THOR-50M Repeatability and
Reproducibility of Qualification Tests

December 2021

National Highway Traffic Safety Administration
Vehicle Research and Test Center

East Liberty, Ohio



AW N R

6

Table of Contents

BACKGROUND ..ottt sttt sttt b et eseabe e e are s s 8
OBUJIECTIVES ...ttt ettt s bttt et et b e st st n e beneens 8
METHODOLOGY ...oouiiiiiiiiieieie ittt sttt sttt se et eseabesbeneenesne e 13
HEAD ...ttt ek ettt R bRt R ettt e b bt enenre e 14
g N |V 1= 1 oo (o] [T | SRR 14
4.2 Head Impact Repeatability RESUILS ..........ccviiieiiiiiccccee e 15
4.2.1 THOR-50M DL9207 testing at VRTC ......ccoveieiienieiese e 15
4.2.2 THOR-50M DL9798 testing at VRTC ......ccovieiiiieisese e 17
4.2.3 THOR-50M D0O9799 testing at VRTC ......ccooeieiiiieisesesee e 18
4.2.4 THOR-50M DO9799 testing at HUMANETICS.........ccoviiriiiiiieieeiee e 20
4.2.5 THOR-50M DO9799 testing at CalSpan...........cccoovieiinininieieereese s 21
4.3 THOR-50M Head Impact Dummy Reproducibility Results at VRTC...........cccccocvneenne. 23
4.4 Lab-to-Lab Variability ANAIYSIS .....cc.ooiiiiiiiiiiieeeee s 23
4.5  Corridor DEVEIOPMENT.........coiiiiiieieie it 24
FACE ...t h e e b ettt et et he st et ne bt ene et re e 26
5.1 MEhOUOIOQY ...ttt bbb 26
5.2  Face Impact Repeatability RESUILS ..o 27
521 THOR-50M D0O9799, Foam #010, testing at VRTC ........coovviieiiiiienineeee 27
522 THOR-50M D0O9799, Foam #011, testing at VRTC ........cooveviieiiiineneneee 29
5.2.3 THOR-50M D0O9799, Foam #012, testing at VRTC .......ccoovvivieriiiieceeee 30
524 Humanetics and Calspan Face Repeatability ............ccccocoovviiiiiiiiciicccceee 32
5.3 THOR-50M Face Impact Dummy Reproducibility Results ............ccccocvevviieieiiein. 32
5.4  Lab-to-Lab Variability ANAlYSIS .......c.cccveiiiiiiicie e 33
5.5  Corridor DEVEIOPMENL.......cc.cciiiieii ettt e nas 33
NECK FLEXION ..ottt sttt sttt saese st st ene s e 35
LG TS R |V =11 T o (o] [0 VUSSP 35
6.2  Neck Flexion Repeatability RESUILS ............ccoveiiiiiiiiiiic e 35
6.2.1 THOR-50M Neck EB6007 testing at VRTC .....ccoccvvveiiiieieece e 36

6.2.2 THOR-50M Neck EBG006 testing at VRTC ... 39



6.2.3 THOR-50M Neck EB6005 testing at VRTC .......ccovveiiiniieiiereeeseeeenene 42

6.2.4 THOR-50M Neck EB6007 testing at HUMaNELIiCS.........cccvevvvvieieeie e 45
6.2.5 THOR-50M Neck EB6007 testing at Calspan ...........cccccvveveeiieneere e 48
6.3  Neck Flexion Dummy Reproducibility RESUILS ...........cccoveveiieiieii e 51
6.4 THOR-50M Neck EB6007 Lab-to-Lab Variability Analysis..........cccoovevviiieiiiiiiennenne. 52
6.5  Corridor DEVEIOPMENL.......cc.ociiiieiecie et ste e e ns 54
NECK EXTENSION ... .ottt sttt e st e e e e e snte e e e e e nnaaeennaee e e 57
7.1 MENOUOIOQY ...ttt 57
7.2 Neck Extension Repeatability RESUILS ...........ccoooieiiiiiiiiiiieeee e 57
7.2.1 THOR-50M Neck EBG007 testing at VRTC ......cccooiiiiiiiiieieeee e 58
7.2.2 THOR-50M Neck EBG006 testing at VRTC .......cccoiviiiiiiieieieese e 61
7.2.3 THOR-50M Neck EBG005 testing at VRTC .......cccoviiiininieieeiee e 64
7.2.4 THOR-50M Neck EB6007 testing at HUMANETICS .........cccovvieveieerieieniescsceiee 67
7.2.5 THOR-50M Neck EB6007 testing at CalSpan ............ccovvvrieieienenincscseeee 70
7.3 Neck Extension Dummy Reproducibility RESUIES ...........cccooiiiiiiiiiiieie e 73
7.4  THOR-50M Neck EB6007 Lab-to-Lab Variability Analysis..........cccocooiniiiiininnnnns 74
7.5  Corridor DEVEIOPMENL.......cc.ociiiiieie et te e e ns 75
NECK LATERAL FLEXION ..ottt ane e 78
S T8 A |V 1= 1 g oo ] [0 ) OSSOSO 78
8.2  Neck Lateral Flexion Repeatability RESUILS............cccoviiiiieiieie e 79
8.2.1 THOR-50M Neck EB6007 testing at VRTC .....ccocvvieiieiiieece e 79
8.2.2 THOR-50M Neck EBB6006 testing at VRTC .....ccoccoveiieiiicice e 82
8.2.3 THOR-50M Neck EB6005 testing at VRTC .....coovvieiieieieece e 84
8.2.4 THOR-50M Neck EB6007 testing at HUMANELIiCS.........cccvevvevieiieiiiie e, 87
8.2.5 THOR-50M Neck EB6007 testing at Calspan ............ccccceveveiieieene e 89
8.3  Neck Lateral Flexion Dummy Reproducibility ReSUlts............ccccceiveviiiciiciecce e 92
84 THOR-50M Neck EB6007 Lab-to-Lab Variability Analysis.........cccccoovivieiiiiiiieinnnn, 93
8.5  Corridor DeVEIOPMENT........cuiiiiiieeie e 95
NECK TORSION ...ttt st e e st e e s e e e snbe e e snb e e e snte e e nnaee e e 98
9.1 MENOUOIOQY ..ottt ettt 98

9.2  Neck Torsion Repeatability RESUILS..........ccoviiiiiiiiei e 98



9.21 THOR-50M Neck EB6007 testing at VRTC .......ccccooeviineicineneeseseeeenieee 99

9.2.2 THOR-50M Neck EB6006 testing at VRTC ......ccccoveiieinineieieese e 101
9.2.3 THOR-50M Neck EB6005 testing at VRTC .....ccovveiieieineieiee s 104
9.24 THOR-50M Neck EB6007 testing at HUMANELICS.........cceevevvieeiieiecieseene 106
9.25 THOR-50M Neck EB6007 testing at Calspan ...........cccoevvveeienieiieieceseenns 109
9.3  Neck Torsion Dummy Reproducibility RESUILS..........ccccceerveieiiieiiee e 111
9.4 THOR-50M Neck EB6007 Lab-to-Lab Variability Analysis..........ccccocooviinininnnnne 112
9.5  Corridor DeVEIOPMENL........coiiiieieiee e 114
10 UPPER THORAX ...ttt ettt ettt e st e et e et e e e snb e e e snb e e e nnaeeennneeans 116
10.1  MENOUOIOQY ....vvveeieeiieieeeste bbbttt 116
10.2 Upper Thorax Repeatability RESUILS ..........cccooiiiiiiiiieee e 117
10.2.1 THOR-50M DL9207 testing at VRTC ....cooiveiiiieiieieeie e 117
10.2.2 THOR-50M DO9798 testing at VRTC ......ooveiiiiiiiiieeeeee e 120
10.2.3 THOR-50M DO9799 testing at VRTC ......oovoiiiiiiiieeeeeee e 123
10.2.4 THOR-50M DO9799 testing at HUMANEICS.........ccocvriiiiinieiee e 126
10.2.5 THOR-50M DO9799 testing at CalSpan..........c.ccovviiirininiiieie e 129
10.3  Upper Thorax Dummy Reproducibility ReSUItS ...........cccoviiiiiiiiiicceece e, 133
10.4 Lab-to-Lab Variability ANalySiS .........cceiieiiiieii e 133
10.5 Corridor DEVEIOPMENL.........cciviiieiie et 135
11 LOWER THORAX ..ottt sttt sa ettt neebe e enenre s 136
0 Y =11 T (o] (oo YA PSPPSR 136
11.2  Lower Thorax Repeatability RESUILS..........cccccoueiieiiiieiecece e 137
11.2.1 THOR-50M DL9207 testing at VRTC ......ccooeviiiiieieseceese s 138
11.2.2 THOR-50M DO9798 testing at VRTC ......cooeviiiiieeseieese e 140
11.2.3 THOR-50M D0O9799 testing at VRTC ......ccooeviiiiieesieseese e 143
11.2.4 THOR-50M DQO9799 testing at HUMANELICS........c.cooveveiieiieiese e 146
11.2.5 THOR-50M D0O9799 testing at Calspan..........cccccvevieiiieiie e 148
11.3 Lower Thorax Dummy Reproducibility RESUIS...........cccooiiiiiiiiiiii e 151
11.4 Lab-to-Lab Variability ANAIYSIS .......cccooiiiiiiiiiicee e 152
11.5 Corridor DEVEIOPMENT.. ..ot 153

12 LOWER ABDOMEN ... .cooiiiiiiieiiie et bbb 156



02200 R Y =11 T T (o] (oo YA PSSR 156

12.2  Lower Abdomen Repeatability RESUILS...........ccccveiiiiiiicice e 157
12.2.1 THOR-50M DL9207 Lower Abdomen Assembly #1 testing at VRTC ........... 157
12.2.2 THOR-50M DL9207 Lower Abdomen Assembly #2 testing at VRTC ........... 158
12.2.3 THOR-50M DL9207 Lower Abdomen Assembly #3 testing at VRTC ........... 159
12.2.4 THOR-50M DO9799 Lower Abdomen Assembly #3 testing at Humanetics .. 160
12.2.5 THOR-50M DO9799 Lower Abdomen Assembly #3 testing at Calspan......... 161

12.3 Lower Abdomen Dummy Reproducibility ReSUILS.............cccooiiiiiiiiiiic e 162

12.4  Lab-to-Lab Variability ANAIYSIS .......cccoooiiiiiiiiiice e 163

12.5  Corridor DEVEIOPMENT.......ccuiiiiiiieiei e 164

IR T | SRR 166

13,1 IMENOUOIOGY ....eeveiieiieie ettt 166

13.2  Knee Repeatability RESUILS .........coviiiiiiiee e 167
13.2.1 THOR-50M DL9207 Left Knee testing at VRTC .......ccooviiiiiiienccencsens 167
13.2.2 THOR-50M DL9207 Right Knee testing at VRTC .......ccoceiiieiineniieniienns 169
13.2.3 THOR-50M DO9798 Left Knee testing at VRTC .........cooviiieiiieniienineas 170
13.2.4 THOR-50M D09798 Right Knee testing at VRTC........ccccovivieieivieieieneienns 172
13.2.5 THOR-50M D09799 Left Knee testing at VRTC ........ccoevviiiieneiiieceeeens 173
13.2.6 THOR-50M D09799 Right Knee testing at VRTC........ccccovvvvieieiiieieeeein 175
13.2.7 THOR-50M DQO9799 Left Knee testing at Humanetics.............cccoovevvevveieennene 176
13.2.8 THOR-50M D09799 Right Knee testing at Humanetics ............c.ccccceevveeeennnne 178
13.2.9 THOR-50M DO9799 Left Knee testing at Calspan...........ccccccvvvvevveveiicieennne 179
13.2.10 THOR-50M D09799 Right Knee testing at Calspan............c.ccccceeevvevverieennenn. 181

13.3  Knee Dummy Reproducibility RESUILS ...........cccoveiiiiiiiicicc e 182

13.4 Lab-to-Lab Variability ANalySiS .........cceiieiiiiiiii e 183

13.5  Corridor DEVEIOPMENL.......c.ccviiieieee ettt sre e 185

14 UPPER LEG ...ttt sttt na ettt 187

o R Y/ 1= 1 ToTo (o] [0 |V USRS PP 187

14.2  Upper Leg Repeatability RESUITS .......c.ccoriiiiiiiiiiicee e 188
1421 THOR-50M DL9207 Left Upper Leg testing at VRTC......ccccoeiiieiiiiiininns 188

14.2.2 THOR-50M DL9207 Right Upper Leg testing at VRTC ..o 190



14.2.3 THOR-50M EG2595 Left Upper Leg testing at VRTC........cccoeevvveveiieneenne 192

14.2.4 THOR-50M EG2595 Right Upper Leg testing at VRTC ........ccccocvvevvvieiiennnne 194
14.25 THOR-50M DO9799 Left Upper Leg testing at VRTC .......cocvvvevveveiiieneennne 196
14.2.6 THOR-50M DO9799 Right Upper Leg testing at VRTC ........cccevvvevviiieieennnne 198
14.2.7 THOR-50M DO9799 Left Upper Leg testing at TRC .......ccccccvvvevveieiieiiene 200
14.2.8 THOR-50M DO9799 Right Upper Leg testing at TRC........cccccevvevviieiiennne 202
14.2.9 THOR-50M DO9799 Left Upper Leg testing at Karco ..........cccocevevvieninnnnns 204
14.2.10 THOR-50M DO9799 Right Upper Leg testing at Karco...........cccccocevervriennnnn 206
14.3 Upper Leg Dummy Reproducibility RESUIES..........c.coveieiiiiiiiiiieiec e 209
14.4  Lab-to-Lab Variability ANAIYSIS .......cccooiiiiiiiiiiicee e 209
14.5  Corridor DEVEIOPMENT.. ..ot 211
15 ANKLE INVERSION ... .ottt e et e e e e s e e e nnae e e nnaeeen 214
15.1  MENOUOIOQY ....veveiieiieie ettt 214
15.2 Ankle Inversion Repeatability RESUILS............cooiiiiiiiiiiiee e 214
1521 THOR-50M Left Lower Leg DL0202 testing at VRTC .......coceivveiiiinininnns 215
15.2.2 THOR-50M Right Lower Leg DL5404 testing at VRTC ..o 217
15.2.3 THOR-50M Left Lower Leg 069 testing at VRTC........coceoveviivieiieieiieseene 219
15.2.4 THOR-50M Left Lower Leg DL0202 testing at Humanetics...............cccceeu... 221
15.2.5 THOR-50M Right Lower Leg DL5404 testing at Humanetics.............c.cccoc..... 223
15.2.6 THOR-50M Left Lower Leg DL0202 testing at Calspan..........c.ccccceevevveieennnne 225
15.2.7 THOR-50M Right Lower Leg DL5404 testing at Calspan............ccccceevveeveennnne 227
15.3  Ankle Inversion Dummy Reproducibility ResUults...........cccooviieiiiciieie e, 229
15.4 Lab-to-Lab Variability ANalysiS .........ccceiveiiiiiiicic e 229
15.5  Corridor DEVEIOPMENL.......c.ccviiieiie ettt 231
16 ANKLE EVERSION .....coiiiiiiiitiieesesee ettt ena et sne s 234
T8 R Y [=1 1 7o (o] (oo YA PSPPSR 234
16.2 Ankle Eversion Repeatability RESUILS..........coovieiieiiiiiie e 235
16.2.1 THOR-50M Left Lower Leg DL0202 testing at VRTC .......cocevvveiiieiininnns 235
16.2.2 THOR-50M Right Lower Leg DL5404 testing at VRTC ......cccccevveveiiieieenne 237
16.2.3 THOR-50M Left Lower Leg 069 testing at VRTC........cccovvveveieneniieninenns 239

