete modeh Rlagitound

to be a significant component of the model.( (& w 1P 718 11 §, Yhile adduction angle was not
(... pdomdryy T @ ). This finding is somewhat consistarith Rupp(2006), who showed that in
matched pair testshat an adduction angle of 1@egrees resulted in a significant reduction in tolerance
while an abduction angle did not.

Based on these findings, the covariates included in the remaining model development steps are flexion
and eithersexor stature.

7.7.4 Hip Injury: Dependent Variable

The dependent variable used in the development of a pelvis injury criterion was the presembgof
fracture, as defined in Rupp at &009b)as a fracture of the acetabulum, pubic rami, femoral

head/neck, and/or hip dislocation. Depending on the severity of the fracture, the resulting injury can be
coded as either AIS 2 or Al§\vBartin and Scdroro, 2011)

7.7.5 Hip Injury: InjuryRisk Function Formulation

7.7.5.1 Nonparametric

A nonparametric survival function was formulated using the SAS PROC LIFETEST procedure. This survival
function is shown in later comparisons to parametric survival models.

7.7.5.2 Logistic Regression

Logistic regression could not be carried out since there weraaminjury observations; all of the PMHS
specimens included in this data sustained affagture.

7.7.5.3 Survival Analysis

Survival analysis was also carried out to deveigipfunctions for all four datets using the SAS PROC
RELIABILITY procedure to estienmodel parameters and confidence intervals. Models were developed
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to predict failure based on uncensored peak applied force usgxgstature, bothsexand stature, both
flexion andsex and both flexion and stature as covariat@dservations generatefrom the same

PMHS, such @dB0112Rvhich was tested in the neutral posture ahdB0112. which was tested in 30
degrees flexionwere testedasindependentobservationsModels developed for the Neutral dataset

did not include flexion as a covariate, &sstterm would be negated by definition. Models were
developed assuming several different probability distributions to determine the best fit to the data. Of
these, the two best distributions were Weibull and Lognormal.

The Survival Weibull model takestform:

noopl GOo 6p ‘M

where:

O =  Peak force applied to knee (in kN)
§ = Intercept
[ =  1Stcovariate coefficient
A = 1%covariate value
r =  2Mcovariate coefficient (if used)
A =  2Mcovariate value (if used)
\

= 1/scale

For each combination of covariates, model estimates and maximum log likelgdreogported inTable
7.6. The narrowest confidence intervals occurred in the models which include stature as a covariate,
while the widest confidence intervals occurred for the models w&kand stature as covarias Figure
7.18). Individual models presented at relevant covariate levels are shown for the modedexitis a
covariate Figure7.19), stature as a covariat&igure7.20), and bothsexand stature ascovariates
(Figure7.21) for the Neutral dataset, as well as thedelswith sexand flexion Figure7.22) and stature
and flexion Figure7.23) ascovariates for the Complete dataset.

Table7.6. Parameter estimates and fit statistics for survival analysis Weibull models

Maximum
Log

Predictor Covariate(s)* Dataset r r r | Likelihood
Peakapplied force Sex Neutral 1.9639 -0.2563 N/A 5.4396 4.6034
Peak applied force Sature Neutral -0.3564  0.0129 N/A 5.5685 5.5229
Peak applied force Sexand stature Neutral 0.3964 -0.1243 0.0087 5.8038 6.2372
Peak applied force Sex Complete 1.9036 -0.1988 N/A 4.3397 -3.6318
Peak applied force Sature Complete 0.3353  0.0087 N/A 4.2998 -4.0832
Peak applied force Sexand stature Complete 1.2439 -0.1381 0.0037 4.3646 -3.3961
Peak applied force Sexand flexion Complete 1.9371 -0.2094 -0.0124 4.5527 -0.5221
Peak applied force Sature and flexion Complete 0.3333  0.0089 -0.0118 4.4177 -1.4720

*Covariate unitssexrepresented by male = 0, female = 1; stature in cm; flexion in degrees from neutral postur

147



—\Neibull - Sex, Neutral

—\Weibull - Stature, Neutral

1 1
0.9 - 0.9 -
~0.8 ~0.8 -
g e
El 0.7 A E 0.7 -
Q0.6 §0.6 1
£ 0.5 1 £0.5
[=} il (=3 i
£ 0.4 £04
20.3 1 50.3
0.2 4 0.2
0.1 1 0.1
0 +— = : : : i 0 +—— i
0 2 4 6 8 10 0 10
Peak Applied Force [kN] Peak Applied Force [kN]
—\Neibull - Sex Stature, Neutral = \\eibull - Sex, Complete
14 14
0.9 - 0.9 -
~0.8 - ~0.8 -
= g
50.7 50.7 4
0.6 | 0.6 -
£0.5 - £ 0.5 -
o 4 (=8 4
30.4 30'4
50.3 1 0.3 -
0.2 1 02
0.1 0.1 -
0 +—— i 0 +———== T T T i
0 10 0 2 4 6 8 10
Peak Applied Force [kN] Peak Applied Force [kN]
—\\eibull - Stature, Complete —\Neibull - Sex Stature, Complete
1 - 1-
0.9 0.9 -
~0.8 - ~0.8
o e
3 0.7 El 0.7 4
§0.6 1 Q0.6 1
IL0.5 - £ 0.5 -
=3 i [=} 1
30.4 e 0.4
=0.3 - 0.3 4
0.2 0.2 1
0.1 4 0.1
0 +— o= T T T 1 0+ == T T T 1
0 2 4 6 8 10 0 2 4 6 8 10
Peak Applied Force [kN] Peak Applied Force [kN]
—\Neibull - Sex Flexion, Complete —\Neibull - Stature Flexion, Complete
14 1 -
0.9 - 0.9
~0.8 ~0.8 -
o —
507 1 So07 -
Q0.6 §0.6 1
£ 0.5 - IL0.5
=} J = ]
£ 0.4 50.4
20.3 1 20.3
0.2 4 0.2 -
0.1 - 0.1
0 +— | 0+ = ‘ ‘ ‘ |
0 10 0 2 4 6 8 10

Peak Applied Force [kN]

Peak Applied Force [kN]

Figure7.18. Survival Weibull models with 95% confidence intervals
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Survival Analysis: Weibull Distribution, f(sex)
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Figure7.19. Survival Weibull injury risk function for applied force vs. hip fracture, witbxas a covariate.

