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SUMMARY 

OVERVIEW ς This report presents the development of injury criteria for the Test Device for Human 
Occupant Restraint (THOR) 50th percentile male (or THOR-50M) anthropomorphic test device (ATD). The 
THOR-50M is intended for use in frontal impact crash tests. 
 
HEAD ς This report presents two head injury criteria.  The first, the Head Injury Criterion (HIC15), is a 
metric that is currently used with other ATDs for assessing head injury risk in frontal crashes. It is 
currently in use in FMVSS No. 208 and frontal New Car Assessment Program (NCAP) tests (Eppinger et 
al., 1999; NHTSA, 2008). The risk curve associated with HIC15 in frontal NCAP testing represents a risk of 
Abbreviated Injury Scale (AIS) 3+ injury (NHTSA, 2008). However, while HIC15 injury assessment values in 
frontal NCAP testing have continued to decrease over 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 al., 2013). This may be because the HIC15 criterion only addresses linear acceleration 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, Takhounts et al. (2013) developed a 
kinematically-based brain injury criterion (BrIC). 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 highest correlation 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 al., 2003; Takhounts, 2015). 
 

Injury Criterion: 
ὌὍὅ  
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NECK ς This report describes a THOR-specific version of the neck injury criterion (Nij) as a metric for 
assessing neck injury in frontal crashes. The formulation of Nij will be retained, but the critical values 
have been updated to specifically represent the THOR-50M anthropomorphic test device (ATD). Based 
on a comprehensive review of available experimental data, the current effort is proposing a human 
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cadaver-based set of critical intercepts that have been adjusted based on the enhanced biofidelity of the 
THOR-50M ATD. These critical values are based on measurements from the upper neck load cell alone: 
4200 N in tension, 4520 N in compression, 60.0 Nm in flexion, and 79.2 Nm in extension. As the cadaver-
ōŀǎŜŘ ǾŀƭǳŜǎ ǊŜǇǊŜǎŜƴǘ ŀ άǊŜƭŀȄŜŘέ ƘǳƳŀƴΣ this is a conservative estimate of injury risk because it does 
not account for additional resistance to tension provided by neck musculature (Dibb et al., 2006). 
 
 

Injury Criterion: 
Nij 
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CHEST ς This report presents the derivation of a multi-point thoracic injury criterion to predict chest 
injury with the THOR-50M ATD. A relationship was sought between the measurements available in the 
thorax of the THOR and PMHS-observed injury through a series of matched-pair sled tests conducted in 
14 conditions. Incidence of injury was quantified as AIS 3+ skeletal thoracic injury to the PMHS, which 
represents three or more fractured ribs based on the 2005 (update 2008) version of AIS. The matched 
set of post-mortem human surrogate (PMHS) tests included 18 non-injury observations and 30 injury 
observations. Of the available thoracic measurements, the peak resultant deflection, calculated using 
the maximum of the peak resultant chest deflections from the four measurement locations on the THOR 
rib cage, was selected as the most reasonable predictor. Age was determined to be a significant 
covariate in the prediction of injury, but not mass, stature, or sex.  The resulting risk function, assuming 
an age of 40 to represent the mean age of exposed male drivers in frontal crashes, is shown in Equation 
( 9 ). 
 

Injury Criterion: 
Peak Resultant Chest Deflection ὴ!)3 σρ Ὡ

 
Ȣ

Ȣ

 ( 9 ) 

 

ABDOMEN ς This report describes the development of an abdominal injury criterion for the THOR-50M 
ATD based on peak abdominal deflection as measured by the abdomen deflection instrumentation. This 
injury criterion is based on testing of porcine surrogates by Kent et al. (2008), who found percent 
compression to be the best injury discriminator out of the considered metrics. A risk function was 
developed to relate the peak compression of the THOR-50M ATD abdomen, measured using bi-lateral 
3D deflection instrumentation in the lower abdomen, to the risk of AIS 3+ abdomen injury, as shown in 
Equation ( 10 ). 
 

Injury Criterion: 
Peak Abdomen Compression ὴ!)3 σρ Ὡ

 
Ȣ

Ȣ

 ( 10 ) 

 

PELVIS ς This report describes the development of an acetabulum load criterion to assess the potential 
for pelvis injuries with the THOR-50M ATD. Rupp et al. (2009a) developed a post-mortem human 
surrogate (PMHS) injury 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 fracture. The data used 
to develop this risk function were re-evaluated herein, and it was confirmed that neither 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 not. The relationship between the force transmitted to the 
hip of the PMHS and the acetabulum force measured in the THOR-50M ATD is developed based on the 
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ratio of applied force at the knee to measured force at the femur load cell and the ratio of measured 
force at the femur load cell and the resultant force measured at the acetabulum load cell. The risk 
function considers both stature and flexion angle as covariates, and relates the peak resultant 
acetabulum force measured while the femur is in compression with the THOR-50M ATD to the risk of hip 
fracture. The resulting risk function is shown in Equation ( 11 ), assuming stature of 178 centimeters to 
represent a 50th 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: 
Peak Resultant Acetabulum 
Force 

ὴὌὭὴ ὊὶὥὧὸόὶὩ ɮ
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πȢςσσω
 

 

( 11 ) 

 
KNEE/FEMUR ς This report describes the development of a peak femur axial force criterion that can be 
used as a metric for assessing knee/femur injury risk in frontal crashes. The data from Rupp et al. 
(2009b) were re-evaluated to consider covariates including sex, stature, age, and mass, using both 
logistic regression and survival analysis. For all formulations, sex as a covariate had a significant effect on 
the prediction. As currently applied in FMVSS No. 208 and frontal NCAP, the femur force injury risk 
function does not account for the difference between the applied force at the knee of the PMHS used to 
develop the risk function and the peak 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 THOR-50M femur load 
cell to the applied force at the knee. The resulting in the risk function relates the force measured at the 
peak axial force measured at the THOR-50M femur load cell to the probability of AIS 2+ knee and 
knee/femur injury, as shown in Equation ( 12 ). 

Injury Criterion: 
Peak Axial Femur Force 

ὴ!)3 ς ɮ
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( 12 ) 

 
LEG ς This report presents injury risk curves developed for the human lower extremity and applied to 
the lower extremity hardware of the THOR-50M ATD. NHTSA 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 the resultant moment calculated using measurements from the upper 
and lower tibia load cells; and distal tibia, calcaneus, talus, ankle, and midfoot fractures using the axial 
force measured by the lower tibia load cell. Additionally, a risk function for the combined stress 
approach represented by the Revised Tibia Index was developed. 
  
The upper tibia axial force risk function is: 

Injury Criterion: 
Upper Tibia Axial Force 
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Where Fupper tibia is the largest compressive z-axis force, in kN, measured in the left and right upper tibia 
of the THOR-50M ATD. 
 
The lower tibia axial force risk function is: 

Injury Criterion: 
Lower Tibia Axial Force 
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Where Flower tibia is the largest compressive z-axis force, in kN, measured in the left and right lower tibia of 
the THOR-50M ATD. 
 
The tibia bending moment risk function is: 

Injury Criterion: 
Tibia Bending Moment 

ὴ!)3 ςρ Ὡ
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Where Mres is the largest resultant moment, in Nm, calculated from the x-axis and y-axis moments 
measured in the left and right upper and lower tibia of the THOR-50M ATD. 
 
The Revised Tibia Index risk function is: 

Injury Criterion: 
Revised Tibia Index 

ὴ!)3 ςρ Ὡ
Ȣ
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( 16 ) 

 
Where RTI is the largest Revised Tibia Index value, calculated instantaneously using the axial 
compressive force and the resultant of the x-axis and y-axis moments measured at the left and right 
upper and lower tibia load cells of the THOR-50M ATD. 
 
 

Table S1. Summary of THOR-50M Injury Measures and Values at 10, 25 and 50% Risk. 

Injury Measure 
AIS Severity 

Level 10% Risk 25% Risk 50% Risk 

BrIC 

2 0.62 0.69 0.79 
3 0.68 0.79 0.96 
4 0.71 0.85 1.05 

HIC15 
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 Tibia Force (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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Criterion Calculation Risk Function 
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Criterion Calculation Risk Function 
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1 INTRODUCTION 

This report describes in detail the methods and results for deriving injury measures and associated injury 

risk functions to interpret measurements collected using the Test device for Human Occupant Restraint 

(THOR) 50th percentile male anthropomorphic test device (ATD), here forward referred to as THOR-50M. 

The THOR-50M is intended for use in frontal crash testing.   

 Real-world Data 

Vehicle crashworthiness or safety performance assessment and associated predictions for injury and 

fatality risk are influenced by three main areas: (1) the condition or evaluation protocol the 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 measures used to estimate the risk of different injuries as applied together 

with (1) and (2).  Item (3) is the focus of this report as it relates to the THOR-50M. 

Despite prior/current efforts (standardized tests, test devices or ATDs, injury measures), significant 

societal harm remains in frontal crashes. Figure 1.1 shows the last 15 years of fatality data sourced from 

bI¢{!Ωǎ Cŀǘal Analysis Reporting System (FARS). FARS provides an annual nationwide census of fatalities 

resulting from motor vehicle crashes on public roadways.   

 

Figure 1.1. Frontal crash fatalities - belted and unbelted drivers and right front passengers (belted 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 2000-2016. 
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The National Automotive Sampling System ς Crashworthiness Data System (NASS-CDS) was queried for 

case years 2000 to 2015 in summarizing the total number of injuries by body region at the maximum 

Abbreviated Injury Scale (MAIS) 2+ and 3+ severity level for AIS version 1990 (1998 update) (AAAM, 

1998) by occupant (Table 1.1). Each occupant is only counted once per body region as appropriate 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 occupants and then separately by driver and right front passenger 

(RFP). Driver and right front passenger is further broken down by belted and unbelted occupants. Table 

1.2 presents the same type of data but shows total injury counts for each body region. In this case, 

occupants could have multiple injuries represented at the 2+ and 3+ severity level for a body 

region/injury grouping. Both tables are showing the total number of cases over the sixteen years and are 

not showing annual estimates. The point estimate and 95% upper and lower confidence intervals 

around the estimates are shown. 
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Table 1.1. NASS-CDS 2000 to 2015 Frontal Crashes ς Weighted MAIS totals by Body Region. 

 

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 5,241

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

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 5,241

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

Heart 5,588 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 18,958 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 1,988 374 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

2. All occupants - any seating position, no rollovers

3. All frontal/small overlap crashes, no rollover, age 13+ driver/right front passenger

1. Unadjusted data, no correction for missing data (e.g. older model year vehicles in 2009-2015 case 

years) - Frontal/Small Overlap Crashes

Body Region MAIS Counts - Frontal Crashes - NASS 2000-20151

All Occupants2 Belted Drivers/RFPs3 Unbelted Drivers/RFPs

AIS 2+

AIS 3+
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Table 1.2. NASS-CDS 2000 to 2015 Frontal Crashes ς Total Weighted Injury Counts. 

 

 

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

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

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 25,934 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

2. All occupants - any seating position, no rollovers

3. All frontal/small overlap crashes, no rollover, age 13+ driver/right front passenger

AIS 3+

1. Unadjusted data, no correction for missing data (e.g. older model year vehicles in 2009-2015 case years) - 

Frontal/Small Overlap Crashes

Total Injury Counts - Frontal Crashes - NASS 2000-20151

All Occupants2 Belted Drivers/RFPs3 Unbelted Drivers/RFPs

AIS 2+
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Eigen and Martin (2005) presented an approach to quantify the cost of injury for different body regions 

and injuries relative to other body regions. This attributable cost approach was recreated using updated 

cost data from Blincoe et al. (2015). Blincoe provided data that broke down the cost of injury associated 

with motor vehicle crashes into body region and injury severity. Table 1.3 presents the sum of medical, 

wage, and household costs as well as the cost associated with quality-adjusted life years (QALYs) lost. All 

values are with a 3% discount rate applied. The total cost in these four areas amounts to over 95% of 

comprehensive cost for AIS 2 through fatal injury severities. 

Table 1.3. QALY and Economic Costs Sum by Body Region / Injury Severity. 

 

In essence, the attributable cost approach looks at the most costly injury sustained by a given occupant 

and subtracts the cost associated with the next most costly injury. The cost data from Table 1.3 is used 

for the respective injuries. The difference between the two costs or attributable cost is recorded for that 

occupant and associated with the most costly body region. This approach can be applied across a target 

population of interest. In Figure 1.2 this approach has been applied to belted and unbelted drivers and 

right front passengers involved in frontal crashes for NASS-CDS case years of 2010 to 2015 with the body 

region data organized to match body regions that map to those of THOR-50M. This is done for all 

maximum Abbreviated Injury Scale (MAIS) 2+ occupants and associated AIS 2+ injuries. The version of 

AIS used was AIS 1995/1998 (AAAM, 1998) given the injury coding used in Blincoe et al. (2015) used that 

version of AIS. The costs shown represent a total for the case years included. 

Total - QALY1 and Economic Costs (Medical Costs2, Lost Wages3, Household Productivity4)

Severity

No 

Fracture Fracture

No 

Fracture Fracture

No 

Fracture5 Fracture6

No 

Fracture Fracture Abdomen 

No 

Fracture Fracture

No 

Fracture Fracture

AIS 1 $100,296 $12,879 $25,613 $594,740 $462,557 - $70,194 $175,330 $240,252 $19,643 $15,962 $23,546 $29,860

AIS 2 $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 $154,930

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 $992,888

AIS 4 $3,626,768 $2,121,003 - - $6,428,249 - $520,457 $703,772 $626,271 $1,546,776$1,680,853 - -

AIS 5 $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)

Upper ExtremitiesNeckHead Face Chest Lower Extremities
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Figure 1.2. Attributable cost by THOR-50M body region for drivers and right front passengers involved in frontal 
crashes for NASS-CDS 2010-2015 case years. 

 Scope 

This report describes injury criteria and associated risk function development where both the THOR-

50M has available instrumentation and experimental/mathematical injury data exist. 

 THOR-50M Technical Documentation 

Throughout this document, references to the THOR-50M refer to an ATD described in the August 2018 

THOR-50M drawing package (NHTSA, 2019a), for which qualification specifications are defined in the 

September 2018 THOR-50M Qualification Procedures Manual (NHTSA, 2019a). Additionally, the THOR-

50M Procedures for Assembly, Disassembly, and Inspection (NHTSA, 2019b) includes relevant 

information regarding instrumentation polarity and post-processing. Nonetheless, with the exception of 

the molded shoe introduced in the August 2016 drawing package (NHTSA, 2016b), the contents of this 

report are believed to be applicable to any THOR-50M ATD with at least the Mod Kit design features 

(Ridella and Parent, 2011) and the SD-3 shoulder (Parent et al., 2013).  
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The THOR-50M is a physical model of a 50th percentile male motor vehicle occupant. The anthropometry 

of the THOR-50M was developed to meet the requirements of the Anthropometry of Motor Vehicle 

Occupants (AMVO) study (Robbins, 1983). The kinematic and dynamic biomechanical performance 

requirements of the THOR-50M were developed based on PMHS and volunteer response data, 

described in more detail in Parent et al. (2017).  

 Intended Application 

The THOR-50M is intended for use in the development/evaluation of vehicle safety countermeasures 

(e.g. occupant restraint systems such as seat belts and airbags) and vehicle safety performance in frontal 

crashworthiness testing. NHTSA has traditionally used 50th male crash test dummies or ATDs in a variety 

of frontal crash conditions for rulemaking/enforcement, consumer metric and/or research purposes in 

evaluating the performance of passenger cars, light trucks and vans. These conditions include full frontal 

and small to moderate overlap crashes with those tests being run with various impact angles (collinear 

and oblique). In these conditions, 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, real-world crash, and fleet data from crash tests/simulation for the purpose of creating, 

evaluating and selecting injury criteria and associated risk functions for the THOR-50M ATD. 

 Statistical Assessment / Creation of Risk Functions  

The following section describes the steps and statistical measures used to describe the respective injury 

risk functions for the THOR-50M. 

 Methods for developing risk functions 

Hasija et al. (2011) presented a process by which to differentiate between non-correlated and well-

correlated datasets when considering the development of injury risk functions. They recommended the 

use of both logistic regression and survival analysis when using left censored injury data and right 

censored non-injury data. For a well-correlated dataset with overlapping left and right censored injury 

and non-injury data, both logistic regression and survival analysis (with Weibull, log-logistic or log-

normal) produce nearly identical risk functions. The advantage of survival analysis as compared to 

logistic regression is that it produces a risk function that presents zero risk with zero stimulus. 

For logistic regression-based analyses to be possible, two conditions need to be met. First, the data must 

include both injury and non-injury data points for the dependent outcome of interest. Second, this 

dataset must have overlapping injury and non-injury data. As will be described later in this report, it was 

necessary to consider some datasets that presented only injury data. In these cases, where the 

experimental protocol allowed for the measurement/estimation of load/stimulus magnitude at failure 

(possibly different than peak stimulus or left censored data where exact failure stimulus is not known), 

risk functions are presented 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 and IƻǎƳŜǊ ŀƴŘ [ŜƳŜǎƘƻǿΩǎ όHosmer and 

Lemeshow, 2000) goodness of fit test. 

Area under the ROC curve: The ROC curve is a plot of true positive versus false positive rates. The area 

under the ROC curve or AUROC can range from 0.5 (no model discrimination) up to 1.0. 

Per Hosmer and Lemeshow (2000), AUROC can be interpreted as follows: 
 

¶ If AUROC=0.5 this suggests no discrimination 

¶ If 0.7 <= ROC < 0.8 this is considered acceptable discrimination 

¶ If 0.8 <= AUROC < 0.9 this is considered excellent discrimination 

¶ If AUROC >= 0.9 this is considered outstanding discrimination 
 
Hosmer and Lemeshow note ǘƘŀǘ άƛn practice it is extremely unusual to observe areas under the ROC 
Curve greater than 0.9. In fact, when there is complete separation it is impossible to estimate the 
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coefficients of a logistic regression model, yet nearly complete separation would be required for the 
ŀǊŜŀ ǳƴŘŜǊ ǘƘŜ wh/ /ǳǊǾŜ ǘƻ ōŜ Ҕфл҈Φέ 
 
Log-likelihood (-2 log L or Max Log-likelihood in SAS 9.3, SAS Institute Inc.): Log-likelihood is minimized 

(or targeted to be as close to zero as possible) in fitting a model to the associated dataset when 

optimizing for the model coefficients. It is dependent on the sample (content, sample size) and thus 

should only be used for comparing models (e.g. AIS 2+ or AIS 3+) derived from the same dataset and not 

across different datasets. 

Goodness of Fit: Hosmer and Lemeshow (2000) described a goodness of fit test that can be used to 
assess the predictability of the model. IƻǎƳŜǊ ŀƴŘ [ŜƳŜǎƘƻǿΩǎ ƎƻƻŘƴŜǎǎ ƻŦ Ŧƛǘ ǎǘŀǘƛǎǘƛŎ ƎǊƻǳǇǎ ƳƻŘŜƭ 
observations/probabilities (usually near ten groups) for the purpose of comparing predicted versus 
observed frequencies. The goodness of fit statistic obtained by calculating the Pearson chi-square 
statistic Gx2 (G equals number of groups) table of observed versus estimated expected frequencies. If 
the p value (Pr>ChiSq) is high (> 0.1) then one cannot reject the null hypothesis that the model fits (i.e. is 
correct).  

 Injury Severity and Risk Curve Expansion 

This report uses the 1990 version (1998 Update) of the Abbreviated Injury Scale (AAAM, 1998) when 

considering real-world crash data and experimental data used to develop injury risk functions. As 

needed, further analysis and/or descriptions are provided when considering some datasets and 

applications that are based on the 2005 (2008 Update) version of AIS (AAAM, 2008). In 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 possible, the risk functions for the respective body regions will be presented for more than one 

AIS severity level. In some cases, (see brain injury) this was simply done through referencing prior 

expanded curves. In other cases, and as the experimental data allows, risk functions are presented for 

different levels of injury as derived directly from the experimental data (e.g. see neck). 

 Field Data 

This report utilizes various sources of real world or field crash data in analyzing trends of field versus 

fleet data as well as to present case study results of injury mechanisms. 

The following is a brief description of each database: 

¶ National Automotive Sampling System ς Crashworthiness Data System (NASS-CDS): bI¢{!Ωǎ 
NASS-CDS database is a nationally representative sample of crashes on public roadways where 
at least one vehicle was towed from the crash. NASS-CDS contains detailed, crash investigator 
collected data related to the crash (scene, vehicle) and occupant/injury (demographics, injury 
coding, injury sources). 

¶ Crash Injury Research and Engineering Network (CIREN): bI¢{!Ωǎ /Lw9b ǇǊƻƎǊŀƳ dataset is a 
purposive sample of seriously injured occupants who were admitted to a Level I trauma center. 
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Vehicle crash data is collected similar to NASS-CDS. CIREN collects additional hospital and 
medical imaging data and conducts medical/engineering expert team review in assigning 
sources, causes, and mechanisms of injury. 

¶ National Automotive Sampling System ς General Estimates System (NASS-GES): NASS-CDS is a 
nationally representative sample of police reported crashes on a public roadway. NASS-GES 
collects a larger sample of data as compared to NASS-CDS in an effort to get an overall bigger 
picture of crashes, but does not have crash investigator collected vehicle crash data or occupant 
injury data. 

¶ Fatality Analysis Reporting System (FARS): bI¢{!Ωǎ C!w{ ŘŀǘŀǎŜǘ Ŏƻƴǘŀƛƴǎ ŀ ƴŀǘƛonwide census 
of fatal crashes. Like NASS-GES it does not have detailed crash or occupant injury data, but does 
provide high-level demographic, restraint use and crash type information.  

¶ Multiple Cause of Death (MCoD): MCoD is a CDC dataset of national mortality and population 
data based on death certificates in the U.S. The underlying cause of death (e.g. motor vehicle 
crash) and associated injury types are documented. 

 

Methods and associated results for comparing rates of injury in field data versus predicted injury risk 

from use of the THOR-50M in crash tests of fleet vehicles are presented in section 9. 

 Fleet Data: THOR-50M 

Each injury criterion presented herein is calculated for a set of vehicles which were tested in the frontal 

rigid barrier (0 degrees, full overlap, 56 km/h) (Keon, 2016) and/or Oblique Moving Deformable Barrier 

(15 degrees, 35% overlap, 90 km/h barrier speed) (Saunders et al., 2015) crash test procedures. Vehicle 

ǎŜƭŜŎǘƛƻƴ ǿŀǎ ƭƛƳƛǘŜŘ ǘƻ ǘƘƻǎŜ ǿƘƛŎƘ ǊŜŎŜƛǾŜŘ ŀ άDƻƻŘέ ƻǊ ά!ŎŎŜǇǘŀōƭŜέ ǊŀǘƛƴƎ ƛƴ ǘƘŜ LƴǎǳǊŀƴŎŜ LƴǎǘƛǘǳǘŜ 

for Highway Safety (IIHS) Small Overlap Impact (SOI) crash test and also had side curtain airbags meeting 

ǘƘŜ ǊŜǉǳƛǊŜƳŜƴǘǎ ƻŦ CŜŘŜǊŀƭ aƻǘƻǊ ±ŜƘƛŎƭŜ {ŀŦŜǘȅ {ǘŀƴŘŀǊŘ όCa±{{ύ bƻΦ ннсΣ ά9ƧŜŎǘƛƻƴ ƳƛǘƛƎŀǘƛƻƴΦέ See 

APPENDIX D for a list of crash tests included in this evaluation. Data, reports, photos, and videos from 

these crash tests are located in the NHTSA Vehicle Crash Test Database 

(http://www.nhtsa.gov/Research/Databases+and+Software).  

Fleet data from current New Car Assessment Program (NCAP) testing is also presented for the purpose 

of comparing trends in fleet testing versus trends in field data.   

 Age Considerations ς Injury Risk Functions 

The National Automotive Sampling System ς General Estimates System (NASS-GES) was queried for case 

years 2006 to 2015 to present the mean age of male drivers involved in frontal crashes. The 10-year 

trend is seen in Figure 2.1. Extrapolate forward to 2020 and the estimated mean age for male drivers in 

frontal crashes is 40-years old. For risk functions presented later in this report that use age as a 

covariate, 40 will be used as the age as it represents the mean age of exposed male drivers in frontal 

crashes. 
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Figure 2.1. NASS-GES mean age for male drivers in frontal crashes, case years 2006-2015. 
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3 HEAD  

 Field and Historical Fleet Data 

It can be seen in Table 1.1 that the brain is the most frequently injured body region at the AIS 2+ severity 

level for all occupants in frontal crashes with knee/thigh/hip, rib cage injuries being the 2nd and 3rd most 

frequently injured for body regions associated with the THOR-50M. Brain injuries remain prominent 

when looking at belted and unbelted drivers and right front passengers. Brain injuries are also the most 

costly injury type per the attributable costs presented in Figure 1.2. 

Figure 3.1 shows how the rate of brain injury and skull and facial fractures (both at the AIS 2+ level) have 

changed in recent model years for belted drivers in frontal crashes where an airbag deployed (no delta-V 

or damage extent filter). The case years included for NASS-CDS were 1993 to 2015. The rate represents a 

running 3-year average of the percent injured (i.e. injured cases divided by total number of cases; e.g. 

model year 1992 includes the total weighted count of 2+ injuries from 1990, 1991 and 1992, divided by 

the total number of cases for those years). The 1990 model year is the first with over 100 raw count 

cases that fit the inclusion criteria. Prior model years had very few cases of belted drivers with deployed 

airbags. This is why 1992 is the first model year considered in the presented 3-year average. It appears 

that while the rate of facial/skull fracture has not changed given belted, airbag restrained drivers in 

frontal crashes, the rate of brain injury at the AIS 2+ level has increased. In contrast, Figure 3.2 shows a 

decreasing trend of HIC15 values/risk of vehicles tested in the 35-mph full frontal test condition (NCAP, 

FMVSS No. 208) from model year 1990 to 2016.  These tests were with the Hybrid III 50th percentile 

male frontal dummy or H3-50M. 
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Figure 3.1. Skull/facial fracture MAIS 2+ and brain injury 2+ rate versus model year (1992 to 2015) from NASS-
CDS 1993 to 2015. 

 

Figure 3.2. H3-50M driver HIC15 values and predicted AIS 3+ risk from model year 1990 to 2016 in 35-mph frontal 
NCAP tests. 
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Table 3.1 shows the relative occupant counts of brain injury versus skull/facial fracture for belted drivers 

in frontal crashes for NASS-CDS case years 2000-2015 where there was a deployed frontal airbag. It can 

be noted that the majority of occupants with an AIS 2+ or 3+ brain injury sustained those injuries in the 

absence of skull or facial fractures.   

 

Table 3.1. Brain injury versus skull/facial fracture for belted, airbag restrained drivers in frontal crashes (NASS-
CDS 2000-2015). 

 

 

Figure 3.3 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 Disease Control 

and Prevention (http://wonder.cdc.gov/mcd.html). Also shown are FARS totals for the same years. It can 

be seen that TBI-related and total fatality counts follow similar trends.  
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Figure 3.3. TBI-related brain injuries in motor vehicle crashes from MCoD dataset. 

The CIREN database includes regional injury mechanisms assigned by biomechanical engineers during 

the case review process. A query of restrained first row occupants sustaining AIS 2+ head and face 

injuries in frontal crashes was performed to determine the dominant injury-producing mechanisms. 

Frontal crashes were broadly defined for this query, and include crashes with principal directions of 

ŦƻǊŎŜ ǿƛǘƘƛƴ ол ŘŜƎǊŜŜǎ ƻŦ мн ƻΩŎƭƻŎƪ and any amount of frontal overlap. Only crashes occurring after 

June 1, 2010 were included in this query. Of 488 occupants in qualifying frontal crashes, 93 sustained an 

AIS 2+ injury to the head or face, and the mechanisms of the individual injuries by type are shown in 

Figure 3.4. 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 

acceleration, and compression. These 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 reviewed. Additionally, in brain/LOC injury cases, when the regional mechanism is assigned as 

άŎƻƳǇǊŜǎǎƛƻƴέ ƛǘ ƛǎ ƎŜƴŜǊŀƭƭȅ ǊŜŦŜǊǊƛƴƎ ǘƻ ǘƘŜ ǘȅǇŜ ƻŦ ƭƻŀŘƛƴƎ όƛΦŜΦ ŎƻƴǘŀŎǘ ǘƻ ŀ ǊŜƭŀǘƛǾŜƭȅ ƘŀǊŘ ŎƻƳǇƻƴŜƴǘ 

such as the steering wheel or A-pillar) and not an injury that is physically due to compression of the skull 

or brain tissue. In most of these cases rotational/translational acceleration/velocity was assigned as the 

secondary regional mechanism. 
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Figure 3.4. Recorded mechanisms of head and face injuries for belted front row occupants involved in frontal 
crashes from the CIREN database. 

 Instrumentation 

For measurement of head center of gravity (CG) translational acceleration and angular velocity the 

THOR-50M is equipped with three uniaxial accelerometers and three angular rate sensors, respectively 

(Figure 3.5). Five uniaxial face load cells can be installed, though these load cells have not been installed 

in any vehicle crash tests with THOR-50M ATDs in the NHTSA Vehicle Database. The head also includes a 

biaxial tilt sensor which measures the quasi-static orientation of the head for pre-test positioning 

purposes.  
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Figure 3.5. THOR-50M head instrumentation. 

 Biofidelity 

The biofidelity of the THOR-50M is described in Parent et al. (2017). For translational motion the 

response of the THOR-50M headform was evaluated in head drop, whole-body head impact, face rigid 

bar, and face rigid disk impact conditions. The classified biofidelity performance was excellent for the 

head drop, whole-body head impact, and face rigid disk impact conditions. The THOR-50M biofidelity 

performance in the face rigid bar impact condition was marginal, while the H3-50M has poor biofidelity 

in both face rigid bar and face rigid disk impact conditions. 