16.2.4 THOR-50M Left Lower Leg DL0202 testing at Humanetics............c.ccocuvvnene 241



16.2.5 THOR-50M Right Lower Leg DL5404 testing at Humanetics.............cccccveu... 243

16.2.6 THOR-50M Left Lower Leg DL0202 testing at Calspan..........cccccceevvvvereennnne 245
16.2.7 THOR-50M Right Lower Leg DL5404 testing at Calspan............ccccceevvervennene 247
16.3 Ankle Eversion Dummy Reproducibility ReSUItS..........ccccoveveiieiiiiieseece e 249
16.4 Lab-to-Lab Variability ANalySiS .........ccceiveiiiiieiieie e 250
16.5  Corridor DEVEIOPMENL.......c.eciiiiieieeie ettt 252
A = Y I O T 0 1 I ISR 254
17.1  MENOUOIOQY ....veveieeiieiet bbbttt 254
17.2 Ball of Foot Impact Repeatability RESUIES ............cooveiiiiiiii 254
1721 THOR-50M Left Lower Leg DL0202 testing at VRTC .......coceiiviiiiinininnns 255
17.2.2 THOR-50M Right Lower Leg DL5404 testing at VRTC ..o 257
17.2.3 THOR-50M Left Lower Leg 069 testing at VRTC........cccoviviveneneniieiininns 259
17.2.4 THOR-50M Left Lower Leg DL0202 testing at Humanetics............c.ccocevvenene 261
17.2.5 THOR-50M Right Lower Leg DL5404 testing at Humanetics.............c.ccocvevee. 263
17.2.6 THOR-50M Left Lower Leg DL0202 testing at Calspan ............ccccocevervrinnnns 265
17.2.7 THOR-50M Right Lower Leg DL5404 testing at Calspan............cccccoeevvninnne 267
17.3 Ball of Foot Impact Dummy Reproducibility ReSUItS ..........c.cccevviieiieiiccceccec, 269
17.4 Lab-to-Lab Variability ANalySiS .........cceiieiiiiiiiiee e 269
17.5  Corridor DEVEIOPMENL.......c.cciiiieiie ettt 271
18 HEEL IMPAGCT ..ottt sttt ettt ne et ne s 272
S T8 R Y [=1 1 7o (o] (oo Y APPSR 272
18.2 Heel Impact Repeatability RESUILS..........ccccivviiiiiiccc e 273
18.2.1 THOR-50M Left Lower Leg DL0202 testing at VRTC .......ccceevvevveiiiieiieennnne 273
18.2.2 THOR-50M Right Lower Leg DL5404 testing at VRTC ......c.cccevveviiieiieennnne 274
18.2.3 THOR-50M Left Lower Leg 069 testing at VRTC........coeeveviiieieeieiicseee 275
18.2.4 THOR-50M Left Lower Leg DL0202 testing at Humanetics...............cccevene.. 276
18.2.5 THOR-50M Right Lower Leg DL5404 testing at Humanetics................c....... 278
18.2.6 THOR-50M Left Lower Leg DL0202 testing at Calspan............ccccooceverininnns 279
18.2.7 THOR-50M Right Lower Leg DL5404 testing at Calspan............ccccccevveninnne 280
18.3 Heel Impact Dummy Reproducibility RESUIS .........ccoeiiiiiiiiiiice 281

18.4 Lab-to-Lab Variability ANAlYSIS .......cccooiiiiiiiiiiiicee e 281



18.5  Corridor DEVEIOPMENL.......cveiiiieiiieie ettt sreesneenee e

19 SUMMARY
REFERENCES ..



1 BACKGROUND

For several years, the National Highway Traffic Safety Administration (NHTSA) has actively
supported the development of an advanced frontal crash test dummy that incorporates improved
biofidelic features and significantly expanded instrumentation. The THOR-50M (Test Device for
Human Occupant Restraint) represents the latest advanced 50" percentile male dummy for frontal
impacts. The primary design objectives included:

a) Biofidelity in mass, size, surface geometry, and dynamic response

b) Repeatability and reproducibility of performance

c) Durability - minimization of damage in severe test environments

d) Incorporation of specific instrumentation relevant to injury assessment

The design approach included a systematic evaluation of design requirements for each of these
objectives. This study specifically addresses the repeatability and reproducibility design objective
by performing multiple qualification test series on three different THOR-50M dummies, and
quantitatively assessing the repeatability and reproducibility of their responses. This assessment of
repeatability and reproducibility is based on full body qualification tests on the head, face, thorax,
and abdomen, as well as neck and leg component qualification tests, as specified in the THOR 50"
Percentile Male (THOR-50M) Qualification Procedures Manual (NHTSA, 2019).

2 OBJECTIVES

Background. NHTSA has previously established qualification test procedures, which are
described in the THOR-50M Qualification Procedures Manual. The rationale behind the
procedures themselves (probe masses, velocities, other test conditions, and dummy
measurements) and why they are appropriate for the THOR-50M is related to the biofidelity
targets for the dummy and the means in which the dummy is used to assess trauma risk (through
measurements of forces, accelerations, and displacements) (Parent et al., 2017). The rationale
for all qualification test procedures and response requirements are discussed fully in a separate
report (NHTSA, in progress).

Thus, the test procedures are highly related to the dummy’s instrumentation. While not always
feasible, an attempt was made to measure each instrument used in the calculation of injury
criteria and to assess the performance at a severity level like that experienced during a vehicle
crash test. The set of injury criteria considered to meet this objective are those used in the
assessment of the THOR-50M response in the oblique moving deformable barrier test mode
(Saunders et al., 2015).



Quialification targets and tolerances. In specifying qualification tests and acceptance criteria,
NHTSA’s goal is to assure that a “pass” is a true indicator of a dummy that is uniform in its
design and performance. This goal is achieved by ensuring that the tests themselves are
repeatable (the similarity of responses from a single dummy when subjected to multiple repeats
of a given test condition) and reproducible (the similarity of test responses from multiple
dummies when subjected to multiple repeats of a given test condition), and by setting limits (or
tolerances) on the qualification targets to ensure that all future dummies are uniform. For the
THOR-50M, the limits have been set at +10% of a nominal target for each measurement — wide
enough to account for normal variations in dummy and laboratory differences, and narrow
enough to assure consistent and repeatable measurements in standardized testing with the
dummy.

We also considered limits calculated from the mean response + two standard deviations. If this
practice was applied to the data collected herein, it would have narrowed the window of
acceptability for almost all responses. However, most of the THOR-50M components were new
at the time of testing, and the allowance of £10% thus accounts for slight variations that may
arise from different dummy manufactures or lot-to-lot differences in the fabrication of parts from
the same manufacturer. It also accounts for slight changes to individual THOR-50M units over
time, either due to aging of polymeric components or wear and tear under normal use.

The limits of £10% for the THOR-50M are in line with those for the other Part 572 ATDs. For
instance, the Hybrid 111 10-year-old child dummy (HI11-10C, Subpart T) limits are spaced +9.9%
from the nominal midpoint on average. The low is 8.4% (neck rotation in the neck extension
test) and the high is 10.8% (seen in two qualifications: neck moment in the extension test and
chest deflection in the thorax impact test). Limits of £11% represent the average for all Part 572
dummies.

Purpose of this data collection exercise. This exercise sets out to perform tests at multiple labs
using multiple THOR-50M units for the following purposes:

« Set the qualification target for each response.

* Assess the ability of a particular dummy or lab to attain the targets (within +/- 10%).

« Identify possible errors, discrepancies, and ambiguities in the qualification procedures.
* Reveal and resolve functional limitations of the dummy.

Sources of variability. In assessing the ability to attain the target responses, this study evaluates
the sources of variability that could affect the outcome of the tests. By running multiple tests for
each type of qualification test on three dummies at one lab and one of those three dummies at
two different labs, we were able to identify and quantify factors contributing to the overall
variability. Four basic components were examined: Test Repeatability, Dummy Repeatability,
Test Reproducibility, and Dummy Reproducibility.



Test Repeatability. Test repeatability is a measure of the similarity of responses from the same
test article (i.e., a single dummy with a high degree of dummy repeatability as defined below) at
a single laboratory when subjected to multiple repeats of a given test condition. Good test
repeatability indicates a high degree of uniformity in the way a given lab carries out their tests.
Poor test repeatability usually indicates a problem exists with a test lab’s internal test protocol or
test equipment.

Dummy Repeatability. Dummy repeatability is a measure of how much the response of a given
dummy changes during the course of testing. A dummy with a high degree of dummy
repeatability exhibits little change. A change in response could be caused by a hardening or
softening of polymeric components over time or the propagation of cracks and other defects that
occur after repeated impacts. If this is detected, protocols for assessing damage should be
followed. Repeatability could also be affected by users who do not adhere to the Procedures for
Assembly and Disassembly, and Inspection (i.e., the PADI, which is incorporated by reference in
Part 572). Dummies are routinely disassembled and re-assembled, and misaligned components
or improper settings (such as the joint torques) could result in poor repeatability.

Test Reproducibility. Test reproducibility is a measure of how well a given test procedure can be
duplicated at other labs. It is typically assessed using the same dummy to guard against
variability among test articles that could confound the assessment. Good test reproducibility
indicates test procedures are well defined. Poor reproducibility usually indicates lab-to-lab
differences in the way a test is set up, in the equipment or instrumentation used, or in some other
factor associated with the accuracy of measurements. Poor test reproducibility also indicates
further specificity may be needed in written qualification test procedures.

Dummy Reproducibility. Dummy reproducibility is a measure of variability within the dummies
themselves (three different dummies from the same manufacturer were tested). Dummy
reproducibility is typically assessed using dummy units that have been shown to produce
repeatable responses and using test procedures known to be repeatable and reproducible. If
variability is identified from one dummy to another, they are examined more closely to discern
any differences among them. Poor dummy reproducibility is usually caused by variability in the
way dummy components are manufactured, including the selection of raw materials and the
manufacturing processes.

Interpreting Repeatability and Reproducibility Assessments. At each test lab, the primary
objective was to conduct a series of trials in a highly repeatable manner. Once an initial test was
run, the succeeding trials were carried out the same way without changing input parameters. In
other words, even if the initial trial may have appeared to be too high or too low relative to a
target response, no adjustment to the input parameters was made to succeeding trials. Thus, the
repeatability assessments took priority because of the difficulties with assessing reproducibility
without high repeatability.



Furthermore, the targets had not been set at the time the trials were run and PASS/FAIL
thresholds had not been established. Since there was no target, there was never an attempt to
adjust input parameters or replace parts as long as there was a high degree of repeatability.

Thus, the assessments of Test Reproducibility and Dummy Reproducibility should be viewed as
conservative assessments. That is, the number of trials that would ultimately be considered
FAILs is higher than what would be expected when the dummy is put into service. In practice,
we would expect labs to take appropriate actions, as described herein, if an initial trial produces a
FAIL.

Also, our design of experiments did not provide a means to assess Dummy Repeatability and Test
Repeatability separately. Thus, our quantitative assessment of repeatability is reported herein as
a combined measure of Dummy/Test Repeatability. However, in cases where the coefficient of
variation (CV) for Dummy/Test Repeatability was high we investigated the root cause further
(see Methods for definition of CV). Therein, we were usually able to deduce whether it was due
to a test fixture problem (i.e., a Test Repeatability issue) or whether a part on the dummy became
deformed, dislodged, or otherwise caused test-to-test variations (i.e., a Dummy Repeatability
issue). Details of such investigations are provided herein.

Quialification Targets. For each qualification requirement, a target response +10% is specified
(see Table 2-1 below). The target responses were determined from the exercise described herein.



Table 2-1. THOR-50M Qualification Tests and Requirements

Test Measurement Units Nominal Acceptance
Target Interval
1. Head Impact Peak Probe Force _ N 5580 5022 - 6138
Peak Head CG Resultant Acceleration G 117.0 105.3 -128.7
2. Face Impact Peak Probe Force ' N 7098 6378 - 7796
Peak Head CG Resultant Acceleration G 138 124 - 152
Peak Upper Neck My N-m 31.0 279-34.1
3. Neck — Flexion Upper Neck Fz Most Posit_ive Value Pr_ior to 40 ms N 860 774 - 946
’ Peak Head Angular Velocity w,, (relative to earth) | deg/sec 1975 1777 - 2172
Peak Head Rotation (relative to pendulum) deg 64.5 58.1-71.0
Peak Upper Neck My N-m 23.0 20.7-25.3
4. Neck — Peak Upper Neck Fz N 2918 2626 — 3210
Extension Peak Head Angular Velocity w, (relative to earth) | deg/sec 2061 1855 — 2267
Peak Head Rotation (relative to pendulum) deg 65.0 58.5-71.5
Upper Neck Mx first peak after 40.0 ms N-m 49.7 44.8 —54.7
5. Neck — Lateral First Peak Head Angular Veelocity w, deglsec | 1362 1226 - 1498
(relative to earth)
Peak Head Rotation (relative to pendulum) deg 41.7 37.6 -45.9
Peak Upper Neck Mz N-m 414 37.3-45.6
6. Neck — Torsion First Peak Upper Neck Angular Velocity «, deg/sec | 1390 1251 - 1529
(relative to earth)
Peak Neck Fixture Rotation deg 47.9 43.1-52.7
Peak Probe Force N 3039 0-3039
Peak Upper Resultant Deflection mm 53.6 48.3 -59.0
7. Upper thorax Difference Between mm 0 5105
Peak Left & Right Resultant Deflections
Force at Peak Resultant Deflection N 2677 2409 — 2944
8. Lower thorax Peak Prope Force N 3484 3136 — 3832
Resultant Deflection at Peak Force mm 50.9 45.8 — 56.0
Peak Probe Force 2918 2626 — 3210
9. Lower Lower Abdomen X-axis Deflection
abdomen at Time of Peak Force N 830 744-91.3
Differ_ence Bet\{veen _ mm 0 8108
Peak Left & Right X-axis Deflections
Peak Probe Force N 8333 7500 — 9166
10. Upper leg Peak Femur Force, Fz N 4920 4428 — 5412
Peak Resultant Acetabulum Force N 2738 2464 — 3012
11. Knee Peak Ft_amur Z-axis Force N 6506 5855 — 7156
Knee Deflection at Peak Femur Force mm 20.2 18.2-22.2
12. Ankle Peak Lowe_r T_ibia Fz N 505 454 — 555
inversion Peak Ankle ReS|st!ve Moment N-m 39.1 35.2-43.0
Peak Ankle X-axis Rotation deg 34.5 31.0-37.9
Peak Lower Tibia Fz N 571 514 — 629
13. Ank_le Peak Ankle Resistive Moment N-m 43.0 38.7-47.3
eversion Peak Ankle X-axis Rotation deg 29.6 26.6 —32.5
Peak Lower Tibia Fz N 3170 2853 — 3487
14. Ball of foot Peak Ankle Resistive Moment N-m 55.3 49.8 — 60.8
Peak Ankle Y-axis Rotation (in dorsiflexion) deg 33.8 30.4 —37.2
15. Heel Peak Lower Tibia Fz N 3162 2846 - 3478

Note: For comparison purposes, unless otherwise noted, only positive values are shown for the Nominal Target
1362 deg/sec), are defined by

and Acceptance Range. Some targets, such as Neck Flexion Angular Velocity (oy

negative values.