Survival Analysis: Weibull Distribution, f(stature)
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Figure7.20. Survival Weibull injury risk function for applied force vs. hip fracture, with stature asariate.
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Survival Analysis: Weibull Distribution, f(sex, stature)
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Figure7.21. Survival Weibull injury risk function for applied force vs. hip fracture, wixand stature as
covariates.

Survival Analysis: Weibull Distribution, f(sex, flexion)
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Figure7.22. SurvivalWeibull injury risk function for applied force vs. hip fracture, wigexand hip flexion as
covariates, presented for males and females and for neutral and 30° flexion covariate levels.
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Survival Analysis: Weibull Distribution, f(stature, flexion)
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Figure7.23. Survixal Weibull injury risk function for applied force vs. hip fracture, with stature and hip flexion as
covariates, presented for the average male and female statures in the dataset (178 cm and 165 cm, respectively)
and for neutral and 30° flexion covariatevels.

The Survival Lognormal model takes the form:

[
[o%1

[

. 1 fo
noap dwo o @

where:

B =  Cumulative normatlistribution function
O =  Peak force applied to knee (in kN)

§ = Intercept

[ =  1Stcovariate coefficient

A =  1stcovariate value

[ =  2Mcovariate coefficient (if used)

A =  2covariate value (if used)

Y Standard deviation or scale

For each combination of covariates, model estimates and maximum log likel#reoeported inTable
7.7. As with the Weibull model, the narrowest confidence intesvadcurred in the models with stature
as a covariate, while the widest confidence intervals occurred for the model withdeoidind stature as
covariates [figure7.24). Individual models presented at relevant covariate levels are shown for the
model withsexas a covariateHigure7.25), stature as a covariaté&igure7.26), and bothsexandstature
ascovariates [Figure7.27) for the Neutral dataset, as well as the models veigixand flexion Figure
7.28) and stature and éixion Figure7.29) as covariates for the Complete dataset.
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Table7.7. Parameter estimates and fit statistics for stival analysis Lognormal models

Maximum
Log

Predictor Covariate(s)* Dataset [ [ [ ” Likelihood
Peak applied force sex Neutral 1.8349 -0.1576 N/A 0.2015 5.4913
Peak applied force stature Neutral -0.2441  0.0117 N/A 0.1924 6.8726
Peak appliedorce sexand stature Neutral -0.0650 -0.0243 0.0107 0.1923 6.8974
Peak applied force sex Complete 1.7733 -0.1848 N/A 0.2632 -3.8650
Peak applied force stature Complete -0.2031 0.0110 N/A 0.2633 -3.8789
Peak applied force sexand stature Complete 0.6363 -0.1087 0.0064 0.2609 -3.4652
Peak applied force sexand flexion Complete 1.8109 -0.1651 -0.0133 0.2357 1.2082
Peak applied force stature and flexion Complete -0.0755 0.0106 -0.0137 0.2339 1.5572

*Covariate unitssexrepresented by male = 0, female = 1; stature in cm; flexion in degrees from neutral postur
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Figure7.24. Survival Lognormal models with 95% confidence intervals




Survival Analysis: Lognormal Distribution, f(sex)
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Figure7.25. Survival Lognormal injury risk function for applied force vs. hip fracture, vggxas a covariate.

Survival Analysis: Lognormal Distribution, f(stature)
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Figure7.26. Survival Lognormal injury risk functiofor applied force vs. hip fracture, with stature as a covariate.
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Figure7.27. Survival Lognormal injury risk function for applied force vs. hip fracture, vikxand stature as
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Figure7.28. Survival Lognormal injury risk function for applied force vs. hip fracture higexand hip flexion as
covariates, presented for males and females and for neutral and 30° flexion covariate levels.
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Survival Analysis: Lognormal Distribution, f(stature, flexion)
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Figure7.29. Survival Lognormal injury risk function for applied force vs. hip fracture, with stature and hip flexion
as covariates, presented for the average maled female statures in the datet (178 cm and 165 cm,
respectively) and for neutral and 30° flexion cariate levels.
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7.7.6 Hip Injury: Application to THC&OM

Since the risk functions described above are based on the response of PMHS specimens, it is necessary
to determine a relationship between PMHS response and TslIMResponse to apply the risk function
to THORS0M measurements in vehicle crash tests.

The predictor used to develop the PMHS risk function developed by Rupp20@®b)and recreated

here is peak applied force. In the tests used to develop this risk function, the pelvis was fixed and the
force was applied to the knee using a pneumatic ram such that inertial effects were minimized and the
reaction force at the hip was equal to the force applied at the knee. These forces were measured using
load cells, one mounted along the axis of the ram #redother mounted on the hip mounting fixture

with its localx-axis parallel to the ram, and as designed the measured forces at both the knee and the
hip were similarEigure7.30). In tests where the hip posture was different than the neutral automotive
seating posture, a bracket was installed between the hip mounting fixture and the hip load cell, so the
localx-axisof the hip load cell remained parallel to the raRigure7.31).
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Figure7.30. Applied force at the knee (ram forcend Figure7.31. Applied force at the knee (ram force) an
measured force at the hip (hip force) in test NB021: measured force at the hip in test NBOZR (BioDB
(BioDB 5924). Test was conducted in neutral postur  5925). Test was conducted in 30° flexion posture.

Since the THOBOM femur was shown to be biofidelic in axial compresgPBarentet al.2017), it is

assumed that the forces measured at the THEDIR acetabulum would be equivalent to the forces
applied to the PMHS specimens in the KTH injury criteria dataset. However, since th6QMOR
acetabulum measures forces along they-, andz-axes of the pelvis coordinate system, the nearest
approximation @ the force at the acetabulum as measured in the PMHS would be the resultant of these
three forces.