The angular velocity response of the THOR-50M head can be observed in a few experimental conditions. 

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 head angular rate time-history data of the THOR-50M versus the 

referenced biofidelity data shows that the peak value and timing is similar. The THOR-50M was also 

tested in full-body sled test conditions. Four conditions were evaluated: (1) 40 kph, zero degree with 

standard/non-force limited three-point seat belts; (2) 30 kph, zero degree with force-limited three-point 

seat belts; (3) similar to 2nd condition, but with the sled buck rotated 30 degrees to represent a near side 

condition for the occupant; and (4) far-side oblique condition in vehicle buck with production restraints 

(seat belts, passenger airbag) tested in a condition meaning to duplicate the full-scale angle/severity of 

bI¢{!Ωǎ ƭŜŦǘ ƻōƭƛǉǳŜ ŎǊŀǎƘ ǘŜǎǘ ǇǊƻŎŜŘǳǊŜΦ  
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For condition (1), the angular rate biofidelity ranged from excellent to marginal. Excellent biofidelity was 

found for y-axis rotation (dominant axis of rotation in a zero-degree frontal sled). For condition (2), 

angular rate biofidelity ranged from good to excellent for the respective axes of rotation. Biofidelity for 

x- and y-axis rotations in condition (3) were either excellent or good. Biofidelity for z-axis rotation was 

poor. As was noted by Parent et al. (2017), the cadavers lacked any resistance to z-axis rotation as 

compared to the THOR-50M and H3-50M. 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, condition (4) is most relevant to the type of airbag 

loading/restraint we expect for front row seated occupants in frontal/oblique crashes. For the THOR-

рлa ǎŜŀǘŜŘ ƛƴ ŀ ǎƛƳƛƭŀǊ ŎƻƴŦƛƎǳǊŀǘƛƻƴ ǘƻ ǘƘŜ ǘƘǊŜŜ ŎŀŘŀǾŜǊǎ όάtƻǎƛǘƛƻƴ /έύΣ ǘƘŜ head angular velocity 

about the x- and y-axes both had good biofidelity while the z-axis angular velocity biofidelity was 

excellent. In oblique, far-side seated conditions, it is z-axis rotation that contributes most to the angular 

velocity-based criterion (BrIC) described later in this chapter. BrIC values were also calculated for the 

respective post-mortem human subjects (PMHS) and paired THOR-50M and H3-50M (Figure 3.6) in the 

four sled test conditions. THOR-50M compares well to PMHS in all conditions other than condition (3) 

(see prior discussion). In looking closer at condition (4), the single THOR-50M test where the lower spine 

adjustment was changed to allow for THOR-50M to sit in a more slouched 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.   

 

 

Figure 3.6.  Average BrIC values in sled tests of PMHS, THOR-50M and H3-50M. 
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 Brain Injuries 

 Introduction 

Rotational motion of the head as a mechanism for brain injury was suspected as early as 1865 (Alquié, 

1865), mentioned by Goggio (1941), clearly explained by Holbourn (1943), and first observed on live 

monkeys by Pudenz and Shelden (1946). Since then a number of research studies by various institutions 

were conducted to confirm/reject this hypothesis (thorough reviews of these studies can be found, for 

example, in Gurdjian (1972), Hess et al. (1980), Ommaya (1984), Gennarelli et al. (1985), Melvin et al. 

(1993), Hardy et al. (1994), McLean and Anderson (1997), Goldsmith (2001), Shaw (2002), Goldsmith 

and Monson et al. (2005), Monson et al. (2005), Meaney et al. (2014)). Most of the studies were 

ŎƻƴŘǳŎǘŜŘ ƻƴ ŀƴƛƳŀƭǎ ŀƴŘ ŎƻƴŎƭǳŘŜŘ ǘƘŀǘ Ǌƻǘŀǘƛƻƴŀƭ ƪƛƴŜƳŀǘƛŎǎ ŜȄǇŜǊƛŜƴŎŜŘ ōȅ ǘƘŜ ŀƴƛƳŀƭΩǎ ƘŜŀŘ Ƴŀȅ 

cause axonal deformations large enough to induce their functional deficit (Ommaya, 1984). Other 

studies utilized physical and mathematical models of human and animal heads to derive brain injury 

criteria based on deformation/pressure histories computed from their models (Gennarelli et al., 1971, 

1972, 1985; Margulies and Thibault, 1992; Nusholtz et al., 1984; Zhang et al., 2001; Takhounts et al., 

2003, 2008).   

All of these previous studies together with established scaling techniques were utilized in the 

development of the Brain Injury Criterion or BrIC. First, loading histories of the available animal head 

kinematics data were digitized and scaled to the size of the human head. These loading histories were 

then applied to two different detailed mathematical models of the human head, each validated against 

various human brain response datasets. Next, physical injury criteria (based on maximum principal 

strain, or MPS, and cumulative strain damage measure, or CSDM) were established for the human brain 

based on the injury information obtained from the animal dataset. Since the animal injury data were 

predominantly for diffuse axonal injury (DAI) type injuries (including severe concussion, subdural 

hematoma, DAI), which are AIS 4+ in severity, CSDM and MPS risk curves were derived for AIS 4+ 

injuries. The associated DAI or severe concussion injuries are considered AIS 4+ injuries when looking at 

both the AIS 1990 (1998 Update) and 2005 (2008 Update) versions of AIS (AAAM, 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 injury criterion (HIC) at a 50% risk. The risk curves for BrIC were then 

obtained from CSDM and MPS risk curves using the linear relationship between CSDM - BrIC and MPS ς 

BrIC respectively. The AIS 2+ brain injury risk curve was subsequently verified using angular velocities 

calculated at a 50% probability of concussion in college football players instrumented with 5 degrees of 

freedom (DOF) helmet systems. Finally, Anthropomorphic Test Device (ATD) (Hybrid III 50th Male, Hybrid 

III 5th Female, THOR 50th Male, ES-2re 50th Male, SID-IIs 5th Female, WorldSID 50th Male, and WorldSID 5th 

Female) test data (NCAP, linear impact, and frontal oblique tests) were used to establish BrIC for all 

ATDs. A detailed description of the derivation of BrIC is given in Takhounts et al. (2013 and 2011).  

BrIC is a function of the max angular velocities (x̟, ̟ y, and ̟ z) computed (at any time) about x-, y-, and z-

axes respectively along with the corresponding critical angular velocities ̟xC,   ̟ yC, and  ̟ zC: 
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 ,    (3.1) 

 where ̟ xC,   ̟ yC, and  ̟ zC are given in Table 3.2 below. 

Table 3.2. Critical max angular velocities in each direction. 

 

 

 

 

Besides angular velocities, other head kinematic parameters, such as angular acceleration (see, for 

example, Takhounts et al., 2011), the time duration of angular velocity components (see below), and 

other combinations of kinematic parameters were considered in the development of the brain injury 

criterion, but a simple combination of the max angular velocity components (equation 3.1) was 

sufficient to correlate to the strain-based measures CSDM and MPS. 

Figure 3.7 (a) shows the correlation between BrIC and CSDM for all ATDs, while Figure 3.7 (b) shows the 

correlation between BrIC and MPS ς both correlations were based on the 413 data points available at 

the time of publication (Takhounts et al., 2013). Note that the maximum angular velocity in each 

direction was calculated irrespective of the time it had occurred, as the second approach (maximum 

angular velocities at a fixed time of the maximum of any component) did not improve the correlation 

between BrIC and CSDM (and MPS). This makes physical sense, because after the head rotates about 

one axis and accumulates a certain volume of damaged brain cells (elements in the model exceeding 

25% MPS ς see definition of CSDM in Takhounts et al., 2003, 2008, 2013), any additional accumulation 

of damaged brain cells due to a second rotation (e.g. about a different axis of rotation) will be added to 

the previously damaged brain cells (in reality this addition is not simple, but quite complicated ς see 

section below on time duration). This addition is reflected in the formulation of BrIC (equation 1) as a 

simple addition of the magnitudes of components of angular velocity. The effect of time difference 

between the peaks of angular velocity components on CSDM was also investigated for up to 150 ms and 

no significant differences in CSDM were observed.   

Critical Max 
Angular 
Velocity 

Rad/s 
 

x̟ 66.25 

y̟ 56.45 

z̟ 42.87 
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(a) 

 

(b) 

Figure 3.7. Correlation between (a) BrIC and CSDM and (b) BrIC and MPS for all ATDs in available tests (413 data 
points); adapted from Takhounts et al. (2013). 
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The risk curves for CSDM and MPS are given below in Figure 3.8, 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 Takhounts et al. (2013), while Table 3.3 and Table 3.4 list equations for each of these curves. 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 3.8. Risk of AIS 4+ anatomic brain injury in scaled animal tests using CSDM (a) and MPS (c) along with the 
scaled risk curves for various severities based on CSDM (b) and MPS (d) ς adapted from Takhounts et al. (2013). 

Note that the areas under the receiver operator characteristic (AUROC) for the AIS 4+ risk curves are 0.83 for 
CSDM and 0.78 for MPS, respectively. 
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Table 3.3. Risk curve equations for CSDM ς adapted from Takhounts et al. (2013). 

ὖὃὍὛ ρ ρ Ὡ Ȣ

Ȣ

 

ὖὃὍὛ ς ρ Ὡ Ȣ

Ȣ

 

ὖὃὍὛ σ ρ Ὡ Ȣ

Ȣ

 

ὖὃὍὛ τ ρ Ὡ Ȣ

Ȣ

 

ὖὃὍὛ υ ρ Ὡ Ȣ

Ȣ

 

 

Table 3.4. Risk curve equations for MPS ς adapted from Takhounts et al. (2013). 

ὖὃὍὛ ρ ρ Ὡ Ȣ

Ȣ

 

ὖὃὍὛ ς ρ Ὡ Ȣ

Ȣ

 

ὖὃὍὛ σ ρ Ὡ Ȣ

Ȣ

 

ὖὃὍὛ τ ρ Ὡ Ȣ

Ȣ

 

ὖὃὍὛ υ ρ Ὡ Ȣ

Ȣ

 

 

The risk curves for BrIC were then obtained based on the linear relationship between BrIC and CSDM 

(MPS) as shown in Figure 3.9. Table 3.5 and Table 3.6 list equations for each of these risk curves. 
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(a) 

  

(b) 

Figure 3.9. BrIC based on CSDM (a) and MPS (b) obtained from equation 1 with critical angular velocities given in 
Table 3.2 ς adapted from Takhounts et al. (2013).  
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Table 3.5. Risk curves for BrIC based on CSDM ς adapted from Takhounts et al. (2013). 

ὖὃὍὛ ρ ρ Ὡ
Ȣ

Ȣ

Ȣ

 

ὖὃὍὛ ς ρ Ὡ
Ȣ

Ȣ

Ȣ

 

ὖὃὍὛ σ ρ Ὡ
Ȣ

Ȣ

Ȣ

 

ὖὃὍὛ τ ρ Ὡ
Ȣ

Ȣ

Ȣ

 

ὖὃὍὛ υ ρ Ὡ
Ȣ

Ȣ

Ȣ

 

 

Table 3.6. Risk curves for BrIC based on MPS ς adapted from Takhounts et al. (2013). 

ὖὃὍὛ ρ ρ Ὡ Ȣ

Ȣ

 

ὖὃὍὛ ς ρ Ὡ Ȣ

Ȣ

 

ὖὃὍὛ σ ρ Ὡ Ȣ

Ȣ

 

ὖὃὍὛ τ ρ Ὡ Ȣ

Ȣ

 

ὖὃὍὛ υ ρ Ὡ Ȣ

Ȣ

 

 New Data 

Since the publication of original risk curves for BrIC (Takhounts et al., 2013), more data has become 

available to test the correlation between BrIC and CSDM/MPS. These include NHTSA oblique tests with 

the THOR-50M (full frontal, right and left oblique), frontal NCAP tests with the H3-50M and H3-05F, and 

side moving deformable barrier (MDB) and vehicle to pole conditions with the ES-2re 50th male and SID-

IIs 5th female. NHTSA has also run side MDB and side pole tests with the World-SID 50th male. Also, 

additional Insurance Institute for Highway Safety (IIHS) small and moderate overlap test data with the 

H3-50M has been added. Finally, NHTSA conducted isolated head-to-airbag tests where several ATDs 

were driven into the frontal and side airbags at various initial velocities and angles to simulate many 

possible interactions between the ATDs heads and the restraint systems. For each of these tests, the 

SIMon model was exercised using the kinematic time-history data from the ATD to obtain CSDM and 

MPS, while the BrIC metric was calculated directly from the kinematic time-history data.  
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In total, the updated test dataset is comprised of 749 tests (versus the original 413) ς see Appendix A for 

the publicly available test numbers. Figure 3.10 illustrates the correlation of BrIC with CSDM for all 749 

tests. Neither the correlation coefficient nor the trend line have changed appreciably (compare with 

Figure 3.7ŀύ ƛƴŘƛŎŀǘƛƴƎ ǘƘŀǘ ƴŜǿ άƻǳǘ-of-ǎŀƳǇƭŜέ Řŀǘŀ ǿƛǘƘ ƴŜǿ ǘŜǎǘ ŎƻƴŘƛǘƛƻƴǎ ŘƛŘ not affect much the 

relationship between CSDM and BrIC, thus making this relationship further validated.   

 

Figure 3.10. Correlation between BrIC and CSDM for all ATDs for all currently available tests (n=749). 

 

 Relationships for All ATDs vs Individual ATDs 

The correlations between BrIC and CSDM given in Figure 3.7a and Figure 3.10 are given for all ATDs. 

Although it is apparent from the high R2 that such relationships for individual ATDs cannot be statistically 

different from that given for all ATDs, Figure 3.11a replicates Figure I.8 from Takhounts et al. (2013) of 

the relationship between CSDM and max angular velocity for all ATDs tested, while Figure 3.11b 

separates the same data for each individual ATD. No significant differences are observed between 

individual ATD linear regression lines and that of the combined dataset. It should be noted that the data 

in Figure 3.11 is from the well-controlled 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 00 

angle, side ATDs at 900 to the SAE x-ŀȄƛǎύ ŀǎ ǿŜƭƭ ŀǎ ŀǘ ǘƘŜ άƻōƭƛǉǳŜέ ŀƴƎƭŜ ƻŦ ол0 from the direction of 

primary use. Thus, the correlations in Figure 3.11 already incorporate out of plane head rotation 

(combined y- and z-axes rotation for frontal ATDs; and x- and z-axes rotation for side ATDs), 

consequently reflecting current neck properties (stiffness) of each ATD (including torsional or z-axis 

stiffness) in the relationship between BrIC and CSDM. 

BrIC = 1.15*CSDM + 0.50
R² = 0.81
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a) 

 

b) 

Figure 3.11. CSDM versus max resultant angular velocity for all ATDs (a) and for each individual ATD (b). 
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 Dependence on Time Duration 

It has been hypothesized by Holbourn (мфпоύ ǘƘŀǘ άŦƻǊ ōƭƻǿǎ ƻŦ ƭƻƴƎ ŘǳǊŀǘƛƻƴ ǘƘŜ ǎƘŜŀǊ ǎǘǊŀƛƴǎ ƛƴ ǘƘŜ 

brain are proportional to the force, hence the injury is proportional to the acceleration, or the rate of 

ŎƘŀƴƎŜ ƻŦ ǾŜƭƻŎƛǘȅ ƻŦ ǘƘŜ ƘŜŀŘΧ CƻǊ ǾŜǊȅ ǎƘƻǊǘ ōƭƻǿǎ ǘƘŜ ƛƴƧury is proportional to the force multiplied by 

ǘƘŜ ǘƛƳŜ ŦƻǊ ǿƘƛŎƘ ƛǘ ŀŎǘǎΣ ƘŜƴŎŜ ǘƘŜ ƛƴƧǳǊȅ ƛǎ ǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ǘƘŜ ŎƘŀƴƎŜ ƻŦ ǾŜƭƻŎƛǘȅ ƻŦ ǘƘŜ ƘŜŀŘΧέ ¢ƘŜ 

switchover occurs somewhere between 2 and 200 ms. Glaister (1975) presented the following chart 

(Figure 3.12) that was introduced in H.E. von Gierke (1964) demonstrating that the human body 

response (injury response) when loaded with acceleration pulses of various magnitudes and time 

durations depends on the velocity change for the first 200 ς 300 ms, then on the pulse length (pulse 

time duration) for up to 2 ς 10 s, then for even longer time durations it depends on the peak 

acceleration. Note that when referring to the signal/pulse time duration, both Holbourn and Glaister (or 

von Gierke) implied the time duration of the (angular) acceleration pulse (Figure 3.12), and when 

angular acceleration and time duration are considered together it represents angular velocity upon 

which BrIC is based. Here, however, the dependence of BrIC on the angular velocity time duration was 

analyzed. 

 

Figure 3.12. Response of human body (injury response) to the applied acceleration pulse of various magnitudes 
and time durations (copied from Glaister, 1975). 

To investigate the potential dependence of BrIC on the angular velocity signal time duration, the 

haversine type angular velocity time histories shown in Figure 3.13 were applied to the Simulated Injury 

Monitor or SIMon finite element (FE) head model. The magnitude of the max angular velocity about 
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each rotational axis was varied from 20 to 120 rad/s at 10 rad/s intervals, while the time duration 

ranged from 5 to 200 ms with 15 ms time intervals. It can be observed from Figure 3.13 that the slopes 

of the applied angular velocity signals (or max angular acceleration) are decreasing with increased time 

duration. Hence, this 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 velocity signal time duration. Figure 

3.14 illustrates such dependence of CSDM on the signal time duration for rotations about the x-axis 

(coronal plane rotation). It indicates 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 

ŘŜŎǊŜŀǎŜ ǳǇ ǳƴǘƛƭ ŀǇǇǊƻȄƛƳŀǘŜƭȅ млл ƳǎΣ ŀŦǘŜǊ ǿƘƛŎƘ ƛǘ ŘƻŜǎƴΩǘ ŎƘŀƴƎŜΦ The critical values for angular 

velocity about the x-axis (x-direction) as functions of the signal time duration can be plotted using two 

values from the CSDM-based risk curve (Figure 3.15): 0.49 and 0.3, representing 50% and 25% risk of AIS 

4+ brain injury, respectively. These critical angular velocity values decrease for up to approximately 30 

ms time duration, after which they begin to increase until approximately 100-120 ms, after which they 

become relatively constant (independent of the time duration). The current critical value for the x-

direction is 66.25 rad/s (Table 3.2), corresponding to approximately 45-ms time duration. 

 

Figure 3.13. Haversine type angular velocity time histories applied to the SIMon head model. 
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Figure 3.14. CSDM versus x-axis angular velocity signal time duration for four values of the max angular velocity: 
40, 60, 80, and 120 rad/s. 

 

Figure 3.15. Critical angular velocities in x-direction for 50% and 25% risk of AIS 4+ brain injury as functions of 
signal time duration. 

 

Similar figures for the other two rotational directions (y- and z- directions) were also obtained and their 

critical values of angular velocity as a function of the signal time duration were plotted and subsequently 

tabulated (Table 3.7). Table 3.7 can be viewed as a look up table for finding critical angular velocity 
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when the signal time duration is known. The question now becomes: how to find time duration for an 

arbitrary angular velocity signal time history? 

Table 3.7. Critical angular velocities for each time duration and each rotational direction. 

 X-direction Y-direction Z-direction 

Time, s 

Avcr, rad/s 

@CSDM=0.49 

50% AIS 4+ 

Avcr, rad/s 

@CSDM=0.30 

25% AIS 4+ 

Avcr, rad/s 

@CSDM=0.49 

50% AIS 4+ 

Avcr, rad/s 

@CSDM=0.30 

25% AIS 4+ 

Avcr, rad/s 

@CSDM=0.49 

50% AIS 4+ 

Avcr, rad/s 

@CSDM=0.30 

25% AIS 4+ 

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 using Table 3.7 όŎŀƭƭŜŘ άbŜǿ .ǊL/έύΦ hƴƭȅ 

one of the three methods (Appendix B) resulted in an improved R2 (Figure 3.16) when compared with 

ǘƘŜ άhǊƛƎƛƴŀƭ .ǊL/έ ƎƛǾŜƴ ƛƴ Figure 3.10. 
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Figure 3.16. /ƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ άbŜǿ .ǊL/έ όƻǊ time adjusted BrIC) and CSDM. 

 

The R2 ŦƻǊ ǘƘŜ άbŜǿ .ǊL/έ ƛƴŎǊŜŀǎŜŘ ǘƻ лΦ84 from 0.81 ŦƻǊ ǘƘŜ άhǊƛƎƛƴŀƭ .ǊL/Σέ or by 3.7%. The slope and 

the intercept of the linear regression line are reduced, tƘǳǎ ǊŜŘǳŎƛƴƎ ǘƘŜ ǾŀƭǳŜ ƻŦ ǘƘŜ άbŜǿ .ǊL/έ 

corresponding to the 50% risk of AIS 4+ brain injury.  From the regression given in Figure 3.10, it can be 

calculated that a 50% risk of AIS 4+ brain injury (CSDM = 0.49) corresponds to an άhǊƛƎƛƴŀƭ .ǊL/έ ǾŀƭǳŜ ƻŦ 

1.06. Out of 749 data points, 160 exceed a BrIC value of 1.06, corresponding to a failure rate of 21.4% 

ŦƻǊ ǘƘŜ άhǊƛƎƛƴŀƭ .ǊL/.έ CƻǊ ǘƘŜ άbŜǿ .ǊL/,έ ƻǊ ǘƛƳŜ ŀŘƧǳǎǘŜŘ .ǊL/Σ ǘƘŜ рл҈ Ǌƛǎƪ ƻŦ !L{ пҌ ōǊŀƛƴ ƛƴƧǳǊȅ ŀǘ 

CSDM of 0.49 equals 0.93 as calculated from the regression line given in Figure 3.16. Out of 749 data 

points, 159 exceed a BrIC value of 0.93, corresponding to a failure rate of 21.2҈ ŦƻǊ ǘƘŜ άbŜǿ .ǊL/έΣ 

which is slightly lower ǘƘŀƴ ǘƘŀǘ ƻŦ ǘƘŜ άhǊƛƎƛƴŀƭ .ǊL/.έ ¢ƘŜ ƴǳƳōŜǊ ƻŦ ŎŀǎŜǎ equal or exceeding the value 

of CSDM of 0.49 is 189, corresponding to a failure rate of 25.2%. Thus, the failure rate for the άhǊƛƎƛƴŀƭ 

.ǊL/έ is closer to that of CSDM.  

Figure 3.17 shows histograms of time durations of the head angular velocity for all 749 tests in each 

direction, calculated using the algorithm given in APPENDIX B. The most frequent time duration in all 

three rotational directions is 60 ms. From Table 3.7 (for CSDM = 0.49), new critical values for BrIC can be 

selected to represent the most frequently occurring time duration (Table 3.8). 
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a) 

 

b) 
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c) 

Figure 3.17. Histograms of the angular velocity signal time durations in x-direction (a), y-direction (b) and z-
direction (c). 

 

Table 3.8. Critical max angular velocities at the most frequent time durations for each direction. 

 

 

 

 

Re-computing BrIC with the critical values of angular velocity shown in the third column of Table 3.8 

with higher than original critical values, and replotting another version of the BrIC versus CSDM 

ǊŜƭŀǘƛƻƴǎƘƛǇΣ ƎƛǾŜǎ ŀƴƻǘƘŜǊ ǾŜǊǎƛƻƴ ƻŦ .ǊL/Σ ƭŜǘΩǎ Ŏŀƭƭ ƛǘ ά[ƛōŜǊŀƭ .ǊL/έ όFigure 3.18) due to higher critical 

values.   

Critical Max 
Angular 
Velocity 

Rad/s 
(Original) 

Rad/s 
(Liberal) 

x̟ 66.25 78 @ 60 ms 

y̟ 56.45 59 @ 60 ms 

z̟ 42.87 50 @ 60 ms 
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Figure 3.18. BrIC vs CSDM with higher critical values of angular velocities - ά[ƛōŜǊŀƭ .ǊL/έΦ  

Now, the 50% risk of AIS 4+ brain injury corresponding to CSDM = 0.49 ŦƻǊ ά[ƛōŜǊŀƭ .ǊL/έ Ŝǉǳŀƭǎ лΦфр ŀǎ 

calculated from the regression equation (Figure 3.18). Little has actually changed compared to the 

άhǊƛƎƛƴŀƭ .ǊL/έ ƎƛǾŜƴ ƛƴ Figure 3.10; the R2 values are about the same, but the correlation line moved 

down by 0.04 with the slight change in slope, giving a ƭƻǿŜǊ ά[ƛōŜǊŀƭ .ǊL/έ ƴǳƳōŜǊ ŦƻǊ ǘƘŜ ǎŀƳŜ ǾŀƭǳŜ ƻŦ 

/{5a όŀǎ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ άhǊƛƎƛƴŀƭ .ǊL/έύΦ IŜƴŎŜΣ ƛƴŎǊŜŀǎƛƴƎ ŎǊƛǘƛŎŀƭ ǾŀƭǳŜǎ ƻŦ ŀƴƎǳƭŀǊ ǾŜƭƻŎƛǘƛŜǎ ƛƴ the 

.ǊL/ ŦƻǊƳǳƭŀǘƛƻƴ ŘƻŜǎƴΩǘ ŀŎŎƻƳǇƭƛǎƘ ŀƴȅǘƘƛƴƎ ōǳǘ ǎƘƛŦǘƛƴƎ the correlation line down with slight decrease 

ƛƴ ǘƘŜ ǎƭƻǇŜΦ ¢ƘŜ ά[ƛōŜǊŀƭ .ǊL/έ ŀǘ ƘƛƎƘŜǊ ŎǊƛǘƛŎŀƭ ǾŀƭǳŜǎ ƻŦ ŀƴƎǳƭŀǊ ǾŜƭƻŎƛǘȅ ŎƻƳǇƻƴŜƴǘǎ Ŧŀƛƭǎ just two 

fewer ŎŀǎŜǎ ǘƘŀƴ ǘƘŜ άhǊƛƎƛƴŀƭ .ǊL/.έ Note that CSDM fails the highest number of cases and the number 

oŦ ŎŀǎŜǎ ŦŀƛƭŜŘ ōȅ ǘƘŜ άhǊƛƎƛƴŀƭ .ǊL/έ ƛǎ ŎƭƻǎŜǊ ǘƻ ǘƘŀǘ ƻŦ /{5a ǘƘŀƴ ǘƘŜ άbŜǿ .ǊL/έ ƻǊ ά[ƛōŜǊŀƭ .ǊL/.έ   

Figure 3.19 demonstrates the number of true positives (TP), true negatives (TN), false negatives (FN), 

ŀƴŘ ŦŀƭǎŜ ǇƻǎƛǘƛǾŜǎ όCtύ ŦƻǊ ǘƘŜ άhǊƛƎƛƴŀƭ .ǊL/έ ǿƛǘƘ ǘƘŜ ŦŀƛƭǳǊŜ level at 1.06 όƛƴ ōƭǳŜύΣ άbŜǿ .ǊL/έ ǿƛǘƘ ǘƘŜ 

failure at 0.93 όƛƴ ǊŜŘύΣ ŀƴŘ ǘƘŜ ά[ƛōŜǊŀƭ .ǊL/έ ǿƛǘƘ ǘƘŜ ŦŀƛƭǳǊŜ ŀǘ лΦ95 όƛƴ ƎǊŜŜƴύΦ hǾŜǊŀƭƭΣ ǘƘŜ άbŜǿ .ǊL/έ 

increases true predictions (based on CSDM = 0.49) from 672 out of 749 ŦƻǊ ǘƘŜ άhǊƛƎƛƴŀƭ .ǊL/έ ό89.7% of 

correct predictions, with the area under the receiver-operator curve AUROC of 0.95 ς Figure 3.20) to 

677 out of 749 (90.4% of correct predictions with AUROC = 0.96), or improvement by 0.8% 

(improvement in AUROC is ~ 1.05%). 
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Figure 3.19. Number of true positives (TP), true negatives (TN), false negatives (FN), and false positives (FP) for 
ǘƘŜ άhǊƛƎƛƴŀƭ .ǊL/έ ǿƛǘƘ ǘƘŜ failure at 1.06 όƛƴ ōƭǳŜύΣ άbŜǿ .ǊL/έ ǿƛǘƘ ǘƘŜ ŦŀƛƭǳǊŜ ŀǘ лΦфо όƛƴ ǊŜŘύΣ ŀƴŘ ǘƘŜ ά[ƛōŜǊŀƭ 

.ǊL/έ ǿƛǘƘ ǘƘŜ ŦŀƛƭǳǊŜ ŀǘ лΦ95 (in green). 

 

Figure 3.20. Receiver-operator curve (ROC) and the area under the ROC όǎƘƻǿƴ ŀǎ !ύ ŦƻǊ ǘƘŜ άhǊƛƎƛƴŀƭ .ǊL/έ ǿƛǘƘ 
the failure at 1.06 (in blackύΣ άbŜǿ .ǊL/έ ǿƛǘƘ ǘƘŜ ŦŀƛƭǳǊŜ ŀǘ лΦфо όƛƴ ǊŜŘύΣ ŀƴŘ ǘƘŜ ά[ƛōŜǊŀƭ .ǊL/έ ǿƛǘƘ ǘƘŜ ŦŀƛƭǳǊŜ ŀǘ 

0.95 (in green). 
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In conclusion, neither adjusting BrIC for the signal time duration nor increasing its critical values offer a 

clear advantage over tƘŜ άhǊƛƎƛƴŀƭ .ǊL/έ ǿƘŜƴ ŀǇǇƭƛŜŘ ŦƻǊ ŎŀǊ ƻŎŎǳǇŀƴǘǎΦ ! ǎƛƳƛƭŀǊ ŎƻƴŎƭǳǎƛƻn was 

reached by Gabler et al. (2016). For other loading conditions, such as those seen perhaps in volunteer 

tests (or twirling figure skaters) or pedestrians where the time durations are presumably higher than 

those given in Figure 3.17, the time adjusted BrIC may be used.  