3 METHODOLOGY

The tests for each body region were performed according to the qualification test procedures
described in the THOR-50M Qualification Procedures Manual. The THORSs used in this study
were manufactured by Humanetics, delivered in approximately 2014, and have been updated
along the way to correct minor design issues (e.g., IR-TRACCs were pinned to prevent
erroneous movement). As tested, these THORs meet the requirements of the THOR-50M
Drawing Package (NHTSA, 2018). All test data in this report was collected in compliance with
SAE J211 polarity specifications.

Unless mentioned otherwise in the subsequent sections, THOR S/Ns 9207, 9798, and 9799 were
tested at NHTSA’s Vehicle Research and Test Center (VRTC), and then 9799 was tested at
Humanetics® and Calspan?; however, there are some exceptions such as the face, lower abdomen,
and upper leg test modes, described in more detail in those sections. For neck tests, the necks
utilized were new at the time of testing to ensure that they were straight and undamaged; as such,
the neck serial numbers, rather than the ATD serial number, were used to describe the tests.

As previously stated, three dummies were subjected to repeat tests in each test condition at
VRTC, and one of the three dummies was tested at two other labs, Humanetics and Calspan.
The upper leg test procedures were revised after these labs originally tested the dummies;
therefore, in addition to VRTC, TRC Inc.? and Karco? provided the data for test reproducibility
for the upper leg. The data acquired from these tests was used to assess repeatability and
reproducibility; this data was also used to generate the qualification targets for each response
requirement.

Results were assessed using the following criteria for the CV, where CV is defined as the
percentage of the standard deviation divided by the mean of the data set:

Below 5%: No further investigation needed
Between 5% - 10%: Sources of variability investigated; outliers may exist

Greater than 10%: Test procedure thoroughly reviewed and dummies inspected.

! Humanetics Innovative Solutions, 23300 Haggerty Rd. Farmington Hills, MI 48335
2 Calspan, 4455 Genesee Street, Buffalo, NY 14225
% Transportation Research Center Inc., 10820 OH-347, East Liberty, OH 43319

4 KARCO Engineering, LLC, Automotive Research Center, 9270 Holly Road, Adelanto, CA 92301



A set of responses with a CV below 5% indicates a highly repeatable and reproducible condition.
In this study, the responses in all tests with a CV below 5% were also within £10% of the target
response, and no further examination of the data or test condition was carried out.

When a test condition produced a CV above 5%, a response in at least one test was outside the
+10% limits, and when the CV exceeded 10%, several tests were outside the limits. In these
instances, a close examination of the data and procedure was performed to pinpoint the source of
the variability. We provided an explanation (where possible) for the likely source of the
variation.

Only data collected through this analysis was used to compute the target responses. Although
only a limited number of units and test laboratories were included in this analysis, and data from
other laboratories and dummies may exist, exclusively using the data from this report to compute
the target responses ensures integrity of the process. By limiting the analysis to our own data,
we were better able to control test variables that could confound our ability to assess the
uniformity of the dummy. These test variables include the configuration of the dummy (older
versions, or otherwise modified versions of the 2018 NHTSA version) and other variations
associated with lab-to-lab test equipment and procedures.

At the end of each section under the heading of “Corridor Development,” a table of all tests
provides a glimpse at how well particular dummies or labs were able to achieve a uniform
response. The table highlights any test that was outside the £10% limits, and a discussion is
provided on the circumstances associated with the non-conforming tests.

The CV and standard deviation for all tests combined are also listed in the table. The CV may be
interpreted as the basis for considering alternate qualification limits set at + 2*CV in lieu of
+10%. Thus, when CVs are below 5% it may be feasible to narrow them. However, doing so
would assume that data from other labs and other dummies are consistent with the data reported
herein. Likewise, when CVs are above 5%, widening the limits beyond £10% may be
considered. But doing so would ignore any reductions in CVs that could be attained by
improving repeatability and reproducibility as discussed at the end of each section.

4 HEAD

4.1 Methodology

Repeatability and reproducibility tests were performed using the head qualification procedures
described in the THOR-50M Qualification Procedures Manual. The head qualification test is a
dynamic test performed to examine the force-time and acceleration-time characteristics of the
head when impacted on the forehead with a 23.36 kg rigid impactor at 2.00 + 0.05 m/s



(Figure 4-1). During these tests, the probe force and the head center of gravity (CG) resultant
acceleration were measured.

Figure 4-1. Head impact test setup

4.2 Head Impact Repeatability Results

Sections 4.2.1 through 4.2.5 illustrate the results of the head impact repeatability tests. Each
section contains a table providing the test data, followed by plot overlays of the five repeat tests
conducted at all three labs. Note that the data in the tables containing the results of each test
series are listed sequentially, with the test at the top of the table beginning the test series.

421 THOR-50M DL9207 testing at VRTC

Repeatability results at VRTC for DL9207 displayed CV values below 5% (Table 4-1, Figure
4-2 and Figure 4-3).

Table 4-1. VRTC THOR-50M DL 9207 Head Impact Repeatability Results

Peak Probe Force Peak Head CG .
Test Number Resultant Acceleration
(N)
©G)
082814 01 5578 113.2
082814 02 5557 118.0
082814 03 5570 116.4
082814 04 5602 114.9
082814 05 5580 114.3
Mean 5578 115.4
Std. Dev. 16 1.9
CV 0.3% 1.6%
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Figure 4-2. VRTC head impact probe force repeatability for DL9207
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Figure 4-3. VRTC head impact head resultant CG acceleration repeatability for DL9207




422 THOR-50M DL9798 testing at VRTC

Repeatability results at VRTC for DO9798 displayed CV values below 5% (Table 4-2, Figure
4-4 and Figure 4-5).

Table 4-2. VRTC THOR-50M D0O9798 Head Impact Repeatability Results

Peak Probe Force Peak Head CG .
Test Number Resultant Acceleration

(N) @)

082714 01 5586 116.7

082714 02 5605 116.9

082714 03 5525 116.3

082714 04 5553 116.5

082714 05 5522 115.2

Mean 5558 116.3
Std. Dev. 37 0.7

CV 0.7% 0.6%
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Figure 4-4. VRTC head impact probe force repeatability for DO9798
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Figure 4-5. VRTC head impact head resultant CG acceleration repeatability for DO9798
4.2.3 THOR-50M DO9799 testing at VRTC

Repeatability results at VRTC for DO9799 displayed CV values below 5% (Table 4-3, Figure
4-6 and Figure 4-7).

Table 4-3. VRTC THOR-50M D09799 Head Impact Repeatability Results

Peak Probe Force Peak Head CG .
Test Number Resultant Acceleration
(N) )
082714 01 9799 5520 111.8
082714 02 9799 5614 117.3
082714 03 9799 5601 115.1
082714 04 9799 5567 115.1
082714 05 9799 5584 114.9
Mean 5577 114.8
Std. Dev. 36 1.9
CVv 0.7% 1.7%
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Figure 4-6. VRTC head impact probe force repeatability for DO9799
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Figure 4-7. VRTC head impact head resultant CG acceleration repeatability for DO9799




4.2.4 THOR-50M DO9799 testing at Humanetics

Repeatability results at Humanetics for DO9799 displayed CV values below 5% (Table 4-4,
Figure 4-8 and Figure 4-9).

Table 4-4. Humanetics THOR-50M DO9799 Head Impact Repeatability Results

Peak Probe Force Peak Head CG .
Test Number Resultant Acceleration
(N)
©)
249 5569 118.2
251 5595 118.4
253 5572 118.8
255 5529 117.4
256 5544 118.6
258 5534 131.3
Mean 5557 120.5
Std. Dev. 26 5.3
CV 0.5% 4.4%
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Figure 4-8. Humanetics head impact probe force repeatability for DO9799
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Figure 4-9. Humanetics head impact head resultant CG acceleration repeatability for DO9799
425 THOR-50M DO9799 testing at Calspan

Repeatability results at Calspan for DO9799 displayed CV values below 5% (Table 4-5, Figure
4-10 and Figure 4-11).

Table 4-5. Calspan THOR-50M D0O9799 Head Impact Repeatability Results

Peak Probe Force Peak Head CG .
Test Number Resultant Acceleration
(N) ©)
20160629100136 5711 121.6
20160629112922 5700 1175
20160629123310 5618 117.8
20160629133449 5522 112.4
20160629143613 5618 116.8
Mean 5634 117.2
Std. Dev. 77 3.3
CV 1.4% 2.8%
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Figure 4-10. Calspan head impact probe force repeatability for DO9799
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Figure 4-11. Calspan head impact head resultant CG acceleration repeatability for DO9799




4.3 THOR-50M Head Impact Dummy Reproducibility Results at
VRTC

Dummy Reproducibility results at VRTC for the head impact qualification tests yielded CV
values all below 5% (Table 4-6).

Table 4-6. THOR-50M Head Impact Dummy Reproducibility Results

Dummy Test Number Peak Probe Peak Head CG Resultant
Force (N) Acceleration (G)
082814 01 5578 1132
082814 02 5557 118.0
S’g;og 082814 03 5570 116.4
082814 04 5602 114.9
082814 05 5580 1143
082714 01 5586 116.7
082714 02 5605 116.9
S’(';QT?gS 082714 03 5525 116.3
082714 04 5553 1165
082714 05 5522 115.2
082714 01 5520 111.8
082714 02 5614 117.3
|3V§9T7§9 082714 03 5601 115.1
082714 04 5567 1151
082714 05 5584 114.9
Mean 5571 1155
Std. Dev. 30 16
cV 0.5% 1.4%

4.4 Lab-to-Lab Variability Analysis

The results of the head qualification tests from each lab are presented in Table 4-7. The
repeatability within each lab is indicated by CV values below 5%. The last four rows of the table
show the Test Reproducibility results when data from all 3 labs are combined.



Table 4-7. THOR-50M Head Impact Lab-to-Lab Variability Results

Peak Probe Force Peak Head CG .
Dummy Resultant Acceleration
(N) @)
5520 111.8
VRTC 5614 117.3
DO9799 5601 115.1
5567 115.1
5584 114.9
5569 118.2
5595 1184
Humanetics 5572 118.8
DO9799 5529 1174
5544 118.6
5534 131.3
5711 121.6
| 5700 1175
ggg%g 5618 117.8
5522 1124
5618 116.8
Test Reproducibility
DO9799 ALL Labs
Mean 5587 117.7
Std. Dev. 57 4.4
CcVv 1.0% 3.7%

4.5 Corridor Development

All the data used to determine the head qualification corridors is shown in Table 4-8. The
qualification corridors were calculated using the mean plus or minus 10% of the peak for the
specified measured or calculated channels (Table 4-9).



Table 4-8. THOR-50M Head Impact Qualification Corridor Results

Peak Probe Peak Head CG
Dummy Test Number Resultant Acceleration
Force (N) @)
082814 01 5578 113.2
082814 02 5557 118.0
3/59-257 082814 03 5570 116.4
082814_04 5602 114.9
082814 _05 5580 114.3
082714 01 5586 116.7
082714 02 5605 116.9
[;/oRgT738 082714 03 5525 116.3
082714 04 5553 116.5
082714 05 5522 115.2
082714 01 5520 111.8
082714 02 5614 117.3
VLIS 082714_03 5601 115.1
082714 04 5567 115.1
082714 05 5584 114.9
249 5569 118.2
251 5595 1184
Humanetics 253 5572 118.8
D0O9799 255 5529 117.4
256 5544 118.6
258 5534 131.3
20160629100136 5711 121.6
Cal 20160629112922 5700 1175
o079 20160629123310 5618 117.8
20160629133449 5522 1124
20160629143613 5618 116.8
Mean 5580 117.0
Std. Dev. 48 3.6
CVv 0.9% 3.1%
Table 4-9. Head Impact Response Requirements
Parameter Units | Min. | Max. | Nominal Target Coqu;ow'dth
Impact Velocity m/s 1.95 | 2.05 2.00
Peak Probe Force N 5022 | 6138 5580 10%
Peak Head CG
Resultant g 105.3 | 128.7 117.0 10%
Acceleration

Discussion. There were no instances in which a test did not achieve the target response = 10%.
All CVs were below 5%. There are no indications that there are problems with repeatability or
reproducibility for this test condition.



5 FACE
5.1 Methodology

Repeatability and reproducibility tests were performed using the face impact qualification
procedures described in the THOR-50M Qualification Procedures Manual. The face rigid disk
qualification test examines facial impact response to loading by a rigid 152.7 mm diameter
circular disk face of the 13.00 kg impactor at a velocity of 6.73 £ 0.05 m/s (Figure 5-1).

The face rigid disk qualification test follows the same procedure as the face rigid disk biofidelity
test; for the biofidelity test, the peak probe force range is 4400N to 8200N; there are no
biofidelity requirements for the head CG resultant acceleration. For this test series, face impact
tests were conducted on new, unused, face foams. The face foam is constructed of Confor foam,
which is a memory foam that necessitates an extensive recovery period after dynamic impact.
As specified in the THOR-50M Qualification Procedures Manual, at least 24 hours of recovery
was allowed between tests; this was an extended recovery period due to the “memory” nature of
the face foam. However, there was no additional conditioning performed on the face foams
between tests. As the response changes with subsequent tests, the series was complete once the
peak probe force exceeded the upper biofidelity limit of 8200 N; only those tests which fell
within the peak probe force biofidelity range were then included in the test matrix results. This
testing was performed using the same dummy, including head and face skin; since the force and
acceleration of the face test increases with each subsequent test, any dummy response variations
would be masked by the significant variations caused by the foam. Furthermore, the responses
were limited to fit between the biofidelity limits, effectively forcing the qualification corridors to
be a subset of the biofidelity limits. For these reasons, using a different dummy to evaluate each
foam wasn’t necessary. Therefore, THOR-50M serial number DO9799 was used with three
different face foams installed. During these tests, the probe force and the head CG resultant
acceleration were measured.

« 5

Figure 5-1. Face impact test setup



5.2 Face Impact Repeatability Results

Sections 5.2.1 through 5.2.4 illustrate the results of the face impact repeatability tests. Each
section contains a table providing the test data, followed by plot overlays of tests performed at
VRTC conducted on THOR-50M DO9799 with each face foam. Note that the data in the tables
containing the results of each test series are listed sequentially, with the test at the top of the table
beginning the test series.

52.1 THOR-50M DO9799, Foam #010, testing at VRTC

Repeatability results at VRTC for Face Foam #010 revealed that the CV values for peak probe
force and head CG resultant acceleration are above 5% but less than 10% (Table 5-1, Figure 5-2
and Figure 5-3). Nine tests were conducted before the face foam exceeded the 8200N upper
biofidelity limit for peak probe force. As shown in Table 5-1, for the most part, progressive
increases in both peak probe force and head CG resultant acceleration were evident with each
successive test as the test matrix proceeded.