While the THOBOM demonstrated biofidelity in a laboratory test condition with direct loading along
the shaft of the femur, dditional correction is neceasyto account for the differences in acetabulum
forces measureth frontal motor vehicle crash tegtinvironmens compared to those expected in

human occupants. Martiet al. 2011 discussed the relationship between THOR andPMHS

regarding force trangfr to the hip. In crash tests where there is a vekdfined interaction between the
femur/knee and the knee bolster, the peak resultant acetabulum force is roughly 50% of the peak axial
femur force.Martin et al. 2011) also described a relationship betwe@eak applied force and the peak
force measured by the femur load cell of about 80%, presumably rounded from the Rup€08ia)
estimate of 77%, which translates to the acetabulum load cell of INFDReasuring 40% of the peak
applied force at the kee. For comparable loading to a PMHS, the percentage of peak force applied at
the knee that is reacted at the hip is 55Rupp et al., 2009aCombining these arguments, the ratio of

the peak force applied to the knee of PMHS to that of the TINORvould le 55% / (80% x 50%), or
roughly 1.3. In other words, the force measured at the hip of a PMHS would be 1.3 times higher than
that measured by the THORT in a comparable condition. This relationship is based on the assumption
that the THORNT would producéhe same force at the knee as a human occupant, which as noted by
Martin et al.(2011) is more likely to be true with the modifications to the THOR implemented in the
Mod Kit(Ridella and Parent, 201tg improve KTH biofidelity.

The Mod Kit design updad€Ridella and Parent, 201have been incorporated into the THGRM
design, which includes three changes to the ktt@gh-hip complex that could potentially require
adjustments to the aforementioned assumptions made based on the THID&esign. Firsthe knee
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slider forcedeflection characteristic was adjusted in an attempt to achieve a more biofidelic response in
knee shear. In the case of kneekneebolster impacts, the knee slider is not directly in the load path.
While loading from the tibia camiturn load the femur load cell by way of the knee slider, the injury risk
function was not developed with combined knee and tibia loading, thus contributions to the measured
femur force through interactions of the tibia with the vehicle interior are nmtsidered. Second, the

femur compressive element was redesigned to achieve a more biofidelic response in femur axial
compression. Third, the pelvis flesh was redesigned to reduce the coupling with the femur and allow a
greater femur range of motion.

The onstruction of the knee of the THEBR®M is similar to that of th&13-50M, in that the knee cap is
effectively rigid and directly mounted to the femur load cell. Therefore, the relationship between
applied force at the knee and measured force at the fenmaispnted by Rupp et a2009a)is assumed

to hold true for the THOROM as well. As discussed above, in-mass pendulum impacts to the femur
of the THOFRS0M in both freeback and fixeéback conditions, the femur load cell measured roughly
55% of the pek applied force at the knee. However, it is not clear how representative this impact
condition is to the knee loading condition seen in a motor vehicle crash, where the femurs are
restrained by the knee bolster and loaded inertially by the remaining éfiechass of the body. It is

also evident that the ratio of impact force to measured femur force is sensitive to impact veligitye
7.16), as lower velocities will result in a larger percentage of the impact force measured by the femur
load cell. Given these limitations, and since the analysis carried out by Rup2€i08la)considered
loading rates similar to those occurring in FMV8S208 and US NCAP crash tests withHB&OM,

there is insufficient evidence to modify the 77% load transfer ratio of force measured at the femur to
force applied to the knee.

Next, to investigate whether the assumption of fertaracetabulum force trasfer from Martin et al.
(2017 holds true for the THOROM design, femur and acetabulum forces were analyzed in both
pendulum knee impacts (both freand fixedback) as well as several frontal rigid barrier crash tests. In
both fixedback Figure7.32) and freeback Figure7.33) pendulum impacts as described above, the
ratio of peak femur load cell compressive force to peak acetabulum resultace foas on average 44%
and theratio of forcevsvelocity slopes was 43% for either condition. Again, such an evaluation is
limited by the unknown representativeness of this impact ctindito the knee loading condition seen

in a motor vehicle crash.
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Figure7.33. Force transmission in the THERM
femur in freeback pendulum impacts
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Figure7.32. Force transmission in the THERM
femur in fixedback pendulum impacts

In an exemplar frontal rigid barrier crash test of a 2016 Nissan Rogue (VehDB TSTN@tBE6IHOR
pna ! ¢5 Ay (KS RNRakNR@muaaibl Gompréssive forkeShe teadulabt left T
acetabulum force measured 50% of the femur for€gy(re7.34). This is consistent with the idealized
sledtest presented by Martin et a{2011), which showed the same 50% relationship between peak
resultant acetabulum force and peak femur compressive force using the-RHGRD.

v09569 Femur vs. Acetabulum Force
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Figure7.34. Comparison of léffemur and acetabulum forces measured using THOR in the driver seat in a frontal
rigid barrier test of a 2016 Nissan Rogue (VehDB TSTNO 9569).

Given the uncertainty of the representativeness of imass pendulum impacts to knee bolster impacts

in motor vehicle crashes, and the similarity of at least one example of fenaicetabulum load

transfer in a frontal rigid barrier crash test, there is not ample evidence to suggest an alternative to the
77% transfer ratio of impact force to femur force or the S0&fsfer ratio of femur force to acetabulum
force. Thus, the transfdunction to relate peak resultant acetabulum force measured on the FBIIR

to the acetabulum force used in development of the PMHS risk function is recommended as:
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= Ratio of estimated PMHS hip force to THOR measured peak acetabulum resultant force
Ratio of applied force at knee to acetabulum force measured in P(RH® et al 2009a)

Ratio of applied force at knee to acetabulum force measured in THOR

Ratio of applied force at knee to measured force at femur loadRelpp et al 2009a)

Ratio of measured force at femur to measured resultant force at acetab(Nemtin et al., 2011)