!ƴƻǘƘŜǊ ǎǘǳŘȅ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ǘƛƳŜ ŘǳǊŀǘƛƻƴκƛƴǘŜǊǾŀƭ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ƛƴ ǿƘƛŎƘ ǘƘŜ ǘƛƳŜ άŘƛǎǘŀƴŎŜέ 

between the peaks of angular velocity components were altered from 0 to 150 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). No significant changes in CSDM were observed. In 

addition, ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ .ǊL/ ŀƴŘ /{5a ǿŀǎ ǘŜǎǘŜŘ ŦƻǊ ǘƘŜ άƛƴǎǘŀƴǘ .ǊL/,έ ƛƴ ǿƘƛŎƘ ŀƴƎǳƭŀǊ 

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). The R2 fƻǊ ǘƘŜ άƛƴǎǘŀƴǘ .ǊL/έ ŘǊƻǇǇŜŘ ǘƻ лΦтрΦ 

Then, the time window for calculating the max of the other two angular velocity components was 

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

value of BrIC, and the ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘƛǎ άŎƭƛǇǇŜŘ-нр .ǊL/έ ŀƴŘ /{5a ǿŀǎ ǘŜǎǘed giving the R2 

value slightly lower than that of the original BrIC. The same process was repeated with a ± 50 ms time 

window with similar results: the original BrIC had higher R2 value, although the difference was 

decreasing with increased time window (note that the original BrIC has an unlimited time window).   

 Human Volunteer Data: CSDM or MPS? 

Human volunteer head rotational data (angular velocities) about the x-axis (Ewing et al., 1976) and y-

axis (Ewing et al., 1977) were digitized and applied to the SIMon FE head model. CSDM and MPS were 

monitored. The values of CSDM ranged between 0.000 and 0.009 for rotations about the x-axis (coronal 

plane rotation for a total of three volunteers) and 0.000 ς 0.025 for rotations about the y-axis (sagittal 

plane rotation for a total of nine volunteers), while MPS ranged from 0.29 ς 0.41 and 0.15 ς 0.59 

respectively. The lower values of CSDM are not surprising due to the much longer signal time duration 

seen in volunteer tests when compared to those measured in the ATDs and FE models (see DOE and 

Optimization studies below) for occupants in the vehicle crash environment. Using risk curves for CSDM 

and MPS (Figure 3.8), 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 the volunteers sustained any brain injury, it would 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 CSDM is aƴ άƛƴǘŜƎǊŀƭέ ƳŜŀǎǳǊŜ ǿƛǘƘ ƳǳŎƘ 

smoother response due to the way it is calculated (see Takhounts et al., 2003 for details of calculating 

CSDM). Given an almost equal number of pros and cons for CSDM and MPS described in Takhounts et al. 

(2013), in which MPS-based risk curves for BrIC were suggested, this additional volunteer data makes 

the case for CSDM-based risk curves for BrIC more appealing. For this reason, all of the prior analysis on 

the signal time duration was given for CSDM only.  

It should be noted, however, that the referenced human volunteer data was for healthy young adults.  

The risk of injury in those young adults may be different than for the average driving population.  For 
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example, would the risk of brain injury for 80-90 year olds (who are still driving cars and getting in 

crashes) exposed to the same loading conditions as the healthy young volunteers have remained as low 

as was computed by CSDM? ¦ƴǘƛƭ ǎǳŎƘ Řŀǘŀ ŜȄƛǎǘǎ ƻǊ ǘƘŜ ǎǘǊŀƛƴǎ ƛƴ ǘƘŜ άƻƭŘŜǊέ ōǊŀƛƴǎ ŀǊŜ ŎƻƳǇŀǊŜŘ ǘƻ 

ǘƘƻǎŜ ƻŦ ǘƘŜ άȅƻǳƴƎŜǊέ ōǊŀƛƴǎ ǳƴŘŜǊ ƛŘŜƴǘƛŎŀƭ ƭƻŀŘƛƴƎ ŎƻƴŘƛǘƛƻƴǎ ǳǎƛƴƎ ŎƻƳǇǳǘŀǘƛƻƴŀƭ ƳƻŘŜƭǎΣ ǘƘŜ 

answer to the question above remains unknown. 

 Design of Experiments and Optimization Studies 

Computational simulations were conducted to investigate the parameters affecting BrIC and to 

investigate the expected interaction of BrIC with other injury metrics during restraint optimization. The 

simulations involved design of experiment (DOE) and optimization studies using the Global Human Body 

Models Consortium (GHBMC) 50th male simplified occupant model (version M50_OS_v1.8, Global 

Human Body Models Consortium, LLC) in a modified sled model of a Toyota Yaris (Reichert et al., 2014). 

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

in APPENDIX C.  

3.4.6.1 DOE Study #1 

To investigate parameters affecting BrIC, limited DOE studies were conducted. The DOE was limited to 

the same vehicle dimensions, steering wheel parameters, frontal airbag size, seat position, and occupant 

parameters including the size, stature, sex, and initial position. When delta-V and PDOF were included 

into the parameters list the following conclusions were reached: 

1. Out of nine parameters varied in this study (see Table C.1 for the list of parameters, their 

nominal values and the varied range), delta-V influences values of BrIC the most (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 various parameters, such as BrIC and delta-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 the relationship (contrast Figures C.8 and C.9) leading 

ǘƻ ŜǊǊƻƴŜƻǳǎ ŎƻƴŎƭǳǎƛƻƴǎ ŀōƻǳǘ ǘƘŜ άǘǊǳŜέ ǊŜƭŀǘƛƻƴǎƘƛǇΦ 

4. Correlation between the values of BrIC and delta-V and PDOF is the strongest (higher correlation 

coefficients) and positive (with increased delta-V and PDOF the values of BrIC also increase).   

 

3.4.6.2 DOE Study #2 

When delta-V was fixed to 35 mph and PDOF was fixed at 00 (representing full frontal crash mode), -200 

(representing near side driver oblique crash mode), and +200 (representing far side driver oblique crash 

mode) the following parameters were found to affect BrIC the most (Table 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 firing time (for the far side driver oblique crash mode). 
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Together, the two DOE 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 

depending on the crash mode. 

3.4.6.3 Optimization Study #1 

Optimization studies were conducted using a genetic algorithm for the global minimum search, in which 

BrIC was the objective function subject to constraints in HIC15 (constrained to 700), central chest 

(sternal) deflection (constrained to 63 mm), left and right femur force (both constrained to 10 kN). First, 

parameters identified as important in the DOE studies (Table C.9) were varied and optimal solution for 

BrIC was searched for each crash mode separately. It was shown that: 

1. It was 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. Decreasing HIC15 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 

ŎŀƭƭŜŘ άǳƴƛƴǘŜƴŘŜŘ ŎƻƴǎŜǉǳŜƴŎŜǎ;έ ŦƻǊ ŜȄŀƳǇƭŜΣ ŎǳǊǊŜƴǘƭȅ ōƻǘƘ IL/15 and sternal deflections are 

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 injuries ς the observation that was also confirmed 

with the field data analysis.   

 

When one set of optimization parameters was chosen and ran at various PDOFs (or crash modes), the 

following observations were made (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 until -250 PDOF; when the PDOF angle was furthered to -300, BrIC significantly 

increased due to the head almost missing the frontal airbag. 

2. The value of BrIC for the far side driver oblique run at PDOF of +200 was relatively high 

compared to that when optimized for just this test condition (BrIC was equal to 0.59 ς see last 

column of Table C.10). 

3. HIC15 values were relatively low with the highest value of 362 in a full frontal run ς this is the 

crash mode in which BrIC was the lowest.  

4. Similar to HIC15, the highest value of the sternal deflection of 53 mm was in a full frontal 

condition, while the lowest was at -300, the condition in which BrIC was the highest (0.93). 

3.4.6.4 Optimization Study #2 

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

liters (used in all previous studies) to 98 liters and optimization similar to that described above was run 

for PDOF = -200 only (near side driver oblique crash mode). Then a parameter set was identified (not at a 

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 airbag). Significant reduction in the values of BrIC was 

observed demonstrating conceptually that just increasing the frontal airbag size will reduce the values of 

BrIC while keeping other injury criteria values below their respective limits.  
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 Summary - BrIC 

The equation for BrIC as a function of max angular velocity components (equation 3.1) - along with its 

correlation to CSDM - originally 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 between BrIC and CSDM from the originally published 413 data 

points (shown in Figure 3.7a) would change with the addition of 336 data points (Figure 3.10). 

Neither slope nor the intercept have changed significantly (compare Figure 3.7a) and Figure 

3.10). The change in R2 was also insignificant (changed from 0.84 to 0.81). This indicates the 

άǎǘŀōƛƭƛǘȅέ of the BrIC versus CSDM relationship irrespective of the ATD and the test mode. 

2. Developing BrIC for individual ATDs is futile as is demonstrated in Figure 3.11. 

3. Dependence of critical angular velocities for BrIC (in equation 3.1) on 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 duration becomes insignificant as is 

assessed by the change in R2 ŀƴŘ !¦wh/Φ ¢ƘŜ άbŜǿ BrICέ όǘƛƳŜ ŘǳǊŀǘƛƻƴ ŘŜǇŜƴŘŜƴǘ .ǊL/ύ 

ƛƳǇǊƻǾŜŘ ǇŜǊŦƻǊƳŀƴŎŜ ό!¦wh/ύ ƻŦ ǘƘŜ άhǊƛƎƛƴŀƭ .ǊL/έ ōȅ ŀǇǇǊƻȄƛƳŀǘŜƭȅ м%, which was 

concluded to be insignificant based on the Pareto principle. 

4. For demonstration purposes, the critical values of the angular velocity components in the BrIC 

formulation (equations 3.мύ ǿŜǊŜ ƛƴŎǊŜŀǎŜŘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ όŎŀƭƭŜŘ ƛǘ ά[ƛōŜǊŀƭ .ǊL/έύ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ 

how such increase will affect the assessment of the brain injury risk. It was demonstrated that 

such increase in critical values of angular velocity components only shifts the correlation 

ōŜǘǿŜŜƴ .ǊL/ όά[ƛōŜǊŀƭ .ǊL/έύ ŀƴŘ /{5a Řƻǿƴ όǊŜŘǳŎŜǎ ǘƘŜ ƛƴǘŜǊŎŜǇǘ ŀƴŘ ǘƘŜ ǾŀƭǳŜ ƻŦ .ǊL/ 

corresponding to CSDM = 0.49 - 50% risk of AIS 4+ brain injury) with no significant changes in R2 

or AUROC (Figure 3.20). 

5. 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 studied. The effect was found to be inǎƛƎƴƛŦƛŎŀƴǘΦ Lƴ ŀŘŘƛǘƛƻƴΣ άƛƴǎǘŀƴǘ .ǊL/έ (all angular 

velocity components values are taken at the same time of the highest component of BrIC), 

clipped to ± 25 ms, and ± 50 ms were looked at and found that R2 value decreases with the 

ŘŜŎǊŜŀǎŜŘ ŎƭƛǇǇƛƴƎ ǘƛƳŜ ǿƛǘƘ ǘƘŜ ƭƻǿŜǎǘ ǾŀƭǳŜ ŦƻǊ ǘƘŜ άƛƴǎǘŀƴǘ .ǊL/Φέ 

6. Human volunteer data (Ewing et al., 1976, 1977) was used to compute the risk of injury (or non-

injury since none have reportedly sustained any brain injury). It was 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 BrIC were recommended 

(Figure 3.9a and Table 3.3). 
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 Skull / Facial Injuries 

 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 decades. The risk function for HIC with 15 

ms duration (or HIC15) as applied in the current NCAP rating scheme (NHTSA, 2008) is based on short 

duration (10 ms and under) linear skull fracture experimental data. Prasad and Mertz (1985) tabulated 

skull fracture experimental data from other experimental sources showing HIC versus the presence or 

absence of skull fracture (primarily linear fractures). Hertz (1993) performed regression studies on the 

fracture data from Prasad and Mertz (1985) to produce the AIS 2+ risk function for HIC15 that is 

presented in Eppinger et al. (1999). NHTSA (NHTSA, 2000) created an expanded set of curves producing 

the current AIS 3+ Ǌƛǎƪ ŦǳƴŎǘƛƻƴ ǳǎŜŘ ƛƴ bI¢{!Ωǎ bŜǿ /ŀǊ Assessment Program (NHTSA, 2008). The 

formulation for HIC15 and associated risk functions are presented below.   
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Attempts have been made to relate HIC to concussion/brain injury, but are not supported theoretically 

based on studies of brain injury mechanisms (Takhounts et al., 2013; Takhounts 2015) nor by observed 

trends in fleet and field data (see Figure 3.1, Figure 3.2 and Table 3.1). For example, Takhounts et al. 

(2013) showed how HIC has poor correlation to the strain-based measures that are associated with 

brain injury (Figure 3.21). Takhounts (2015) presented the results of investigations related to two 

physical brain injury mechanisms were investigated: strain and pressure. It was demonstrated that 

ōŀǎŜŘ ƻƴ ǘƘŜ ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǘƘŜ ōǊŀƛƴ ŀƴŘ ǎƪǳƭƭΣ ŀƴŘ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ŘŀǘŀΣ ǇǊŜǎǎǳǊŜ ŘƻŜǎƴΩǘ 

cause brain injuries, while strain does. It was also shown 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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Figure 3.21. CSDM and MPS vs. HIC15 (from Takhounts et al., 2013). 

The previously mentioned DOE study (APPENDIX C) also found in some cases a negative correlation 

between BrIC and 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 fractures produced from short duration head impacts to rigid 

surfaces, both HIC and BrIC should be considered for use with the THOR-50M. BrIC can be applied for 

the purpose of mitigating brain injuries while HIC can be applied to mitigate against the types of hard 

contacts that can cause skull and/or facial fractures. 

 Fleet Test Data: THOR-50M 

The recommended head injury risk functions were applied to THOR-50M measurements collected in 

frontal rigid barrier and frontal Oblique fleet testing. Figure 3.22 and Figure 3.23 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 occupant response grouped by occupant position and test mode. Based 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 for the drivers in the frontal rigid 

barrier test mode.  
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Figure 3.22. Probability of AIS 3+ brain injury predicted using BrIC 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. 

  
Figure 3.23. Probability of AIS 4+ brain injury predicted using BrIC 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. 

Figure 3.24 and Figure 3.25 show the risk of AIS 2+ and AIS 3+ injury, respectively, based on HIC15. 

Skull/facial Injury risk is generally low except for three Oblique right front passenger observations where 

the head contacted the center instrument panel.  
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Figure 3.24. Probability of AIS 2+ skull/facial injury predicted using HIC15 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. 

  
Figure 3.25. Probability of AIS 3+ skull/facial injury predicted using HIC15 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. 

  

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 500 1000 1500 2000 2500 3000

p
(A

IS
 2

+
)

HIC15

Frontal Driver

Oblique Driver

Oblique RFP

ὴAIS 2+ = ɮ
lnὌὍὅ15 6.96362

0.84687
 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 500 1000 1500 2000 2500 3000

p
(A

IS
 3

+
)

HIC15

Frontal Driver

Oblique Driver

Oblique RFP

ὴAIS 3+ = ɮ
ln(ὌὍὅ15) 7.45231

0.73998
 



56 
  

4 NECK  

 Field and Historical Fleet Data 

Figure 4.1 presents the regional mechanisms of injury assigned to neck and cervical spine injuries in 

CIREN front-row belted occupants involved 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 neck injuries 

result from a variety of combinations of loading. It is important to note that the mechanisms shown are 

regional mechanisms, not local mechanisms at the specific vertebral level. That is, the chosen 

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

 

Figure 4.1. Recorded mechanisms of neck and cervical spine injuries for belted front row occupants involved in 
frontal crashes from the CIREN database. 

Figure 4.2 presents the vehicle model year-based trend for AIS 3+ neck injuries for belted drivers in 
frontal crashes. The injury rate represents a running three-year average of the percent of injury cases 
(injury cases divided by 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 by the total number of cases for those 
model years). While there appears to be an increasing trend, the percent risk is 0.2% or less for all model 
years. 
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Figure 4.2. Neck injury rate by model year (1992 to 2015) for frontal crashes in NASS-CDS 1993 to 2015. 

The trend for Hybrid III 50th male (H3-50m) Nij values in 35-mph full frontal tests can be seen in Figure 

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 Mertz and Prasad (2000) and 

a Weibull curve-based risk function developed using survival analysis.  
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Figure 4.3. H3-50M driver Nij values and predicted AIS 3+ risk (both current NCAP risk function and revised 
version based on corrected data and Survival-Weibull function) from model year 1990 to 2016 in 35-mph frontal 

NCAP tests. 

 Literature Review 

The risk of neck (i.e. cervical spine, including spinal cord) injury in motor vehicle crashes is important to 

consider because cervical spine injuries in motor vehicle crashes continue to result in significant 

morbidity (Wang et al., 2009) and have high attributable cost relative to other body regions (Figure 1.2). 

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

four primary modes (flexion, extension, tension, compression) as well as combined loading (Figure 4.1).  

In addition, for the CIREN population shown in Figure 4.1, 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 restraint by the airbag) and steering rim (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 criterion used in Federal Motor Vehicle Safety Standards (FMVSS) No. 208 (Eppinger 

et al., 1999; Klinich et al., 1996) was originally developed to target out-of-position occupants. The Nij 

criterion was formulated based on paired tests conducted with anesthetized piglets and baboons, and 

an instrumented 3-year old anthropomorphic tests devices (ATDs) built by General Motors (Mertz et al., 

1982) and Ford (Prasad and Daniel, 1984), in typical out-of-position configurations (i.e. with the 
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occupant close to deploying airbags). The injuries sustained 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 injury than tensile forces alone. Critical 

intercepts for the Hybrid III family of dummies were derived from these animal tests, scaled up to adult 

human level. Other data used in forming the intercepts were from Mertz et al. (1978), where a H3-50M 

ATD was subjected to impacts using a spring-loaded tackling dummy, Nyquist et al. (1980) wherein a H3-

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 extension bending moment tolerances were 

described based on volunteers tested up to pain tolerance and cadaver tests that were non-injurious. 

Given a reliance on the H3-50M to develop these intercepts, and the inherent differences in the neck 

design between the H3-50M and the THOR-50M, 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 tolerances without relying upon 

scaled animal or dummy data. These data will be described in more depth in upcoming sections. In 

addition, computational human models have been developed (Chancey et al., 2003) and validated under 

a wide variety of conditions including pure bending, tension-bending, compressive impact, and 

volunteer frontal flexion (Dibb et al., 2011). Human models allow estimation of the contribution of 

muscles to neck response whereas PMHS do not. The THOR-50M separates muscle and 

osteoligamentous contributions to neck loads due to its design involving anterior and posterior neck 

cables, making comparisons to both PMHS and computational models feasible (Luck et al., 2014). The 

availability of new experimental data and the human-like design of the THOR neck allow for improved 

ability to develop a human cadaver based set of neck injury measures for THOR-50M. In contrast to 

previous efforts that focused heavily on protecting out-of-position occupants who were seated close to 

a deploying airbag, current injury measures are being developed for normally seated or in-position front 

row occupantsΣ ŘǳŜ ǘƻ ōƻǘƘ ¢IhwΩǎ ƛƴǘŜƴŘŜŘ ǳǎŜ ŀǇǇƭƛŎŀǘƛƻƴǎ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ŎǳǊǊŜƴǘ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ 

neck injury causation in the field, as described above.  

 Design 

The THOR-50M 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 assembly. Compression springs are located in the 

fore and aft regions of the skull. A center safety cable provides durability, while a neoprene spacer at 

the attachment of the lower neck load cell provides compliance in axial tension. In addition, rubber soft 

stops at the base of the neck aid in achieving the desired bending characteristics in both front and rear 

motion. 

 Instrumentation 

The instrumentation for the neck assembly includes a pair of skull spring load cells, which measure the 

compression at the front and rear spring locations; six-axis load cells at the top and base of the neck to 
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measure the forces and moments developed at these locations; and a rotary potentiometer at the 

occipital condyle pin to measure the relative rotation between the head and top of the neck (Figure 4.4). 

 
Figure 4.4. THOR-50M neck instrumentation. 

 

 Biofidelity 

Biofidelity of the THOR-50M neck was assessed in three conditions (Parent et al., 2017): frontal flexion, 

lateral flexion and torsion. In the frontal and lateral flexion conditions, from which the response was 

ōŀǎŜŘ ƻƴ ǾƻƭǳƴǘŜŜǊ ǘŜǎǘƛƴƎ ŎƻƴŘǳŎǘŜŘ ōȅ ǘƘŜ bŀǾŀƭ .ƛƻŘȅƴŀƳƛŎǎ [ŀōƻǊŀǘƻǊȅ όƪƴƻǿƴ ŀǎ ǘƘŜ άb.5[έ 

condition), the THOR-50M demonstrated overall good biofidelity, as defined by Parent et al. (2017). In 

torsion, the THOR-50M response qualitatively showed a similar loading slope to the PMHS response 

corridor, but did not exhibit the low-moment toe region over the first 50 to 75 degrees of rotation in the 

human response. The overall neck internal and external BioRank scores were 2.155 and 1.677, 

respectively. The THOR-50M was quantitatively more biofidelic than the H3-50M (overall BioRank scores 

of 2.185 and 4.318, respectively). 
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 Experimental Data 

As noted above, the data used in the development of the Nij neck injury criterion for use in Federal 

Motor Vehicle Safety Standards (FMVSS) No. 208 as presented by Eppinger et al. (1999) were not 

considered to be appropriate for use with the THOR-50M dummy. Instead, human cadaver based data 

sources, mostly published since Eppinger et al. described the current Nij formulation and risk functions 

used with the Hybrid III family of dummies, were identified that could be used to develop risk functions 

in combined loading (Nij). These data sources are described in more detail in the subsection 

corresponding to each particular loading mode (tension, flexion, extension, compression, and combined 

loading) and are tabulated in Appendix F (Tables F.1 and F.2).   

 Tension 

In tension, testing on osteoligamentous neck structures and motion segments was evaluated first. Dibb 

et al. (2009) conducted tensile tests on upper cervical spine motion segments (OC-C2) ōƻǘƘ ƛƴ άǇǳǊŜέ 

tension (loading through the OC) and combined tension-extension (loading through the head center of 

gravity). All specimens were male and all were loaded to failure. The 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 sustained included complete joint disruption, Type III dens 

fracture, occipital condyle fracture and posterior ligament disruption. Before testing to failure, each 

specimen was subjected to cyclical pre-conditioning and multiple non-injurious tests with peak loads 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. (2009) conducted high rate tensile testing to failure using intact 

PMHS head and torso specimens. Specimens were intact head-neck-torso (including skin and other soft 

tissues surrounding the skeletal structures). Tension was applied with a military helmet with an 

integrated chin-nape 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 at T8-T11, with additional straps 

over the shoulders to secure the torso. Actuator displacement 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 III ATD neck. The 

tensile loading rates for the PMHS were not given. There were four females and eight males, and all 

specimens were tested to failure. Failure was defined by a constant or decreasing slope in the load-

displacement curve. Injuries sustained included atlanto-occipital dislocation, Type II dens fracture, as 

well as endplate fractures at various spinal levels. 

 Flexion-Extension 

For flexion and extension, Nightingale et al. (2007) conducted pure bending tests of male upper cervical 

spine motion segments (OC-C3) at a loading rate of approximately 90 Nm/s. The cranial end of the 

segment was secured using halo fixation, and both C2 and C3 were cast. Each specimen was used for 

low load (10-15% of failure load) flexibility testing prior to failure testing. Two of the eight specimens 

tested in flexion sustained AIS 3+ injury (C1-C2 dislocation, Type III dens fracture), and one sustained AIS 
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2 injury (C1 facet fracture). In extension, five specimens tested sustained injury (Type III dens fracture, 

OC-C1 dislocation). Three additional extension specimens sustained fractures at the fixation; therefore, 

these were excluded from the analysis. 

 Compression 

For compression, studies have been conducted on both motion segments and whole neck structures. 

Panjabi et al. (1991) conducted compression testing on upper cervical spine motion segments (OC-C3) 

using a falling mass impact configuration. 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 

segment. Age and sex of individual specimens was not reported, so all specimens were assumed to be 

male and 61 years (i.e. equal to the mean age). Three 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 were at the AIS 3+ level. 

Carter et al. (2002a) conducted pure compression of lower cervical spine motion segments (C3-C5, C4-

C6, C5-C7, and C6-T1) using a high-rate materials testing fixture. Soft tissues were removed from the 

specimens, though osteoligamentous structures surrounding the vertebrae were left intact.  Both ends 

of the specimen were potted, resulting in fixed boundary conditions. Four males and four females were 

tested to failure. The specific injuries sustained were not detailed in the paper but the structures injured 

were identified in Carter et al. (2002b). All specimens sustained bony injuries consistent with AIS 2+ 

severity, but lack of detail was available to determine whether the injuries could be described as AIS 3+. 

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. Although an upper 

cervical spine injury criterion is being targeted, the failure loads in the lower cervical spine motion 

segments were not significantly different from the upper cervical segments tested by Panjabi (p>0.05). 

Thus, they were considered for this analysis. 

A number of studies involving compression of whole neck structures were evaluated for inclusion 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 upright, straightened 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 studies, but nonetheless would 

have contributed to overall failure. Even anatomic considerations (e.g. disc integrity) can have a great 

effect on injury tolerance but were not reported in these studies. Due to these confounding factors, 

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

 Combined Loading 

Pintar et al. (2005) conducted high rate tension-extension testing of intact PMHS, using a strap under 

the chin. The specimens used were both males and females and were intact (muscles, ligamentum 

nuchae, and skin included) from head to torso. The 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 non-injurious tests were performed at low speed, followed by high-speed failure tests. 

The input load rate for the high-speed tests was between 520 and 3954 kN/s, while the tension load rate 

experienced by the neck (defined as the slope of the positive portion of the neck force time-history 

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 C1-C2 separations or partial separations. 

Carter et al. (2002a), in addition to testing pure axial compression, also conducted tests in compression-

flexion and compression-extension. The methods were similar to that described above, with the 

modification that the load was applied with eccentricity, allowing concomitant bending moments to 

develop. Eight specimens were tested in compression-flexion (six females and two males), and eight 

specimens were tested in compression-extension (five females and three males). In the compression-

flexion group, the structural damage was primarily associated with soft tissue failure, while in the 

compression-extension 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 described as AIS 3+. 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 additional data source for combined loading is a recent matrix of PMHS sled tests collected by the 

University of Virginia, consisting of frontal impact sled tests in 14 different velocity or restraint 

conditions with a total of 48 PMHS observations. In each of these test conditions, at least two THOR-

50M tests were conducted (Table F.2). Of the 48 PMHS tested, 3 sustained AIS score of 3 or greater (AIS 

3+), based on the AIS 2005 Update 2008 (AAAM, 2008), cervical spine injury. A limitation to this test 

series is that PMHS neck loads were not directly 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. In 

that condition, there were five volunteers who sustained no injury, and nine PMHS specimens, only one 

of which sustained an AIS 2 injury (Thunnissen et al., 1995; Wismans et al., 1987). The volunteers were 

young, healthy males who were instructed to pre-tense their muscles during the test. Volunteers had 

instrumentation (mass 0.5 kg) added to their head. Matched pair tests were conducted with THOR-50M 

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 test is used herein to relate PMHS outcome 

to THOR measurements in the same test condition (Table F.2). 

Finally, Parr et al. (2013) conducted volunteer tests in a frontal sled condition at 8 g and 6 g. Twenty-

seven subjects (11 females and 16 males) wore either a 1.6 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 a 2 kg helmet, 8 g with a 1.6 kg helmet, and 6 g with a 2 kg helmet), though only the most severe 

test condition for each subject was included in the current analysis. Upper neck loads (tension and 

flexion) were calculated based upon subject anthropometry, helmet inertial properties, and head 
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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.   

 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. 

 Applicability to THOR-50M 

For inclusion of the matched pair tests with THOR-50M, and to allow direct comparison of the THOR-

50M response to the human-based risk function, transfer functions were developed for each loading 

mode, and then applied to the THOR-50M data prior to Nij injury risk function development.  Because 

PMHS neck stiffness underestimates neck stiffness, it may not be an ideal surrogate for tension neck 

loading (Dibb et al., 2006). This limitation can be addressed by using a computational model that 

includes the effects of musculature. Thus, for this analysis, the load-displacement response in each 

loading mode of the THOR-50M was compared to the response of the Duke Adult Head and Neck Model 

(DAHNM), which is a hybrid multibody and finite element model that consists of an osteoligamentous 

cervical spine and head, as well as 22 pairs of cervical muscles (Chancey et al., 2003). Validation of the 

DAHNM in axial tension and tension-bending was done by simulating whole spine PMHS tests from Dibb 

et al. (2009), using the osteoligamentous model only (Dibb, 2011). In these tests, 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 et al. (2006), up to rotation angles of approximately 40 

degrees (and moment of 2 N-m) (Dibb, 2011). Again, this validation used the osteoligamentous spine 

model only (no muscles). For the purposes of the current analysis, modeling was performed using a 

relaxed muscle configuration, meaning that muscles were included and exhibited relaxed muscle 

activation levels. The THOR-50M was tested in matched configuration both with and without the cables 

attached. The relaxed model condition most closely relates to a condition in the THOR-50M wherein 

muscle cables are not included. 