Table 5-1. VRTC THOR-50M D09799 With Face Foam #010 Face Impact Repeatability Results

Peak Head CG
Test Number Peak Probe Force Resultar_lt
(N) Acceleration
(O]
161102-4 6495 124
161107-1 6277 125
161108-2 6619 128
161100-1 7065 1%
161110-1 6908 131
161114-3 7463 144
161115-8 7743 153
161117-2 7884 153
161121-1 7832 155
Mean 7143 138.9
Std. Dev. 612 12.6
% 8.6% 9.1%
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Figure 5-2. VRTC face impact probe force repeatability for THOR DO9799 with Face Foam #010
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Figure 5-3. VRTC face impact head CG resultant acceleration repeatability for THOR DO9799 with Face Foam #010



5.22 THOR-50M DO9799, Foam #011, testing at VRTC

Repeatability results at VRTC for Face Foam #011 revealed that the CV values for peak probe
force and head CG resultant acceleration are above 10% (Table 5-2, Figure 5-4 and Figure 5-5).
Eight tests were conducted before the face foam exceeded the 8200N upper biofidelity limit for
peak probe force. For the most part, progressive increases in both peak probe force and head CG
resultant acceleration were evident with each successive test as the test matrix proceeded.

Table 5-2. VRTC THOR-50M D0O9799 With Face Foam #011 Face Impact Repeatability Results

Peak Head CG
Peak Probe Force Resultant
Test Number (N) Acceleration

(©)
161102-5 6750 127
161107-2 6094 113
161108-3 6564 126
161109-2 6744 130
161110-2 6529 126
161114-4 7149 138
161115-9 8037 158
161117-3 8017 159
Mean 6986 134.5
Std. Dev. 706 16.2

CV 10.1% 12.1%
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Figure 5-4. VRTC face impact probe force repeatability for THOR DO9799 with Face Foam #011
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Figure 5-5. VRTC face impact head CG resultant acceleration repeatability for THOR D0O9799 with Face Foam #011
5.2.3 THOR-50M DO9799, Foam #012, testing at VRTC

Repeatability results at VRTC for Face Foam #012 revealed that CV values for peak probe force
and head CG resultant acceleration are above 5% but less than 10% (Table 5-3, Figure 5-6 and
Figure 5-7). As shown in Table 5-3, nine tests were conducted before the face foam exceeded
the 8200N upper biofidelity limit for peak probe force. For the most part, progressive increases
in both peak probe force and head CG resultant acceleration were evident with each successive
test as the test matrix proceeded.

Table 5-3. VRTC THOR-50M D09799 With Face Foam #012 Face Impact Repeatability Results

Peak Head CG
Peak Probe Force Resultant
Test Number (N) Acceleration
(©)
161102-6 6801 132
161107-3 6249 125
161108-4 6693 128
161109-3 7105 138
161110-3 6874 135
161114-5 7260 143
161116-1 7546 148
161117-4 8012 156
161121-3 7552 151
Mean 7121 139.7
Std. Dev. 534 10.6
CV 7.5% 7.6%
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Figure 5-6. VRTC face impact probe force repeatability for THOR D0O9799 with Face Foam #012
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Figure 5-7. VRTC face impact head CG resultant acceleration repeatability for THOR DO9799 with Face Foam #012



5.2.4 Humanetics and Calspan Face Repeatability

Since results from the VRTC tests revealed that the foam progressively degrades without full
recovery after multiple impacts, the face impact qualification tests on the same foams were not
performed at other labs; therefore, no results were assessed for the face foam at Humanetics or
Calspan.

5.3 THOR-50M Face Impact Dummy Reproducibility Results

Dummy Reproducibility results at VRTC for the face impact qualification tests revealed that the
CV values for peak probe force and head CG resultant acceleration are above 5%, but less than
10% (Table 5-4). The dummy reproducibility performed at VRTC was conducted on THOR-
50M DO9799 with each face foam.

Table 5-4. THOR-50M Face Impact Dummy Reproducibility Results

Peak Head CG
Peak Probe Resultant
Dummy Test Number Force (N) Acceleration

G)

161102-4 6495 124

161107-1 6277 125

161108-2 6619 128

VRTC DO9799 161109-1 7065 136
Face Foam #010 161110-1 6908 131
161114-3 7463 144

161115-8 7743 153

161117-2 7884 153

161121-1 7832 155

161102-5 6750 127

161107-2 6094 113

161108-3 6564 126

VRTC DO9799 161109-2 6744 130
Face Foam #011 161110-2 6529 126
161114-4 7149 138

161115-9 8037 158

161117-3 8017 159

161102-6 6801 132

161107-3 6249 125

161108-4 6693 128

161109-3 7105 138

A Fé;rgogn?%ﬁ 161110-3 6874 135
161114-5 7260 143

161116-1 7546 148

161117-4 8012 156

161121-3 7552 151

Mean 7087 138

Std. Dev. 596 13
CV 8.4% 9.3%




5.4 Lab-to-Lab Variability Analysis

As mentioned in Section 5.4, the foam progressively degrades without full recovery after
multiple impacts; as such, the face impact qualification tests on the same foams were not
performed at other labs so Test Reproducibility was not assessed.

5.5 Corridor Development

Only data from the tests performed at VRTC (Section 5.2) were used to develop the qualification
test corridors. All the data used to determine the face qualification corridors are shown in Table
5-5. The qualification corridors were calculated using the mean plus or minus 10% of the peak
for the specified measured or calculated channels (Table 5-6).

Table 5-5. THOR-50M Face Impact Qualification Corridor Results

Peak Head CG
Peak Probe Resultant

Dummy Test Number Force (N) Acceleration
(S)]
161102-4 6495 124
161107-1 6277 125
161108-2 6619 128
161109-1 7065 136

DO9799
161110-1 6908 131
Face Foam #010 161114-3 7463 144
161115-8 7743 153
161117-2 7884 153
161121-1 7832 155
1611025 6750 127
161107-2 6094 113
161108-3 6564 126
DO9799 161109-2 6744 130
Face Foam #011 161110-2 6529 126
161114-4 7149 138
161115-9 8037 158
161117-3 8017 159
161102-6 6801 132
161107-3 6249 125
161108-4 6693 128
161109-3 7105 138
FaceDlg)ZﬁiOlZ 161110-3 6874 135
1611145 7260 143
161116-1 7546 148
161117-4 8012 156
161121-3 7552 151
Mean 7087 138
Std. Dev. 596 13
cv 8.4% 9.3%




Table 5-6. Face Impact Response Requirements

Parameter Units | Min. | Max. | Nominal Target Corr|d+002)W|dth
Impact Velocity m/s 6.68 | 6.78 6.73
Peak Probe Force N 6378 | 7796 7087 10%
Peak Head CG o
Resultant Acceleration g 124 1 152 138 10%

Discussion. The Dummy Repeatability assessment reveals that the response of the face foam
changes from one impact to the next, which drove the CV above 5%. This condition was
observed for all three foams. Because of this, the CV for Dummy Reproducibility also exceeded
5%.

Table 5-5 shows all trials. As seen in the table, the force and acceleration show fairly gradual
and predictable increases from one test to the next, which indicates that the same foam may be
used for multiple applications of the dummy.

Instances in which the target response + 10% was not met are marked by yellow cells. The
failures always occurred early in the test series (too low) or the in the later tests (too high). When
a new foam is installed, the peak probe force for the second test in a series is lower than the first
test. This is a characteristic of many ATD foam components. The first impact to the foam
causes initial breakdown of the foam cells, so the first test often appears much different from
subsequent tests in the series. Thereafter, foam characteristics become more predictable from
test-to-test.

In the field, qualification tests are typically performed on a regular basis to identify worn or
damaged parts. These include foam parts as well as vinyl parts that may shrink over time and
molded rubber parts that may tear or stiffen. This practice applies to all ATDs.

For the THOR-50M in particular, end-users may need to track the responses of the foam from
one qualification test to the next in order to make an informed decision on whether to replace the
foam. If a response is too low, the foam may simply need an additional test to qualify. If a
response is near the upper limit, the foam may need to be replaced soon.

In summary, the predictable nature of the foam response and the relative ease of replacing a new
face foam greatly alleviate any concerns over Dummy Repeatability and Dummy Reproducibility.
This situation is readily manageable and represents only a minor impediment to achieving the
qualification targets.

Despite the elevated Dummy Repeatability, a high level of Test Repeatability was observed
because the same sequence of responses (second trial highest; progressive increase thereafter)
was observed in the trials for all three sets of foams. Test Reproducibility was not assessed (all
tests were run at a single lab).



6 NECK FLEXION
6.1 Methodology

Repeatability and reproducibility tests were performed using the neck flexion qualification
procedures described in the THOR-50M Qualification Procedures Manual. The flexion tests
resemble the Hybrid 111 head-neck pendulum test defined in CFR Title 49, Part 572, Subpart E
with 152.4 mm (6”) aluminum honeycomb used to decelerate the pendulum from an impact
velocity of 5.00 £ 0.05 m/s (Figure 6-1). For the flexion qualification tests, the head/neck
assembly was rigidly attached at the lower neck load cell to the bottom of the head-neck
pendulum; the pendulum was decelerated from the specified speed during contact with the
aluminum honeycomb. During these tests the upper neck Y-axis moment (My), upper neck Z-
axis force (Fz), head angular rate, and head rotation were measured.

Figure 6-1. Neck flexion test setup

6.2 Neck Flexion Repeatability Results

Sections 6.2.1 through Section 6.2.5 illustrate the results of the neck flexion repeatability tests.
Each section contains a table providing the quantified test data, followed by plot overlays of the
five repeat tests conducted at all three labs. Note that the data in the tables containing the results
of each test series are listed sequentially, with the test at the top of the table beginning the test
series.



6.21 THOR-50M Neck EB6007 testing at VRTC

Repeatability results at VRTC for neck EB6007 in the neck flexion qualification yielded CV
values below 5% in most instances (Table 6-1 and Table 6-2, and Figure 6-2 through Figure
6-5); the only exceptions were My and Fz, which were above 5% but less than 10%.

Table 6-1. VRTC THOR-50M Neck EB6007 Frontal Flexion Pulse Repeatability Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at
Test Number 8 ms afteyr TO 16 ms aftir TO 24 ms aft)ér TO

(m/s) (m/s) (m/s)
170328-1 1.72 3.43 4.89
170328-2 1.82 3.54 4,98
170328-4 1.75 3.46 4.85
170328-8 1.72 3.45 4.80
170328-9 1.81 3.50 4.82
Mean 1.76 3.48 4.87
Std. Dev. 0.05 0.04 0.07
CV 2.8% 1.3% 1.5%

Table 6-2. VRTC THOR-50M Neck EB6007 Frontal Flexion Repeatability Results

Upper Peak
Neck Fz Head
ek | o™ | pogulr | e e
Test Number Neck p\c/’;ﬂ\ée VeLc))mty (relative to
y
(lll\{lr)rlw) prior to (relative perzggél;m)
40 ms to earth)
(N) (deg/s)
170328-1 34.4 928 -1962 -64.7
170328-2 31.0 908 -1985 -64.4
170328-4 30.9 851 -1954 -63.7
170328-8 30.2 815 -1941 -64.8
170328-9 29.7 818 -1957 -63.9
Mean 313 864 -1960 -64.3
Std. Dev. 1.8 52 16 0.5
CcVv 5.8% 6.0% 0.8% 0.8%
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Figure 6-2. VRTC neck frontal flexion upper neck Y-moment repeatability for Neck EB6007
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Figure 6-3. VRTC neck frontal flexion upper neck Z-force repeatability for Neck EB6007
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Figure 6-4. VRTC neck frontal flexion angular velocity repeatability for Neck EB6007
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Figure 6-5. VRTC neck frontal flexion head rotation repeatability for Neck EB6007




6.2.2 THOR-50M Neck EB6006 testing at VRTC

Repeatability results at VRTC for Neck EB6006 in the neck flexion qualification yielded CV
values all below 5% with the exception of My which was above 5% but less than 10% (Table 6-3
and Table 6-4, and Figure 6-6 through Figure 6-9).

Table 6-3. VRTC THOR-50M Neck EB6006 Frontal Flexion Pulse Repeatability Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at
Test Number 8 ms after TO 16 ms after TO 24 ms after TO

(m/s) (m/s) (m/s)
170315-1 1.70 3.32 4.66
170315-3 1.67 3.33 4,71
170315-4 1.67 3.29 4.62
170315-5 1.72 3.43 4,76
170315-6 1.72 3.43 4.84
Mean 1.70 3.36 4,72
Std. Dev. 0.03 0.06 0.09
CV 1.5% 1.9% 1.8%

Table 6-4. VRTC THOR-50M Neck EB6006 Frontal Flexion Repeatability Results

Upper Peak
Neck Fz Head
o | "t | anar | Pt
Test Number Neck p\?;ﬂ:e Ve:‘(jaty (relative to
y
(lll\{lr)rlw) prior to 40 | (relative perzggél;m)
ms to earth)
(N) (deg/s)
170315-1 36.2 804 -1960 -65.5
170315-3 32.8 858 -1959 -67.5
170315-4 32.2 849 -1939 -67.7
170315-5 324 839 -1971 -68.0
170315-6 32.3 840 -1989 -68.1
Mean 332 838 -1964 -67.3
Std. Dev. 1.7 20.6 18 1.1
CVv 5.1% 2.5% 0.9% 1.6%
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Figure 6-6. VRTC neck frontal flexion upper neck Y-moment repeatability for Neck EB6006
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Figure 6-7. VRTC neck frontal flexion upper neck Z-force repeatability for Neck EB6006
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Figure 6-8. VRTC neck frontal flexion head angular velocity repeatability for Neck EB6006
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Figure 6-9. VRTC neck frontal flexion head rotation repeatability for Neck EB6006




6.2.3 THOR-50M Neck EB6005 testing at VRTC

Repeatability results at VRTC for Neck EB6005 in the neck flexion qualification yielded CV
values all below 5% (Table 6-5 and Table 6-6, and Figure 6-10 through Figure 6-13).

Table 6-5. VRTC THOR-50M Neck EB6005 Frontal Flexion Pulse Repeatability Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at
Test Number 8 ms after TO 16 ms after TO 24 ms after TO

(m/s) (m/s) (m/s)
170321-8 1.79 3.56 5.03
170321-9 1.81 3.56 4,95
170322-8 1.84 3.62 5.01
170322-10 1.83 3.61 5.00
170322-11 1.81 3.58 4,98
Mean 1.82 3.59 4.99
Std. Dev. 0.02 0.03 0.03
CV 1.0% 0.8% 0.6%

Table 6-6. VRTC THOR-50M Neck EB6005 Frontal Flexion Repeatability Results

Upper | (i
Peak Neck Fz Angular Peak Head
Upper most : Rotation
Test Number Neck positive Velocity (relative to
My value prior @y pendulum)
(N-m) to 40 ms (relative (deg)
(N) to earth)
(deg/s)
170321-8 32.0 905 -1960 -66.2
170321-9 31.8 872 -2019 -66.3
170322-8 31.3 893 -2011 -66.5
170322-10 30.0 855 -2002 -66.9
170322-11 30.1 867 -2083 -67.9
Mean 31.0 878 -2015 -66.8
Std. Dev. 0.9 21 44 0.7
CVv 3.0% 2.3% 2.2% 1.0%
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Figure 6-10. VRTC neck frontal flexion upper neck Y-moment repeatability for Neck EB6005
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Figure 6-11. VRTC neck frontal flexion upper neck Z-force repeatability for Neck EB6005
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Figure 6-12. VRTC neck frontal flexion head angular velocity repeatability for Neck EB6005
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Figure 6-13. VRTC neck frontal flexion head rotation repeatability for Neck EB6005




6.2.4 THOR-50M Neck EB6007 testing at Humanetics

Repeatability results at Humanetics for Neck EB6007 in the neck flexion qualification yielded
CV values all below 5% with the exception of Fz which was above 5% but less than 10% (Table
6-7 and Table 6-8, Figure 6-14 through Figure 6-17).