As the injury risk function is sensitiveftexion angle, and the THOR ATD is not equipped to record
dynamic flexion angle, estimation of a flexion angle is important for proper application of the hip
fracture risk function. In several papers, the hip fracture risk function was presented by agsumin
posture of 30 degrees of flexion and 15 degrees of abduction from the hip angles in the standard
automotive seating posture, which was argued to be the approximate posture at the time of peak knee
force in frontimpact sled tests with airbag deploymefRupp 2006Ruppet al., 2009). However, this
assumption is based on tests of unbelted occupants witbagdeployment; a more conservative
estimate of hip flexion angle in thrgaoint belted occupant environments (as showrFigure7.35 for

both THOFRG0M and PMHS) is 15 degrees. While this results in a shift of the risk curve to the left, it is
not as aggressive of a shift as a@@gree flexion anglevould be Further, injuies occurring at larger
flexion angles may be less severe; for example, one of the lowest failure forces in the exgateizd
was a subject in the 30egrees flexion condition. This subject sustained a hip dislocation at a peak
applied force of 3.06 kNn the matched pair test on the opposite aspect of the same PbdiH8ucted

at a flexion angle of zero degreespeak applied force of 4.65 kN resulted in a fracture of the femoral
neck.
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Figure7.35. Hip flexion angles at time of peak femur load in a frontal sled test condition with thieeint belts
andairbags. THOF60M ATD shown at top (BioDB TSTNO 11127) and example PMHS shown at bottom (BioDB
TSTNO 8384).

As adduction angle was not found to be siigaint in the model, estimation of the adduction angle is not
necessary to apply the risk functiom THOR.

An additional consideration in the assessment of acetabulum injury risk using theSORTD is that
while the injury risk function was developednsidering isolated loading of the acetabulum through
compression of the femur, there may be additional load paths which contribute to the force measured
at the acetabulum load cell. For example, interaction of the pelvis flesh with the seat struattlcaling
both antisubmarining hardware in the vertical and anterfmwsterior direction and seat side bolsters in
the lateral direction, may transfer force through the proximal femur and greater trochanter hardware to
the acetabulum load cell. Further, @@nditions where the knee is not in contact with the knee bolster or
knee bolster abag at the point of maximum pelvis excursion, the femur may be in tension at the time
of peak resultant acetabulum load. To minimize the contribution of forces that robyetate to force
transferred to the acetabulum through femur compression, it is recommended that the resultant
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acetabulum force be calculated for a given leg only for time increments where the associated femur is in
compression, indicated by a negativeuis force. Simply considering acetabuluraxié force could be
misleading and cumbersome due to the way that the acetabulum polarity is defined, as the left and right
polarities are oppositeNHTSA, 20)&nd have not been consistently set in past craesdt experience

Of the 32 occupants assessed in the Fleet Test Data set (drivers in the frontal rigid barrier test condition,
drivers and right front passengers in the obligue moving deformable barrier test condition), there were
five observations for wikh the overall peak acetabulum force and the peak acetabulum force at the
time of femur compression were differentigure7.36). Three of these observations resultieda

difference in force of less than 100 Two of the observations, both involving the left leg of an occupant
in the right front passenger position, demonstrated a more substantial difference. In test number
v08789, the right front passenger experiena@doverall peak left acetabulum force of 448 7while

the peak left acetabulum force occurring at a time where the left femur was in compression wahl.3254
In test number v09573, the right front passenger experienced an overall peak left acetabulum force of
3267N, while the peak left acetabulum fagaccurring at a time where the left femur was in

compression was 1784, though the overall peak acetabulum force for this occupant would revert to

the right acetabulum force of 228¥. In both of these instances, the peak resultant acetabulum force
occured later in time than the peak femur force, and resulted primarily from a positiaeis<

acetabulum forceKigure7.37, Figure7.38). In contrast, test v08488 shows a condition where the overall
peak resultant left acetabulum force for the right front passenger occurs at a time when the associated
femur is in compressiorfF{gure7.39). While the response in test v08488 after 100 milliseconds shows a
similar behavior to that in tests v08789 and v09573, the relative peak force that occurg femnr
compression, or negative femur force, is higher than the peak force that occurs later in the event when
the femur is no longer in compression.
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Figure7.36. Comparison of overall peak resultant acetabulum fortmepeak resultant acetabulum force

measured while the associated femur was in compression.
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Figure7.37. Acetabulum and femur forces for the leff

leg of the right front passenger in test vO8789.
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Figure7.38. Acetabulum and femur forces for the leff
leg of the right front passenger in test v09573.
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Figure7.39. Acetabulum and femur forces for the left leg
of the right front passenger in test v08488.

In summary, given the discussed limitations, the recommended risk function for application te THOR
50M to predict hip injuries is described belamnd slown inFigure7.40:

. e ... LIYTO m8ux L utp W8 p &Y
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where:
B = Cumulative normatlistribution function
Y = Ratio of estimated PMHS hip force to THOR measured peak acetabulum resultant forg
[1.429]
O = Femur load cell-Axis force
O = Peak resultant acetabulum force (inkN) 0 T'Q¢ O 0 T
i = Stature (in cm) [nominal 178 cm]
"Q = Flexion angle from neutral automotive posture (in deg) [nominal 15 deg]
Simplified:
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THOR-50M Hip Injury Risk Function
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Figure7.40. Recommended injury risk function

for hip fracture with respect to measured peak resultant

acetabulum force, including peak measurements for 10%, 25%, and 50% risk of hip fracture.

7.7.7 Hip Injury: Comparison to Literature

Theinjury risk finction developed by Rupp et a200%) is similar to the Survival Lognormal risk

function using stature as a covariate. However, Rupp applied an additional correction factor to account
for the fact thatincreasesn hip angle, in both flexivand adduction, reduce the human tolerance for

hip fracture(Rupp et al., 2003)rhis correction factor was appended to the risk function as a mean shift
of 1% for each degree of hip abduction adébo for each degree of hip flexion. This risk function has

been presented differently in various publications; the intended application is believed to be:

) I fo
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where:

T WwpP

0

B

o
O
o

Cumulative normadlistribution function
Peak force applied to knee (in kN)
Stature (in cm)

Hip flexion angle (in degrees)

Hip abduction angle (in degrees)

The recommended risk function abovevery similar to the Rupp et aR{0D) risk function as
evaluated with the recommended covariate valudsl 78 cm stature, 30° flexion, ai&°abduction
(Figure7.41). However, if evaluated at 15° of flexion and 15° of abduction, the Rupp risk function
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predicts a lower risk of hip fracture for a given applied force. Not shown is the risk function evaluated at
15° flexion and 0° abduction, which would result in theng risk curve as the 30° flexion/15° abduction

condition.
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Figure7.41. Hip fracture risk function compared to Rupp et §00%), evaluated at flexion angles of 15° and

7.8 Fleet Test DataTHORS0M

Therecommended femur compressive force injury risk function was applied to BOGIR
measurements collected in frontal rigid barrier and frontal Oblique fleet teskigure7.42 shows the
injury risk function with observations representing the injury risk predicted from each occupant
response, grouped by occupant position and test mdtledicted probability of AlS+Znjury is

generally below 10 percent except for two Oblique driver observations (19 percent and 32 percent).