In tension, both the DAHNM (Dibb et al., 2006) and the THOR-50M neck (with and without cables) were 

ŜȄŜǊŎƛǎŜŘ ƛƴ άǇǳǊŜέ ǘŜƴǎƛƻƴ ǿƛǘƘ ǘhe tensile line of action aligned over the occipital condyles, at a 

loading rate of 50 N/s and up to a peak force of 1000 N (Luck et al., 2014). Three tests were averaged to 

generate the THOR-50M response. In this condition, the THOR-50M neck was two times stiffer than the 

human model, exhibiting 3.3 mm of displacement at 1000 N of applied axial load, compared with 6.6 

mm in the model (Figure 4.5). 
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Figure 4.5. THOR-50M response in tension, with and without muscle cables, compared with the computational 
model.  The tensile line of action was aligned over the occipital condyles and the loading rate was 50 N/s. 

 

In compression, there was no matched THOR-50M data available to develop a transformation. The 

assumption is therefore made that the compression stiffness ratio is equal to the tension stiffness ratio. 

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

angular displacement and upper neck load cell moment, in both the THOR-50M neck (without cables) 

and the human model (DAHNM) with relaxed musculature, at a loading rate of approximately 90 Nm/s. 

Six THOR-50M tests were averaged. The response of the THOR-50M was nonlinear, particularly in the 

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

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

head displacement between approximately 25 and 60 degrees in flexion and extension. The difference 

in rotational stiffness (i.e. the slope of upper neck load cell moment and ŀƴƎǳƭŀǊ ŘƛǎǇƭŀŎŜƳŜƴǘΣ ɲaȅκɲʻύ 

was evaluated for both flexion and extension (Figure 4.6). The rotational stiffness of the THOR-50M 

response was about 1.14 and 1.21 times that of the model in flexion and extension, respectively. 
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Figure 4.6.  Rotational stiffness (ɲaȅκɲʻ) of THOR-50M (average of six tests) and human model response, 
adapted from Luck et al. (2014). The stiffness comparison focuses on the approximately linear stiffness region 

involving head displacement between approximately 25 and 60 degrees in flexion and extension. The non-linear 
portion in the head angular displacement range of approximately -20 to 20 degrees is shown in dashed gray. 

 

For tension, flexion and extension, the THOR-50M neck was stiffer than human. To develop a transfer 

function, scaling was applied using an equal work approach. In other words, it was assumed that the 

work to failure is the same for human and THOR-50M. Assuming the neck behaves as a linear spring, the 

force (Eq. 4.1) and work to failure (Eq. 4.2) can be combined to yield a transfer function for failure force 

as a function of stiffness ratio (Eq. 4.3). These transfer functions (Table 4.1) were applied to all THOR-

50M data used in development of the Nij risk function. 

 

Ὂ Ὧὼ                 [4.1] 

ὡ Ὧὼ                 [4.2] 

Ὂ Ὂ                [4.3] 
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Table 4.1. Transfer functions to equate forces/moments measured in THOR-50M to human-equivalent forces, 
assuming equal work to failure.  

Loading 
Mode 

Ὧ

Ὧ
 
Ὂ

Ὂ
 

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 

 

 Load Rate Scaling 

Tensile failure load is known to increase with loading rate (Nuckley et al., 2005). 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 THOR-50M were 

identified (Table F.3) and the loading rate was calculated as the slope of the positive portion of the 

upper neck load cell Z-axis force time-history between 15% and 85% of the peak tension force. 

Nuckley et al. (2005) developed scaling ratios for baboon spine segments for loading rates between 0.5 

mm/s (80 N/s) and 5000 mm/s (1,757,000 N/s) (Table 4.2). For PMHS data conducted in tension (where 

load rates were known), a ratio was determined using the baboon failure load at both the original PMHS 

loading rate and the target load rate (i.e. the mean THOR-50M loading rate from fleet tests). The original 

failure data was then scaled by this load rate ratio.   

Ὂ   Ὂ   
  

  
     [3.4] 

 

Table 4.2. Failure loads based on loading rate, from Nuckley et al. (2005) 

Displacement 
rate (mm/s) 

Mean stiffness 
(N/mm) 

Loading 
rate (N/s) 

Baboon mean 
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 ligaments. For the data described above, if tensile load rate was unknown but 

flexion/extension rate was known, the flexion and extension loading rate can be converted into the 

equivalent tensile loading rate experienced by the spinal ligaments by dividing by the moment arm. To 

determine the moment arm, one needs to know the distance from the center of rotation (COR) in 
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flexion and extension to the relevant ligaments. While these distances were not known for each 

specimen tested, representative distances were established for mid-sized males using the 50th Percentile 

Male GHBMC (M50-O v.4.3 Occupant Model, Global Human Body Models Consortium, LLC). According 

to Chancey et al. (2007), the combined center of rotation of OC-C2 is approximately located at the 

centroid of the OC. The distances from the COR to the anterior and posterior ligaments at C2 were 

measured on the GHBMC (Figure 4.7). Because ligaments are located at varying locations and 

orientations across the neck, and cervical ligaments have differing failure strains and failure forces 

(Mattucci et 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 arm is assumed 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 equivalent tensile loading rate was 

determined by the original moment load rate divided by the respective moment arm. Once the 

equivalent tensile loading rate was calculated, a load rate ratio was established from the baboon data 

using the same procedure described above. 

 

 

Figure 4.7.  Distances from the center of rotation (COR) to the anterior and posterior ligaments at C1 and C2, 
measured on the GHBMC M50-O in the normal driving posture. 
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The mean THOR-50M tensile loading rate in fleet testing was approximately 54,000 ± 29,000 N/s (Table 

F.3). Given the THOR-50M transfer functions described above, this equates to approximately 38,200 N/s 

for PMHS (i.e. 54,000/1.4). By interpolation, the baboon failure load at 38,200 N/s is approximately 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 load rate ratios shown in Table 4.3. 

Table 4.3. Load rate ratios applied for tension 

Study Loading rate 
(N/s) 

Load rate 
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. Using the Nuckley 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, respectively (Table 4.4)  

Table 4.4. Load rate ratios for flexion and extension (Nightingale et al., 2007) 

Loading 
type 

Approximate 
loading rate 

(Nm/s) 

Distance to extreme 
limits of C2 geometry 

(mm) 

Assumed moment arm 
for ligaments (mm) 

Tensile loading 
rate (N/s) 

Load rate ratio 

Flexion 90 30.4 20.2 4400 1.3 

Extension 90 20.4 13.6 6600 1.2 

 

 Critical Intercepts for Combined Loading Criterion 

To develop critical intercepts, data (with load rate scaling where applicable) from each loading mode 

was analyzed separately. The mean AIS 3+ injury value was used as the critical intercept in each mode.  

THOR-specific critical intercepts were obtained using the previously described transfer functions for 

each loading mode (Table 4.5). These intercepts assume a relaxed muscle state. 

While several methods have been proposed in the literature for development of critical intercepts for 

ŎƻƳōƛƴŜŘ ƭƻŀŘƛƴƎ ŎǊƛǘŜǊƛŀΣ ǘƘŜǊŜ ƛǎ ƴƻ άƎƻƭŘ ǎǘŀƴŘŀǊŘ.έ tǊŜǾƛƻǳǎ ŎƻƳōƛƴŜŘ ƛƴƧǳǊȅ ƳŜǘǊƛŎǎ ǎǳŎƘ ŀǎ .ǊL/ 

(Takhounts et al., 2013) and Combined Thoracic Index (Eppinger et al., 1999) have targeted 50% risk 

levels for each critical intercept. 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 

age-force linear regression (Pintar et al., 1998). Others have used mean injury values (Revised Tibia 

Index, Kuppa et al., 2001). Mean injury values tend to represent a higher level of risk than 50%, while 

minimum values would represent a lower level of risk. 
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Table 4.5. Summary of proposed Nij critical intercepts based on mean AIS 3+ injury values 

Loading  
Mode 

Studies used PMHS 
intercept 

THOR-50M transfer 
function 

THOR-50M 
intercept 

Tension (N) Dibb et al., (2009), Yliniemi 
et al., (2009) 

3000 1.4 4200 

Compression (N) Panjabi et al., (1991), 
Carter et al., (2002) 

3230 1.4 4520 

Flexion (Nm) Nightingale et al., (2007) 54.5 1.1 60.0 
Extension (Nm) Nightingale et al., (2007) 72.0 1.1 79.2 

 

The intercepts presented here differ from those in use with the H3-50M (Table 4.6), with flexion being 

the most different. Because of the construction of the THOR-50M neck, which allows load sharing 

between the neck cables and neck structure during neck flexion/extension, it makes sense that 

moments measured at the THOR-50M upper neck load cell would be less than those measured at the 

H3-50M upper neck, given a similar input condition. 

Table 4.6. Comparison of THOR-50M intercepts to historical H3-50M intercepts 

Loading  
Mode 

THOR-50M 
intercept 

H3-50M 
intercept 

Tension (N) 4200 6806 
Compression (N) 4520 6160 
Flexion (Nm) 60.0 310 
Extension (Nm) 79.2 125 

 

 Injury Risk Function Formulation 

Once critical intercepts were developed for the THOR-specific version of the neck injury criterion (Nij) as 

a metric for assessing neck injury in frontal crashes, the combined loading criterion was evaluated. For 

each specimen, Nij was calculated using instantaneous axial force and y-axis moment data, using the 

standard formulation and new intercepts. For tests conducted with the THOR-50M ATD, loads and 

moments were obtained directly from the upper neck load cell. This was more comparable to 

experimental flexion and extension 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 development of the neck injury criterion was the presence of an AIS 

score of 2 or greater (AIS 2+) or 3 or greater (AIS 3+), based on the AIS 2005 Update 2008 (AAAM, 2008). 

Using Nij as the predictor variable, stepwise multiple regression was carried out to assess the sensitivity 

of occupant-based covariates (age and sex). The criteria for covariates to enter and stay in the model 

was p<0.1. Model significance and goodness of fit were evaluated.   
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 AIS 2+ model 

For the dependent variable of AIS 2+ injury, results of the stepwise logistic regression indicated that the 

model was significant (p<0.05), and age met the significance standard for inclusion in the model. Sex did 

not enter the model. Model fit statistics are shown in Table 4.7.  

The final AIS 2+ model parameters (Figure 4.8) are given by Table 4.9. An age of 40 years was used for 

calculation of 95% confidence intervals. The age of 40 represents an approximation of the mean age of 

male drivers in frontal crashes, based on the National Automotive Sampling System ς General Estimates 

System. 

 

 
Figure 4.8. AIS 2+ injury risk curve (mean and 95% confidence intervals), using an age of 40 years.  Experimental 

data also shown. 

 

 AIS 3+ model 

For the dependent variable of AIS 3+ injury, results of the stepwise logistic regression indicated that the 

model was significant (p<0.05), and age met the significance standard for inclusion in the model. Sex did 

not enter the model. Model fit statistics are shown in Table 4.7. The final AIS 3+ model parameters 

(Figure 4.9) are given in Table 4.9.   
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Figure 4.9. AIS 3+ injury risk curve (mean and 95% confidence intervals), using an age of 40 years  

 

Table 4.7. Model fit statistics for AIS 2+ and AIS 3+ risk functions 

Model Covariates Wald 
Pr>ChiSq 

AUROC Hosmer-Lemeshow 
Pr>ChiSq 

-2 Log L 

AIS 2+ Age <0.0001 0.907 0.978 130.9 

AIS 3+ Age <0.0001 0.898 0.0278 115.6 

 

 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 high Nij values (greater than 1.5). 

The other influential observation was a 67-year-old specimen in the whole body sled test performed by 

University of Virginia, in which a bilateral facet dislocation was sustained (note that the other four PMHS 

specimens tested in the identical condition did not sustain AIS 3+ injury). The matched pair test with 

THOR-50M recorded peak tension of only 685 N and peak Nij of only 0.29. With one or all of these three 

observations removed, the model fit improved (Table 4.8), although the resulting risk functions were 

still captured within the upper and lower confidence bounds of the original risk function with all data 

included (Figure 4.10). Because there is no physical reason for exclusion of these specimens, it is 

therefore recommended to retain the original risk function using all available data. 
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Table 4.8. Model fit statistics for AIS 3+ risk functions with influential observations removed 

Model Covariates Wald Pr>ChiSq AUROC Hosmer-Lemeshow Pr>ChiSq 

AIS 3+ original Age <0.0001 0.898 0.0278 
UVA specimen removed Age <0.0001 0.914 0.1054 
Pintar et al., (2005) specimens removed Age <0.0001 0.914 0.3686 
Three influential observations removed Age <0.0001 0.93 0.4583 

 

 

  
Figure 4.10. For the AIS 3+ risk function, three observations (circled in red) were overlay influential.  Removal of 
these observations improved model fit but the resulting risk functions were still captured within the confidence 

bounds of the original risk function. 

 Final logistic regression model 

Using all available data, the resulting logistic regression takes the form: 

  ὴ!)3 ς Ⱦσ  

where:   

ɼ = Intercept 

ɼ = Independent parameter coefficient 

ɼ = Age coefficient 

ὼ = Nij (calculated using upper load cell values) 

 

Table 4.9. Model parameter estimates for Nij 
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Model 
 

(Int.) 
  

(Nij) 
  

(Age) 

AIS 2+ -9.031 5.681 0.0803 
AIS 3+ -7.447 5.440 0.0350 

 

Table 4.10. Resulting Nij injury assessment reference values 

Model 10% 25% 50% 

AIS 2+ 0.64 0.83 1.02 

AIS 3+ 0.71 0.91 1.11 

 

 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 analysis. All failure data were considered to be 

left censored and all non-failure data were right-censored. The survival analysis risk function, which 

assumes a Weibull distribution, takes the form: 

 

  ὴὃὍὛσ ρ Ὡὼὴ Ὡὼὴ  

 

where:   

ɼ = Intercept 

ɼ = Age parameter 

ὼ = Nij (calculated from upper neck load cell values) 

‌ = scale 

 

Table 4.11. Model parameter estimates and goodness-of-fit  

Model 
 

(Int.) 
  

(Age) 
  

(Scale) 
-2 Log L 

AIS 2+ 0.8842 -0.0175 0.3603 138.7 

AIS 3+ 0.5307 -0.0064 0.3281 120.1 

 

The AIS 2+ and AIS 3+ risk functions presented here demonstrated differences between the logistic 

regression and survival curves, particularly when the age of 40 was considered. This was unexpected 

considering that the data was generally well correlated. The closest match between the logistic 

regression and survival curve was for an age of 60 years in the AIS 2+ curve. An age of 60 years more 

closely represents the actual specimens used in the risk function development (average age of the 

injured specimens was 62 years, with range 30 to 94 years). Given the lower log likelihood values for the 

logistic model (compared with the survival model), the logistic regression curves are recommended.   



75 
  

 
 

Figure 4.11. Comparison of logistic regression and survival analysis for AIS 2+ injury risk. For an age of 60, the 
logistic regression and survival curves closely match. For an age of 40 years, the curves diverge at higher risk 

levels. 

 
Figure 4.12. Comparison of logistic regression and survival analysis for AIS 3+ injury risk. For both age 40 and age 

60, the logistic regression and survival curves diverge at higher risk levels. 
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 Application of Risk Functions to THOR-50M  

As the development of the Nij risk function considered application to the THOR-50M in the development 

of critical intercepts (Section 4.8), no additional modification is necessary. The measurements from the 

THOR-50M upper neck load cell used to calculate the risk of AIS 2+ or AIS 3+ neck injury as follows: 

ὴ!)3 ς
ρ

ρ Ὡ Ȣ Ȣ
 

ὴ!)3 σ
ρ

ρ Ὡ Ȣ Ȣ
 

ὔ
Ὂὸ

Ὂ

ὓ ὸ

ὓ
 

where:   

Ὂὸ = Force time-history measured by the z-axis of the THOR upper neck load cell (in N) 

ὓ ὸ = Moment time-history measured by the y-axis of the THOR upper neck load cell (in Nm) 

Ὂ  = Critical intercept for force:  

Ὂ
τςππ Ὢέὶ Ὂὸ π

τυςπ Ὢέὶ Ὂὸ π
 

ὓ  = Critical intercept for moment: 

ὓ
φπ Ὢέὶ ὓ ὸ π

χωȢς Ὢέὶ ὓ ὸ π
 

 Fleet Test Data: THOR-50M 

The recommended neck injury risk functions were applied to THOR-50M measurements collected in 

frontal rigid barrier and frontal Oblique fleet testing. Figure 4.13 and Figure 4.14 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 occupant response grouped by occupant position and test mode. Risk of AIS 2+ 

neck injury was below 15 percent for all observations, while risk of AIS 3+ neck injury was below 10 

percent for all observations.  
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Figure 4.13. 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 the driver and right front passenger in the Oblique MDB test mode. 

 

  
Figure 4.14. Probability of AIS 3+ neck injury predicted using Nij 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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 Limitations 

There are many limitations to the current work. The method used here in the development of the Nij 

risk function was to combine available data, despite differences in test conditions, loading rates, and 

specimen type (e.g. PMHS vs. volunteer). Some of the studies contained all non-injured specimens (e.g. 

the volunteer data), while some contained all injured specimens (e.g. the Dibb et al., 2009 and Yliniemi 

et al., 2009 tension data). Since each study did not contain both injured and non-injured specimens, 

there may be inherent laboratory bias that cannot be accounted for. This method was employed 

because there were insufficient studies containing both injury and non-injury to develop a robust injury 

criterion.  A similar method has been used in many previously published risk functions. For example, 

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 knee-thigh-hip injury (in fact, its purpose was interaction 

between driver thorax and steering wheel) (Morgan et al., 1987). There were no knee-thigh-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 

functions using tests on repeated subjects, in which one low energy test was intended to not produce 

injury and one high energy test was intended to produce injury. Takhounts et al. (2013) used volunteer 

data (i.e. college football players) in the development of the Brain Injury Criterion (BrIC). Laituri et al. 

(2016) used volunteer data in their version of risk curves for BrIC. Poplin et al. (2017) included low-speed 

sled tests (10 km/hr) in development of a chest injury risk curve, which had very low risk of injury. 

Despite the limitations of the current approach, inclusion of a wide variety of studies yielded sufficient 

available injury and non-injury data for risk function development.   

While more than 150 specimens were included for the development of the Nij risk function, the sample 

sizes in each loading mode used for critical intercept values were much smaller. In particular, the 

number of injured specimens in flexion and extension was only two and five respectively. In addition, 

subject preparations, such as instrumentation/mounting hardware and/or the use of helmets may have 

influenced the inertia of the head in these tests. However, because these added masses were accounted 

for in calculation of upper neck loads, the desired comparison of neck load to injury status should not be 

significantly affected.   

The critical intercepts developed in this effort assume relaxed musculature. Therefore, muscle tensing 

was not accounted for. As was previously done for the Hybrid III ATD, these intercepts could be adjusted 

by assuming a level of protection provided by muscle tensing. However, the assumed relaxed state is 

more conservative, and may be more appropriate considering that 40 to 50% of occupants in frontal 

crashes exhibit no pre-impact braking (indicative of being unaware of the impending crash) (Craig et al., 

2011).   

Another limitation has to do with the use of the Duke Adult Head and Neck Model for predicting THOR-

50M response in tension, flexion and extension. The transfer functions were developed for motion 

beyond the range the model was validated for. This could affect the transfer functions developed and 

the resulting injury risks predicted by the THOR-50M. In addition, transfer functions were based on an 

assumption of equal work between the human and THOR-50M. Because this method assumes a linear 
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response, it may not account for the rate effects seen in the PMHS response. Also, there was no 

matched THOR-50M data with which to develop a transfer function in compression. Thus, the 

application of the Nij risk curve in compression-flexion and compression-extension should be used with 

caution. For in-position occupants, the THOR-50M should rarely experience a peak Nij in either 

compression mode. Only one of the THOR-50M fleet tests examined (Table F.3) had a peak Nij in 

compression (Nij=0.3), while the remaining tests all had the peak Nij in either tension-flexion (28%) or 

tension-extension (69%). 

Finally, a combined loading criterion was targeted here, which may be desirable due to the many 

different mechanisms associated with real world injury. Through parametric analysis of the 50th 

Percentile Male GHBMC M50-O, Hasija et al. (2017) demonstrated that both axial force and moment at 

the occipital condyles are necessary for prediction of ligamentous neck injuries (rather than axial force 

alone), suggesting the continued need for a criterion such as the Nij that includes both metrics. 

Nonetheless, the traditional Nij formulation presented herein has limitations.  For example, the Nij 

formulation is based on the assumption that the neck structure acts as an Euler-Bernoulli beam, with 

the principle of superposition being used to sum the stress due to the moment and the stress due to the 

axial force, for a composite total stress in the bone. In fact, the neck exhibits complex dynamic behavior 

(e.g. multiple mode buckling) that may not be accurately represented by beam theory. 
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5 CHEST 

 Field and Historical Fleet Data 

Similar to observations with brain injury, there appears to be an opposite trend in fleet data predicted 

injury risk from NCAP tests (Figure 5.1) and injury rates from field data (Figure 5.2). The field data injury 

rate or risk represents a running three-year average of the percent of injury cases (injured case count 

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 by the total number of cases for those model 

years). Injury risk was calculated using the risk function that is currently in use with the H3-50M in 

frontal NCAP testing (NHTSA, 2008). 

 
Figure 5.1. H3-50M NCAP driver chest deflections and predicted injury risk (AIS 3+) for tests from model year 

1990 to 2016. 
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Figure 5.2. Thorax MAIS 2+ and 3+ rate versus model year (1992 to 2015) for belted and airbag restrained drivers 

in frontal crashes from NASS-CDS 1993 to 2015.  

Figure 5.3 shows the regional mechanisms of injury assigned to thoracic injuries in 280 CIREN front-row 

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 at the time. It is 

important to note that the mechanisms shown are regional mechanisms, not organ-specific 

mechanisms. That is, the chosen mechanism represents the type of loading/motion experienced by the 

entire thoracic region. Compression is the dominant mechanism for skeletal injuries, while the soft 

tissues are more frequently injured from a combination of compression and the rate of compression. 
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Figure 5.3. Recorded mechanisms of thoracic injuries for belted front row occupants involved in frontal crashes 
from the CIREN database. 

 Literature Review 

Eppinger et al. (1999) presented a summary of historical research into the development of thoracic 

injury criteria, primarily focused on those applicable to the H3-50M for use in Federal Motor Vehicle 

Safety Standards (FMVSS) No. 208. Based on the historical 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 

predictor variables investigated were thoracic spine resultant acceleration (As), normalized central chest 

deflection at the measurement location of the H3-50M (dc), normalized deflection at any of five 

measurement locations on the chest (dmax), chest deflection velocity, 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 

defined as the combined thoracic injury criteria, or CTI. Injury risk functions were developed for As 

alone, dc alone (as measurement of dmax is not possible for the H3-50M), and CTI. These injury risk 

curves were not directly implemented to develop injury assessment reference values (IARVs) for FMVSS 

No. 208, as the dc limit was taken to be 63 mm and the As limit was taken to be 60 gs to harmonize with 
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the Canadian Motor Vehicle Safety Standards (CMVSS). The CTI was not used for 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 for age and was not adequately adjusted to reflect 

real-world 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 conditions, was used. To relate the PMHS-based injury risk function to the H3-50M, a transfer 

function was developed by Laituri et al. (2005) using a subset of matched pair tests. The resulting chest 

injury risk function related the peak chest deflection as measured by the H3-50M sternum 

potentiometer along with the age of the subject to the risk of AIS 3+ thoracic injury, as defined as seven 

or more rib fractures. For AIS 1990 (1998 update) four fractured ribs or more constituted an AIS 3+ 

thoracic injury.  Laituri et al. added three fractured ribs for the threshold of seven per reference to 

earlier studies that had found a difference in the number of fractured ribs between dead specimens (e.g. 

PMHS) and live subjects (Viano et al., 1977; Foret-Bruno et al., 1978).  As implemented in Frontal NCAP, 

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

Both the Eppinger et al. (1999) and Laituri et al. (2005) injury risk functions required corrections or 

assumptions to account for the limitation of the single-point measurement capability of the H3-50M. 

NHTSA has previously identified instrumentation opportunities beyond a single-point chest deflection 

measurement system that may improve the assessment of thoracic loading in a vehicle environment 

with advanced restraint technology such as airbags and pretensioners (Yoganandan 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 crashes (Morgan et al., 1994). Kuppa and Eppinger (1998) found that, 

in a dataset consisting of 71 human subjects in various restraint systems and crash severities, using the 

maximum deflection from multiple measurement locations on the chest resulted in improved injury 

prediction. As such, multi-point deflection instrumentation was prioritized in the development of the 

THOR ATD (Haffner et al., 2001). 

Real-world data also demonstrate the need for a multipoint deflection measurement to better reflect 

actual fracture/injury patterns and better discriminate between vehicle performances. In a small sample 

of restrained occupants with rib fractures, Shimamura et al. (2003) found that rib fractures were more 

common in the lower ribs (6-12) compared with the upper ribs, suggesting that the deployed airbag 

shared and distributed the load to the upper chest but had less effect near the seat belt buckle where 

concentrated seat belt loads still occurred. Lee et al. (2015) used the CIREN database to examine the rib 

fracture patterns of 158 belt- and airbag-restrained 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). Asymmetric fracture patterns 

(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 mid-sternal chest slider in the Hybrid III family of 

dummies. 
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 Design 

Throughout the development of the THOR-50M ATD, specific attention was given to the human-like 

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 rib orientation (Kent et al., 2003). 

Performance requirements were selected to ensure human-like behavior in response to central chest 

impacts, oblique chest impacts, and steering rim impacts to the rib cage and upper abdomen (NHTSA, 

2005a). Better chest anthropomŜǘǊȅ ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ ŘǳƳƳȅΩǎ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ ǘƘŜ ǊŜǎǘǊŀƛƴǘ ǎȅǎǘŜƳ όŀǎ 

the seat belt lies over the shoulder and across the chest, for example) is more representative of the 

interaction humans would experience. The THOR-50M ATD is capable of measuring three-dimensional 

deflections at four different locations on the rib cage. This instrumentation, coupled with its thoracic 

biofidelity, provides the THOR-50M ATD with the ability to predict thoracic injuries and to potentially 

drive realistic restraint system countermeasures. 

 Instrumentation 

THOR-50M ATD was designed to measure thoracic deformation at multiple points to facilitate the 

prediction of injury risk. The three-dimensional position time-history is measured for four points on the 

anterior rib cage relative to the local spine segment of rib origination (Figure 5.4). 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 chest instrumentation anterior attachment points are 40 

millimeters from the sagittal centerline of the ATD, while the lower chest instrumentation anterior 

attachment points are 80 millimeters from the sagittal centerline. The posterior attachment point of the 

upper thorax instrumentation is on the Upper Thoracic Spinebox, which spans the anatomical landmarks 

of T4 through T8. The posterior attachment point of the lower thorax instrumentation is on the Thoracic 

Spine Load Cell Flex Joint Adaptor Plate, which is at the anatomical level of L1. Between the upper and 

lower thorax instrumentation attachment 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 event. The deflection instrumentation used for the matched-

pair testing conducted for this study was the Infrared Telescoping Rod for Assessment of Chest 

Compression (IR-TRACC). 
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Figure 5.4.  (Left) Location of the four measurement points on the thorax of the THOR.  (Right) Attachment of 

the 3D deflection instrumentation assemblies to the spine. 

THOR-50M was not designed to measure sternum deflection, in part due to the design of the sternum 

assembly which was developed to meet the biofidelity requirement in the low-speed 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 thorax deflection 

instrumentation attachment points are at the vertical level of the anatomic mid-sternum landmark, 

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

deflection instrumentation assemblies.  

In addition to the deflection measurement system, the THOR-50M 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 five-axis (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 THOR-50M described in the September 2015 

drawing package (NHTSA, 2015a). THOR-50M thoracic instrumentation is summarized in Table 5.1.  
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Table 5.1. THOR-50M ATD thoracic instrumentation. 

Sensor Measurement Description Measurement Axes 

Upper Left 3D deflection 3D position of left 4th rib WRT upper thoracic spine XL, YL, ZL 

Upper Right 3D deflection 3D position of right 4th rib WRT upper thoracic spine XL, YL, ZL 

Lower Left 3D deflection 3D position of left 8th rib WRT lower thoracic spine XL, YL, ZL 

Lower Right 3D deflection 3D position of right 8th 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 

 Biofidelity 

Parent et al. (2017) evaluated the biofidelity of the THOR-50M chest in two conditions: sternal impact 

and lower ribcage oblique impact. In the sternal impact condition, THOR-50M demonstrated excellent 

internal and external biofidelity, with Biofidelity Ranking System (BioRank) scores of 0.815 and 0.732, 

respectively. In the lower ribcage oblique impact condition, the THOR-50M demonstrated good internal 

and external biofidelity, with BioRank scores of 1.019 and 1.163, respectively. In all thoracic impact 

conditions, the THOR-50M was quantitatively more biofidelic than the H3-50M. Additionally, in four 

whole-body restraint frontal impact sled test conditions, the THOR-50M demonstrated good internal 

biofidelity, which is primarily a measure of the biofidelity of multi-point rib cage deflection.  

 Data 

Several datasets were considered in the development of a thoracic injury criterion for the THOR ATD. 

First, the data presented in the development of the thoracic injury criterion for the H3-50M for use in 

Federal Motor Vehicle Safety Standards (FMVSS) No. 208 as presented by Eppinger et al. (1999) were 

reviewed. This set of 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 belt-only (2-point and 3-point), airbag only, and belt and airbag 

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 the 4th rib, and left and 

right at the vertical level of the 8th rib. The relationship between PMHS external deflection and the 

internal deflection measured by the Hybrid III ATD was accounted for in the development of the 

Combined Thoracic Injury (CTI) criterion by subtracting 8 millimeters from the deflection component of 

the deflection vs. acceleration regression line. It is not clear, however, if this 8-millimeter shift was 

accounted for in the development of the chest deflection risk function. Such a relationship would be 

necessary to apply the injury criteria developed by Eppinger et al. (1999) to THOR, as the relationship 

between the measured and calculated PMHS chestband deflection and the multi-point internal 

deflection measured by THOR is unknown.  