Table 6-7. Humanetics THOR-50M Neck EB6007 Frontal Flexion Pulse Repeatability Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at
Test Number 8 ms after TO 16 ms after TO 24 ms after TO

(m/s) (m/s) (m/s)
370503 1.60 3.19 4.61
370507 1.68 3.38 4.87
370508 1.81 3.58 5.05
370509 1.72 3.44 4,94
370512 1.74 3.43 4.86
Mean 1.71 3.40 4.87
Std. Dev. 0.08 0.14 0.16
CV 4.6% 4.2% 3.3%

Table 6-8. Humanetics THOR-50M Neck EB6007 Frontal Flexion Repeatability Results

Peak
Upper Head
Peak Neck Fz Angular Peak Head
Upper most Velocity Rotation
Test Number Neck positive w (relative to
My value prior Y pendulum)
(N-m) to 40 ms (relative (deg)
(N) to earth)
(deg/s)
370503 30.5 825 -2090 -64.6
370507 30.0 937 -1951 -62.8
370508 30.3 974 -1989 -63.1
370509 30.0 936 -1945 -63.4
370512 29.9 914 -1945 -63.0
Mean 30.1 917 -1984 -63.4
Std. Dev. 0.2 56 62 0.7
CVv 0.8% 6.1% 3.1% 1.1%
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Figure 6-14. Humanetics neck frontal flexion upper neck Y-moment repeatability for Neck EB6007
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Figure 6-15. Humanetics neck frontal flexion upper neck Z-force repeatability for Neck EB6007
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Figure 6-17. Humanetics neck frontal flexion head rotation repeatability for Neck EB6007




6.2.5 THOR-50M Neck EB6007 testing at Calspan

Repeatability results at Calspan for Neck EB6007 in the neck flexion qualification yielded CV
values all below 5% (Table 6-9 and Table 6-10, Figure 6-18 through Figure 6-21).

Table 6-9. Calspan THOR-50M Neck EB6007 Frontal Flexion Pulse Repeatability Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at
Test Number 8 ms aftg/r TO 16 ms aftir TO 24 ms aft)ér TO

(m/s) (m/s) (m/s)
20170523131703 1.76 3.62 5.21
20170523135220 1.74 3.60 5.09
20170523142255 1.68 3.47 5.07
20170523145453 1.70 3.50 5.14
20170524062529 1.73 3.50 5.12
Mean 1.72 3.54 5.13
Std. Dev. 0.03 0.06 0.05
CV 1.8% 1.8% 1.0%

Table 6-10. Calspan THOR-50M Neck EB6007 Frontal Flexion Repeatability Results

Upper | (i
Peak Neck Fz Angular Peak Head
Upper most : Rotation
Test Number Neck positive Velocity (relative to
My value prior @y pendulum)
(N-m) to 40 ms (relative (deg)
(N) to earth)
(deg/s)
20170523131703 29.8 809 -1997 -60.7
20170523135220 29.3 773 -1940 -61.3
20170523142255 29.0 797 -1930 -60.9
20170523145453 29.1 811 -1946 -60.9
20170524062529 28.4 812 -1944 -60.9
Mean 29.1 801 -1951 -60.9
Std. Dev. 0.5 16 26 0.2
CVv 1.8% 2.1% 1.3% 0.4%
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Figure 6-18. Calspan neck frontal flexion upper neck Y-moment repeatability for Neck EB6007
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Figure 6-19. Calspan neck frontal flexion upper neck Z-force repeatability for Neck EB6007
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Figure 6-20. Calspan neck frontal flexion angular velocity repeatability for Neck EB6007
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Figure 6-21. Calspan neck frontal flexion head rotation repeatability for Neck EB6007




6.3 Neck Flexion Dummy Reproducibility Results

Dummy Reproducibility results at VRTC for the three THOR-50M necks yielded CV values all
below 5%, with the exception of My which was above 5% but less than 10% (Table 6-11 and
Table 6-12).

Table 6-11. THOR-50M Neck Frontal Flexion Pulse Dummy Reproducibility Corridors Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at

Neck Number Test Number 8ms aftgr TO 16 ms afti;r TO 24 ms aftir TO
(m/s) (m/s) (m/s)
170328-1 1.72 3.43 4.89
170328-2 1.82 3.54 4.98
Nec\liFéTB%007 170328-4 175 3.46 4.85
170328-8 1.72 3.45 4.80
170328-9 1.81 3.50 4.82
170315-1 1.70 3.32 4.66
170315-3 1.67 3.33 471
Nec\lilqu-lE—B%OOG 170315-4 1.67 3.29 4.62
170315-5 1.72 3.43 476
170315-6 1.72 3.43 4.84
170321-8 1.79 3.56 5.03
170321-9 1.81 3.56 4.95
Nec\IiFI;E%OOS 170322-8 184 3.62 5.01
170322-10 1.83 3.61 5.00
170322-11 1.81 3.58 4.98
Mean 1.76 3.47 4.86
Std. Dev. 0.06 0.11 0.13
CV 3.3% 3.0% 2.7%




Table 6-12. THOR-50M Neck Frontal Flexion Reproducibility Results

Upper
Neck Fz | Peak Head
Peak most Angular | Peak Head
Upper ositive | Velocity w Rotgﬂon
Test Number Test Number N PP P 2 Y | (relative to
eck My value (relative to
. pendulum)
(N-m) prior to earth) (deg)
40 ms (deg/s)
(N)
170328-1 34.4 928 -1962 -64.7
170328-2 31.1 908 -1985 -64.4
Neohane s 170328-4 310 851 “1054 637
170328-8 30.3 815 -1941 -64.8
170328-9 29.7 818 -1957 -63.9
170315-1 36.2 804 -1960 -65.5
170315-3 32.8 858 -1959 -67.5
Neoh om0 170315-4 32.2 849 ~1939 677
170315-5 32.4 839 -1971 -68.0
170315-6 32.3 840 -1989 -68.1
170321-8 32.0 905 -1960 -66.2
170321-9 31.8 872 -2019 -66.3
Mook Shc00s 170322-8 313 893 2011 665
170322-10 30.0 855 -2002 -66.9
170322-11 30.1 867 -2083 -67.9
Mean 31.8 860 -1979 -66.1
Std. Dev. 1.7 36 38 1.6
CVv 5.4% 4.2% 1.9% 2.3%

6.4 THOR-50M Neck EB6007 Lab-to-Lab Variability Analysis

The results for the neck frontal flexion qualification tests from each lab are presented in Table
6-13 and Table 6-14. The last rows of the tables show the Test Reproducibility results when data
from all 3 labs are combined. For the pulse, the CV values are all below 5% (Table 6-13). For
the dummy metrics (Table 6-14), the CV values were all below 5% with the exception of Fz
which was above 5% but less than 10%.



Table 6-13. THOR-50M Neck Frontal Flexion Pulse Lab-to-Lab Variability Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at

Neck Number 8 ms aftg/r TO 16 ms aftﬁr TO 24 ms aft)ér TO
(m/s) (m/s) (m/s)
1.72 3.43 4.89
VRTC 1.82 3.54 4,98
Neck EB6007 1.75 3.46 4.85
1.72 3.45 4.80
1.81 3.50 4.82
1.60 3.19 4.61
Humanetics 1.68 3.38 4.87
Neck EB6007 1.81 3.58 5.05
1.72 3.44 4,94
1.74 3.43 4.86
1.76 3.62 5.21
Calspan 1.74 3.60 5.09
Neck EFE)56007 1.68 3.47 5.07
1.70 3.50 5.14
1.73 3.50 5.12

Test Reproducibility
EB6007 ALL Labs

Mean 1.73 3.47 4,95
Std. Dev. 0.06 0.10 0.16
CV 3.3% 3.0% 3.2%

Table 6-14. THOR-50M Neck Frontal Flexion Lab-to-Lab Variability Results

Upper Peak
Neck Fz Head
Peak most Angular PS%':a';g?ld
Neck Number Upper positive Velocity (relative to
Neck My value Wy
. . pendulum)
(N-m) prior to 40 | (relative (deg)
ms to earth)
(N) (deg/s)
34.4 928 -1962 -64.7
311 908 -1985 -64.4
VRTC 31.0 851 -1954 -63.7
Neck EB6007
30.3 815 -1941 -64.8
29.7 818 -1957 -63.9
30.5 825 -2090 -64.6
Humanetics 30.0 937 -1951 -62.8
Neck EB6007 30.3 974 -1989 -63.1
30.0 936 -1945 -63.4
29.9 914 -1945 -63.0
29.8 809 -1997 -60.7
Calspan 29.3 773 -1940 -61.3
Neck EB6007 29.0 797 -1930 -60.9
29.1 811 -1946 -60.9
28.4 812 -1944 -60.9
Test Reproducibility
EB6007 ALL Labs
Mean 30.2 861 -1965 -62.9
Std. Dev. 1.4 65 40 1.5
CV 4.5% 7.5% 2.0% 2.5%




6.5 Corridor Development

All the data used to determine the neck frontal flexion qualification corridors is shown in Table
6-15 and Table 6-16. The qualification corridors were calculated using the mean plus or minus
10% of the peak for the specified measured or calculated channels (Table 6-17).

Table 6-15. THOR-50M Neck Frontal Flexion Pulse Qualification Corridor Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at

Neck Number Test Number 8 ms aftgr T0 16 ms afti;r T0 24 ms aftir TO
(m/s) (m/s) (m/s)
1703281 172 3.43 4.89
1703282 1.82 354 4.98
Nec\liFéTB%007 170328-4 1.75 3.46 485
170328-8 172 3.45 4.80
170328-9 181 3.50 4.82
170315-1 1.70 332 4.66
170315-3 167 333 471
Nec\liFéTE;%ooe 170315-4 167 3.29 4.62
1703155 172 3.43 4.76
170315-6 172 3.43 4.84
170321-8 179 3.56 5.03
170321-9 181 3.56 4.95
Nec\IiFI;E%OOS 170322-8 1.84 3.62 5.01
170322-10 1.83 3.61 5.00
170322-11 181 3.58 4.98
370503 1.60 3.19 4.61
. 370507 168 3.38 4.87
Hggggg‘“ 370508 181 358 5.05
370509 172 3.44 4.94
370512 174 3.43 4.86
20170523131703 1.76 3.62 521
| 20170523135220 174 3.60 5.09
Egégg;‘ 20170523142255 168 3.47 5.07
20170523145453 1.70 3.50 5.14
20170524062529 173 3.50 512
Mean 174 3.47 4.91
Std. Dev. 0.06 0.11 0.16
cV 3.5% 3.2% 3.3%




Table 6-16. THOR-50M Neck Frontal Flexion Qualification Corridor Results

Upper Peak
Neck Fz Head
Peak most | Angular | PeaKHead
Upper | positive | Velocity Rotation
Test Number Test Number (relative to
Neck My value w,
. . pendulum)
(N-m) prior to (relative (deg)
40 ms to earth)
(N) (deg/s)
170328-1 34.4 928 -1962 -64.7
170328-2 31.1 908 -1985 -64.4
Nec\liFéTB%om 170328-4 31.0 851 1954 63.7
170328-8 30.3 815 -1941 -64.8
170328-9 29.7 818 -1957 -63.9
170315-1 36.2 804 -1960 -65.5
170315-3 32.8 858 -1959 -67.5
Nec\liFéTB%ooe 170315-4 32.2 849 21939 67.7
170315-5 32.4 839 -1971 -68.0
170315-6 32.3 840 -1989 -68.1
170321-8 32.0 905 -1960 -66.2
170321-9 31.8 872 -2019 -66.3
Nec\liFI;E%OOS 170322-8 313 893 2011 266.5
170322-10 30.0 855 -2002 -66.9
170322-11 30.1 867 -2083 -67.9
370503 30.5 825 -2090 -64.6
Humanetics Neck 370507 30.0 937 -1951 -62.8
EB6007 370508 30.3 974 -1989 -63.1
370509 30.0 936 -1945 -63.4
370512 29.9 914 -1945 -63.0
20170523131703 29.8 809 -1997 -60.7
Cal 20170523135220 29.3 773 -1940 -61.3
Necfé%%%w 20170523142255 29.0 797 -1930 -60.9
20170523145453 29.1 811 -1946 -60.9
20170524062529 28.4 812 -1944 -60.9
Mean 31.0 860 -1975 -64.5
Std. Dev. 1.8 52 41 2.5
CVv 5.7% 6.1% 2.1% 3.8%




Table 6-17. Neck Frontal Flexion Response Requirements

Corridor
Parameter Units | Min. | Max. |Nominal Target Width
+%
Pendulum velocity at 8 ms after TO| m/s | 1.57 | 1.92 1.74 10.0%
Pendulum velor_:l%y at 16 ms after mis | 313 | 3.82 348 10.0%
Pendulum velor_:l%y at 24 ms after mis | 442 | 541 492 10.0%
Impact Velocity m/s | 495 | 5.05 5.00
Peak Upper Neck My N-m | 27.9 | 34.1 31.0 10.0%
Upper Neck f‘z most positive value N 774 | 946 860 10.0%
prior to 40 ms
Peak Head Angular Velocity wy | 4o | 5175 1777 1975 10.0%
(relative to earth)
Peak Head Rotation deg |-71.0 | -58.1 645 10.0%
(relative to pendulum)

Discussion. The assessment indicates that the initial test of a series may produce results that are
slightly different than subsequent tests, which is considered a Dummy Repeatability issue. Three
of the six series of repeatability tests yielded slightly elevated CVs for My and Fz. In each of the
six series of tests, the initial test always produced the highest My value. This initial response
may be a function of the newness of the necks or caused by the fact that the necks were
assembled immediately prior to the test series. The discrepancy is most prominent on test 1 at
VRTC for serial no. 6007 which produced the highest My of all tests at all labs.

This trend, however, was not repeated when the neck was passed onto Humanetics and Calspan
(at Humanetics, the initial test produced a low Fz. However, this may have been related to the
input pulse in which the velocity change for test 1 was lower than the other tests). Thus, the
slightly elevated CVs for some of the Dummy Repeatability and Dummy Reproducibility results
(all below 10%) do not necessarily indicate that qualification targets within £10% will be
difficult to achieve.

There also appears to be variability related to Test Reproducibility as seen in Table 6-14, most
noticeably for the Fz. Data clusters by test lab are apparent, where the Fz results are all lower at
Calspan and higher at Humanetics. The Test Reproducibility of the input pulses (shown in Table
6-15) also shows that the Calspan setup always produced higher velocity changes than the other
labs.

Nonetheless, only three tests produced results outside of the £10% range: the aforementioned
initial test at VRTC and one test each at Calspan and Humanetics. The non-conforming test at
Humanetics also had an input pulse with a high velocity change relative to the other tests. Thus,
results within + 10% for all necks are likely achievable by adjusting the input pulse through the
selection of their honeycomb cell configuration.



7/ NECK EXTENSION

7.1 Methodology

Repeatability and reproducibility tests were performed using the neck extension qualification
procedures described in the THOR-50M Qualification Procedures Manual. The extension tests
resemble the Hybrid 111 head-neck pendulum test defined in CFR Title 49, Part 572, Subpart E
with 152.4 mm (6”) aluminum honeycomb used to decelerate the pendulum with an impact
velocity of 5.00 £ 0.05 m/s (Figure 7-1). For the extension tests, the lower neck load cell was
attached rigidly to the bottom of the head-neck pendulum, and the pendulum was decelerated
from the specified speed during contact with aluminum honeycomb. During these tests the upper
neck Y-axis moment (My), upper neck Z-axis force (Fz), head angular rate, and head rotation
were measured.