30°.

166



]

1.0 I

09 - © Frontal Driver /

0.8 - © Oblique Driver
07 | O Oblique RFP
T+ 0.6 -
N
%)
<
o

In 1299°Q, 262
0.3014

nAIS2+ =K

|

T

10 15 20
Peak Femur Compressive Force (kN)

Figure7.42. Peak femur compressive forces from frontal rigid barrier and oblique mowdefprmable barrier
tests using THOROM.

The recommended acetabulum injury risk function was also applied to ‘HaMRIeet test dataHigher
acetabulum injury risk is predicted for occupants in the Oblique crash mode compared to the frontal
rigid barriercrash modeOn averagethe riskof hip fracturewas higher tharhe riskof femur fracture
which is consistent with observations from field data suggestingpkbtis and/or hip injurys common

in absence ofemur shaft fracturg Rudd et al., 2011).
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Figure7.43. Peak acetabulum forces from frontal rigid barrier and oblique moving deformable barrier tests using
THORS0M.
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7.9 Limitations

This section presented injury criteria fomee/femurinjury and hip injuryboth of which are used

primarily to predict the occurrence of fracture. One potential injury mode that was not investigated was
ligamentous knee injury. While the THGBM is instumented to record the motion of the sliding joint

at the interface between the distal femur and the proximal tibia at the knee, its biofidelity in the knee
shear loading condition was marginal (Parent et2117). Additionally, the field incidence ofden
shearrelated injuries is relatively lowr{gure7.3). For these two reasonsn injury criterion for knee

shear was nopresentedfor the THORSOM. The marginal kneénear biofidelity assessment is not

believed to influence thé&neeffemur or hip injury criteria because knee shear is not a primary
component of the load pathelatedto compressiorinduced fracture

In the development of knee/femur injury risk functionketSurvival analysis considered three censoring
schemes. All three censoring schemes included assumptions related to the type and timing of injury
occurrence. The censoring scheme described by Rupp (080D is believed to be the most
appropriate forthe available data, though it still assumes that femur fractures occurred at exactly the
measured peak applied force at the knee. This assumption is believed to be small relative to the
assumptions required by the other censoring options.

The relationshigpetween applied force at the knee and the measurement of peak force at both the
femur load cell and the acetabulum load cell has not been specifically validated for theSDINORTD.
As has been shown above, this relationship may be dependent on loamingr®, so a simple transfer
function does not encapsulate all possible loading rates, stiffnesses, and geometries.

The relationship between applied force at the knee of PMHS and the -BARIRATD is not explicitly
known. While the femur is quantitativebjiofidelic in axial compression, the mass distribution and
inertial properties of the kne¢high-hip complex may differ from that of a PMHS or a live human.

The relationship between PMHS response and live human response is unknown.
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8 LOWER EXTREMITY

8.1 Fidd Dataand Historical Fleet Data

Belowknee injuries (leg, foot, and ankle) have been identified as a frequent and costly result of frontal
crashes in numerous studigRuddet al, 2009 Dischinger et al1994; Morgaret al,, 1991; Pattimoreet

al., 1991 Dischinger et al2004). Injuries to theleg, foot, and ankleontinue to make up a substantial
proportion of reported AIS 2+ injuries in frontal crashes, and represent the higis&dtody region for

AIS 2+ in frontal crashes regardless of séyéFiablel.1). Considering attributable cos{Figurel.2), the
relativeimportance ofthe lower extremityis evident despite being comprised mostly of AIS 2 severity
injuries(Tablel.2).

Belowknee injuriesn NASSCDS frontal crashegere eparated into sukregions includinghe proximal
tibia, tibia shaft, distal tibia, fibula, hindfoot, ankle malleoli, midfoot, and forefoot based on individual
AIS codegFigure8.1). Thisbreakdowndemonstrates that the legncluding the tibia and fibula
components sustairs themajority of themoderate to severe injuries in frontal crash&se hindfoot
category is mde up of the talus, calcaneus, ankle (tibiotalar) joint, and subtalar (talocalcaneal) joint,
and is separated from the malleolus injuries due to potential differences in causation.

Incidence of Below-Knee Fractures - NASS-CDS 2010-2014
NCAP Frontals - Restrained Row 1 Occupants

8,000

7,000

6,000 -
5,000 -
4,000
3,000 -
2,000 -
1,000
0 - ; ; ; ‘ ‘ ‘ :

Tibia Plateau 2+ Tibia Shaft 2+ Fibula 2+ Distal Tibia 2+ Hindfoot 2+ Malleoli 2+ Midfoot 2+ Forefoot 2+