One approach to address this limitation would be to conduct identical tests with THOR-50M 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 velocity or restraint conditions with a total of 42 PMHS 

observations. In each of these 12 test conditions, at least two THOR-50M tests were conducted 

(summarized in Crandall, 2013; individual test references presented in Table 5.2). Later, two additional 

matched pair test conditions were conducted using both PMHS and THOR-50M, one set with the 

occupant in a near-side oblique configuration (Crandall, 2015), the other with the occupant in a far-side 

oblique configuration (Crandall, 2014). A total of 14 test conditions were considered in this matched-

pair study, with a total of 48 PMHS observations (Table 5.2). For tests sponsored by NHTSA, which 

include a majority of the PMHS tests and all of the THOR-50M tests, NHTSA Biomechanics Test Database 

test numbers are included in the table. A limitation to this test series is that the measurement of 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 are used herein to relate PMHS outcome to THOR 

measurements in the same test condition.  
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Table 5.2. Source data for PMHS sled tests. 
Occupant 
Position 

Environment 
[Reference] Restraint 

Delta-V 
(km/h) Age Sex 

Mass 
(kg) 

Height 
(cm) AIS 3+ 

PMHS 
BioDB 

THOR 
BioDB 

Front 
Driver 

Gold Standard 
[Lopez-Valdes, 2010] 

3-point standard 
belt 

10 
59 
69 
60 

F 
M 
M 

80 
84 
81 

167 
178 
191 

No 
No 
No 

 11125 
11126 

 

Front 
Driver 

Gold Standard 
[Lopez-Valdes, 2010] 

3-point standard 
belt 

40 
59 
69 
60 

F 
M 
M 

80 
84 
81 

167 
178 
191 

Yes 
Yes 
Yes 

 11123 
11124 

 

Front 
Passenger 

1997 Ford Taurus 
[Forman, 2006a] 

3-point force-limited 
belt plus airbag 

48 

57 
69 
72 
57 

M 
F 
F 
M 

70 
53 
59 
57 

174 
155 
156 
177 

No 
Yes 
Yes 
No 

8371 
8372 
8373 
8374 

11129 
11130 

 

Front 
Passenger 

1997 Ford Taurus 
[Kent, 2001] 

Lap belt with airbag 48 
40 
70 
46 

M 
M 
M 

47 
70 
74 

150 
176 
175 

Yes 
No 
No 

8377 
8378 
8379 

11131 
11132 

Front 
Passenger 

1997 Ford Taurus 
[Forman, 2006a] 

3-point standard 
belt with airbag 

48 
55 
69 
59 

M 
M 
F 

85 
84 
79 

176 
176 
161 

Yes 
Yes 
Yes 

8382 
8383 
8384 

11127 
11128 

 

Front 
Passenger 

1997 Ford Taurus 
[Forman, 2006a] 

3-point standard 
belt 

29 
49 
44 
39 

M 
M 
M 

58 
77 
79 

178 
172 
184 

No 
No 
No 

 11133 
11134 

 

Front 
Passenger 

1997 Ford Taurus 
[Forman, 2006b] 

3-point standard 
belt 

38 
44 M 77 172 No  11135 

11136 

Front 
Passenger 

Gold Standard 1 
[Shaw, 2009] 

3-point standard 
belt 

40 

76 
47 
54 
49 
57 
72 
40 
37 

M 
M 
M 
M 
M 
M 
M 
M 

70 
68 
79 
76 
64 
81 
88 
78 

178 
177 
177 
184 
175 
184 
179 
180 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 

9546 
9547 

 
 
 

11014 
11015 
11016 

11117 
11118 
11119 

 

Front 
Passenger 

Gold Standard 2 
[Shaw, 2012] 

3-point force-limited 
belt 

30 

59 
66 

M 
M 

68 
70 

178 
179 

No 
No 

11468 11120 
11121 11469 

67 M 68 177 Yes 11509 11122 

67 M 68 173 Yes 11510  

74 M 70 183 No 11511  

Rear 
Passenger 

2004 Ford Taurus 
[Forman, 2009] 

3-point standard 
belt 

48 
51 
57 
57 

M 
F 
M 

55 
109 
59 

175 
165 
179 

Yes 
Yes 
Yes 

9337 
9338 
9339 

11143 
11144 
11145 

Rear 
Passenger 

2004 Ford Taurus 
[Forman, 2009] 

3-point force-limited 
belt with 
pretensioner 

48 
67 
69 
72 

M 
M 
M 

71 
60 
73 

175 
171 
175 

Yes 
No 
Yes 

 11140 
11141 
11142 

Rear 
Passenger 

2004 Ford Taurus 
[Kent, 2011] 

3-point inflatable 
force-limited belt 
with pretensioner 

48 
72 
69 
40 

M 
M 
M 

88 
69 
83 

173 
175 
186 

Yes 
No 
No 

 11137 
11138 
11139 

Front 
Passenger 

Gold Standard 3 
(Near-side Oblique) 
[Crandall, 2015] 

3-point force-limited 
belt 

30 
 
 

69 M 72 173 Yes 11518 11514 

66 M 76 172 Yes 11519 11515 

67 M 65 177 No 11520 11516 
11517 

Front 
Passenger 

Far-side Oblique 
[Crandall, 2014] 

3-point force-limited 
belt with airbag 

59.5 
 
 

73 M 69 180 Yes 11500 11503 

83 M 85 178 Yes 11501 11504 

63 M 69 187 Yes 11502 11505 
11506 

 

Given the approach of using matched pair tests to relate PMHS outcome to THOR measurements in the 

same test condition, the Eppinger et al. (1999) dataset was revisited to consider any test conditions that 

were similar enough to the test conditions presented in Table 5.2 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 



89 
  

same restraint condition as a matched THOR test. This winnowed the original 71 subjects down to just 5 

possibilities: three subjects in a lap belt with airbag condition at 48 km/h, and two subjects in a three-

point belt plus airbag condition at 48 km/h (Table 5.3). 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. 1997 Ford Taurus).  

Table 5.3. Source data for additional PMHS sled tests. 
Occupant 
Position Environment Restraint 

Delta-V 
(km/h) Age Sex 

Mass 
(kg) 

Height 
(cm) AIS 3+ 

PMHS 
BioDB 

THOR 
BioDB 

Driver 1986 Ford Tempo Lap belt with airbag 48.3 

67 F 50  Yes 2857 

11132 64 M 70  Yes 2854 

58 M 73  No 2856 

Driver 1986 Ford Tempo 
3-point standard 
belt with airbag 

48.3 
67 F 57  Yes 2861 

11127 
68 M 59  Yes 2878 

 

Additionally, impactor tests were considered for inclusion in the matched pair dataset, as THOR-50M 

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 masses are presented in Kroell et 

al. (1971 and 1974). Based on the analysis presented by Neathery et al. (1975), half of the 48 

observations presented by Kroell were recommended for elimination based on differences in spine 

fixation, impactor travel restriction, post-test injury assessment technique, and instrument failure, as 

well as one subject that ǿŀǎ άŎƭŜŀǊƭȅ ŀƴ ƻǳǘƭƛŜǊ.έ hŦ ǘƘŜ нп ǊŜƳŀƛƴƛƴƎ ǘŜǎǘǎΣ мт ǿŜǊŜ ŎƻƴǎƛŘŜǊŜŘ ƘŜǊŜƛƴ 

based on similarity in impact velocity (4.3 m/s, 4.8 m/s, and 6.7 m/s) and impact mass (23 kg) to existing 

THOR-50M test conditions (Table 5.4). Also considered herein are 7 PMHS observations in a lower 

thorax oblique impact condition presented by Yoganandan et al. (1997). 
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Table 5.4. Source data for PMHS impactor tests. 

Test Condition Delta-V (km/h) Age Sex 
Mass 
(kg) 

Height 
(cm) AIS 3+ 

PMHS 
BioDB 

THOR 
BioDB 

Blunt Thoracic Impact 
Nominal 23kg Impactor @ 6.7 m/s 

26.7 81 M 76.2 168 Yes  

 

24.8 80 M 53.1 165 Yes  

24.2 78 M 65.8 176 Yes  

24.2 19 M 71.2 196 No  

24.2 29 M 56.7 180 No  

24.2 72 M 74.8 188 Yes  

25.9 52 M 74.8 183 Yes  

26.4 46 M 94.8 178 No  

24.9 72 M 63.0 163 Yes  

22.7 60 F 59.0 160 Yes  

26.1 67 F 62.6 163 Yes  

26.4 76 F 57.6 156 Yes  

27.8 58 F 61.2 163 Yes  

Blunt Thoracic Impact 
Nominal 23kg Impactor @ 4.8 m/s 

17.5 61 M 54.4 183 No   

18.2 64 M 64.0 181 Yes  

18.8 75 M 77.1 174 Yes  

Blunt Thoracic Impact 
Nominal 23kg Impactor @ 4.3 m/s 

15.6 66 M 79.4 180 Yes  
 

Lower Thorax Oblique Impact 
Nominal 23kg Impactor @ 4.3m/s 

15.5 

72 M 82 170 Yes 3085 

 

81 M 63 175 Yes  

84 M 68 168 No  

86 M 56 170 No  

62 M 61 174 Yes  

70 M 91 169 Yes  

68 M 83 178 Yes  

 

Different combinations of the datasets presented in Table 5.2, Table 5.3, and Table 5.4 are carried 

through the analysis and referenced throughout this report as follows: 

Table 5.5. Description of dataset combinations evaluated throughout report. 

Name Description 

SledOnly only the observations in Table 5.2 

SledExtended combined observations in Table 5.2 and Table 5.3 

Sled+Impactor combined observations in Table 5.2, Table 5.3, and Table 5.4 

ImpactorOnly only the observations in Table 5.4 

SledNoOBL only the observations from Table 5.2, but without either set of oblique observations 

SledNoFSO only the observations from Table 5.2, but without the Far-side Oblique (FSO) observations 

 Predictor Variable 

Several variables were considered for use as the predictive parameter in a thoracic injury criterion. As 

the input dataset includes test data measured using the THOR-50M ATD, measurements from the 

sensors shown in Table 5.1 and metrics calculated 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 deflection-based 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 deflection-based measurements were considered for application as the 

independent parameter in the THOR thoracic injury criterion (Table 5.6).  
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Table 5.6. Deflection metrics considered. 

Deflection 
Metric 

Description Calculation 

x-axis 
Deflection 

Deflection of the anterior attachment point of the 3D deflection 
instrumentation along the x-axis of the local spine coordinate 
system (LCS) 

See THOR PADI 

Resultant 
Deflection 

Vector resultant deflection of the anterior attachment point of 
the 3D deflection instrumentation 

ÍÁØὢ ὣ ὤ  

Change in 
Chord Length 

Change in distance between the anterior and posterior 3D 
deflection instrumentation attachment points ὶ ‏ ÍÁØὶ ‏  

Peak   
Deflection 

The above three metrics can be calculated at each of the four 
quadrants; the peak deflection measurement calculates the 
maximum of a given metric across all four quadrants 

ÍÁØὟὒȟὟὙȟὒὒȟὒὙ 

PC Score Result of Principal Component Analysis (PCA)  See Poplin 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 well-correlated with peak x-axis deflection. This is demonstrated for the 

SledOnly dataset in Figure 5.5, but held true for all combinations of datasets as well. Thus, chord length 

was eliminated from consideration as an independent variable for simplicity.   

 
Figure 5.5. Relationship between change in chord length and peak x-axis deflection in the SledOnly dataset. 

The remaining deflection terms, x-axis deflection and resultant deflection, can be calculated at each of 

the four quadrants of the thorax. Due to the physical relationship between the measurement locations, 

some correlation between these measurement locations is expected, thus including all four individual 

quadrant deflections in a prediction model is likely to cause overfitting. The upper left and upper right 

measurement locations are expected to be highly-correlated due to the proximity of the measurement 

locations to each other and to the shoulder belt, if used. The upper and lower measurement locations 

on each side are expected to be highly correlated due to connectivity of the ribcage. On the other hand, 

the lower left and lower right measurement locations are not expected to be highly correlated, as they 

are the furthest away from each other and from a shoulder belt, if used.  

y = 0.9524x + 3.4405
R² = 0.9637

0

10

20

30

40

50

60

0 10 20 30 40 50 60

P
e
a
k
 X

-a
x
is

 D
e
fl

e
c
ti

o
n

 (
m

m
)

Peak Delta Chord Length (mm)

Peak Chord vs. Peak X-axis



92 
  

To investigate whether these expected correlations are true in the current sample, a stepwise multiple 

logistic regression was carried out for both x-axis and resultant deflection metrics. The stepwise 

regression began with only and intercept and considered four parameters for inclusion ς the upper left, 

upper right, lower left, and lower right quadrant deflections. For both deflection metrics, no more than 

two parameters were added and retained in the resulting regression model (upper right and lower left 

for x-axis deflection, lower left and lower right for resultant deflections). This suggests that two 

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

Due to the limited 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 deflection term was developed, which considered only the maximum deflection in any of 

the four individual quadrants. An additional round of stepwise multiple logistic regression was then 

carried out which included a peak deflection term in addition to the initial four 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 statistically-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 equal to one of the four individual 

deflection terms. Furthermore, the regression models containing only the peak deflection term 

demonstrated a better model fit than the corresponding two-parameter models described above. As 

such, the peak deflection terms (peak x-axis deflection and peak resultant deflection) were considered 

instead of a combination of individual quadrant deflections for the remainder of this analysis.  

An additional approach to variable reduction was principal component analysis (PCA), which was carried 

out by the University of Virginia (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 and left/right symmetric. Additional details of the PCA analysis and 

resulting PC Scores for the SledNoOBL and SledNoFSO datasets can be found in McMurry et al. (2016a 

and 2016b respectively), which were provided as deliverables under Cooperative Agreement DTNH22-

07-H-00247.   

 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 above resulted in a statistically-significant (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 subjects in all datasets. For all datasets considered, 

adding age as a covariate in addition to the peak x-axis deflection or peak resultant deflection resulted in 

a statistically-significant description of the remaining variance. Mass, stature, and sex were not 

significant explanatory variables for this sample. 



93 
  

 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 fractures of three or more ribs without flail at any location of 

either or both sides of the ribcage including costal cartilage (AAAM, 2008). While soft tissue injuries can 

also result in AIS 3 or greater scores, these injuries are difficult or impossible to diagnose in PMHS, at 

least per the rules of 2005/2008 AIS (AAAM, 2008). For example, pulmonary contusions result from an 

inflammatory response and require living tissue for this to occur.   

 Injury Risk Function Formulation 

Three sets of injury risk functions (nonparametric, logistic, and survival analysis) were formulated for 

each independent parameter (peak x-axis deflection, peak resultant deflection), for each dataset 

(SledOnly, Sled+Impactor, SledExtended, SledNoFSO), and both with and without age as a covariate. 

Goodness-of-fit metrics described in Hasija et al. (2011) were calculated for the logistic and survival 

analysis risk curves, including the Receiver Operating Characteristic (ROC) Area Under Curve (AUC), 

maximum log likelihood, and Hosmer-Lemeshow Goodness-of-Fit test.  

 Nonparametric 

Nonparametric survival functions were formulated using the SAS PROC LIFETEST procedure for both 

peak x-axis deflection (Figure 5.6) and peak resultant deflection (Figure 5.7) metrics. Both metrics 

indicate only subtle differences between the SledOnly, SledExtended, and SledNOFSO datasets, but 

marked differences in the Sled+Impactor dataset.  

 
Figure 5.6. Nonparametric survival function for four 
datasets using peak x-axis deflection as a predictor. 

 
Figure 5.7. Nonparametric survival function for four 

datasets using peak resultant deflection as a 
predictor. 

 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 AUROC, maximum log likelihood, and Hosmer-Lemeshow Goodness-of-Fit test results 

are reported in Table 5.7. The logistic regression risk functions take one of two forms: 

Without Age:   ὴ!)3 σ  

 

With Age:   ὴ!)3 σ  

 
where:   
‍ = Intercept 
‍ = Independent parameter coefficient 
ὼ = Independent parameter value 
‍ = Age coefficient 
ὥ = Subject age, in years 

 
Table 5.7. Fit statistics for logistic regression models. 

Dataset Predictor 
Age as 

Covariate N -2 Log L AUROC 

Hosmer and 
Lemeshow 
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 Peak Resultant 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 Peak Resultant 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 AUROCs was that the associated datasets included observations 

from impactor tests. In five combinations, the Hosmer and Lemeshow goodness of fit test indicated the 

possibility of a poor model fit ς four of these five also included observations from impactor tests 

(Sled+Impactor and ImpactorOnly for both peak x-axis and peak resultant in models including age as a 

covariate). Of the logistic regression models, the highest AUROCs occurred for the models using peak 

resultant deflection as the predictor, with age as a covariate, and either the SledOnly or SledExtended 
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datasets (Figure 5.8). Parameter estimates for these two models are shown in Table 5.8. As shown in 

Figure 5.9, presented at an age of 40 years, the logistic risk functions fit to the SledOnly and 

SledExtended datasets are virtually indistinguishable. 

 
Figure 5.8. Receiver Operating Characteristic (ROC) for the logistic regression models with the highest AUC. 

Table 5.8. Model parameter estimates. 

Model ♫  ♫  ♫  

SledOnly, Peak Resultant -8.8086 0.1168 0.0744 

SledExtended, Peak Resultant -8.9322 0.1121 0.0819 

 

 
Figure 5.9. Logistic risk functions fit to the SledOnly and SledExtended datasets (Table 5.8). 

The risk functions and confidence intervals for the two models with the highest AUROC were calculated 

at two different values of the age covariate: 40 years old, the mean age of exposed male drivers in 

frontal crashes, and 61 years old, the mean age of the PMHS subjects in the dataset (Figure 5.10). For 
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both the SledOnly and SledExtended models, the prediction 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 show wider confidence intervals compared to those calculated at age 61.  

 

    

    
Figure 5.10. Risk function and confidence intervals for logistic models with highest AUROC, shown at different 

values of the age covariate.  

 

 Survival Analysis 

Survival analysis was also carried out to develop risk functions using the SAS PROC RELIABILITY 

procedure. Models were developed for peak resultant deflection, since this parameter provided a 

similar or better model fit than peak x-axis deflection for 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 models. Three of the subjects (Front Driver, as shown in Table 5.2) were 

tested in both low-speed and high-speed conditions. Since these subjects were all non-injured after the 

low-speed tests and injured after the high-speed test, these observations were treated as interval 

censored. For the remaining observations, the non-injury points were treated as right-censored and the 

injury points were treated as left-censored. For each combination, maximum log likelihood is reported in 

Table 5.9. The survival analysis risk function assuming a Weibull distribution takes the form: 
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  ὴ!)3 σρ Ὡ  
 
where:   
‍ = Intercept 
ὼ = Independent parameter value 
‍ = Age coefficient 
ὥ = Subject age, in years 
‌ = 1/scale 

 
Table 5.9. Parameter estimates and fit statistics for survival analysis models. 

Dataset Predictor N ‍ ‍ ‌ 

Maximum 
Log 

Likelihood 

Sled+Impactor Peak Resultant 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 4.7276 -0.0166 2.9770 -22.4988 
SledNoFSO Peak Resultant 42 4.7262 -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 associated confidence intervals resulting from analysis of the SledOnly, 

SledExtended, SledNoFSO, and SledNoOBL were similar (Figure 5.11), with minimal differences in the 

peak resultant deflection values associated with 10%, 25%, and 50% risk of AIS 3+ injury (Table 5.10). 

The Sled+Impactor and ImpactorOnly survival functions, on the other hand, demonstrate a shape with a 

less pronounced toe region. Accordingly, the Weibull shape parameters for these two datasets is 

noticeably lower (‌ in Table 5.9). 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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Figure 5.11. Survival Weibull estimates and 95% confidence intervals for models in Table 5.9.  

 
Table 5.10. Peak resultant deflections at 10%, 25%, and 50% risk of AIS 3+ thoracic injury, shown for both age 40 

and age 61. 

Dataset 

Peak Resultant Deflection (mm)  
Risk of AIS 3+ at Age 40 

Peak Resultant Deflection (mm)  
Risk of AIS 3+ at Age 61 

10% 25% 50% 10% 25% 50% 

SledExtended 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 

Sled+Impactor 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 functions (Figure 5.11) and 

injury assessment reference values (Table 5.10), it is assumed that the influence of the oblique loading 

on the relationship between chest deflection and AIS 3+ thoracic injury risk is not significant. Therefore, 

the SledOnly dataset 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 SledExtended dataset require more assumptions, 

the SledOnly dataset is preferred as it is more defensible. 

As both PCA and peak resultant deflection appear to show similar predictive ability, peak resultant 

deflection is preferred for its relative simplicity. Likewise, while there are some discernable differences 

between the logistic and Survival Weibull models (Figure 5.12), Survival Weibull model is preferred for 

its representation of zero risk at a zero-stimulus value.  

    

  
Figure 5.12. The difference between the Survival Weibull and logistic risk functions, both including age as a 

covariate, presented at an age of 40 years old. 

The recommended risk function is: 

  ὴ!)3 σρ Ὡ
 

Ȣ Ȣ

Ȣ

 
 
where:   

Ὑ  = Peak resultant deflection, in millimeters 
ὥ = Age, in years 

 
Simplifying, assuming Age = 40 years (see Section 2.5): 

ὴ!)3 σρ Ὡ
 

Ȣ

Ȣ
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 Fleet Test Data: THOR-50M  

The recommended thoracic injury risk function was applied to THOR-50M measurements collected in 

frontal rigid barrier and frontal Oblique fleet testing. Figure 5.13 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 spans from just under 20 percent to just 

over 70 percent, with 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.  

 

     
Figure 5.13. Distribution of fleet test results superimposed over Survival Analysis risk function. 

 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 possible through 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 fractures that would be clinically diagnosed in a living 

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

this over-reporting, along with age differences between the PMHS dataset and the average driving 

population and the increased fragility of PMHS compared 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 to describe the 

magnitude 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 modified to represent a variable number of 

fractured ribs (NFR). Previous 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 (Foret-Bruno et al., 1978), than live 

subjects. Therefore, formulations of the dependent variable were carried out at NFR җ оΣ ǿƘƛŎƘ ƛǎ 

consistent with the dependent variable defined in Section 5.9; NFR җ 4, which would be consistent with 

the description of an AIS 3+ injury according to AIS 1998 ό!!!aΣ мффуύΤ bCw җ рΣ ǘƻ ōǊƛŘƎŜ ǘƘŜ ƎŀǇΤ bCw 

җ сΣ ǘƻ ǊŜǇǊŜǎŜƴǘ a number of fractured ribs measured in PMHS tests which, once adjusted to represent 

live subjects based on an adjustment 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) 

ό!!!aΣ нллуύΤ ŀƴŘ bCw җ тΣ ǎƛƳƛƭŀǊ ǘƻ ǘƘŜ bCw җ с ōǳǘ ǘƻ ǊŜǇǊŜǎŜƴǘ ŀƴ !L{ 3+ injury to a live subject 

according to AIS 1998 (AAAM, 1998). ¢ƘŜ ƭŀǘǘŜǊΣ bCw җ 7, would be consistent with the definition used 

by Laituri et al. (2005).  

Survival Weibull Injury risk functions were fit using the SledOnly dataset and are presented at ages of 40 

and 61 years (Figure 5.14, along with the corresponding equations in Table 5.11). 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 same level of risk). TƘŜ bCw җ т Ǌƛǎƪ ŦǳƴŎǘƛƻƴ 

demonstrates a different shape, which is more exaggerated when presented at an age of 40 years. There 

are only two data points that change ōŜǘǿŜŜƴ ǘƘŜ bCw җ с ŀƴŘ bCw җ 7 risk functions: a 76-year-old male 

at 40 km/h and a 67-year-old male at 30 km/h, both toggling from injury to non-injury. These 

observations were assessed to determine whether they were outliers by examining several influence 

diagnostics, including Pearson residuals, DFBETAs, and confidence interval displacement diagnostic; 

however, there was no indication that these observations were overly influential. Instead, this change in 

shape is more likely an artefact of the relatively small size of the sample, as there are not enough 

observations to directly predict the number of fractured ribs.  

It can be seen that the injury risk functions formulated for 3 and 4 rib fractures as the injury threshold 

are very comparable, especially up to 50 percent risk of injury when 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.  

  
Figure 5.14. Sensitivity of the thoracic injury risk function to the number of fractured ribs selected in the 

dependent variable definition. 
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Table 5.11. Injury risk functions shown in Figure 5.14 

Dependent Variable 
Risk Function 

(where ὥ  Age, in years) 

bCw җ о 
ὴ!)3 σρ Ὡ ὩτȢχςχφπȢπρφφὥ

Ȣ

 

bCw җ п 
ὴ!)3 σρ Ὡ ὩτȢχρυρπȢπρτψὥ

Ȣ

 

bCw җ р 
ὴ!)3 σρ Ὡ ὩτȢχψχππȢπρυρὥ

Ȣ

 

bCw җ с 
ὴ!)3 σρ Ὡ ὩτȢψφωχπȢπρυσὥ

Ȣ

 

bCw җ т 
ὴ!)3 σρ Ὡ ὩτȢτςχςπȢππχχὥ

Ȣ

 

 

A Survival Weibull Injury risk function was also fit to evaluate the risk of AIS 2+ injury using the SledOnly 

dataset. At an AIS 2+ injury level, three observations would change from non-injury to injury: one 37-

year-old subject that sustained 2 fractured ribs in the Gold Standard 1 condition, one 40-year-old 

occupant that sustained 2 fractured ribs in the rear passenger 3-point inflatable force-limited belt with 

pretensioner condition, and one 69-year-old subject that sustained one fractured rib and a fractured 

sternum in the rear passenger 3-point force-limited belt with pretensioner condition. The AIS 2+ injury 

risk function, presented at an age of 40 years (Figure 5.15, along with the corresponding equation in 

Table 5.12), Ŧƻƭƭƻǿǎ ǘƘŜ ǎŀƳŜ ǎƘŀǇŜ ŀǎ ǘƘŜ !L{ оҌ ŦǳƴŎǘƛƻƴ όbCw җ оύ, but is shifted left an average of 8 

millimeters. As this average difference is distributed evenly throughout the risk function, 

countermeasures intended to reduce the risk of AIS 3+ injuries would proportionately reduce the risk of 

AIS 2+ injuries.  

 
Figure 5.15. Thoracic injury risk function presented at the AIS 2+ and AIS 3+ level. 
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Table 5.12. Injury risk functions shown in Figure 5.15 

Risk Function 

ὴ!)3 ςρ Ὡ
 

Ȣ

Ȣ

 

ὴ!)3 σρ Ὡ
 

Ȣ

Ȣ

 

 

The ability of PMHS to predict injuries other than rib fractures is also a limitation to the development of 

thoracic injury criteria. While 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 diagnosis for classification of these injuries based on the Abbreviated Injury 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 measure due to 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 scope of application 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. 

Specifically, the hub loading conditions were excluded since the ImpactorOnly dataset showed a poor fit 

when analyzed using logistic regression, and showed divergent confidence intervals when analyzed 

using survival analysis. There are several possible reasons for this result. One possibility is that the 

ImpactorOnly data set is relatively small and injury-biased, 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 non-injury observations (64% injured). Accordingly, the ImpactorOnly dataset is comparatively 

more severe; the average peak resultant deflection in THOR-50M matched-pair testing in the 

ImpactorOnly conditions was 74 millimeters, compared to 44 millimeters in the SledOnly conditions.  

Another possibility is that the ImpactorOnly dataset may be demonstrating a different physical 

relationship than the balance of the test conditions. One way to investigate this is through Principal 

Component Analysis, as carried out by Poplin et al. (2017). The PCA methodology was used to develop a 

combined deflection metric, which was formulated to capture both the magnitude and the localization 

of the chest deflection. After applying the weighting determined by the PCA analysis, 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 the SledOnly 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 deflection). In 

contrast, the localized 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 the SledOnly 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 two- and three-point restraints with or without airbags. Those 

investigating injury risk due to hub-like loading, such as an unbelted occupant without an airbag, should 

investigate adding additional matched-pair observations at lower impact velocities, which would 

presumably add more non-injury data points to the injury risk function development.  

Despite these limitations, the utility of the developed injury risk function beyond the test conditions 

included in the final dataset was evaluated by calculating injury risk in the excluded tests. Two sets were 

evaluated: the additional observations in the SledExtended set (Table 5.3), and the ImpactorOnly set 

(Table 5.4). Injury risk predictions were calculated using the survival function coefficients in Table 5.9 for 

the SledOnly set, calculated using the matched-pair peak resultant deflection and the age of the subject. 

Error was calculated using the difference between the predicted injury risk and the actual injury 

observation (0 for non-injury, 1 for injury). The average error for both the SledExtended (0.32) and 

ImpactorOnly (0.23) data sets were actually lower than 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 (0 for no injury, 1 for injury) and comparing the predicted outcome to the actual 

outcome. Table 5.13 shows a breakdown of the accuracy of injury predictions, including a count and 

percentage of true positives, injury cases accurately predicted to be injury; false negatives, injury 

observations predicted to be non-injury; false positives, non-injury observations predicted to be injuries; 

and true negatives, non-injury cases accurately predicted to be non-injury. As a baseline, the injury risk 

predictions for the SledOnly data set shown. These predictions were accurate 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 and 1 true negative), with both errors being false 

negatives. Predictions made for the ImpactorOnly set were accurate for 75% of observations, with all 

incorrect predictions being false positives.  