Figure 7-1. Neck extension test setup

7.2 Neck Extension Repeatability Results

Sections 7.2.1 through 7.2.5 illustrate the results of the neck extension repeatability tests. Each
section contains a table providing the quantified test data, followed by plot overlays of the five
repeat tests conducted at all three labs. Note that the data in the tables containing the results of
each test series are listed sequentially, with the test at the top of the table beginning the test
series.



7.21 THOR-50M Neck EB6007 testing at VRTC

Repeatability results at VRTC for neck EB6007 in the neck extension qualification yielded CV
values all below 5% (Table 7-1 and Table 7-2, Figure 7-2 through Figure 7-5).

Table 7-1. VRTC THOR-50M Neck EB6007 Extension Pulse Repeatability Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at
Test Number 10 ms after TO 20 ms after TO 30 ms after TO

(m/s) (m/s) (m/s)
170215-6 1.95 3.64 4,91
170215-8 1.90 3.59 5.01
170215-9 2.00 3.71 5.01
170215-11 1.97 3.74 5.12
170216-3 1.96 3.69 4,91
Mean 1.96 3.67 4.99
Std. Dev. 0.04 0.06 0.09
CV 1.9% 1.6% 1.7%

Table 7-2. VRTC THOR-50M Neck EB6007 Extension Repeatability Results

Peak
Peak Peak Aﬁgsgr Peak I—!ead
Upper Upper Velocity Rotqtlon
Test Number Neck N pE (relative to
My eck Fz Dy pendulum)
(N-m) (N) (relative (deg)
to earth)
(deg/s)
170215-6 -21.1 -3043 2048 64.0
170215-8 -22.3 -3080 2070 64.5
170215-9 -22.3 -3108 2090 65.1
170215-11 -22.6 -3143 2121 65.4
170216-3 -22.9 -3040 2058 64.4
Mean -22.2 -3083 2077 64.7
Std. Dev. 0.7 44 29 0.6
CcVv 3.2% 1.4% 1.4% 0.9%
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Figure 7-5. VRTC neck extension head rotation repeatability for Neck EB6007




7.2.2 THOR-50M Neck EB6006 testing at VRTC

Repeatability results at VRTC for neck EB6006 in the neck extension qualification yielded CV
values all below 5% (Table 7-3 and Table 7-4, Figure 7-6 through Figure 7-9).

Table 7-3. VRTC THOR-50M Neck EB6006 Extension Pulse Repeatability Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at
Test Number 10 ms after TO 20 ms after TO 30 ms after TO

(m/s) (m/s) (m/s)
170224-2 1.83 3.51 4.94
170227-4 2.04 3.84 5.21
170227-6 1.81 3.51 4.86
170227-8 1.92 3.58 4,90
170227-9 1.89 3.58 4.84
Mean 1.90 3.60 4.95
Std. Dev. 0.09 0.14 0.15
CV 4.8% 3.8% 3.0%

Table 7-4. VRTC THOR-50M Neck EB6006 Extension Repeatability Results

Peak
Head
Peak Peak Angular Peak I—!ead
Upper - Rotation
Upper Velocity -
Test Number Neck (relative to
Neck Fz w,
My . pendulum)
(N-m) (N) (relative (deg)
to earth)
(deg/s)
170224-2 -23.2 -2897 1960 64.1
170227-4 -23.2 -3124 2096 66.6
170227-6 -22.4 -2955 2004 66.3
170227-8 -22.1 -2952 2025 66.5
170227-9 -21.9 -2921 2010 66.6
Mean -22.5 -2970 2019 66.0
Std. Dev. 0.6 89 49 11
CcVv 2.7% 3.0% 2.4% 1.6%
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7.2.3 THOR-50M Neck EB6005 testing at VRTC

Repeatability results at VRTC for Neck EB6005 in the neck extension qualification yielded CV
values all below 5% (Table 7-5 and Table 7-6, Figure 7-10 through Figure 7-13).

Table 7-5. VRTC THOR-50M Neck EB6005 Extension Pulse Repeatability Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at
Test Number 10 ms after TO 20 ms after TO 30 ms after TO

(m/s) (m/s) (m/s)
170222-6 2.02 3.73 5.13
170222-7 1.97 3.73 5.10
170222-8 1.90 3.58 4,95
170222-9 1.94 3.59 4.89
170223-1 1.90 3.59 5.00
Mean 1.95 3.64 5.01
Std. Dev. 0.05 0.08 0.10
CV 2.7% 2.2% 2.0%

Table 7-6. VRTC THOR-50M Neck EB6005 Extension Repeatability Results

Peak
Head
Peak Peak Angular Peak I—!ead
Upper - Rotation
Upper Velocity -
Test Number Neck (relative to
Neck Fz w,
My . pendulum)
(N-m) (N) (relative (deg)
to earth)
(deg/s)
170222-6 -24.0 -2930 2152 67.1
170222-7 -23.9 -2889 2152 66.9
170222-8 -23.7 -2819 2088 66.6
170222-9 -23.7 -2812 2074 66.3
170223-1 -24.0 -2871 2120 66.4
Mean -23.9 -2864 2117 66.7
Std. Dev. 0.2 49 36 0.3
CcVv 0.7% 1.7% 1.7% 0.5%
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7.2.4 THOR-50M Neck EB6007 testing at Humanetics

Repeatability results at Humanetics for Neck EB6007 in the neck extension qualification yielded
CV values all below 5% (Table 7-7 and Table 7-8, Figure 7-14 through Figure 7-17).

Table 7-7. Humanetics THOR-50M Neck EB6007 Extension Pulse Repeatability Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at
Test Number 10 ms after TO 20 ms after TO 30 ms after TO

(m/s) (m/s) (m/s)
370439.01 1.86 3.63 5.05
370453.01 1.90 3.64 4,99
370500 1.86 3.60 5.00
370501 1.92 3.65 5.04
370502 1.95 3.78 5.13
Mean 1.90 3.66 5.04
Std. Dev. 0.04 0.07 0.06
CV 2.1% 1.9% 1.1%

Table 7-8. Humanetics THOR-50M Neck EB6007 Extension Repeatability Results

Peak
Head
Peak Peak Angular Peak I—!ead
Upper - Rotation
Upper Velocity -
Test Number Neck (relative to
Neck Fz w,
My . pendulum)
(N-m) (N) (relative (deg)
to earth)
(deg/s)
370439.01 -22.0 -3241 2139 62.0
370453.01 -22.1 -3239 2154 62.3
370500 -22.2 -3211 2129 62.1
370501 -21.9 -3181 2149 62.7
370502 -22.0 -3242 2193 63.0
Mean -22.0 -3223 2153 62.4
Std. Dev. 0.1 27 24 0.4
CcVv 0.5% 0.8% 1.1% 0.7%
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7.25 THOR-50M Neck EB6007 testing at Calspan

Repeatability results at Calspan for Neck EB6007 in the neck extension qualification yielded CV
values all below 5% with the exception of Fz which was above 5% but less than 10% (Table 7-9
and Table 7-10, Figure 7-18 through Figure 7-21).

Table 7-9. Calspan THOR-50M Neck EB6007 Extension Pulse Repeatability Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at
Test Number 10 ms after TO 20 ms after TO 30 ms after TO

(m/s) (m/s) (m/s)
20170522153239 1.95 3.72 5.11
20170523070934 2.01 3.85 5.25
20170523094141 1.97 3.82 5.22
20170523101341 1.99 3.79 5.22
20170523114925 1.90 3.71 5.17
Mean 1.96 3.78 5.19
Std. Dev. 0.04 0.06 0.06
CV 2.2% 1.6% 1.1%

Table 7-10. Calspan THOR-50M Neck EB6007 Extension Repeatability Results

Peak
Head
Sedk | panc | pogular | Padktend
Test Number Neck NUplp()er Velocity (relative to
My eck Fz @y pendulum)
(N-m) (N) (relative (deg)
to earth)
(deg/s)
20170522153239 -22.6 -2311 1894 60.6
20170523070934 -24.2 -2392 1948 62.1
20170523094141 -24.3 -2387 1946 62.4
20170523101341 -25.1 -2537 1950 63.0
20170523114925 -25.5 -2629 1951 63.2
Mean -24.3 -2451 1938 62.3
Std. Dev. 1.1 129 25 1.0
CcVv 4.5% 5.3% 1.3% 1.7%
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Figure 7-18. Calspan neck extension upper neck Y-moment repeatability for Neck EB6007
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Figure 7-19. Calspan neck extension upper neck Z-force repeatability for Neck EB6007
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Figure 7-21. Calspan neck extension head rotation repeatability for Neck EB6007




7.3 Neck Extension Dummy Reproducibility Results

Dummy Reproducibility results at VRTC for the three THOR-50M necks yielded CV values all
below 5% (Table 7-11 and Table 7-12).

Table 7-11. THOR-50M Neck Extension Pulse Dummy Reproducibility Results

Pendulum Velocity at | Pendulum Velocity at | Pendulum Velocity at
Neck Number | Test Number 10 ms after TO 20 ms after TO 30 ms after TO
(m/s) (m/s) (m/s)
170215-6 1.95 3.64 491
170215-8 1.90 3.59 5.01
Neahane o [ 1702159 2.00 3.71 5.01
170215-11 1.97 3.74 5.12
170216-3 1.96 3.69 4,91
170222-6 2.02 3.73 5.13
170222-7 1.97 3.73 5.10
Neoh Scoos | 1702228 1.90 3.58 4.95
170222-9 1.94 3.59 4.89
170223-1 1.90 3.59 5.00
170224-2 1.83 3.51 4.94
170227-4 2.04 3.84 5.21
Nec\liF\I)ETBEOOG 170227-6 181 3.51 4.86
170227-8 1.92 3.58 4.90
170227-9 1.89 3.58 4.84
Mean 1.93 3.64 4.98
Std. Dev. 0.07 0.09 0.11
CVv 3.4% 2.6% 2.2%
Table 7-12. THOR-50M Neck Extension Reproducibility Results
Peak Head Peak Head
Peak Upper Peak Upper Angular Rotation
Neck Number | Test Number Neck My Neck Fz Velocity w,, (relative to
(N-m) (N) (relative to pendulum)
earth) (deg/s) (deg)
170215-6 -21.1 -3043 2048 64.0
VRTC 170215-8 -22.3 -3080 2070 64.5
Neck EB6007 170215-9 -22.3 -3108 2090 65.1
170215-11 -22.6 -3143 2121 65.4
170216-3 -22.9 -3040 2058 64.4
170222-6 -24.0 -2930 2152 67.1
VRTC 170222-7 -23.9 -2889 2152 66.9
Neck EB6005 170222-8 -23.7 -2819 2088 66.6
170222-9 -23.7 -2812 2074 66.3
170223-1 -24.0 -2871 2120 66.4
170224-2 -23.2 -2897 1960 64.1
VRTC 170227-4 -23.2 -3124 2096 66.6
Neck EB6006 170227-6 -22.4 -2955 2004 66.3
170227-8 -22.1 -2952 2025 66.5
170227-9 -21.9 -2921 2010 66.6
Mean -22.9 -2972 2071 65.8
Std. Dev. 0.9 110 55 1.1
CVv 3.9% 3.7% 2.7% 1.7%




7.4 THOR-50M Neck EB6007 Lab-to-Lab Variability Analysis

The results for neck extension qualification tests from each lab are presented in Table 7-13 and
Table 7-14. The last four rows of the tables show the Test Reproducibility results when data
from all 3 labs are combined. For the pulse, the CV values are all below 5% (Table 7-13). The
dummy metrics indicate that there was a disparity on neck loads (Table 7-14). In particular, the
Fz measurements were clustered at three distinct force levels by test laboratory: levels were
highest at Humanetics, and lowest at Calspan. This clustering resulted in a CV greater than 10%.
The clustering was also prominent in the My results with CV values above 5% but less than
10%.

Table 7-13. THOR-50M Neck Extension Pulse Lab-to-Lab Variability Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at

Neck Number 10ms after T0 | 20ms after To | 30 ms after T0
(m/s) (m/s) (m/s)
1.95 3.64 491
LRTC 700 o 201
1.97 3.74 5.12
1.96 3.69 491
1.86 3.63 5.05
Humanetics 1.90 3.64 4.9
Neck EB6007 1.86 3.60 5.00
1.92 3.65 5.04
1.95 3.78 5.13
1.95 3.72 5.11
Calspan i T o5
Neck EB6007 199 3.79 EH)
1.90 3.71 5.17

Test Reproducibility
EB6007 ALL Labs

Mean 1.94 3.70 5.07
Std. Dev. 0.05 0.08 0.11
CV 2.4% 2.2% 2.2%




Table 7-14. THOR-50M Neck Extension Lab-to-Lab Variability Results

Peak
Peak Peak Aﬂgsar Peak I—!ead
Upper Upper Velocity Rotation
Neck Number Neck PP (relative to
My Neck Fz Dy pendulum)
(N-m) (N) (relative (deg)
to earth)
(deg/s)
-21.1 -3043 2048 64.0
-22.3 -3080 2070 64.5
AL 223 | -3108 2090 65.1
-22.6 -3143 2121 65.4
-22.9 -3040 2058 64.4
-22.0 -3241 2139 62.0
Humanetics -22.1 -3239 2154 62.3
Neck EB6007 -22.2 -3211 2129 62.1
-21.9 -3181 2149 62.7
-22.0 -3242 2193 63.0
-22.6 -2311 1894 60.6
Calspan -24.2 -2392 1948 62.1
Neck EB6007 -24.3 -2387 1946 62.4
-25.1 -2537 1950 63.0
-25.5 -2629 1951 63.2
Repeatability EB6007
ALL Labs
Mean -22.9 -2919 2046 63.6
Std. Dev. 1.3 355 91 1.3
CVv 5.6% 12.2% 4.4% 2.0%

7.5 Corridor Development

All the data used to determine the neck extension qualification corridors is shown in Table 7-15
and Table 7-16. The qualification corridors were calculated using the mean plus or minus 10% of
the peak for the specified measured or calculated channels (Table 7-17).