Number of Occupants in Five-Year Period

Figure8.1. Incidence ofAIS 2+ fractures and dislocations by beldwmee subregion for NASEDS restrained row
1 outboard frontal crash occupants from 2042014 data yearsCounts represent total weighted numbers of AIS
2+ fractures and dislocations.
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A review of frontal crashesith belted firstrow occupantdrom the CIREN database resulted in 770
belowknee AIS 2+ fractures and dislocations amdh@ occupantsising the same query parameters as
for the data inFigure8.1. Many AIS 2 and all AIS 3+ injuries are assigned primadysometimes
secondaryregional injury mechanisms in CIRBIplication of the injury breakdown into stregions

noted abovedemondrates the role various injury mechanisms play in producing AIS 2+ fractures and
dislocations to the belovknee structuregFigure8.2). Compression of the leg amihdfoot components

is responsible for the large majority of the injurfes which CIREN codes injury mechanisdasnt

rotation is noted as the primary mechanism for some of the ankle injuries (distributed among the fibula,
distal tibia, hindfoot, and madblus groups), but these structures are generalgoloaded in

compression in frontal crashe®f the injuries for which a regional injury mechanism is not coded, most
of thoseoccur in the foot where compression and twistithige to contact with the toepn or pedalsare

the most likely mechanisms. Fibula injuries not assigned a mechanism are likely similar to the tibia shaft
in causation. Taken in combinatianth Figure8.1, the findings irFigure8.2 suggest that a focus on
compression of the tibia and hindfoot would address most of the bekoee injuries, and may also
addresssome midfoot and forefoot injuries.

CIREN Belo¥nee Fracture/Dislocation Primary Mechanisms
Among 216 Occupants in Frontal Crashes
180
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Figure8.2. Primary regional injury mechanisms for the belekmee subregions identified in 216 restraineérst
row CIREN case occupants involved in frontal crashes.
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As presented for other body regions in this repoghicle model yeabased trends for AIS 2+
tibia/fibula and foot/ankle injuries for belted drivers in frontal crashes are showigare8.3 and
Figure8.4, respectivelyThe trend forH3-50M Tibia Index and peak tibia force values irr@gh full
frontal tests can be seen kigure8.5 andFigure8.6.

Tibia/Fibula - MAIS 2+ Occupants

NASS-CDS 1993-2015: Frontal Crashes, MAIS >
0, Age 15+ Belted Drivers, No Rollover, Airbag
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Figure8.3. AIS 2+ tibia/fibula injury trends by vehicle model year (2@ 2015) from frontal crashes in NASS
CDS (1993 to 2@).
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Foot/Ankle - MAIS 2+ Occupants
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Figure8.4. AIS 2+ foot/ankle injury trends by vehicle model year (238 2015) from frontal crashes in NASS

CDS (1993 to 2).
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Figure8.5. H3-50M frontal NCAP average peak Tibia Index for model year 1990 to 2016
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Figure8.6. H3-50M frontal NCAP average peak tibiarfe for model year 1990 to 2016

8.2 Design

Themechanical design of the THBRBM lower extremity provides several advances over previous lower
extremity designs. A compliant section in the tibia shaft, similar to the Ts0®Rcompliant femur

section, provides more biofidelic force transmission from lileel to the knee complex. The spring

damper Achilles tendon system aids in producing the desired ankle motion and torque characteristics.
The ankle design provides correct range of motion, joint axes placement, and biofidelic torque vs. angle
response fo the two primary axes (dorgplantar-flexion and inversion/eversion), withat stop
elementsdefining thestiffness at the extremes of motioithe molded shoe design, which was added to
the docketed THOBOM drawing package in the 2016 drawing packagaate (NHTSA, 2019,

integrates the foot and shoe into a single part.

8.3 Instrumentation

The lower extremity includes sensors to measure injury paramgkeégsire8.7). Fivechannel upper and
lower tibia load cells are incorporated into the design to provide force aochemt data of the tibia

shaft. A uniaxial compression load cell implemented into the Achilles tendon housing provides a direct
measurement of the contriltion of the Achilles to the overall ankle joint torque. Three rotary
potentiometers measure the rotation of the individual ankle joints, thereby providing complete
kinematic data. Finally, two uniaxial accelerometers on the tibia andpatk accelerometr assembly

on the foot plate allow the transformation of the measured tibia moment to the calculated ankle
moment
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Figure8.7. THORS0M lower extremity instrumentation.

8.4 Biofidelity

Parentet al. R017) evaluated the mfidelity of the THOROM legin three primaryconditions:Dynamic
Heel Impact, Dynamic Axial Compression, and Dynamic Dorsiflexion. In the Dynamic Heel Impact
condition, toth the THOFRBOM andH3-50M demonstrated either exdient or good biofidelity. The
THORS50M demonstratednarginal internal biofidelity in the Dynamic Axial Compression condition and
excellent internal biofidelity in the Dynamic Dorsiflexion conditibheH3-50M was not tested in the
Dynamic Axial Compréass condition because it lacks a compressible element in the tibia, wiicid
likely haveresulted in damage to the test apparatus, and it was not tested in Dynamic Dorsiflexion
becausédt lacksa rotational potentiometer in the ankle necessary to measdorsiflexion angle. Thus, a
biofidelity assessment of thd3-50M in these two test conditions was not possible.
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8.5 Upper TibiaAxial Force

8.5.1 Data

Tibial plateau fractureare one of the mosprevalent lower extremitynjuriesin frontal crashegFigure

8.1). These injuries are typically produced by axial loadfrtge leg,when theleg 5 entrapped

between the knee bolster and the tpan or pedal.ritrusionof the toepanor knee bolstercan intensify

the magnitude of the loadindecausdorces inthe proximal tibia are generated differently from distal

tibia (i.e.,the entrapmentscenario at the knee bolsteather than solely axial load through the footdin
ankle),NHTSA believes it is important to retain upper tibia axial force as a separate injury criterion
(Figure8.1). The risk curve proposed by Kupgtzal. (2001) used data from Barmeier et al (1999, in

which twelve pairs oisolatedhuman tibiofemoral joints were impacted in the superior direction along
the axis of thdibia with the joint flexed to 90°By isolating the knee joint, this test scenario was
specifically designed to simulate a knee epfrad at the knee bolsteNewer data considered included
Funk et al 2000, in which axial impacts were appliedttte plantar aspect of the footn that test

series, foot/ankle fractures were produced in tEsts and tibial plateau fractures were produced in 5
tests, and the average tibial plateau failure load was in agreement with pregindies (Funk et al.,
2000).Inaddition,Cdzy'{ SiG Ff® y23SR GKIGX aGKS FHOO GKI G
independently of foot and ankle injury suggests that an axial loading injury criterion based on the injury
tolerance of the foot/ankle complex is sufficiently conservative to protect against tibial plateau fractures
Ay GKA& A Y Glivebtie difieteBcgstinNgjugy eméchanismihe original Bangimeigfl999

dataset is retained for injury risk function developménable8.1, APPENDIX)GAs noted in Kuppa et

al. (2001), the group of six impacts conducttaonstant energy were excluded due to pressure films
being placed in the joint prior to impact.