Table 5.13. Assessment of injury risk function in other data sets. 

Data Set True Positive False Negative False Positive True Negative Average 
Error N % N % N % N % 

SledOnly 24 50 5 10 5 10 14 29 0.31 

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 the SledExtended 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. However, in both cases, the prediction was 

accurate for 72% of those observations. 



105 
  

An additional data set was considered for inclusion in the development of a chest injury criteria, but 

ultimately not included. This data set represents tests conducted by the Laboratory of Accident Analysis, 

Biomechanics, and Human Behavior (LAB), submitted to ISO TC22 SC36 WG6 in document N1047 (ISO, 

2018), and analyzed in document N1083 (ISO, 2019). It contains 35 observations, of which 33 were 

injured (җ 7 fractured ribs) and 2 were uninjured (Ò 1 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 (170±6 cm), and the average number of fractured ribs was 9 higher (14±5 NFR). 

Survival Weibull risk functions using peak resultant deflection as the predictor variable and age as a 

covariate were developed using this data set alone (LAB) and in combination with the SledOnly data set 

(SledOnly+LAB). Figure 5.16 shows a comparison of these risk functions with the previously-presented 

SledOnly data set.  

 
Figure 5.16. Comparison of Survival Weibull risk functions developed using the SledOnly, LAB, and SledOnly+LAB 

data sets. 

As there are only two non-injury observations in the LAB data set, the risk function developed using only 

the LAB data is nearly asymptotic to the Y-axis. Using this risk function, a 50 percent risk of AIS 3+ injury 

would occur at a peak resultant deflection of 10 millimeters. When 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 deflection. 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+LAB data would result in higher predicted injury risks. 

For example, the average risk of AIS 3+ injury from the fleet data using the SledOnly+LAB risk function 

would be 58%, compared to 41% using the SledOnly risk function.   

To evaluate the effectiveness of the LAB data in the development of chest injury risk functions, the LAB 

and SledOnly+LAB risk functions were assessed by comparing the predicted outcome to the actual 

outcome as described above (Table 5.14). The model fit to only the LAB data resulted in the highest 

average error, and 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 were false positives. The model fit to the SledOnly+LAB data showed lower 

average percent errors, though most of the error classifications were still false positives. The model fit to 

the SledOnly data resulted in the lowest average error for all data sets, and an even distribution of false 

positive and false negative errors. The injury classification for the LAB observations is the same for all 

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

uninjured observations incorrectly predicted to be injured.  

Table 5.14. Assessment of injury risk function in other data sets including LAB data. 

Developmen
t Data Set 

Assessment 
Data Set 

True Positive False Negative False Positive True Negative Average 
Error N % N % N % N % 

SledOnly 

SledOnly 24 50 5 10 5 10 14 29 0.31 

LAB 33 94 0 0 2 6 0 0 0.065 

SledOnly+LA
B 

57 69 5 6 7 8 14 17 0.21 

LAB 

SledOnly 29 60 0 0 16 33 3 6 0.37 

LAB 33 94 0 0 2 6 0 0 0.11 

SledOnly+LA
B 

62 75 0 0 18 22 3 4 0.26 

SledOnly+LA
B 

SledOnly 25 52 4 8 8 17 11 23 0.33 

LAB 33 94 0 0 2 6 0 0 0.084 

SledOnly+LA
B 

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 

as redeveloping Principal Component Analysis terms to fit the extended data set or inclusion of a term 

to describe the difference between left and right deflections. However, none of these formulations 

produced lower average errors or more even error distributions than the risk function formulated using 

peak resultant deflection with age 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 high-severity injured observations and does not provide effective 

differentiation in the development of an injury risk function. That 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 SledOnly dataset, all of the available observations were 

retained in the development of the final model. To investigate the validity of this approach, an 

assessment of outliers was carried out through review of several influence diagnostics, including 

Pearson residuals, DFBETAs, and confidence interval displacement diagnostic. These diagnostics 

suggested that two observations have a large influence on the regression:  a 69-year-old male in the 48 

km/h 3-point force-limited belt with pretensioner condition who was uninjured, and a 40-year-old male 

in the 48 km/h lap belt with airbag condition who was injured. Review of the 69-year-old male 

observation did not turn up any evidence of improper coding or inconsistent test conditions, thus its 

inclusion is not thought to be suspect. The 40-year-old male, on the other hand, had a pre-existing 

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 it is possible for this or 
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related pre-existing 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.  

Nonetheless, for applications where users deem this 40-year-old observation to be an outlier, the 

Survival Weibull injury risk function was processed both with and without the 40-year-old observation to 

examine the magnitude and direction of its influence (Figure 5.17, Table 5.15). If the 40-year-old 

observation is excluded, the resulting injury risk function is mainly shifted to the right, with 50% risk 

levels increased by roughly 4 or 1.5 millimeters when evaluated at ages 40 or 61, respectively.  

 
Figure 5.17. The difference between the Survival Weibull risk functions including or excluding the 40-year-old 

potential outlier observation. 

Table 5.15. Injury risk functions shown in Figure 5.17 
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6 ABDOMEN  

 Field and Historical Fleet Data 

The current frontal crash test standards and consumer metric programs do not directly measure 

abdominal injury risk. As such, it is not possible to present any abdominal injury trends from crash 

testing.  

 

Figure 6.1 shows the trend of AIS 3+ abdominal injury for belted drivers in frontal crashes. The field data 

injury rate represents a running three-year 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 by the total number of cases for those model years). Different than 

observed in preceding sections, there appears to be no significant increasing or decreasing trend. 
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Figure 6.1. AIS 3+ abdominal injury trends by vehicle model year (1992 to 2015) from frontal crashes in NASS-
CDS (1993 to 2015). 

Table 1.1 and Table 1.2 (presented in Chapter 1) show unadjusted counts of MAIS 2+ and 3+ injured 

occupants by body regions associated with the THOR-50M as well as total injury counts for those body 

regions, respectively. Figure 1.2 presents the attributable cost associated with the respective body 

regions at the AIS 2+ level. For both belted and unbelted front row occupants involved in frontal crashes, 

the occurrence and attributable cost associated with abdomen injuries is lower than the majority of 

other body regions. Nonetheless, there remains a need for an abdomen-specific injury criterion to 

protect against abdominal injuries due to seat belt or steering wheel related compression or other 

sources of abdominal loading that may be present with different seating positions, restraint geometries, 

and/or crash types.  

Figure 6.2 shows the regional mechanisms of injury assigned to abdominal injuries in 124 CIREN front-

row 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 at the 

time. It is important to note that the mechanisms shown are regional mechanisms, not organ-specific 

mechanisms. That is, the chosen mechanism represents the type of loading/motion experienced by the 

entire abdominal region. Abdominal injuries, in general, were attributed to a combination of 

compression and rate of compression. In this context, rate of compression implies that the injury is not 

likely to occur from static compression alone, not necessarily that the severity of injury is proportional to 

the rate of compression.  
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Figure 6.2. Recorded mechanisms of abdominal injuries for belted front row occupants involved in frontal 
crashes from the CIREN database. 

 Literature Review 

The risk of abdominal injury in motor vehicle crashes is important to consider because the abdomen is a 

possible load path of the seat belt, primarily the lap belt portion between the buckle and the belt-to-

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 not always 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, including the 

liver, spleen, and digestive system, which do not necessarily benefit from the protection of the rib cage. 

Additionally, contact between the steering rim and the abdomen is a potential load path specific to the 

driver seating position, and has been shown to be the primary object associated with abdominal injuries 

for drivers.  

Klinich et al. (2008) reviewed abdominal injury over the time period of 1998 to 2004, which included 

vehicles no older than model year 1985.  While less common than head, chest, and lower extremity 

injuries, an estimated 10,000 occupants sustain AIS 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 odds of 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 study was supplemented with a 

CIREN dataset, which included 526 cases involving AIS 2+ abdomen injury in vehicles from model year 

1985 through 2005. As in the NASS dataset, the liver (50%) and spleen (29%) were the most frequently 

injured abdominal organs for drivers in frontal crashes.  

! ǎǘǳŘȅ ƻŦ ŎǊŀǎƘ ƛƴƧǳǊȅ Řŀǘŀ ŦǊƻƳ ǘƘŜ ¦ƴƛǘŜŘ YƛƴƎŘƻƳΩǎ /ƻ-operative Crash Injury Study (CCIS) from 1998 

to 2010 showed that rear passengers have a substantially higher rate of AIS 2+ and AIS 3+ abdominal 

injury compared to front seat passengers and drivers (Frampton 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 (jejunum-ileum, mesentery, and 

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

pancreas, and spleen) were more likely when two or more rib fractures occurred, while others (colon, 

duodenum, jejunum-ileum, stomach) were more likely when zero or one rib fractures occurred.  

 Design 

The abdomen of the THOR-50M 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 fills the volume that exists between the lowest three ribs, above the lower abdomen and in front 

of the spine (Figure 6.3). The lower abdomen is defined as 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 abdomen inserts are anchored 

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

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

ǘƻ ǘƘŜ άǎƭƻǳŎƘŜŘέ ǇƻǎƛǘƛƻƴΣ ǘƘŜ ŀōŘƻƳŜƴ ƛƴǎŜǊǘǎ ŀǊŜ ƛƴ ŎƻƴǘŀŎǘ ǿƛǘƘ ƻƴŜ ŀƴƻǘƘŜǊΤ ǿƘŜƴ ƛƴ ǘƘŜ άŜǊŜŎǘέ 

ŀƴŘ άƴŜǳǘǊŀƭέ ǇƻǎƛǘƛƻƴǎΣ ǘƘŜ ƎŀǇ ōŜǘǿŜŜƴ ǘƘŜ ŀōŘƻƳƛƴŀƭ ƛƴǎŜǊǘǎ ƛǎ ŦƛƭƭŜŘ ǿƛǘƘ ǘƘŜ ƭƻǿŜǊ ŀōŘƻƳŜƴ 

neutral/erect position foam. This gap is also spanned by two steel stiffeners on each side 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 anterior-superior iliac spine (ASIS).  
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Figure 6.3. Design and instrumentation in the THOR-50M upper and lower abdomen. 

 Instrumentation 

The upper abdomen is no longer instrumented, as the high-tension string potentiometer in the THOR-NT 

design resulted in permanent deformation of the foam inserts (Ridella and Parent, 2011) and often 

underestimated the upper abdominal deflection (Shaw et al., 2004). The upper abdomen deflection 

instrumentation would be at the same vertical level of the lower thorax 3D deflection measurement 

locations, should a measure of upper abdomen deflection related to skeletal deformation of the lower 

rib cage be necessary (Figure 6.3).  

The lower abdomen includes bilateral three-dimensional displacement measurement instrumentation 

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 the 3D deflection instrumentation is nearly 

coincident with point 25, the maximum abdominal protrusion, in the x-z plane. The anterior attachment 

point is 24 millimeters inferior of the umbilicus (point 24) along the z-axis and in a similar location along 

the x-axis. The posterior attachment point is at the vertical level of the iliocristale (point 27).  
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 Biofidelity 

Parent et al. (2017) presented an evaluation of THOR-50M biofidelity in three conditions: steering rim 

impact to the upper abdomen, rigid bar impact to the lower abdomen, and belt loading to the lower 

abdomen. Biofidelity was assessed using the Biofidelity Ranking System (BioRank), originally presented 

by Rhule et al. (2002, 2009) and implemented as described in Parent et al. (2017). Since the upper 

abdomen loading condition primarily stresses the lower rib cage, it is not relevant to the assessment of 

lower abdomen biofidelity. In the rigid bar impact condition, the THOR-50M demonstrated good internal 

biofidelity, but poor external biofidelity as the reaction force was greater than the associated PMHS 

response corridor. In the belt loading condition, the THOR-50M demonstrated excellent external 

biofidelity in comparison to the force-penetration biofidelity corridor, though the maximum deflection 

measured was lower than that of the mean PMHS response. At the abdomen body region level, the 

BioRank results for the THOR-50M demonstrate good internal (1.470) and marginal external (2.803) 

biofidelity. The THOR-50M was quantitatively more biofidelic than the H3-50M, which had abdomen 

body region BioRank scores of 1.629 and 3.474 respectively.  

 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 ramp-and-release (RR) and ramp-and-hold (RH) 

loading condition (Table 6.1). From this data, several injury risk functions were developed and 

evaluated, and it was determined that maximum normalized abdominal penetration was the most 

appropriate predictor of injury resulting from abdomen belt loading. Kent et al. (2008) considered only 

the RR condition in the development of injury risk functions, as it was thought that the RH condition may 

have exacerbated the severity of the injuries during the hold phase of the event.  
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Table 6.1. Source data for PMHS tests. 

ID ▀□╪● Condition Site MAIS  ID ▀□╪● Condition Site MAIS 

1.07 0.36 RR Lower 3  1.32 0.36 RR Lower 0 
1.08 0.37 RR Upper 4  1.33 0.40 RR Upper 3 
1.09 0.37 RR Lower 0  1.34 0.45 RR Upper 3 
1.10 0.55 RR Lower 2  1.35 0.44 RR Lower 3 
1.11 0.32 RR Lower 0  1.36 0.27 RR Upper 0 
1.12 0.32 RR Lower 2  1.39 0.46 RR Upper 3 
1.13 0.35 RR Upper 2  1.41 0.43 RR Lower 3 
1.15 0.40 RR Lower 2  1.43 0.47 RR Lower 2 
1.16 0.46 RR Lower 3  1.44 0.56 RR Lower 3 
1.17 0.23 RR Lower 0  1.45 0.62 RR Upper 4 
1.18 0.26 RR Upper 2  1.01 0.45 RH Lower 2 
1.20 0.43 RR Upper 3  1.02 0.54 RH Lower 4 
1.21 0.43 RR Lower 3  1.03 0.48 RH Lower 3 
1.22 0.39 RR Lower 3  1.04 0.49 RH Lower 3 
1.23 0.40 RR Lower 2  1.05 0.50 RH Upper 4 
1.24 0.40 RR Upper 2  1.06 0.65 RH Upper 4 
1.25 0.42 RR Lower 4  1.37 0.31 RH Lower 0 
1.26 0.40 RR Upper 3  1.38 0.48 RH Upper 3 
1.27 0.30 RR Upper 1  1.40 0.52 RH Lower 3 
1.28 0.42 RR Lower 3  1.42 0.50 RH Lower 3 
1.29 0.52 RR Lower 3  1.46 0.64 RH Upper 3 
1.30 0.23 RR Upper 0  1.47 0.56 RH Lower 3 
1.31 0.37 RR Upper 3       

 

Several additional data sets were also considered for inclusion. Miller (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 fixed-back condition, 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 data set was not 

included in the injury risk function development herein but retained as a validation data set. Hardy 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 and 9 meters 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. (2002) investigated the influence of 

abdominal loading representative of pyrotechnic pretensioning by subjecting six PMHS to high-speed lap 

belt tension at velocities between 8.2 and 11.7 meters per second. Similarly, Foster et al. (2006) 

conducted high-speed lap belt pretensioner loading tests on eight PMHS at loading rates between 4.0 

and 13.3 meters per second. Between these two pretensioner-related data sets, only 3 of the 14 PMHS 

sustained injuries above the AIS 2 level, thus Trosseille and Foster data sets were also not included in the 

injury criteria development herein but were retained as validation data.  
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 Predictor Variable 

Given the conclusion from Kent et al. (2008) that maximum normalized abdominal penetration is among 

the best available metrics for injury prediction in abdominal belt loading conditions, 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.  

 Dependent Variable 

The dependent variable used in the development of an abdominal injury criterion was the presence of 

an Abbreviated Injury Scale (AIS) score of 3 or greater (AIS 3+). This injury definition was selected 

because, compared to AIS 2+ or AIS 4+, using AIS 3+ as the injury definition results in a relatively 

balanced distribution of injured (28) and non-injured (17) observations from the available data set 

(Table 6.1).  

 Injury Risk Function Formulation 

Nonparametric survival analysis was carried out to examine the qualitative influence of two strata on 

injury outcome: loading condition (RR vs. RH) and loading site (Upper vs. Lower). This 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 increase in survival time of the RH group compared to the RR group 

(Figure 6.4). Kent et al. (2008) posit that the RH tests could result in more severe injuries than if the belt 

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 experienced larger maximum 

normalized abdominal penetrations (RH: 0.51, RR: 0.40), therefore it cannot be concluded that the RH 

condition was inherently more injurious than the RR condition.  While it is understood that the RH 

condition was not specifically intended for use in injury criteria development, these observations 

represent 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 risk functions: 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 not be fit to these observations 

alone due to the lack of overlapping non-injury and injury data points.   
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Figure 6.4. 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 the RR Only and 

combined RR+RH groups. There was not a significant influence on the shape or magnitude of the risk 

functions using the RR Only (as in Kent et al., 2008) or the RR+RH datasets (Figure 6.5). The RR+RH 

dataset was selected for the final abdomen injury risk function model, as it includes a relatively large 

number of observations, includes a combination of both injured and non-injured observations, has 

sufficient overlap of these points in the transition region, and does not result in a meaningful difference 

between the logistic and Survival Weibull risk functions (Figure 6.5). As the difference between the 

logistic and Survival Weibull risk function is negligible, the Survival Weibull form is preferred for its 

representation of zero risk at a zero-stimulus value.  

 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 0.2 0.4 0.6 0.8 1

p
(A

IS
 3

+
)

Peak Normalized Abdomen Compression

Nonparametric Survival - Abdomen Compression

Condition = RH

Condition = RR

Site = Lower

Site = Upper

RH

RR

Lower

Upper



117 
  

 
Figure 6.5. Comparison of injury risk functions formed using logistic regression and survival analysis, for both the 

RR only and the RR and RH groups combined. 

The qualitative difference between the Upper and Lower loading site groups was comparatively small 

(Figure 6.4), which is consistent with the findings of Kent et al. (2008) who found no significant 

difference between the Upper and Lower groups. To investigate further, injury risk functions were fit 

using Survival Weibull formulation to the Lower only, Upper only, and combined Upper and Lower 

observations (Figure 6.6). The risk function for the Upper Only group is steeper than the Lower Only and 

Combined groups, as there is limited overlap in the non-injury and injury data for the Upper Only 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 from both the Upper and Lower loading site groups were included in this analysis.  
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Figure 6.6. Comparison of Survival Weibull injury risk functions for the Lower only, Upper only, and both Lower 

and Upper groups combined. 

 Application of Risk Function to THOR-50M 

The THOR-50M 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 while the 3D deflection instrumentation is attached to 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 peak of the left and right 

abdominal x-axis deflections is divided by 252 millimeters, the abdominal depth of the THOR-50M ATD 

at the location of the 3D deflection instrumentation attachment points.  

Recommended injury risk function: 

ὴ!)3 σρ Ὡ
Ȣ  

Ȣ

 
where:   
‏  = Maximum of left and right peak abdomen x-axis deflection, in millimeters  
Ὠ  = THOR abdomen depth at location of 3D deflection instrumentation 

attachment points  
[252 millimeters] 

 
Simplified: 
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 Fleet Test Data: THOR-50M  

The recommended abdominal injury risk function was applied to THOR-50M measurements collected in 

frontal rigid barrier and frontal Oblique fleet testing. Figure 6.7 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.  

  
Figure 6.7. Peak abdomen compression from frontal rigid barrier and oblique moving deformable barrier tests 

using THOR-50M. 

 Limitations 

While the analysis above used an injury definition of AIS 3+, it would also be possible to construct AIS 2+ 

and AIS 4+ injury risk functions using the same dataset. Figure 6.8 (further described by Table 6.2) 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+ risk functions 

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. There are 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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Figure 6.8. Abdomen injury risk functions calculated using AIS 2+, 3+, and 4+ as the injury definition. 

Table 6.2. Abdomen injury risk functions shown in Figure 6.8.  

Condition 
Injury 
Definition 

Logistic Survival Weibull 

‍ ‍ 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 0.820 -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 4.9102 -14.8926 

  ὴὭὲὮόὶώ
Ὡ

ρ Ὡ
 ὴὭὲὮόὶώρ Ὡ  

 

The risk function presented in Section 6.10 was formulated using observations in both the ramp-and-

release (RR) and ramp-and-hold (RH) conditions. As shown in Figure 6.5 and Figure 6.8, including the RH 

observations results in only a minor change in the resulting risk functions, which likely occurs because 

the RH observations are primarily injured and have a higher average maximum normalized deflection 

than the RR observations. Inclusion of the RH observations was done to maximize the number of 

observations used to develop injury risk functions, though in the end the RH observations were not 

particularly influential on the resulting risk functions. 

An alternate approach to developing the abdomen injury risk functions would be to fit the model to the 

RR Only observations, and validate the resulting functions against the RH observations for robustness. 

This exercise was carried out using the AIS 3+ Logistic risk functions shown in Table 6.2. In the process, 

both the RR Only and the RR+RH AIS 3+ Logistic risk functions were used to evaluate several validation 

data sets: Miller, 1989; Hardy et al. (2001); Trosseille et al. (2002); Foster et al. (2006)Τ άCҌIҌ¢έΣ ŀ 

combination of the Foster, Hardy, and Trosseille experiments, which all used PMHS; and 

άwIҌCҌaҌIҌ¢έΣ ŀ combination all available validation data along with the Kent RH observations.  

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

p
(i

n
ju

ry
)

Maximum Normalized Deflection

Abdomen Injury Risk Functions - Logistic

RR Only AIS 2+

RR Only AIS 3+

RR Only AIS 4+

RR+RH AIS 2+

RR+RH AIS 3+

RR+RH AIS 4+

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

p
(i

n
ju

ry
)

Maximum Normalized Deflection

Abdomen Injury Risk Functions - Survival

RR Only AIS 2+

RR Only AIS 3+

RR Only AIS 4+

RR+RH AIS 2+

RR+RH AIS 3+

RR+RH AIS 4+



121 
  

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 outcome. Table 6.3 

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; false positives, or non-injury observations predicted to be injuries; and true negatives, or 

non-injury cases accurately predicted to be non-injury. Additionally, an average error was calculated for 

both risk functions using the difference between the predicted injury risk and the actual injury 

observation (0 for non-injury, 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 RR Only 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 error was equal or lower using the RR+RH 

risk function for all data sets. 

Table 6.3. Assessment of abdomen injury risk functions in other data sets. 

Data Set 

True Positive False Negative False Positive True Negative Average Error 

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+T 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 that the injury 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 function is able to 

discriminate between injury and non-injury 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 incorrectly, 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 injury. Second, 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 THOR-50M lower abdomen. Finally, reviewing the Hardy 

observations, many of the injured 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 of the Hardy 
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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. 

¢ƘŜ άwIέ Ǌƻǿ ƻŦ Table 6.3 shows that 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. For both injury 

risk functions, the average error calculated from the RH observations (0.183 and 0.157) is relatively 

small compared to the average error in the data sets used to develop the respective models (0.369, 

0.303). This, along with the identical injury classifications 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 uses only 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 the risk function. To check this, Survival Weibull risk functions were developed using either 

maximum penetration rate alone (vmax) or both vmax and maximum normalized abdomen penetration 

(d and vmax) as predictor variables (Figure 6.9). The inclusion of vmax did not appear to improve the risk 

function, as both function showed lower AUCs than the risk function which used maximum normalized 

abdomen penetration alone (d).  

 
Figure 6.9. Receiver Operating Characteristic (ROC) comparing Survival Weibull risk functions formulated using 

different predictor variables. 

There are several caveats that limit the application of the abdomen injury risk function to the prediction 
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porcine specimens as human surrogates. The benefit of this approach is the ability to diagnose soft 

tissue injuries which would not be possible with PMHS, though the drawback is that the relationship 

between live juvenile porcine specimens and live adult humans presents some uncertainty. This 

uncertainty can be qualified in two ways. One, the relationship between juvenile 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 and adult swine were slight. This can be confirmed in the current analysis by reviewing 

the Miller validation dataset (Table 6.3), as either the RR Only or RR+RH injury risk functions 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 penetration 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 observations. For these 

observations, the RR Only or RR+RH injury risk functions correctly classify the occurrence of injury in 

75% of the observations, with average errors similar to the baseline error. This suggests that a transfer 

function to relate between porcine subjects and PMHS is not necessary. The relationship between PMHS 

and live humans is more nuanced, though it has been shown that tensing of the rectus abdominus 

muscles was not a significant variable in the prediction of abdominal injury (Kent et al., 2008).  

Another caveat to the application of the abdomen injury risk function to the THOR-50M ATD is that the 

experiments used to develop the abdomen injury risk function were conducted in a fixed-back 

configuration, which does not consider inertial loading due to acceleration or deceleration of the body 

and the internal organs of the abdomen which would occur in a belted frontal crash environment. Also, 

the relationship between PMHS response and THOR-50M response presents a limitation since the 

THOR-50M demonstrated good internal but marginal external biofidelity. While the THOR-50M 

abdomen showed excellent external biofidelity in a free-back belt loading configuration, biofidelity 

performance may not be the same in the fixed-back configuration of the injury criteria development 

tests. As the biofidelity performance of the THOR-50M was compared PMHS, the relationship between 

the abdominal response of the THOR-50M and a live human is not directly known.   

A final caveat is that there is an apparent disconnect between the distribution of abdominal injuries in 

real-world motor vehicle crashes and the injuries sustained by the subjects used to develop the 

abdomen injury risk function. As shown in Figure 6.2, a majority of the abdomen injuries suffered by 

belted front row occupants in frontal crashes were to solid organs, while a majority of the injuries 

sustained by the subjects in the RR+RH dataset were to 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 crashes. The difference in injury patterns between front-row adult occupants and 

presumably rear-row pediatric occupants may relate to both differences in restraint systems between 

the front and rear seat and biomechanical differences between adults and children. As such, the 

abdomen injury risk function developed herein may be more effective in predicting injury to rear-row 

occupants than front-row occupants in frontal motor vehicle crashes.   
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7 KNEE, THIGH AND HIP 

 Field and Historical Fleet Data 

Table 7.1 shows the weighted (unweighted in parenthesis) counts for hip/pelvis and knee/femur AIS 2+ 

and AIS 3+ injuries for belted and airbag restrained drivers in frontal crashes for NASS-CDS case years 

2000 to 2015. It can be seen that roughly two-thirds of hip/pelvis injuries occur in the absence of 

femur/knee 2+ or 3+ injuries.   

Table 7.1 Hip/pelvis versus femur/knee injuries for belted, airbag restrained drivers in frontal crashes; NASS-CDS 
2000-2015. 

 

 

Figure 7.1 shows the trend of AIS 3+ KTH injury for belted drivers in frontal crashes. Similar to that done 

for other body regions, the trend represents a 3-year average starting with model year 1992. There does 

not appear to be any significant increasing or decreasing trend with newer model years. In contrast, 

Figure 7.2 shows a decreasing trend of peak femur forces and associated injury risk (risk function from 

NHTSA, 2008) with newer model year vehicles as evaluated with the H3-50M in full frontal, 35-mph 

tests. 
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Figure 7.1.  AIS 2+ knee/thigh/hip injury trends by vehicle model year (1992 to 2015) from frontal crashes in 
NASS-CDS (1993 to 2015). 

 

Figure 7.2. H3-50M frontal NCAP average peak femur axial force and injury risk (AIS 2+) for model year 1990 to 
2016 
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Figure 7.3 shows the regional mechanisms of injury assigned to knee, thigh, hip, and pelvis injuries in 

165 CIREN front-row 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 at the time. It is important to note that the mechanisms shown are regional mechanisms, not 

local mechanisms at the component level. That is, the chosen mechanism represents the type of 

loading/motion experienced by the entire knee/thigh/hip region. The overwhelming majority of injuries 

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

the femur. 

 

Figure 7.3. Recorded mechanisms of knee, thigh, hip, and pelvis injuries for belted front row occupants involved 
in frontal crashes from the CIREN database. 

 Literature Review 

The importance of protection of the knee, thigh, and hip in motor vehicle crashes is highlighted by the 

research of Rudd et al. (2011), who showed that AIS 3+ KTH injuries were the most commonly-occurring 

injuries in small overlap and oblique frontal crashes.  

In both FMVSS No. 208 and Frontal NCAP, the only KTH injury assessment carried out is an assessment 

of femur fracture risk based on peak compressive force. As applied in FMVSS No. 208, the IARV for 

femur compressive force measured by the H3-50M is 10 kN (49 CFR 571.208.S6.5), 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 implementation of the injury criteria development study carried out by Eppinger et al. (1999), 

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 (Rupp et al., 2003; 2005; 2006; 2009a; 2009b). These studies are referenced heavily where 

appropriate throughout this section.  

 Design 

The knee/thigh/hip (KTH) region of the THOR-50M is configured to mimic the structure and range of 

motion of the human. Starting from the knee, a revolute joint at 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 mid-shaft of the femur, a translational joint allows compression along the axis of the 

femur using a guided plunger which compresses a rubber element. This joint was designed to meet the 

human response to femur compression defined by Rupp et al. (2003). The proximal femur is attached to 

the pelvis through a spherical joint at the acetabulum, which in turn is attached to the body of the pelvis 

through a load cell. The pelvis bone is functionally rigid and includes a human-like iliac wing 

representation, and the entire pelvis is covered with a single-piece flesh component. A diagram of the 

topology and instrumentation of the THOR-50M KTH is shown in Figure 7.4.  

 
Figure 7.4. Joint and instrumentation configuration of THOR-50M KTH 
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 Instrumentation 

THOR-50M ATD KTH instrumentation is summarized in Table 7.2.  

Table 7.2. THOR-50M ATD thoracic instrumentation. 