Table 7-15. THOR-50M Neck Extension Pulse Qualification Corridor Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at

Neck Number Test Number 10 ms aft)ér TO 20 ms aftir TO 30 ms aft)ér TO
(m/s) (m/s) (m/s)
170215-6 1.95 3.64 4,91
170215-8 1.90 3.59 5.01
Nec\lii-lg(éom 170215-9 2.00 3.71 5.01
170215-11 1.97 3.74 5.12
170216-3 1.96 3.69 4,91
170222-6 2.02 3.73 5.13
170222-7 1.97 3.73 5.10
Nec\lii-lg(éOOS 170222-8 1.90 3.58 4.95
170222-9 1.94 3.59 4.89
170223-1 1.90 3.59 5.00
170224-2 1.83 3.51 4,94
170227-4 2.04 3.84 5.21
Nec\lig(e:ooa 1702276 181 351 4.86
170227-8 1.92 3.58 4.90
170227-9 1.89 3.58 4.84
370439.01 1.86 3.63 5.05
Humanetics 370453.01 1.90 3.64 4,99
EB6007 370500 1.86 3.60 5.00
370501 1.92 3.65 5.04
370502 1.95 3.78 5.13
20170522153239 1.95 3.72 511
Calspan 20170523070934 2.01 3.85 5.25
EB6007 20170523094141 1.97 3.82 5.22
20170523101341 1.99 3.79 5.22
20170523114925 1.90 3.71 5.17
Mean 1.93 3.67 5.04
Std. Dev. 0.06 0.10 0.12
CV 3.0% 2.7% 2.4%




Table 7-16. THOR-50M Neck Extension Qualification Corridor Results

Peak
Peak Peak Aﬂgsar Peak I—!ead
Upper Upper Velocity Rotation
Neck Number Test Number Neck PP (relative to
My Neck Fz Wy pendulum)
(N-m) (N) (relative (deg)
to earth)
(deg/s)
170215-6 -21.1 -3043 2048 64.0
VRTC 170215-8 -22.3 -3080 2070 64.5
Neck EB6007 170215-9 -22.3 -3108 2090 65.1
170215-11 -22.6 -3143 2121 65.4
170216-3 -22.9 -3040 2058 64.4
170222-6 -24.0 -2930 2152 67.1
VRTC 170222-7 -23.9 -2889 2152 66.9
Neck EB6005 170222-8 -23.7 -2819 2088 66.6
170222-9 -23.7 -2812 2074 66.3
170223-1 -24.0 -2871 2120 66.4
170224-2 -23.2 -2897 1960 64.1
VRTC 170227-4 -23.2 -3124 2096 66.6
Neck EB6006 170227-6 -22.4 -2955 2004 66.3
170227-8 -22.1 -2952 2025 66.5
170227-9 -21.9 -2921 2010 66.6
370439.01 -22.0 -3241 2139 62.0
Humanetics 370453.01 -22.1 -3239 2154 62.3
Neck EB6007 370500 -22.2 -3211 2129 62.1
370501 -21.9 -3181 2149 62.7
370502 -22.0 -3242 2193 63.0
20170522153239 -22.6 -2311 1894 60.6
Calspan 20170523070934 -24.2 -2392 1948 62.1
Neck EB6007 20170523094141 -24.3 -2387 1946 62.4
20170523101341 -25.1 -2537 1950 63.0
20170523114925 -25.5 -2629 1951 63.2
Mean -23.0 -2918 2061 65.0
Std. Dev. 1.1 277 83 1.8
CcVv 4.8% 9.5% 4.0% 2.7%
Table 7-17. Neck Extension Response Requirements
_ _ Nominal Cor_ridor
Parameter Units| Min. | Max. Target Width
+%
Pendulum velocity at 10 ms after TO| m/s | 1.74 | 2.12 1.93 10.0%
Pendulum velocity at 20 ms after TO| m/s | 3.30 | 4.04 3.67 10.0%
Pendulum velocity at 30 ms after TO| m/s | 453 | 554 5.04 10.0%
Impact Velocity m/s | 495 | 5.05 5.00
Peak Upper Neck M, N-m | -25.3 |-20.7 -23.0 10.0%
Peak Upper Neck F, N | -3210 |-2626 -2918 10.0%
Peak Head A_ngular Velocity w,, degls | 1855 | 2267 2061 10.0%
(relative to earth)
Peak Head Rotation deg | 585 | 715 65.0 10.0%
(relative to pendulum)




Discussion. The results indicate that Dummy/Test Repeatability, and Dummy Reproducibility
were all sufficient. Thus, the variability appears mostly related to the Test Reproducibility,
which was the apparent source of the data clusters that led to the high CV values for Fz (>10%)
seen in Table 7-14. As seen in Table 7-16, all tests at Calspan were outside of the 10 limits for
either My (1 test) or Fz (4 tests).

In tests at all labs, there is an inverse relationship between My and Fz. At all three labs, the
shapes of the My and Fz pulses are very similar, but the higher My values (and lower Fz values)
always occurred at Calspan. The Test Reproducibility of the input pulses (shown in Table 7-15)
also show clustering in which the Calspan setup produced higher velocities than the other labs.

Thus, this situation appears similar to the one for Neck Flexion. That is, a result at Calspan
within £ 10% probably could have been achieved by adjusting the input pulse through the
selection of their honeycomb cell configuration.

8 NECK LATERAL FLEXION
8.1 Methodology

Repeatability and reproducibility tests were performed using the neck lateral flexion
qualification procedures described in the THOR-50M Qualification Procedures Manual. The
neck qualification in the lateral mode resembles the ES-2re head-neck lateral pendulum test
defined in CFR Title 49, Part 572, Subpart U using 76.2 mm (3”) aluminum honeycomb for
pendulum deceleration from an impact velocity of 3.40 + 0.05 m/s (Figure 8-1). For the lateral
neck flexion tests, the lower neck load cell is attached rigidly to the bottom of the head-neck
pendulum, and the pendulum is decelerated from the specified speed during contact with the
aluminum honeycomb. During these tests the upper neck X-axis moment (Mx), head angular
rate, and head rotation were measured.



Figure 8-1. Neck lateral flexion test setup

8.2 Neck Lateral Flexion Repeatability Results

Sections 8.2.1 through 8.2.5 illustrate the results of the left neck lateral flexion repeatability tests.
For this study, only the left side was tested since the neck is symmetrical and results between left
and right sides should be similar. Each section contains a table providing the quantified test data,
followed by plot overlays of the five repeat tests conducted at all three labs. Note that the data in
the tables containing the results of each test series are listed sequentially, with the test at the top
of the table beginning the test series.

8.2.1 THOR-50M Neck EB6007 testing at VRTC

Repeatability results at VRTC for Neck EB6007 (left) in the lateral flexion qualification yielded
CV values all below 5% (Table 8-1 and Table 8-2, Figure 8-2 through Figure 8-4).

Table 8-1. VRTC THOR-50M Neck EB6007 Left Lateral Flexion Pulse Repeatability Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at
Test Number 4 ms afttgr TO 8 ms afttgr TO 12 ms aft)ér TO

(m/s) (m/s) (m/s)
170328-15 1.24 2.43 3.55
170328-18 1.20 2.35 3.53
170328-20 1.20 2.36 3.54
170328-21 1.23 2.36 3.50
170328-22 1.18 2.29 3.48
Mean 1.21 2.36 3.52
Std. Dev. 0.02 0.05 0.03
CV 2.0% 2.1% 0.9%




Table 8-2. VRTC THOR-50M Neck EB6007 Left Lateral Flexion Repeatability Results

Peak
Upper Head
Neck Angular Pé%':ﬁ';g?]d
Test Number Mx Velocity (relative to
after Wy
40.0 ms | (relative pengulum)
(N-m) | toearth) (deg)
(deg/s)
170328-15 51.4 -1353 -40.9
170328-18 51.0 -1366 -42.4
170328-20 51.3 -1360 -42.1
170328-21 50.3 -1344 -42.5
170328-22 50.6 -1346 -42.6
Mean 50.9 -1354 -42.1
Std. Dev. 0.5 9 0.7
Ccv 0.9% 0.7% 1.7%

THOR-50M Neck (Left) Lateral
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Figure 8-2. VRTC neck left lateral flexion upper neck X-moment repeatability for Neck EB6007
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Figure 8-3. VRTC neck left lateral flexion head angular velocity repeatability for Neck EB6007
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Figure 8-4. VRTC neck left lateral head rotation repeatability for Neck EB6007




8.2.2 THOR-50M Neck EB6006 testing at VRTC

Repeatability results at VRTC for Neck EB6006 (left) in the lateral flexion qualification yielded
CV values all below 5% (Table 8-3 and Table 8-4, Figure 8-5 through Figure 8-7).

Table 8-3. VRTC THOR-50M Neck EB6006 Left Lateral Flexion Pulse Repeatability Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at
Test Number 4 ms aftg/r TO 8 ms aftg/r TO 12 ms aft)ér TO

(m/s) (m/s) (m/s)
170315-8 1.26 2.46 3.54
170315-9 1.15 2.28 3.41
170315-10 1.18 2.28 3.46
170315-13 1.15 2.29 3.46
170316-2 1.15 2.23 3.44
Mean 1.18 2.31 3.46
Std. Dev. 0.04 0.09 0.05
CV 3.8% 3.8% 1.4%

Table 8-4. VRTC THOR-50M Neck EB6006 Left Lateral Flexion Repeatability Results

Peak
Upper Head
Neck | Angular P;%':aﬁg?]d
Test Number Mx Velocity (relative to
after @x endulum)
40.0 ms | (relative P d
(N-m) | toearth) (deg)
(deg/s)
170315-8 49.5 -1361 -41.9
170315-9 50.1 -1326 -42.4
170315-10 50.1 -1337 -43.0
170315-13 49.4 -1341 -43.2
170316-2 50.3 -1322 -42.9
Mean 49.9 -1337 -42.7
Std. Dev. 0.4 15 0.5
CVv 0.8% 1.1% 1.2%
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Figure 8-5. VRTC neck left lateral flexion upper neck X-moment repeatability for Neck EB6006
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Figure 8-6. VRTC neck left lateral flexion head angular velocity repeatability for Neck EB6006
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Figure 8-7. VRTC neck left lateral flexion head rotation repeatability for Neck EB6006

8.2.3 THOR-50M Neck EB6005 testing at VRTC

Repeatability results at VRTC for Neck EB6005 (left) in the lateral flexion qualification yielded

CV values all below 5% (Table 8-5 and Table 8-6, Figure 8-8 through Figure 8-10).

Table 8-5. VRTC THOR-50M Neck EB6005 Left Lateral Flexion Pulse Repeatability Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at
Test Number 4 ms aftgr TO 8 ms afttgr TO 12 ms aft)e/zr TO

(m/s) (m/s) (m/s)
170323-1 1.23 2.38 3.53
170323-3 1.27 2.32 3.46
170323-5 1.31 2.39 3.51
170323-9 1.18 2.22 3.41
170323-14 1.22 2.30 3.43
Mean 1.24 2.32 3.47
Std. Dev. 0.05 0.07 0.05
CV 4.2% 2.9% 1.5%




Table 8-6. VRTC THOR-50M Neck EB6005 Left Lateral Flexion Repeatability Results

Peak
Upper Head
N%Fék Angular Peak I—!ead
Mx Velocity Rotag’uon
Test Number (relative to
after Wy
40.0 ms | (relative pengulum)
(N-m) | toearth) (deg)
(deg/s)
170323-1 48.8 -1338 -42.3
170323-3 495 -1422 -44.4
170323-5 49.9 -1439 -44.6
170323-9 48.5 -1353 -43.8
170323-14 48.2 -1433 -45.2
Mean 49.0 -1397 -44.1
Std. Dev. 0.7 48 1.1
CVv 1.4% 3.4% 2.5%
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Figure 8-8. VRTC neck left lateral flexion upper neck X-moment repeatability for Neck EB6005
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Figure 8-9

. VRTC neck left lateral flexion head angular velocity repeatability for Neck EB6005
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Figure

8-10. VRTC neck left lateral flexion head rotation repeatability for Neck EB6005




8.2.4 THOR-50M Neck EB6007 testing at Humanetics

Repeatability results at Humanetics for Neck EB6007 (left) in the lateral flexion qualification
yielded CV values all below 5% (Table 8-7 and Table 8-8, Figure 8-11 through Figure 8-13).

Table 8-7. Humanetics THOR-50M Neck EB6007 Left Lateral Flexion Pulse Repeatability Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at
Test Number 4 ms aftg/r TO 8 ms aftg/r TO 12 ms aft)ér TO

(m/s) (m/s) (m/s)
370515.01 1.16 2.32 3.62
370519 1.15 2.20 3.34
370521 1.15 2.35 3.60
370524 1.09 2.16 3.34
370526 1.12 2.27 3.56
Mean 1.13 2.26 3.49
Std. Dev. 0.03 0.08 0.14
CV 2.5% 3.6% 4.0%

Table 8-8. Humanetics THOR-50M Neck EB6007 Left Lateral Flexion Repeatability Results

Peak
Upper Head
Neck | Angular P;%':aﬁg?]d
Mx Velocity .
Test Number (relative to
after Wx endulum)
40.0ms | (relative P d
(N-m) | toearth) (deg)
(deg/s)

370515.01 50.5 -1375 -40.5
370519 50.4 -1313 -40.2
370521 51.0 -1377 -40.7
370524 51.0 -1323 -40.7
370526 51.9 -1364 -40.6

Mean 51.0 -1350 -40.6

Std. Dev. 0.6 30 0.2

CcVv 1.2% 2.2% 0.5%
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Figure 8-11. Humanetics neck left lateral flexion upper neck X-moment repeatability for Neck EB6007
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Figure 8-12. Humanetics neck left lateral flexion head angular velocity repeatability for Neck EB6007
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Figure 8-13. Humanetics neck left lateral head rotation repeatability for Neck EB6007

8.25 THOR-50M Neck EB6007 testing at Calspan

Repeatability results at Calspan for Neck EB6007 (left) in the lateral flexion qualification
yielded CV values all below 5% (Table 8-9 and Table 8-10, Figure 8-14 through Figure 8-16).

Table 8-9. Calspan THOR-50M Neck EB6007 Left Lateral Flexion Pulse Repeatability Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at
Test Number 4 ms aftgr TO 8 ms afttgr TO 12 ms aft)e/zr TO

(m/s) (m/s) (m/s)
20170524104134 1.10 2.28 3.53
20170524111308 1.15 2.36 3.60
20170523142255 1.12 2.35 3.64
20170524123323 1.11 2.33 3.66
20170524130455 1.14 2.38 3.65
Mean 1.12 2.34 3.62
Std. Dev. 0.02 0.04 0.05
CV 1.6% 1.6% 1.4%




Table 8-10. Calspan THOR-50M Neck EB6007 Left Lateral Flexion Repeatability Results

Peak
Upper Head
N%Fék Angular Peak I—!ead
Mx Velocity Rotag’uon
Test Number (relative to
after Wy
40.0 ms | (relative pengulum)
(N-m) | toearth) (deg)
(deg/s)
20170524104134 48.5 -1358 -38.7
20170524111308 49.2 -1369 -39.1
20170523142255 44.6 -1383 -39.4
20170524123323 50.2 -1380 -39.5
20170524130455 47.4 -1371 -39.4
Mean 48.0 -1372 -39.2
Std. Dev. 2.1 10 0.3
CVv 4.4% 0.7% 0.8%
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Figure 8-14. Calspan neck left lateral flexion upper neck X-moment repeatability for Neck EB6007
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Figure 8-15. Calspan neck left lateral flexion head angular velocity repeatability for Neck EB6007
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Figure 8-16. Calspan neck left lateral head rotation repeatability for Neck EB6007




8.3 Neck Lateral Flexion Dummy Reproducibility Results

Dummy Reproducibility results at VRTC for the three THOR-50M necks yielded CV values all
below 5% (Table 8-11 and Table 8-12).