Table8.1. Descriptive statistics for upper tibia axial dataset

n, Mean Failure  Failure Foce Range  n, non Maximum Non Non-injury Force Range
injured Force (kN) (Min-Max) injured injury Force (kN) (Min-Max)
14 7.7+£20 3.8t0115 16 6.1+£1.6 3.7t09.4

8.5.2 Injury Risk Functiondfmulation

Logistic regression was performed on the available data Bamgimeier et al. (1999), using axcdd

as the predictor variablestepwise multiple regression was carried out to assess the sensitivity of
occupantbased covariates. Covariatesnsidered were agesex, statureand mass. For this dataset,
mass was aignificant covariate, whiléhe otherswere not. The dependent variable considered was the
presnce of an AlIS 2 or greater (2+) injury.

Goodnesof-fit metrics described in Hasija et £011) were calculated, including the Receiver
Operating Characteristic (ROC) Area Under Curve (AUC), maximum log likelihood, and Hosmer
Lemeshow GoodnesH-Fit test. These are reported ifiable8.3. The resulting form of the logistic
regression function is the same as propdsy Kuppa et al. (200I)he logistic regression takes the
form:
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nt)3 ¢ 5
where:
[ = Intercept
[ = Independent parameter coefficient
W = Upper Tibia Axial Force (kN)
[ = Mass coefficient
A = Subject mass, in kg
Table8.2. Model parameter estimates
Model
Upper Tibia Axial Force -0.5204 0.8189 -0.0686

The risk function and 95% confidence intervals were calculated assuming a standard ntas&gf 7

Upper Tibia Force
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Figure8.8. Logistic regression of upper tibia axial force data, including mean injury risk function and 95%
confidence intervals, assuming mass @.1kg.
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Table8.3. Significance and goodness of fit statistics fgper tibia force logistic regression with mass as a

covariate
Wald AUROC HosmerLemeshow HosmerLemeshow -2 LogL
Pr>ChiSq ChiSquare Pr>ChiSq
0.03 0.83 5.9 0.55 28.4

Logistic regression can clearly differentiate betweell-correlated and norcorrelated datasets, but
has the drawback of resulting in a risk function that has azeno risk at zero stimutulevel.Thus, an
alternateform of the risk function was del@ped using survival analysBurvival analysis allows
treatment of repeated tsts as intervatensored dataFor nonrepeat tests, the data was treated as
right-censored if no injury was sustained and4eénsored if a fracture was sustaindde survival
analysis risk functioassumes a Weibull distributiaandtakes the form

n'!')3 cp ACGPAGHD——

where:
[ = Intercept
® = Upper Tibia Axial Force (kN)
[ = Mass coefficient
A = Subject mass, in kg

| = scale

Table8.4. Model parameter estimatesind goodness of fit

Model -2 LogL
Upper Tibia Axidtorce 1.2236 0.0103 0.1695 34.96

Although the survival model has the advantage of passing through zero at zero stigivtusthe lower
log likelihood values for the logistic model (compared with the survival model), the logistic regression
curves are recommended

8.6 Lower Tibia Axial Force

8.6.1 Data

Distal tibia and hindfoot fracturesre commornower extremity injures sustainedn frontal crashes
(Figure8.1). These injuries armost commonlyproduced by axial loading through the foot and leg
(Figure8.2). Several studies are available wherein axial iwvagdapplied to the plantar aspect difie foot

177



(Table8.5). These studies were evaluated to determine whether they could be comlioreisk

function developmentThe risk curve proposday Kuppa, 2001 used a combined dataset from studies
by Yoganandan et al. (1996), Begeman et al. (189@Roberts et al. (1993However,Roberts et al.
(1993)reported only footplate forces, anbecause peak footplate forces are typically much highan
peak tibial loads, it is inapprojatie to combine these dataset¥oganandan et a{2015) evaluated

these five studies, andombinedonly Yoganandan et al. (1996), Begeman et al. (1886Kitagawa et

al. (1998)o develop new injury risk curveRobets et al. (1993yvas excluded because only footplate
force was recorded anBunk et al. (2002)as excluded because mean fracture forces were statitica
different from the othersHowever, there were many small female subjects included in the uak
(2002 study, which had the effect of lowering the overall mean fracture foxen either only male
adzo 2S0Ga& 2NJ 2y 8188 cmPsijdctiaBe cénSide@K the meannracture forces in the
Funk study are not significantly differeinom the rest. As such, NHTSA deems it beneficial to include
this data into a combined dataset (studies A, B, D arithBle8.5 and Table8.6, APPENDIX)G
accounting for age osexas a covariate in the model (study C rensa@xcluded due to the absee of
recorded tibia forces)As demonstrated previously (Fuakal, 2002; Yoganandaet al, 2015), age is
also a sigtiicant covariate in the model he benefit to using the combined dataset is that it increases
overall samp@ size and includes an appropriate number of fgjary data (compared witifor example
usingthe Funk et al., 200&tudyalone). Although different boundary conditions and load cell locations
exist in the combined dataset, the similarity of the injimpducing forces supports the approach
combining these data.