Sensor Measurement Description Measurement Axes 

Knee string 
potentiometer 

Translation of proximal tibia with respect to distal femur 
along an axis perpendicular to tibia 

Displacement: XL 

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 the pelvis Force: XL, YL, ZL 

ASIS load cell Force and moment applied to the ASIS, typically through 
lap belt loading 

Force: XL 
Moment: YL 

 Biofidelity 

Biofidelity of the THOR-50M KTH was assessed in two conditions (Parent et al., 2017): femur 

compression and knee shear. In the femur compression condition, the THOR-50M demonstrated good 

internal and external biofidelity with BioRank scores of 1.400 and 1.180, respectively, while the H3-50M 

demonstrated poor internal and external biofidelity. In the knee shear condition, for which only external 

BioRank scores are available, the THOR BioRank score was marginal (2.282), while the H3-50M 

demonstrated good biofidelity with BioRank score of 1.070.  

 Knee/Femur Injury 

There are two injury mechanisms 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).  

 Knee/Femur Injury: Data 

Assessment of injury related to knee/femur loading is not unique to THOR-50M, 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 using the Hybrid III 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 no reported data for 

applied knee force. Since applied knee force is the primary variable of interest, these 14 specimens were 

excluded. Of the remaining 112 tests (APPENDIX I), 34 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%) 

sustained 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 dataset using a Survival Weibull model in order to capture the 

censoring effects of the injury and non-injury data, though the difference between the resulting risk 

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

the perceived benefit of the Survival Weibull model having exactly zero predicted risk at an applied force 

level of zero.  

 
Figure 7.5. Comparison of logistic and Survival Weibull risk curves (modified from Rupp et al., 2009b). 

However, neither of these risk functions considered the influence of subject characteristics. Per Rupp 

2009b, characteristics such as 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). Despite this statement, 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 noticeably 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.  

 Knee/Femur Injury: Predictor Variable 

The peak applied force (as tabulated in APPENDIX I) was the only predictor variable 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.  

 Knee/Femur Injury: Covariates 

Parametric survival analysis (SAS PROC PHREG) using the stepwise variable selection method was carried 

out to examine the influence of sex, stature, mass, and age. The maximum significance 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 the covariates demonstrated sufficient significance to enter and remain in the 

model. This was confirmed by reviewing the Akaike Information Criterion (AIC) value for models using all 

possible covariate combinations, where in all cases adding additional covariates increased 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 variable selection method to examine the influence of sex, stature, mass, 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: 

… ρςȢψςωπȟὴ πȢπππσ; age: … υȢτψωχȟὴ πȢπρωρ). Mass was added to the model as well 

(… ςȢππψρȟὴ πȢρυφυ), but was subsequently removed. Stature was not added to the model, 

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

Based on these findings, the covariates included in the remaining model development steps are sex and 

age. 

 Knee/Femur Injury: Dependent Variable 

The dependent variable used in the development of a knee/femur injury criterion was the presence of 

an AIS 2+ injury to the femur or knee. In the experimental data described in Section 7.6.1, a majority of 

the injuries were fractures of the patella and femoral condyles, while a smaller subset of the injuries 

involved fractures to the femoral shaft, neck, and head, fractures to the proximal tibia, and ligamentous 

injuries.  

 Knee/Femur Injury: Injury Risk Function Formulation 

7.6.5.1 Nonparametric 

A nonparametric survival function was formulated using the SAS PROC LIFETEST procedure, using both 

the entire dataset (Figure 7.6), stratified by sex (Figure 7.7), and stratified by age group (Figure 7.8).  
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Figure 7.6. Femur/knee injury nonparametric survival function for all observations. 

 
Figure 7.7. Independent femur/knee injury nonparametric survival functions for female (red, red circles) and 

male (blue, blue triangles) observations. 
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Figure 7.8. Independent femur/knee injury nonparametric survival functions for three evenly-distributed age 
groups: under 58 years (red, red squares), between 58 and 66 years (blue, blue triangles), and over 66 years 

(green, green circles). 

7.6.5.2 Logistic Regression 

Logistic regression was carried out to develop risk functions to relate peak applied force to risk of AIS 2+ 

femur/knee injury. Functions were developed both with and without the covariates of sex and age using 

the SAS PROC LOGISTIC procedure. For each combination, the AUROC, maximum log likelihood, and 

Hosmer-Lemeshow Goodness-of-Fit test results are reported in Table 7.3. The logistic regression risk 

functions take one of two forms: 
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Without Covariates:   ὴ!)3 σ  

 

With Covariates:   ὴ!)3 σ  

 
where:   
‍ = Intercept 
‍ = Independent parameter coefficient 
ὼ = Independent parameter value 
‍ = Age coefficient 
ὥ = Subject age, in years 
‍ = Sex coefficient 
ὦ = Subject sex (Male = 1, Female = 0) 

 
Table 7.3. Fit statistics for logistic regression models. 

Covariates N ♫  ♫  ♫  ♫  -2 Log L AIC AUROC 

Hosmer and 
Lemeshow 
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 the area under the 

ROC curve (Figure 7.9), with a larger increase when including sex as compared to age. The model 

including both age and sex shows the highest AUROC.  

 
Figure 7.9. Receiver Operating Characteristic (ROC) for the logistic regression models shown in Table 7.3. 

The risk function and associated confidence intervals for the model including only peak applied force are 
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were evaluated at two different values for each of the covariates, if included in the model (Figure 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 PMHS subjects in the 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 the model 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 model including only 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.  

 
Figure 7.10. Logistic risk function relating peak applied force (without covariates) to AIS 2+ femur/knee injury. 
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Figure 7.11. Risk function and confidence intervals for logistic models including age (top row), and sex (second 

row), and both sex and age (bottom two rows) as covariates.  
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In the model including both sex and age as covariates, the confidence intervals partially overlap when 

evaluated at 40 years of age (Figure 7.12, left) but only overlap in the tails when evaluating at 61 years 

of age (Figure 7.12, 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 of peak applied force lower than for males. However, the confidence intervals are much wider 

when evaluated at 40 years.  

  
Figure 7.12. 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 analysis was also carried out to develop risk functions to relate peak applied force to risk of AIS 

2+ femur/knee injury. Functions were developed both with and without the covariates of sex and age 

using the SAS PROC LIFEREG procedure to estimate model parameters and confidence intervals. 

Analyses were carried out using three different censoring schemes: uncensored, where non-injury 

observations are treated as right-censored and injury observations are treated as uncensored; censored, 

where non-injury observations are treated as right-censored and injury observations are treated as left-

censored; and Rupp-censored, where data followed the censoring rationale presented by Rupp at al. 

(2009b) as documented in APPENDIX I. 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. For each combination of covariates, distribution, and censoring assumptions, model 

estimates and fit statistics are reported in Table 7.4.  
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The Survival Weibull model takes the form:  

ὴ!)3 ςρ Ὡ  
 
where:   
Ὂ  = Peak force applied to knee (in kN) 

‍ = Intercept 
‍ = Age coefficient 
ὧ = Subject age, in years 
‍ = Sex coefficient 
ὧ = Subject sex (Male = 1, Female = 0) 
‌ = 1/scale 

 

The Survival Lognormal model takes the form:  

ὴ!)3 ςɮ
ÌÎὊ ‍ ‍ὧ ‍ὧ

„
 

 
where:   
ɮ = Cumulative normal distribution function 

Ὂ  = Peak force applied to knee (in kN) 

‍ = Intercept 
‍ = Age coefficient 
ὧ = Subject age, in years 
‍ = Sex coefficient 
ὧ = Subject sex (Male = 1, Female = 0) 
„ = Standard deviation or scale 
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Table 7.4. Parameter estimates and fit statistics for survival analysis models. 

Predictor Covariate(s)* Distribution ‍ ‍ ‍ ‌ -2 LL AIC 

Peak Applied 
Force at Knee, 
uncensored 

None Weibull 2.7814   0.2573 42.95 46.95 
Age Weibull 2.9429 -0.0026  0.2591 42.57 48.57 
Sex Weibull 2.2871  0.5557 0.2015 21.54 27.54 
Age and Sex Weibull 2.4817 -0.0033 0.5701 0.2030 20.67 28.67 

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 and Sex Lognormal 2.8461 -0.0097 0.4536 0.2584 18.73 26.73 

Peak Applied 
Force at Knee, 

censored 

None Weibull 2.5140   0.2611 81.98 85.98 
Age Weibull 3.3936 -0.0143  0.2561 77.58 83.58 
Sex Weibull 2.1876  0.3638 0.2049 71.13 77.13 
Age and Sex Weibull 3.3417 -0.0197 0.4323 0.1830 62.81 70.81 

None Lognormal 2.3859   0.3297 82.26 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 

Peak Applied 
Force at Knee, 
censored per 
Rupp 2009b 

None Weibull 2.7342   0.3028 69.54 73.54 
Age Weibull 2.9965 -0.0041  0.3080 68.80 74.80 
Sex Weibull 2.2810  0.5124 0.2489 55.37 61.37 
Age and Sex Weibull 2.5668 -0.0048 0.5359 0.2540 54.12 62.12 

None Lognormal 2.5543   0.3487 65.78 69.78 
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 2.9114 -0.0115 0.4423 0.2982 50.03 58.03 

 *Covariate units: sex represented by male = 1, female = 0; age in years 

For most models, the fit statistics of AIC and -2 LL indicate that those assuming a Lognormal distribution 

provide a better fit than their Weibull counterparts. In all cases, models including both sex and age as 

covariates show a lower -2 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 (uncensored Weibull, Rupp-censored 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 (Figure 7.13). The Rupp-censored and uncensored models are more similar, with a slightly higher 

risk predicted by the Rupp-censored models compared to uncensored models. The shape of the Weibull 

and Lognormal models differ, with the Weibull models predicting lower risk in the middle of the curve 

and higher risk in the tails.  
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Figure 7.13. Comparison of survival models with no covariates using different censoring 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 without covariates (Figure 7.10). This is not surprising, as the parameter values (‍ = 

2.514, ‌ = 0.2611) are identical to those presented in Equation 6.2 from Rupp et al. (2009b). However, 

this risk function results from treating all observations as censored. When implementing the censoring 

scheme described in Section 5.2 of Rupp et al. (2009b) and its associated Appendix A, the resulting risk 

function (Rupp-censored Weibull) appears to be shifted to the right by roughly 3 kN (Figure 7.13).  

Comparing models with covariates, similar trends appear. Figure 7.14 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 Rupp-censored and uncensored 

models. The difference in risk between male and female models is the lowest for the censored model 

and progressively higher for the Rupp-censored and then uncensored models. For example, the 

difference in peak applied force at a 50% risk level is lower for females by 3.5 kN in the censored model, 

4.5 kN in the Rupp-censored model, and 5.0 kN in the uncensored model.  
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Figure 7.14. 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 Rupp-censored 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 as a covariate had a significant effect on the model prediction, 

based on Type III Analysis of Effects (p < 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 both Weibull and 

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 of 40 years, the 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 overlap when evaluated at an age of 40 years (Figure 7.15, left), but only overlap in the tails 

when evaluated at an age of 61 years (Figure 7.15, 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 unlike the 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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Figure 7.15. 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 schemes 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 confirmed using 

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 (but not 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 peak applied 

force representing an absolute maximum would not be true. The Rupp-censored scheme treats 

uninjured observations and specimens sustaining only ligamentous injuries as right-censored, injuries 

involving the patella as left-censored, and injuries involving femur fracture as exact.  

Of the three censoring options, the Rupp-censored scheme requires the fewest assumptions, thus will 

be used in the remaining analysis of knee/femur injury risk. Within the Rupp-censored models, those 

assuming a Lognormal distribution result present the best model fit as assessed by -2 LL 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, based on Section 2.5, would be used in 

application to THOR-50M) and the non-significant effect of the age covariate in the model, the model 

with sex alone as a covariate is preferred.  

 Knee/Femur Injury: Application to THOR-50M 

While the risk curves presented in Section 7.6.5 relate the peak force applied to the knee to the risk of 

knee and distal femur injury, the injury risk function has been applied for the H3-50M (e.g. as applied 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 ATDs. Donnelly et al. (1987) conducted pendulum impacts 

to the unrestrained femur of whole subjects for both PMHS and the H3-50M. 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 to the H3-50M 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 force applied to the knee, with the femur load cell 

measuring 53% of the peak applied force. An even stronger correlation was found in the H3-50M tests, 

but a higher ratio of the impact force was measured at the femur load cell (68%). A separate estimate of 

the relationship between H3-50M 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 measured at the H3-50M femur load cell was 77% of 

the applied force independent of knee bolster force-deflection characteristic. 

Using the measured H3-50M femur load cell peak force instead of the peak applied force as input to the 

injury risk function would result in a lower estimate of injury risk than intended. For instance, if the H3-

50M measured a 10 kN peak femur force, the estimated force applied to the knee of the H3-50M would 

be either 13.0 kN, assuming the Rupp et al. (2009a) estimate of 77%, or 14.7 kN, assuming the Donnelly 

et al. (1987) estimate of 68%. Using the measured H3-50M 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 risk function as originally developed would result in a predicted injury risk of 

70% to 85%.  

Due to the improvements in biofidelity of the THOR-50M compared to the H3-50M, it is assumed that 

the limitations of the application of the knee/femur injury risk function developed by Kuppa et al. (2001) 

are only alleviated when applied to THOR-50M compared to H3-50M. However, since the construction 

of the THOR-50M knee is similar to that of the H3-50M and is likely more coupled than the human knee, 

the force measured 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 approaches 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 THOR-50M. One approach would be to 

assume the same relationship as the H3-50M, for which the distal femur and knee structure is nearly 

identical. Another approach was to investigate pendulum impacts to the knee of the THOR-50M in a 

qualification test condition, as described below.  

Seated knee impacts to the THOR-50M were conducted at several impact velocities and impact 

conditions using a 5-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 velocity is 58%, and a linear fit to the data for each set results in ratio of 

slopes of 55% (Figure 7.16). However, the ratio of measured force to applied force appears to follow a 

higher-order polynomial or power relationship, with impacts at lower velocities being closer to an equal 

ratio. Tests were also conducted in a fixed-back condition at six impact velocities, and the resulting 

ratios of peak femur load cell force to peak applied force was consistently 55% (Figure 7.17), though this 

may be due to the smaller range of velocities in the fixed-back condition.  
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Figure 7.16. Relationship between force applied to the femur and force measured at the femur load cell for free-

back tests with THOR-50M. 

 
Figure 7.17. Relationship between force applied to the femur and force measured at the femur load cell for 

fixed-back tests with THOR-50M. 

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 III, it is not clear how significant the difference in impact mass 

might be, as the tests reported by Donnelly et al. (1987) used a 23-kilogram impactor while the THOR 

tests reported above used a 5-kilogram impactor. It is also unclear how well either condition relates to 

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 measured force at the femur load cell in THOR-50M was shown 

above to be sensitive to impact velocity in pendulum testing (Figure 7.16 and Figure 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 recommended to use pendulum impacts to the knee of the 

THOR-50M 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 THOR-50M and H3-50M are structurally similar. Therefore, a 

correction factor accounting for the estimated 77% of the applied force at the knee measured by the 

femur load cell force is recommended for THOR-50M. 

In summary, the recommended risk function for application to THOR-50M to predict AIS 2+ knee/femur 

injury is described below: 

ὴ!)3 ς ɮ
ÌÎὊ ὶ ςȢςςτπȢσωυωǁ

πȢσπρτ
 

 
where:   
ɮ = Cumulative normal distribution function 
Ὂ  = Peak compressive force measured by the z-axis for the THOR femur load cell (in kN) 
ὶ  = Ratio of applied force at knee to measured force at femur load cell [1/0.77] (Rupp et al., 

2009a) 
ǁ = Subject sex (Male = 1, Female = 0) 

   
Simplified: 

ὴ!)3 ς ɮ
ÌÎρȢςωωὊ ςȢφς

πȢσπρτ
 

   

 

 Hip Injury 

Contrary to knee/femur injury, the prediction of pelvis injury related to axial femur loading is a unique 

capability of THOR-50M 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.  

 Hip Injury: Data 

Rupp et al. conducted compressive loading tests of 27 PMHS knee-thigh-hip complex specimens using a 

pneumatic ram (Rupp et al., 2009b). The 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 knee-bolster loading rates seen in unbelted crash tests (Rupp 

et al. 2003), though individual specimen loading rates varied from 62 N/ms to 566 N/ms. For the dataset 

presented in Rupp et al. (2009b), the specimens were ǇƻǎƛǘƛƻƴŜŘ ƛƴ ŀ άƴŜǳǘǊŀƭέ ǇƻǎǘǳǊŜ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ 

standard driving posture as defined by Schneider at al. (1983). Additional tests were conducted with 

flexion and adduction applied and it was found that there was a statistically-significant decrease in 

tolerance with increase in both flexion and adduction compared to the standard driving posture (Rupp 

et al. 2003). For completeness, both the neutral posture dataset presented by Rupp et al. (2009b), 

referred ǘƻ ƘŜǊŜ ŀǎ άbŜǳǘǊŀƭέ ŀƴŘ ƛƴŎƭǳŘƛƴƎ all specimens with flexion and adduction angles of 0°, and 

the complete set of tests documented in Rupp (2006), ǊŜŦŜǊǊŜŘ ǘƻ ƘŜǊŜ ŀǎ ά/ƻƳǇƭŜteΣέ are considered in 

this analysis. Subject anthropometry and associated fracture forces are shown in Table 7.5. 
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Table 7.5. Dataset considered in the development of a hip injury risk function (Rupp 2006). 
Test ID Fracture 

force (kN) 
Sex Age  

(yr) 
Stature (cm) Mass  

(kg) 
Adduction 

(deg) 
Flexion 
(deg) 

NHTSA BioDB 
TSTNO 

NB0105L 5.59 F 55 163 113 0 0 5240 
NB0105R 5.37 F 55 163 113 0 0 5241 
NB0106L 4.85 M 86 173 91 0 0 5419 
NB0108L 7.57 M 79 180 82 0 0 5423 
NB0108R 7.87 M 79 180 82 0 0 5424 
NB0110L 6.6 M 60 178 125 0 0 5427 
NB0112L 4.53 M 72 173 81 0 30 5861 
NB0112R 6.67 M 72 173 81 0 0 5862 
NB0114L 3.06 F 68 165 71 0 30 5864 
NB0114R 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  
NB0217L 4.79 M 75 175 72 0 0 5924 
NB0217R 2.91 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 
NB0226L 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 
NB0230L 4.71 M 45 185 75 -10 0 6493 
NB0230R 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 
NB0337L 5.09 M 58 175 62 10 15 6719 
NB0337R 5.09 M 58 175 62 0 0 6722 
NB0338LH 3.48 M 86 173 59 -10 0 6725 
NB0338RH 4.59 M 86 173 59 0 0 6727 
NB0340RH 7.54 M 63 183 66 0 0  
NB0341RH 6.89 M 79 165 68 0 0 6812 
NB0342RH 6.26 M 83 189 93 0 0 6987 
NB0343RH 9.79 M 79 191 109 0 0 6991 
NB0345LH 5.75 M 82 173 75 10 0 6998 
NB0345RH 5.11 M 82 173 75 0 0 7001 
NB0447LH 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 
NB0448RH 6.13 M 76 178 80 0 0 7573 
NB0450LH 6.03 M 73 178 86 0 0 7613 
NB0450RH 6.12 M 73 178 86 10 0 7616 

 

 Hip Injury: Predictor Variable 

The peak applied force (as tabulated in Table 7.5) was the only predictor variable considered for the 

development of the pelvis injury risk function. In line with the rationale presented in Rupp at al. (2009b), 

since each test resulted in some combination of hip fracture (fracture of the acetabulum, pubic rami, 

femoral head/neck, and/or hip dislocation) and there were no evident partial failures prior to the time 
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of peak applied force, it is assumed that the peak applied force is a known point of failure and 

considered to be uncensored.  

 Hip Injury: Covariates 

To confirm the assumptions of Rupp et al. (2009b), who found only stature to be significant in the model 

fit to the Neutral dataset, parametric survival analysis (SAS PROC PHREG) using the stepwise variable 

selection method was carried out. The maximum significance 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. As the sex categorical variable resulted in the highest …  score, 

it was the first 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 

sex and stature; of the subjects in the considered dataset, the average male stature is 178 cm while the 

average female stature is 165 cm. To further investigate this discrepancy, both covariates are retained 

throughout model development. 

Flexion and adduction angles were considered as covariates in the Complete model. Flexion was found 

to be a significant component of the model (… ψȢσωτψȟὴ πȢππσψ), while adduction angle was not 

(… ρȢωπσψȟὴ πȢρφχχ). This finding is somewhat consistent with Rupp (2006), who showed that in 

matched pair tests that an adduction angle of 10 degrees 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 either sex or stature. 

 Hip Injury: Dependent Variable 

The dependent variable used in the development of a pelvis injury criterion was the presence of a hip 

fracture, as defined in Rupp at al. (2009b) 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 AIS 3 (Martin and Scarboro, 2011).  

 Hip Injury: Injury Risk 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 were no non-injury observations; all of the PMHS 

specimens included in this data sustained a hip fracture.  

7.7.5.3 Survival Analysis 

Survival analysis was also carried out to develop risk functions for all four datasets using the SAS PROC 

RELIABILITY procedure to estimate model parameters and confidence intervals. Models were developed 
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to predict failure based on uncensored peak applied force using sex, stature, both sex and stature, both 

flexion and sex, and both flexion and stature as covariates. Observations generated from the same 

PMHS, such as NB0112R which was tested in the neutral posture and NB0112L which was tested in 30 

degrees flexion, were tested as independent observations. Models developed for the Neutral dataset 

did not include flexion as a covariate, as this term 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 takes the form:  

ὴὌὭὴ ὊὶὥὧὸόὶὩρ Ὡ  
 
where:   
Ὂ  = Peak force applied to knee (in kN) 

ɼ = Intercept 
ɼ = 1st covariate coefficient 
Ã = 1st covariate value 
ɼ = 2nd covariate coefficient (if used) 
Ã = 2nd covariate value (if used) 
‌ = 1/scale 

 

For each combination of covariates, model estimates and maximum log likelihood are reported in Table 

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 with sex and stature as covariates (Figure 

7.18). Individual models presented at relevant covariate levels are shown for the model with sex as a 

covariate (Figure 7.19), stature as a covariate (Figure 7.20), and both sex and stature as covariates 

(Figure 7.21) for the Neutral dataset, as well as the models with sex and flexion (Figure 7.22) and stature 

and flexion (Figure 7.23) as covariates for the Complete dataset.  

Table 7.6. Parameter estimates and fit statistics for survival analysis Weibull models. 

Predictor Covariate(s)* Dataset ɼ ɼ ɼ ‌ 

Maximum 
Log 

Likelihood 

Peak applied force Sex Neutral 1.9639 -0.2563 N/A 5.4396 4.6034 
Peak applied force Stature Neutral -0.3564 0.0129 N/A 5.5685 5.5229 
Peak applied force Sex and 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 Stature Complete 0.3353 0.0087 N/A 4.2998 -4.0832 
Peak applied force Sex and stature Complete 1.2439 -0.1381 0.0037 4.3646 -3.3961 
Peak applied force Sex and flexion  Complete 1.9371 -0.2094 -0.0124 4.5527 -0.5221 
Peak applied force Stature and flexion Complete 0.3333 0.0089 -0.0118 4.4177 -1.4720 

 *Covariate units: sex represented by male = 0, female = 1; stature in cm; flexion in degrees from neutral posture 
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Figure 7.18. Survival Weibull models with 95% confidence intervals. 
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Figure 7.19. Survival Weibull injury risk function for applied force vs. hip fracture, with sex as a covariate. 

 
Figure 7.20. Survival Weibull injury risk function for applied force vs. hip fracture, with stature as a covariate. 
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Figure 7.21. Survival Weibull injury risk function for applied force vs. hip fracture, with sex and stature as 

covariates. 

 
Figure 7.22. Survival Weibull injury risk function for applied force vs. hip fracture, with sex and hip flexion as 

covariates, presented for males and females and for neutral and 30° flexion covariate levels. 
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Figure 7.23. Survival 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 covariate levels. 

 

The Survival Lognormal model takes the form:  

ὴὌὭὴ ὊὶὥὧὸόὶὩɮ
ÌÎὊ ‍ ‍ὧ ‍ὧ

„
 

 
where:   
ɮ = Cumulative normal distribution function 

Ὂ  = Peak force applied to knee (in kN) 

ɼ = Intercept 
ɼ = 1st covariate coefficient 
Ã = 1st covariate value 
ɼ = 2nd covariate coefficient (if used) 
Ã = 2nd covariate value (if used) 
„ = Standard deviation or scale 

 

For each combination of covariates, model estimates and maximum log likelihood are reported in Table 

7.7. As with the Weibull model, the narrowest confidence intervals occurred in the models with stature 

as a covariate, while the widest confidence intervals occurred for the model with both sex and stature as 

covariates (Figure 7.24). Individual models presented at relevant covariate levels are shown for the 

model with sex as a covariate (Figure 7.25), stature as a covariate (Figure 7.26), and both sex and stature 

as covariates (Figure 7.27) for the Neutral dataset, as well as the models with sex and flexion (Figure 

7.28) and stature and flexion (Figure 7.29) as covariates for the Complete dataset.   
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Table 7.7. Parameter estimates and fit statistics for survival analysis Lognormal models. 

Predictor Covariate(s)* Dataset ɼ ɼ ɼ „ 

Maximum 
Log 

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 applied force sex and 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 sex and stature Complete 0.6363 -0.1087 0.0064 0.2609 -3.4652 
Peak applied force sex and 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 units: sex represented by male = 0, female = 1; stature in cm; flexion in degrees from neutral posture 
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Figure 7.24. Survival Lognormal models with 95% confidence intervals. 
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Figure 7.25. Survival Lognormal injury risk function for applied force vs. hip fracture, with sex as a covariate. 

 
Figure 7.26. Survival Lognormal injury risk function for applied force vs. hip fracture, with stature as a covariate. 
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Figure 7.27. Survival Lognormal injury risk function for applied force vs. hip fracture, with sex and stature as 

covariates. 

 
Figure 7.28. Survival Lognormal injury risk function for applied force vs. hip fracture, with sex and hip flexion as 

covariates, presented for males and females and for neutral and 30° flexion covariate levels. 
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Figure 7.29. Survival Lognormal 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 covariate levels. 
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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 THOR-50M response to apply the risk function 

to THOR-50M measurements in vehicle crash tests.  

The predictor used to develop the PMHS risk function developed by Rupp et al. (2009b) 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 and the other mounted on the hip mounting fixture 

with its local x-axis parallel to the ram, and as designed the measured forces at both the knee and the 

hip were similar (Figure 7.30). 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 

local x-axis of the hip load cell remained parallel to the ram (Figure 7.31).  
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Figure 7.30. Applied force at the knee (ram force) and 
measured force at the hip (hip force) in test NB0217L 
(BioDB 5924). Test was conducted in neutral posture. 

 
Figure 7.31. Applied force at the knee (ram force) and 

measured force at the hip in test NB0217R (BioDB 
5925). Test was conducted in 30° flexion posture. 

Since the THOR-50M femur was shown to be biofidelic in axial compression (Parent et al. 2017), it is 

assumed that the forces measured at the THOR-50M acetabulum would be equivalent to the forces 

applied to the PMHS specimens in the KTH injury criteria dataset. However, since the THOR-50M 

acetabulum measures forces along the x-, y-, and z-axes of the pelvis coordinate system, the nearest 

approximation of the force at the acetabulum as measured in the PMHS would be the resultant of these 

three forces. 

While the THOR-50M demonstrated biofidelity in a laboratory test condition with direct loading along 

the shaft of the femur, additional correction is necessary to account for the differences in acetabulum 

forces measured in frontal motor vehicle crash test environments compared to those expected in 

human occupants. Martin et al. (2011) discussed the relationship between THOR-NT and PMHS 

regarding force transfer to the hip. In crash tests where there is a well-defined 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 between peak applied force and the peak 

force measured by the femur load cell of about 80%, presumably rounded from the Rupp et al. (2009a) 

estimate of 77%, which translates to the acetabulum load cell of THOR-NT measuring 40% of the peak 

applied force at the knee. For comparable loading to a PMHS, the percentage of peak force applied at 

the knee that is reacted at the hip is 55% (Rupp et al., 2009a). Combining these arguments, the ratio of 

the peak force applied to the knee of PMHS to that of the THOR-NT would be 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 THOR-NT in a comparable condition. This relationship is based on the assumption 

that the THOR-NT would produce the 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, 2011) to improve KTH biofidelity.  

The Mod Kit design updates (Ridella and Parent, 2011) have been incorporated into the THOR-50M 

design, which includes three changes to the knee-thigh-hip complex that could potentially require 

adjustments to the aforementioned assumptions made based on the THOR-NT design. First, the knee 
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slider force-deflection characteristic was adjusted in an attempt to achieve a more biofidelic response in 

knee shear. In the case of knee-to-knee-bolster impacts, the knee slider is not directly in the load path. 

While loading from the tibia can in turn 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 not considered. 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 construction of the knee of the THOR-50M is similar to that of the H3-50M, 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 femur presented by Rupp et al. (2009a) is assumed 

to hold true for the THOR-50M as well. As discussed above, in low-mass pendulum impacts to the femur 

of the THOR-50M in both free-back and fixed-back conditions, the femur load cell measured roughly 

55% of the peak 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 effective mass of the body. It is 

also evident that the ratio of impact force to measured femur force is sensitive to impact velocity (Figure 

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 Rupp et al. (2009a) considered 

loading rates similar to those occurring in FMVSS No. 208 and US NCAP crash tests with the H3-50M, 

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 femur-to-acetabulum force transfer from Martin et al. 