Table8.5. Jummary of biomechanical studies in which axial load was applied to the plantar aspect of the foot

Study Boundary Loadcell location n, n, non Specimen data
condition injured injured available
A Yoganandan et al. Free Proximal end of 13 13 Age, Sex, Height,
(1996 tibia Weight
B Begeman et a(1996 Fixed Mid-tibia 5 12 Age, Sex, Weight
C Roberts et al(1993 Fixed Foot plate 9 0 Age, Sex, Height,
Weight
D Kitagawaet al.(1998  Fixed Proximal tibia 15 1 Age, Sex
E Funk et al(2002 Fixed Implanted in tibial 30 4 Age, Sex, Height,
diaphysis Weight
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Table8.6. Descriptive statistics fotower tibia axial dataset

All specimens Male specimens only
Study Mean Failure FailureForce Mean Failure Failure Force n,
Force (kN) Range (MinMax) Force (kN) Range (MinMax) males
A 78+x24 43t0115 84121 55t011.5 11
B 7.8+0.9 6.9t0 8.7 7.0 7.0 1
D 7609 5.7t09.1 8.0+0.9 7.1t08.8 4
E 5722 2.61010.8 7021 4.51t010.8 17
Combined 6.8+2.2 2.6t011.5 7.7+20 4510115

8.6.2 Injury Risk Functiondfmulation

Axial force is the commonly reported predictor variable. The dependent variable considered was the
presence of a\IS 2 or greater (2+) injurgtepwise multiple regression was carried out to assess the
sensitivity ofoccupantbased covariatesCovariates condered were age, sex and heigkor this

dataset, age and sex were significant covariates, while heighhatat/sing logistic regression, model
significance and goodness of fit were evaluated for four variations of covariates,aardae which
model best fit the datgTable8.7). The model with age ansexperformed best (AUROC>0.8).

Table8.7. Model statistics for lower tibia force logistic regression

Model Studies Wald AUROC Hosmer Hosmer -2 Log L
Covariates used Pr>ChiSq Lemeshow Lemeshow
ChiSquare Pr>ChiSq
None AB,D.E  0.0072 0.67 10.9 0.22 104.2
Age AB,D,.E 0.0011 0.75 3.9 0.86 93.5
Age+Sex AB,D,E 0.0021 0.79 2.6 0.95 88.8
Sex A,B,D.E 0.0@ 0.74 15.6 0.049 96.3

The logistiadegression takes the form:
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nt)3 ¢ 5
where:
[ = Intercept
[ Independent parameter coefficient
W = Lower Tibia Axial Force (kN)
[ =  Age coefficient
A = Subjectage, in years
1 =  Sex coefficient
@ = Subject sex (Male £ Female 9)

Table8.8. Model parameter estimates
Model
Age+Sex -5.0755 0.4683 0.0633 -1.2109

For calculation of 95% confidence intervédgyure8.9), a baseline age of4yearsandsex equal to 1
(male) were assumed.
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Figure8.9. Logistic regression oblver tibia axial force data (mean injury risk function and 95% confidence
intervals, assuming age ofddyearsand male sex.

An alternateform of the risk function was developeding survival analysiSurvival analysis allows
treatment ofrepeated tests as intervalensored dataFor norrepeat tests, the data was treated as
right-censored if no injury was sustained and-ednsoral if a fracture was sustainetdhe survival
analysis risk functioassumes a Weibull distribution atakes the form:
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n')3 cp APDAGH
where:
[ = Intercept
W = Lower Tibia Axial Force (kN)
[ =  Agecoefficient
[ = Sexcoefficient
A = Subjectage inyears
&) = Subjectsex (1=male; 0O=female)
| = scale
Table8.9. Model parameter estimatesnd goodness of fit
Model -2 Log L
LowerTibia AxiaForce 2.6935 -0.0198 0.0296 0.5494 104.4

Although the survival model has the advantage of pasirmugh zero at zero stimulus, given the lower
log likelihood values for the logistic model (compared with the survival model), the logistic regression
curves are recommended

8.7 Tibia Bending

8.7.1 Data

Compressive axial loading was shown to be the most common mechanism overall forknelew

injuries inFigure8.2 based on the coded primary mechanism in CIREN céesnidshaft region of the

tibia is known to have a higher tolerance to axial loading than the epiphyseal regions, but field data
studies suggest bending is a more common mechanism of fracture for the tibia diaphysis (Ilvarsson et al.
2008).Tibia and filla shaft fractureswhile mostly attributed to compressive axial loading, also occur in
frontal crashes as a result of applied bending from eccentric loads to the foot, ankle rotations, and leg
interaction with the knee bolster and surrounding componeitsaddition to the externalhapplied

bending, the total bending moment in the m#haft is augmented binduced bending due to axial

loading given thdaumani A 6 A | Q & UrilikizBumandies IcBOM leg is straight and does not
experienceinduced bending from axial load.

The Tibia IndekTl)was developed as an injury criterion for combined bending and axial cosipees
loads in themid-shaft of the tibia(Mertz et al.,1993) It was based on classical beam theory, and
accounted for the ingraction of stresses from Ingling and axial loadlhe Revised Tibia Index (RTI) was
proposed by Kuppat al. (2001, which incorporated updated critical values for both force and moment.
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However, RTI as formulated, may not add value to an independemyirigk function foraxial forceand
resultant moment, given thaR Tl and resultant moment are highly correlated HORS0M tests(Figure
8.10).

Figure8.10. Tibia Force and Moment vs. RINI THORS0M tests

A number of studies have examined tilbi@ndingto failure (Table8.11, APPENDIX)Gstudies by

Nyquist et al. (1985) an8chreiberet al. (1998tonducted quasstatic and dynamic testat the mid

tibia, using varyingolad directions (anterieposterior, AP, posterieanterior, PA, and laterahedial,

LM). Only thedynamic resultérom these two studiesvereused{ 2 YS 2F { OKNBAO6SNRa (S3
imposed axial load of 4448 Mhich contributed an estimated 65 Nm in induced bending. This was

added to the applied moment to determine the total moment for these tests.

Work conducted byvarssoret al. (2006) included pure bending, pure compression, and combined
compressiorbending loading The impact location for all bending tests wagha distal 1/3 of thetibial

shaft Four levels of varying superimposed axial laeete applied for the combined loading tesEor

the APcombined loadindests, he totalmoment, inclusive bthe applied moment and induced

moment,was calculateénd reported in Untaroiu et al. (2008)able8.11). Note that for thelvarssoret

al. (2006) study, tests Wt Ay 2dzNA S&a y 20 SR ANIOSAINEAG ML yt BREAY A 1t 2
C NJ O ivereNsRciuded.
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