(2011) holds true for the THOR-50M design, femur and acetabulum forces were analyzed in both 

pendulum knee impacts (both free- and fixed-back) as well as several frontal rigid barrier crash tests. In 

both fixed-back (Figure 7.32) and free-back (Figure 7.33) pendulum impacts as described above, the 

ratio of peak femur load cell compressive force to peak acetabulum resultant force was on average 44% 

and the ratio of force-vs-velocity slopes was 43% for either condition. Again, such an evaluation is 

limited by the unknown representativeness of this impact condition to the knee loading condition seen 

in a motor vehicle crash. 
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Figure 7.32. Force transmission in the THOR-50M 

femur in fixed-back pendulum impacts. 

 
Figure 7.33. Force transmission in the THOR-50M 

femur in free-back pendulum impacts. 

 

In an exemplar frontal rigid barrier crash test of a 2016 Nissan Rogue (VehDB TSTNO 9569) with a THOR-

рлa !¢5 ƛƴ ǘƘŜ ŘǊƛǾŜǊΩǎ ǎŜŀǘΣ ŀǘ ǘƘŜ ǘƛƳŜ ƻŦ peak left femur axial compressive force the resultant left 

acetabulum force measured 50% of the femur force (Figure 7.34). This is consistent with the idealized 

sled test presented by Martin et al. (2011), which showed the same 50% relationship between peak 

resultant acetabulum force and peak femur compressive force using the THOR-NT ATD.  

 
Figure 7.34. Comparison of left femur 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 low-mass pendulum impacts to knee bolster impacts 

in motor vehicle crashes, and the similarity of at least one example of femur-to-acetabulum 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 50% transfer ratio of femur force to acetabulum 

force. Thus, the transfer function to relate peak resultant acetabulum force measured on the THOR-50M 

to the acetabulum force used in development of the PMHS risk function is recommended as: 

y = 2.5928x
R² = 0.8948

y = 1.4063x
R² = 0.9495

y = 0.6047x
R² = 0.9872

0

2

4

6

8

10

12

14

16

18

0 1 2 3 4 5 6 7

F
o

rc
e

 (
k

N
)

Impact Velocity (m/s)

Applied Force

Femur Load Cell Force

Acetabulum Resultant Force

THOR Applied, Femur, Acetabulum Force (Fixed Back)

y = 2.5491x
R² = 0.928

y = 1.4026x
R² = 0.9883

y = 0.5982x
R² = 0.9405

0

2

4

6

8

10

12

14

16

18

0 1 2 3 4 5 6 7

F
o

rc
e

 (
k

N
)

Impact Velocity (m/s)

Applied Force

Femur Load Cell Force

Acetabulum Resultant Force

THOR Applied, Femur, Acetabulum Force (Free Back)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

0.03 0.05 0.07

R
a

ti
o

F
o

rc
e

 (
N

)

Time (s)

Resultant Acetabulum Force

Femur Compressive Force

Ratio of Acetabulum
Resultant Force to Femur
Compressive Force

Idealized Ratio

v09569 Femur vs. Acetabulum Forcev09569 Femur vs. Acetabulum Force



160 
  

Ὕ
ὶ

ὶ

ὶ

ὶ ὶ

πȢυυ

πȢχχπȢυπ
ρȢτςω 

where:  
Ὕ  = Ratio of estimated PMHS hip force to THOR measured peak acetabulum resultant force 

ὶ  = Ratio of applied force at knee to acetabulum force measured in PMHS (Rupp et al., 2009a) 
ὶ  = Ratio of applied force at knee to acetabulum force measured in THOR 
ὶ  = Ratio of applied force at knee to measured force at femur load cell (Rupp et al., 2009a) 
ὶ  = Ratio of measured force at femur to measured resultant force at acetabulum (Martin et al., 2011) 

 

As the injury risk function is sensitive to flexion 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 assuming a 

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 front-impact sled tests with airbag deployment (Rupp 2006; Rupp et al., 2009b). However, this 

assumption is based on tests of unbelted occupants with airbag deployment; a more conservative 

estimate of hip flexion angle in three-point belted occupant environments (as shown in Figure 7.35 for 

both THOR-50M 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 30-degree flexion angle would be. Further, injuries occurring at larger 

flexion angles may be less severe; for example, one of the lowest failure forces in the expanded dataset 

was a subject in the 30-degrees flexion condition. This subject sustained a hip dislocation at a peak 

applied force of 3.06 kN. In the matched pair test on the opposite aspect of the same PMHS conducted 

at a flexion angle of zero degrees, a peak applied force of 4.65 kN resulted in a fracture of the femoral 

neck.  
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Figure 7.35. Hip flexion angles at time of peak femur load in a frontal sled test condition with three-point belts 
and airbags. THOR-50M ATD shown at top (BioDB TSTNO 11127) and example PMHS shown at bottom (BioDB 

TSTNO 8384). 

As adduction angle was not found to be significant in the model, estimation of the adduction angle is not 

necessary to apply the risk function to THOR.  

An additional consideration in the assessment of acetabulum injury risk using the THOR-50M ATD is that 

while the injury risk function was developed considering 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 structure, including 

both anti-submarining hardware in the vertical and anterior-posterior 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, in conditions where the knee is not in contact with the knee bolster or 

knee bolster airbag 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 may not relate 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 negative Z-axis force. Simply considering acetabulum X-axis force could be 

misleading and cumbersome due to the way that the acetabulum polarity is defined, as the left and right 

polarities are opposite (NHTSA, 2018) and have not been consistently set in past crash test 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 oblique moving deformable barrier test condition), there were 

five observations for which the overall peak acetabulum force and the peak acetabulum force at the 

time of femur compression were different (Figure 7.36). Three of these observations resulted in a 

difference in force of less than 100 N. 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 experienced an overall peak left acetabulum force of 4457 N, while 

the peak left acetabulum force occurring at a time where the left femur was in compression was 3254 N. 

In test number v09573, the right front passenger experienced an overall peak left acetabulum force of 

3267 N, while the peak left acetabulum force occurring at a time where the left femur was in 

compression was 1784 N, though the overall peak acetabulum force for this occupant would revert to 

the right acetabulum force of 2287 N. In both of these instances, the peak resultant acetabulum force 

occurred later in time than the peak femur force, and resulted primarily from a positive X-axis 

acetabulum force (Figure 7.37, Figure 7.38). 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 compression (Figure 7.39). 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 occurs during femur 

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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Figure 7.36. Comparison of overall peak resultant acetabulum force to peak resultant acetabulum force 
measured while the associated femur was in compression. 

 

 
Figure 7.37. Acetabulum and femur forces for the left 
leg of the right front passenger in test v08789. 

 
Figure 7.38. Acetabulum and femur forces for the left 
leg of the right front passenger in test v09573. 
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Figure 7.39. 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 to THOR-

50M to predict hip injuries is described below and shown in Figure 7.40: 

ὴὌὭὴ ὊὶὥὧὸόὶὩɮ
ÌÎὝ Ὂ πȢπχυυπȢπρπφί πȢπρσχὪ

πȢςσσω
 

 
where:   
ɮ = Cumulative normal distribution function 
Ὕ  = Ratio of estimated PMHS hip force to THOR measured peak acetabulum resultant force 

[1.429] 
Ὂ  = Femur load cell Z-axis force 
Ὂ  = Peak resultant acetabulum force (in kN); Ὂ ὸ π Ὢέὶ Ὂ ὸ π 
ί = Stature (in cm) [nominal 178 cm] 
Ὢ = Flexion angle from neutral automotive posture (in deg) [nominal 15 deg] 

   
Simplified: 

ὴὌὭὴ ὊὶὥὧὸόὶὩɮ
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Figure 7.40. 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. 

 

 Hip Injury: Comparison to Literature 

The injury risk function developed by Rupp et al. (2009b) 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 that increases in hip angle, in both flexion and adduction, reduce the human tolerance for 

hip fracture (Rupp et al., 2003). This correction factor was appended to the risk function as a mean shift 

of 1% for each degree of hip abduction and -1% for each degree of hip flexion. This risk function has 

been presented differently in various publications; the intended application is believed to be:  
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where:   

ɮ = Cumulative normal distribution function 
Ὂ  = Peak force applied to knee (in kN) 

Ó = Stature (in cm) 
Ὢ = Hip flexion angle (in degrees) 
ὥ = Hip abduction angle (in degrees) 

 

The recommended risk function above is very similar to the Rupp et al. (2009b) risk function as 

evaluated with the recommended covariate values of 178 cm stature, 30° flexion, and 15° abduction 

(Figure 7.41). 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 the same risk curve as the 30° flexion/15° abduction 

condition. 

 
Figure 7.41. Hip fracture risk function compared to Rupp et al. (2009b), evaluated at flexion angles of 15° and 

30°. 

 Fleet Test Data: THOR-50M 

The recommended femur compressive force injury risk function was applied to THOR-50M 

measurements collected in frontal rigid barrier and frontal Oblique fleet testing. Figure 7.42 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 2+ injury is 

generally below 10 percent except for two Oblique driver observations (19 percent and 32 percent). 
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Figure 7.42. Peak femur compressive forces from frontal rigid barrier and oblique moving deformable barrier 

tests using THOR-50M. 

The recommended acetabulum injury risk function was also applied to THOR-50M fleet test data. Higher 

acetabulum injury risk is predicted for occupants in the Oblique crash mode compared to the frontal 

rigid barrier crash mode. On average, the risk of hip fracture was higher than the risk of femur fracture, 

which is consistent with observations from field data suggesting that pelvis and/or hip injury is common 

in absence of femur shaft fracture (Rudd et al., 2011).  

  
Figure 7.43. Peak acetabulum forces from frontal rigid barrier and oblique moving deformable barrier tests using 

THOR-50M. 
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 Limitations 

This section presented injury criteria for knee/femur injury and hip injury, both 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 THOR-50M is instrumented 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 et al., 2017). Additionally, the field incidence of knee 

shear-related injuries is relatively low (Figure 7.3). For these two reasons, an injury criterion for knee 

shear was not presented for the THOR-50M. The marginal knee shear biofidelity assessment is not 

believed to influence the knee/femur or hip injury criteria because knee shear is not a primary 

component of the load path related to compression-induced fracture. 

In the development of knee/femur injury risk functions, the Survival 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 et al. (2009b) is believed to be the most 

appropriate for the 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 relationship between 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 the THOR-50M ATD. 

As has been shown above, this relationship may be dependent on loading scenario, 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 THOR-50M ATD is not explicitly 

known. While the femur is quantitatively biofidelic in axial compression, the mass distribution and 

inertial properties of the knee-thigh-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  

 Field Data and Historical Fleet Data 

Below-knee injuries (leg, foot, and ankle) have been identified as a frequent and costly result of frontal 

crashes in numerous studies (Rudd et al., 2009; Dischinger et al., 1994; Morgan et al., 1991; Pattimore et 

al., 1991; Dischinger et al., 2004). Injuries to the leg, foot, and ankle continue to make up a substantial 

proportion of reported AIS 2+ injuries in frontal crashes, and represent the highest-risk body region for 

AIS 2+ in frontal crashes regardless of severity (Table 1.1). Considering attributable costs (Figure 1.2), the 

relative importance of the lower extremity is evident despite being comprised mostly of AIS 2 severity 

injuries (Table 1.2).  

Below-knee injuries in NASS-CDS frontal crashes were separated into sub-regions including the proximal 

tibia, tibia shaft, distal tibia, fibula, hindfoot, ankle malleoli, midfoot, and forefoot based on individual 

AIS codes (Figure 8.1). This breakdown demonstrates that the leg, including the tibia and fibula 

components, sustains the majority of the moderate to severe injuries in frontal crashes. The hindfoot 

category is made 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. 

 

Figure 8.1. Incidence of AIS 2+ fractures and dislocations by below-knee sub-region for NASS-CDS restrained row 
1 outboard frontal crash occupants from 2010-2014 data years. Counts represent total weighted numbers of AIS 

2+ fractures and dislocations. 
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A review of frontal crashes with belted first-row occupants from the CIREN database resulted in 770 

below-knee AIS 2+ fractures and dislocations among 216 occupants using the same query parameters as 

for the data in Figure 8.1. Many AIS 2 and all AIS 3+ injuries are assigned primary, and sometimes 

secondary, regional injury mechanisms in CIREN. Application of the injury breakdown into sub-regions 

noted above demonstrates the role various injury mechanisms play in producing AIS 2+ fractures and 

dislocations to the below-knee structures (Figure 8.2). Compression of the leg and hindfoot components 

is responsible for the large majority of the injuries for which CIREN codes injury mechanisms. Joint 

rotation is noted as the primary mechanism for some of the ankle injuries (distributed among the fibula, 

distal tibia, hindfoot, and malleolus groups), but these structures are generally also loaded in 

compression in frontal crashes. Of the injuries for which a regional injury mechanism is not coded, most 

of those occur in the foot where compression and twisting due to contact with the toepan or pedals are 

the most likely mechanisms. Fibula injuries not assigned a mechanism are likely similar to the tibia shaft 

in causation. Taken in combination with Figure 8.1, the findings in Figure 8.2 suggest that a focus on 

compression of the tibia and hindfoot would address most of the below-knee injuries, and may also 

address some midfoot and forefoot injuries.  

 

Figure 8.2. Primary regional injury mechanisms for the below-knee sub-regions identified in 216 restrained first 
row CIREN case occupants involved in frontal crashes. 
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As presented for other body regions in this report, vehicle model year-based trends for AIS 2+ 

tibia/fibula and foot/ankle injuries for belted drivers in frontal crashes are shown in Figure 8.3 and 

Figure 8.4, respectively. The trend for H3-50M Tibia Index and peak tibia force values in 35-mph full 

frontal tests can be seen in Figure 8.5 and Figure 8.6. 

 

 

Figure 8.3. AIS 2+ tibia/fibula injury trends by vehicle model year (1992 to 2015) from frontal crashes in NASS-
CDS (1993 to 2015). 
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Figure 8.4. AIS 2+ foot/ankle injury trends by vehicle model year (1992 to 2015) from frontal crashes in NASS-
CDS (1993 to 2015). 

 

Figure 8.5. H3-50M frontal NCAP average peak Tibia Index for model year 1990 to 2016. 
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Figure 8.6. H3-50M frontal NCAP average peak tibia force for model year 1990 to 2016. 

 Design 

The mechanical design of the THOR-50M lower extremity provides several advances over previous lower 

extremity designs. A compliant section in the tibia shaft, similar to the THOR-50M compliant femur 

section, provides more biofidelic force transmission from the heel 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 for the two primary axes (dorsi-/plantar-flexion and inversion/eversion), with soft stop 

elements defining the stiffness at the extremes of motion. The molded shoe design, which was added to 

the docketed THOR-50M drawing package in the 2016 drawing package update (NHTSA, 2016b), 

integrates the foot and shoe into a single part. 

 Instrumentation 

The lower extremity includes sensors to measure injury parameters (Figure 8.7). Five-channel upper and 

lower tibia load cells are incorporated into the design to provide force and moment data of the tibia 

shaft. A uniaxial compression load cell implemented into the Achilles tendon housing provides a direct 

measurement of the contribution 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 and a tri-pack accelerometer assembly 

on the foot plate allow the transformation of the measured tibia moment to the calculated ankle 

moment. 



174 
  

 
Figure 8.7. THOR-50M lower extremity instrumentation. 

 

 Biofidelity 

Parent et al. (2017) evaluated the biofidelity of the THOR-50M leg in three primary conditions: Dynamic 

Heel Impact, Dynamic Axial Compression, and Dynamic Dorsiflexion.  In the Dynamic Heel Impact 

condition, both the THOR-50M and H3-50M demonstrated either excellent or good biofidelity.  The 

THOR-50M demonstrated marginal internal biofidelity in the Dynamic Axial Compression condition and 

excellent internal biofidelity in the Dynamic Dorsiflexion condition. The H3-50M was not tested in the 

Dynamic Axial Compression condition because it lacks a compressible element in the tibia, which would 

likely have resulted in damage to the test apparatus, and it was not tested in Dynamic Dorsiflexion 

because it lacks a rotational potentiometer in the ankle necessary to measure dorsiflexion angle. Thus, a 

biofidelity assessment of the H3-50M in these two test conditions was not possible.  
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 Upper Tibia Axial Force 

 Data 

Tibial plateau fractures are one of the most prevalent lower extremity injuries in frontal crashes (Figure 

8.1).  These injuries are typically produced by axial loading of the leg, when the leg is entrapped 

between the knee bolster and the toepan or pedal. Intrusion of the toepan or knee bolster can intensify 

the magnitude of the loading. Because forces in the proximal tibia are generated differently from distal 

tibia (i.e., the entrapment scenario at the knee bolster rather than solely axial load through the foot and 

ankle), NHTSA believes it is important to retain upper tibia axial force as a separate injury criterion 

(Figure 8.1). The risk curve proposed by Kuppa et al. (2001) used data from Banglmeier et al. (1999), in 

which twelve pairs of isolated human tibiofemoral joints were impacted in the superior direction along 

the axis of the tibia with the joint flexed to 90°. By isolating the knee joint, this test scenario was 

specifically designed to simulate a knee entrapped at the knee bolster. Newer data considered included 

Funk et al. (2000), in which axial impacts were applied to the plantar aspect of the foot. In that test 

series, foot/ankle fractures were produced in 15 tests and tibial plateau fractures were produced in 5 

tests, and the average tibial plateau failure load was in agreement with previous studies (Funk et al., 

2000). In addition, Cǳƴƪ Ŝǘ ŀƭΦ ƴƻǘŜŘ ǘƘŀǘΣ άǘƘŜ ŦŀŎǘ ǘƘŀǘ ǘƛōƛŀƭ ǇƭŀǘŜŀǳ ŦǊŀŎǘǳǊŜǎ ƴŜǾŜǊ ƻŎŎǳǊǊŜd 

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 

ƛƴ ǘƘƛǎ ƛƳǇŀŎǘ ǎŎŜƴŀǊƛƻΦέ Given the differences in injury mechanisms, the original Banglmeier (1999) 

dataset is retained for injury risk function development (Table 8.1, APPENDIX G).  As noted in Kuppa et 

al. (2001), the group of six impacts conducted at constant energy were excluded due to pressure films 

being placed in the joint prior to impact. 

Table 8.1. Descriptive statistics for upper tibia axial dataset. 

n, 
injured 

Mean Failure 
Force (kN) 

Failure Force Range 
(Min-Max) 

n, non-
injured 

Maximum Non-
injury Force (kN) 

Non-injury Force Range 
(Min-Max) 

14 7.7 ± 2.0 3.8 to 11.5 16 6.1 ± 1.6 3.7 to 9.4 

 

 Injury Risk Function Formulation 

Logistic regression was performed on the available data from Banglmeier et al. (1999), using axial load 

as the predictor variable. Stepwise multiple regression was carried out to assess the sensitivity of 

occupant-based covariates. Covariates considered were age, sex, stature and mass. For this dataset, 

mass was a significant covariate, while the others were not. The dependent variable considered was the 

presence of an AIS 2 or greater (2+) injury.   

Goodness-of-fit metrics described in Hasija et al. (2011) were calculated, including the Receiver 

Operating Characteristic (ROC) Area Under Curve (AUC), maximum log likelihood, and Hosmer-

Lemeshow Goodness-of-Fit test. These are reported in Table 8.3. The resulting form of the logistic 

regression function is the same as proposed by Kuppa et al. (2001). The logistic regression takes the 

form: 
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where:   

ɼ = Intercept 

ɼ = Independent parameter coefficient 

ὼ = Upper Tibia Axial Force (kN) 

ɼ = Mass coefficient 

Á = Subject mass, in kg 

 

 

Table 8.2. 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 mass of 76.1 kg.   

 

Figure 8.8. Logistic regression of upper tibia axial force data, including mean injury risk function and 95% 
confidence intervals, assuming mass of 76.1 kg. 
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Table 8.3. Significance and goodness of fit statistics for upper tibia force logistic regression with mass as a 
covariate. 

Wald 

Pr>ChiSq 

AUROC Hosmer-Lemeshow 

Chi-Square 

Hosmer-Lemeshow 

Pr>ChiSq 

-2 Log L 

0.03 0.83 5.9 0.55 28.4 

     

Logistic regression can clearly differentiate between well-correlated and non-correlated datasets, but 

has the drawback of resulting in a risk function that has a non-zero risk at zero stimulus level. Thus, an 

alternate form of the risk function was developed using survival analysis. Survival analysis allows 

treatment of repeated tests as interval-censored data. For non-repeat tests, the data was treated as 

right-censored if no injury was sustained and left-censored if a fracture was sustained. The survival 

analysis risk function assumes a Weibull distribution and takes the form: 

  ὴ !)3 ςρ ÅØÐ ÅØÐ  

 

where:   

ɼ = Intercept 

ὼ = Upper Tibia Axial Force (kN) 

ɼ = Mass coefficient 

Á = Subject mass, in kg 

‌ = scale 

 

Table 8.4. Model parameter estimates and goodness of fit 

Model    -2 Log L 

Upper Tibia Axial Force 1.2236 0.0103 0.1695 34.96 

 

Although the survival model has the advantage of passing through 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. 

 

 Lower Tibia Axial Force 

 Data 

Distal tibia and hindfoot fractures are common lower extremity injuries sustained in frontal crashes 

(Figure 8.1). These injuries are most commonly produced by axial loading through the foot and leg 

(Figure 8.2). Several studies are available wherein axial load was applied to the plantar aspect of the foot 
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(Table 8.5). These studies were evaluated to determine whether they could be combined for risk 

function development. The risk curve proposed by Kuppa, 2001 used a combined dataset from studies 

by Yoganandan et al. (1996), Begeman et al. (1996) and Roberts et al. (1993). However, Roberts et al. 

(1993) reported only footplate forces, and because peak footplate forces are typically much higher than 

peak tibial loads, it is inappropriate to combine these datasets. Yoganandan et al. (2015) evaluated 

these five studies, and combined only Yoganandan et al. (1996), Begeman et al. (1996) and Kitagawa et 

al. (1998) to develop new injury risk curves. Roberts et al. (1993) was excluded because only footplate 

force was recorded and Funk et al. (2002) was excluded because mean fracture forces were statistically 

different from the others. However, there were many small female subjects included in the Funk et al. 

(2002) study, which had the effect of lowering the overall mean fracture force. When either only male 

ǎǳōƧŜŎǘǎ ƻǊ ƻƴƭȅ άŀǾŜǊŀƎŜ ƘŜƛƎƘǘέ όмср-185 cm) subjects are considered, the mean fracture forces in the 

Funk study are not significantly different from the rest. As such, NHTSA deems it beneficial to include 

this data into a combined dataset (studies A, B, D and E, Table 8.5 and Table 8.6, APPENDIX G), 

accounting for age or sex as a covariate in the model (study C remains excluded due to the absence of 

recorded tibia forces). As demonstrated previously (Funk et al., 2002; Yoganandan et al., 2015), age is 

also a significant covariate in the model. The benefit to using the combined dataset is that it increases 

overall sample size and includes an appropriate number of non-injury data (compared with, for example, 

using the Funk et al., 2002 study alone). Although different boundary conditions and load cell locations 

exist in the combined dataset, the similarity of the injury-producing forces supports the approach of 

combining these data.   

Table 8.5. Summary of biomechanical studies in which axial load was applied to the plantar aspect of the foot. 

 Study Boundary 

condition 

Load-cell location n, 

injured 

n, non-

injured 

Specimen data 

available 

A Yoganandan et al. 

(1996) 

Free Proximal end of 

tibia 

13 13 Age, Sex, Height, 

Weight 

B Begeman et al. (1996) Fixed Mid-tibia 5 12 Age, Sex, Weight 

C Roberts et al. (1993) Fixed Foot plate 9 0 Age, Sex, Height, 

Weight 

D Kitagawa et al. (1998) Fixed Proximal tibia 15 1 Age, Sex 

E Funk et al. (2002) Fixed Implanted in tibial 

diaphysis 

30 4 Age, Sex, Height, 

Weight 
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Table 8.6. Descriptive statistics for lower tibia axial dataset. 

 All specimens Male specimens only  

Study Mean Failure 

Force (kN) 

Failure Force 

Range (Min-Max) 

Mean Failure 

Force (kN) 

Failure Force 

Range (Min-Max) 

n, 

males 

A 7.8 ± 2.4 4.3 to 11.5 8.4 ± 2.1 5.5 to 11.5 11 

B 7.8 ± 0.9 6.9 to 8.7 7.0 7.0 1 

D 7.6 ± 0.9 5.7 to 9.1 8.0 ± 0.9 7.1 to 8.8 4 

E 5.7 ± 2.2 2.6 to 10.8 7.0 ± 2.1 4.5 to 10.8 17 

Combined 6.8 ± 2.2 2.6 to 11.5 7.7 ± 2.0 4.5 to 11.5  

 

 Injury Risk Function Formulation 

Axial force is the commonly reported predictor variable. The dependent variable considered was the 

presence of an AIS 2 or greater (2+) injury. Stepwise multiple regression was carried out to assess the 

sensitivity of occupant-based covariates. Covariates considered were age, sex and height. For this 

dataset, age and sex were significant covariates, while height was not. Using logistic regression, model 

significance and goodness of fit were evaluated for four variations of covariates, to determine which 

model best fit the data (Table 8.7). The model with age and sex performed best (AUROC>0.8).     

 

Table 8.7. Model statistics for lower tibia force logistic regression. 

Model 

Covariates 

Studies 

used 

Wald 

Pr>ChiSq 

AUROC Hosmer-

Lemeshow 

Chi-Square 

Hosmer-

Lemeshow 

Pr>ChiSq 

-2 Log L 

None A,B,D,E 0.0072 0.67 10.9 0.22 104.2 

Age A,B,D,E 0.0011 0.75 3.9 0.86 93.5 

Age+Sex  A,B,D,E 0.0021 0.79 2.6 0.95 88.8 

Sex  A,B,D,E 0.002 0.74 15.6 0.049 96.3 

    

The logistic regression takes the form: 
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where:   

ɼ = Intercept 

ɼ = Independent parameter coefficient 

ὼ = Lower Tibia Axial Force (kN) 

ɼ = Age coefficient 

Á = Subject age, in years 

ɼ = Sex coefficient 

ὦ = Subject sex (Male = 1, Female = 0)  

 
 

Table 8.8. Model parameter estimates. 

Model     

Age+Sex -5.0755 0.4683 0.0633 -1.2109 

 

For calculation of 95% confidence intervals (Figure 8.9), a baseline age of 40 years and sex equal to 1 

(male) were assumed. 

 

Figure 8.9. Logistic regression of lower tibia axial force data (mean injury risk function and 95% confidence 
intervals, assuming age of 40 years and male sex). 

An alternate form of the risk function was developed using survival analysis. Survival analysis allows 

treatment of repeated tests as interval-censored data. For non-repeat tests, the data was treated as 

right-censored if no injury was sustained and left-censored if a fracture was sustained. The survival 

analysis risk function assumes a Weibull distribution and takes the form: 
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where:   

ɼ = Intercept 

ὼ = Lower Tibia Axial Force (kN) 

ɼ = Age coefficient 

ɼ = Sex coefficient 

Á = Subject age, in years 

ὦ = Subject sex (1=male; 0=female) 

‌ = scale 

 

Table 8.9. Model parameter estimates and goodness of fit 

Model     -2 Log L 

Lower Tibia Axial Force 2.6935 -0.0198 0.0296 0.5494 104.4 

 

Although the survival model has the advantage of passing through 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. 

 

 Tibia Bending 

 Data 

Compressive axial loading was shown to be the most common mechanism overall for below-knee 

injuries in Figure 8.2 based on the coded primary mechanism in CIREN cases. The mid-shaft 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 (Ivarsson et al., 

2008). Tibia and fibula shaft fractures, while 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 components. In addition to the externally-applied 

bending, the total bending moment in the mid-shaft is augmented by induced bending due to axial 

loading given the human ǘƛōƛŀΩǎ ŎǳǊǾŀǘǳǊŜΦ Unlike a human, the THOR-50M leg is straight and does not 

experience induced bending from axial load. 

The Tibia Index (TI) was developed as an injury criterion for combined bending and axial compressive 

loads in the mid-shaft of the tibia (Mertz et al., 1993). It was based on classical beam theory, and 

accounted for the interaction of stresses from bending and axial load. The Revised Tibia Index (RTI) was 

proposed by Kuppa et 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 independent injury risk function for axial force and 

resultant moment, given that RTI and resultant moment are highly correlated in THOR-50M tests (Figure 

8.10).   

 

 

Figure 8.10. Tibia Force and Moment vs. RTI in THOR-50M tests. 

A number of studies have examined tibia bending to failure (Table 8.11, APPENDIX G). Studies by 

Nyquist et al. (1985) and Schreiber et al. (1998) conducted quasi-static and dynamic tests at the mid-

tibia, using varying load directions (anterior-posterior, AP, posterior-anterior, PA, and lateral-medial, 

LM). Only the dynamic results from these two studies were used. {ƻƳŜ ƻŦ {ŎƘǊŜƛōŜǊΩǎ ǘŜǎǘǎ ƛƴŎƭǳŘŜŘ ŀƴ 

imposed axial load of 4448 N, which 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 by Ivarsson et al. (2006) included pure bending, pure compression, and combined 

compression-bending loading. The impact location for all bending tests was at the distal 1/3 of the tibial 

shaft.  Four levels of varying superimposed axial load were applied for the combined loading tests. For 

the AP combined loading tests, the total moment, inclusive of the applied moment and induced 

moment, was calculated and reported in Untaroiu et al. (2008) (Table 8.11). Note that for the Ivarsson et 

al. (2006) study, tests witƘ ƛƴƧǳǊƛŜǎ ƴƻǘŜŘ ŀǎ ōŜƛƴƎ άLƴ 5ƛǎǘŀƭ tƻǘǘƛƴƎέ ƻǊ ά5ƛǎǘŀƭ tƻǘǘƛƴƎ LƴǘŜǊŦŀŎŜ 

CǊŀŎǘǳǊŜέ were excluded. 




































































































































































