Table 8-11. THOR-50M Neck Left Lateral Flexion Pulse Dummy Reproducibility Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at

Neck Number Test Number 4ms aftg,r TO 8 ms aftgr TO 12 ms aftir TO
(m/s) (m/s) (m/s)
170328-15 1.24 2.43 3.55
170328-18 1.20 2.35 3.53
Nec\liFéTB%om 170328-20 1.20 2.36 3.54
170328-21 1.23 2.36 3.50
170328-22 1.18 2.29 3.48
170315-8 1.26 2.46 3.54
170315-9 1.15 2.28 3.41
Nec\lillqE-IE—B%OOG 170315-10 1.18 2.28 3.46
170315-13 1.15 2.29 3.46
170316-2 1.15 2.23 3.44
170323-1 1.23 2.38 3.53
170323-3 1.27 2.32 3.46
Nec\IiFI;E%OOS 1703235 131 2.39 3.51
170323-9 1.18 2.22 3.41
170323-14 1.22 2.30 3.43
Mean 1.21 2.33 3.48
Std. Dev. 0.05 0.07 0.05
CVv 3.9% 2.9% 1.4%

Table 8-12. THOR-50M Neck Left Lateral Flexion Reproducibility Results

Peak Head
Upper Neck Angular Peak I—!ead
Mx after 40.0 Velocity Rotqtlon
Neck Number Test Number X (relative to
ms (relative to endulum)
(N-m) earth) P d
(deg/s) (deg)
170328-15 514 -1353 -40.9
170328-18 51.0 -1366 -42.4
Mook Sg007 170328-20 51.3 1360 421
170328-21 50.3 -1344 -42.5
170328-22 50.6 -1346 -42.6
170315-8 49.5 -1361 -41.9
170315-9 50.1 -1326 -42.4
Nec\liF\I’ETBCGO% 170315-10 50.1 -1337 -43.0
170315-13 494 -1341 -43.2
170316-2 50.3 -1322 -42.9
170323-1 48.8 -1338 -42.3
170323-3 495 -1422 -44.4
Nec\lillqz-lgc(;OOS 170323-5 49.9 -1439 -44.6
170323-9 48.5 -1353 -43.8
170323-14 48.2 -1433 -45.2
Mean 49.9 -1363 -43.0
Std. Dev. 1.0 38 1.1
CVv 1.9% 2.8% 2.6%




8.4 THOR-50M Neck EB6007 Lab-to-Lab Variability Analysis

The results for neck lateral flexion qualification tests from each lab are presented in Table 8-13
and Table 8-14. The last four rows of each table show the Test Reproducibility results when data
from all 3 labs are combined. The CV values for the pulses (Table 8-13) and dummy metrics
(Table 8-14) are all below 5%.

Table 8-13. THOR-50M Neck Left Lateral Flexion Pulse Lab-to-Lab Variability Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at

Neck Number 4 ms aftg/r TO 8 ms afteyr TO 12 ms aft)ér TO
(m/s) (m/s) (m/s)
1.24 2.43 3.55
VRTC 130 736 sud
1.23 2.36 3.50
1.18 2.29 3.48
1.16 2.32 3.62
Humanetics 1.15 2.20 3.34
Neck EB6007 1.15 2.35 3.60
1.09 2.16 3.34
1.12 2.27 3.56
1.10 2.28 3.53
Calspan 1.15 2.36 3.60
1.12 2.35 3.64
Neck EB6007 111 233 3.66
1.14 2.38 3.65

Test Reproducibility
EB6007 ALL Labs

Mean 1.16 2.32 3.54
Std. Dev. 0.05 0.07 0.10
CV 4.1% 3.0% 2.8%




Table 8-14. THOR-50M Neck Left Lateral Flexion Lab-to-Lab Variability Results

Peak
Upper Head
N%Fék Angular Peak I—!ead
Mx Velocity Rotgtlon
Test Number (relative to
after W,
40.0 ms | (relative pengulum)
(N-m) | toearth) (deg)
(deg/s)
51.4 -1353 -40.9
VRTC 51.0 -1366 -42.4
Neck EB6007 51.3 -1360 -42.1
50.3 -1344 -42.5
50.6 -1346 -42.6
50.5 -1375 -40.5
Humanetics 50.4 -1313 -40.2
Neck EB6007 51.0 -1377 -40.7
51.0 -1323 -40.7
51.9 -1364 -40.6
48.5 -1358 -38.7
Calspan 49.2 -1369 -39.1
Neck EB6007 44.6 -1383 -39.4
50.2 -1380 -39.5
47.4 -1371 -39.4
Repeatability EB6007
ALL Labs
Mean 50.0 -1359 -40.6
Std. Dev. 1.9 20 1.3
CcVv 3.8% 1.5% 3.2%




8.5 Corridor Development

All the data used to determine the neck lateral flexion qualification corridors is shown in Table
8-15 and Table 8-16. The qualification corridors were calculated using the mean plus or minus
10% of the peak for the specified measured or calculated channels (Table 8-17).

Table 8-15. THOR-50M Neck Left Lateral Flexion Pulse Qualification Corridor Results

Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at

Neck Number Test Number 4ms aftg,r TO 8 ms aftgr TO 12 ms aftir TO
(m/s) (m/s) (m/s)
170328-15 1.24 243 355
170328-18 1.20 2.35 353
Nec\IiFI;E%OO7 170328-20 1.20 2.36 3.51
170328-21 1.23 2.36 3.50
170328-22 118 2.29 3.48
170315-8 1.26 2.46 354
170315-9 115 2.28 3.41
Nec\liFéTB%OOG 170315-10 118 2.28 3.46
170315-13 115 2.29 3.46
170316-2 115 223 3.44
1703231 1.23 2.38 353
1703233 127 232 3.46
Nec\IiFI;E%OOS 1703235 131 2.39 351
170323-9 118 222 3.41
170323-14 122 2.30 3.43
370515.01 116 232 3.62
. 370519 115 2.20 3.34
N'l‘éz‘ggegggs? 370521 1.15 235 3.60
370524 1.09 2.16 334
370526 112 227 3.56
20170524104134 1.10 2.28 353
| 20170524111308 115 2.36 3.60
Negfég%%m 20170523142255 112 2.35 3.64
20170524123323 111 233 3.66
20170524130455 1.14 2.38 3.65
Mean 1.18 232 351
Std. Dev. 0.06 0.07 0.09
cV 4.8% 3.0% 2.5%




Table 8-16. THOR-50M Neck Left Lateral Flexion Qualification Corridor Results

Peak
Upper Head
N%F():k Angular Peak I—!ead
Mx Velocity Rotgtlon
Test Number Test Number (relative to
after W,
40.0 ms | (relative pendulum)
(deg)
(N-m) | toearth)
(deg/s)
170328-15 51.4 -1353 -40.9
170328-18 51.0 -1366 -42.4
Nec\liFéTB%om 170328-20 513 | -1360 421
170328-21 50.3 -1344 -42.5
170328-22 50.6 -1346 426
170315-8 495 -1361 -41.9
170315-9 50.1 -1326 -42.4
Nec\liFéTB%ooe 170315-10 501 | -1337 43.0
170315-13 49.4 -1341 -43.2
170316-2 50.3 -1322 429
170323-1 48.8 -1338 -42.3
170323-3 495 1422 -44.4
Nec\IiFI;E%OOS 1703235 499 | -1439 446
170323-9 48.5 -1353 -43.8
170323-14 48.2 -1433 -45.2
370515.01 50.5 -1375 -40.5
Humanetics 370519 50.4 -1313 -40.2
Neck EBG007 370521 51.0 -1377 -40.7
370524 51.0 -1323 -40.7
370526 51.9 -1364 -40.6
20170524104134 485 -1358 -38.7
20170524111308 49.2 -1369 -39.1
Calspan 20170523142255 446 -1383 -30.4
Neck EB6007 : :
20170524123323 50.2 -1380 -39.5
20170524130455 47.4 -1371 -39.4
Mean 49.7 -1362 -41.7
Std. Dev. 15 32 1.8
cV 3.1% 2.4% 4.4%




Table 8-17. Neck Lateral Flexion Response Requirements

Parameter Units | Min. | Max. | Nominal Target Corr'd&;)W'dth
Pendulum velocity at 4 ms after TO m/s 1.06 | 1.30 1.18 10.0%
Pendulum velocity at 8 ms after TO m/s 2.09 | 255 2.32 10.0%
Pendulum velocity at 12 ms after TO m/s 3.16 | 3.86 3.51 10.0%
Impact Velocity m/s 3.35 | 345 3.40
Left Upper Neck X first peak after 40.0 ms N-m 448 | 54.7 49.7 10.0%
Left First Peak H(?ad Angular Velocity w, degls | -1498 | -1226 1362 10.0%
(relative to earth)
Left Pe_ak Head Rotation deg 459 | -376 417 10.0%
(relative to pendulum)
Right Upper Neck Mx first peak after 40.0 ms| N-m -54.7 | -44.8 -49.7 10.0%
Right First Peak H_ead Angular Velocity w, degls | 1226 | 1498 1362 10.0%
(relative to earth)
Right Peak Head Rotation 0
(relative to pendulum) deg 376 | 459 ALt 10.0%

Discussion. There were no instances in which a test did not achieve the target response = 10%.
All CVs were below 5%. There are no indications that there are problems with repeatability or
reproducibility for this test condition.



9 NECK TORSION

9.1 Methodology

Repeatability and reproducibility tests were performed using the neck torsion qualification
procedures described in the THOR-50M Qualification Procedures Manual. These tests assess
the response of the neck about the Z-axis. The neck pendulum is used for neck torsion tests,
but instead of the lower neck load cell being attached to the pendulum, a neck torsion fixture
(drawing DL472-1000) is used (Figure 9-1). The neck qualification in the torsion mode
utilizes 152.4 mm (6”) aluminum honeycomb for pendulum deceleration from an impact
velocity of 5.00 £ 0.05 m/s. During these tests the upper neck Z-axis moment (Mz), head
angular rate, and head rotation were measured.

Figure 9-1. Neck torsion test setup

9.2 Neck Torsion Repeatability Results

Sections 9.2.1 through 9.2.5 illustrate the results of the neck torsion repeatability tests. For this
study, only the left side was tested (i.e., simulates head turning about the z-axis towards the left
shoulder) since the neck is symmetrical and results between the left and right sides should be
similar. Each section contains a table providing the quantified test data, followed by plot
overlays of the five repeat tests conducted at all three labs. Note that the data in the tables
containing the results of each test series are listed sequentially, with the test at the top of the table
beginning the test series.



9.2.1

THOR-50M Neck EB6007 testing at VRTC

Repeatability results at VRTC for Neck EB6007 (left) in the neck torsion qualification yielded
CV values all below 5% (Table 9-1 and Table 9-2, Figure 9-2 through Figure 9-4).

Table 9-1. VRTC THOR-50M Neck EB6007 Left Torsion Pulse Repeatability Results

Pendulum Velocity | Pendulum Velocity | Pendulum Velocity | Pendulum Velocity
Test Number at at at at
10 ms after TO 15 ms after TO 20 ms after TO 25 ms after TO
(m/s) (m/s) (m/s) (m/s)
170327-5 1.83 2.80 3.78 4.65
170327-6 1.90 2.86 3.87 4.76
170327-7 1.90 2.83 3.81 4.70
170327-8 1.91 2.90 3.91 4.84
170327-9 1.91 2.90 3.90 4.84
Mean 1.89 2.86 3.85 4.76
Std. Dev. 0.04 0.04 0.06 0.08
CVv 1.9% 1.5% 1.5% 1.7%

Table 9-2. VRTC THOR-50M Neck EB6007 Left Torsion Repeatability Results

First Peak
Upper Neck Peak
JSS; Angylar l_\leck
Test Number Neck Mz Veloa_ty w, Fixture
(N-m) (relative to Rotation
earth) (deg)
(deg/s)
170327-5 43.1 -1380 45.5
170327-6 42.8 -1386 46.4
170327-7 42.3 -1386 46.6
170327-8 42.2 -1408 47.3
170327-9 42.1 -1424 47.5
Mean 42.5 -1397 46.7
Std. Dev. 0.45 0.8
CVv 1.1% 1.3% 1.7%
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Figure 9-2. VRTC neck left torsion upper neck Z-moment repeatability for Neck EB6007
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Figure 9-3. VRTC neck left torsion neck fixture rotation repeatability for Neck EB6007
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Figure 9-4. VRTC neck left torsion upper neck angular velocity repeatability for Neck EB6007

9.2.2

THOR-50M Neck EB6006 testing at VRTC

Repeatability results at VRTC for Neck EB6006 (left) in the neck torsion qualification yielded
CV values all below 5% (Table 9-3 and Table 9-4, Figure 9-5 through Figure 9-7).

Table 9-3. VRTC THOR-50M Neck EB6006 Left Torsion Pulse Repeatability Results

Pendulum Velocity | Pendulum Velocity | Pendulum Velocity | Pendulum Velocity
Test Number at at at at
10 ms after TO 15 ms after TO 20 ms after TO 25 ms after TO
(m/s) (m/s) (m/s) (m/s)
170316-7 1.88 2.82 3.80 4.68
170316-8 1.92 2.85 3.79 4.67
170316-9 1.98 2.98 3.95 4.84
170316-10 1.88 2.83 3.76 4.63
170316-13 1.92 2.87 3.82 4.70
Mean 1.91 2.87 3.82 4.70
Std. Dev. 0.04 0.06 0.07 0.08
CcVv 2.1% 2.2% 1.9% 1.7%




Table 9-4. VRTC THOR-50M Neck EB6006 Left Torsion Repeatability Results

First Peak
Upper Neck Peak
Jg;le(r Ang_ular I_\leck
Test Number Neck Mz Velou_ty w, letu_re
(N-m) (relative to Rotation
earth) (deg)
(deg/s)
170316-7 40.8 -1355 47.2
170316-8 40.5 -1372 47.8
170316-9 40.6 -1409 48.6
170316-10 40.2 -1384 48.2
170316-13 40.2 -1395 48.3
Mean 40.5 -1383 48.0
Std. Dev. 0.2 21 0.6
Ccv 0.6% 1.5% 1.2%
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Figure 9-5. VRTC neck left torsion upper neck Z-moment repeatability for Neck EB6006
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Figure 9-6. VRTC neck left torsion neck fixture rotation repeatability for Neck EB6006
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Figure 9-7. VRTC neck left torsion upper neck angular velocity repeatability for Neck EB6006




9.2.3

THOR-50M Neck EB6005 testing at VRTC

Repeatability results at VRTC for Neck EB6005 (left) in the neck torsion qualification yielded
CV values all below 5% (Table 9-5 and Table 9-6, Figure 9-8 through Figure 9-10).

Table 9-5. VRTC THOR-50M Neck EB6005 Left Torsion Pulse Repeatability Results

Pendulum Velocity | Pendulum Velocity | Pendulum Velocity | Pendulum Velocity
Test Number at at at at
10 ms after TO 15 ms after TO 20 ms after TO 25 ms after TO
(m/s) (m/s) (m/s) (m/s)
170321-2 1.90 2.86 3.87 4.75
170321-3 1.88 2.86 3.89 4.82
170321-4 1.91 2.89 3.89 4.78
170321-5 1.91 2.87 3.91 4.84
170321-7 1.94 2.90 3.93 4.81
Mean 1.91 2.88 3.90 4.80
Std. Dev. 0.02 0.02 0.02 0.03
CcVv 1.2% 0.6% 0.6% 0.7%

Table 9-6. VRTC THOR-50M Neck EB6005 Left Torsion Repeatability Results

First Peak
Upper Neck Peak
JSS; Angylar l_\leck
Test Number Neck Mz Veloa_ty w, Fixture
(N-m) (relative to Rotation
earth) (deg)
(deg/s)
170321-2 41.8 -1398 47.7
170321-3 40.9 -1448 52.0
170321-4 40.6 -1456 49.6
170321-5 40.4 -1467 49.8
170321-7 40.4 -1466 50.1
Mean 40.8 -1447 49.9
Std. Dev. 0.6 1.5
CVv 1.4% 2.0% 3.1%
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Figure 9-8. VRTC neck left torsion upper neck Z-moment repeatability for Neck EB6005
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Figure 9-9. VRTC neck left torsion neck fixture rotation repeatability for Neck EB6005
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Figure 9-10. VRTC neck left torsion upper neck angular velocity repeatability for Neck EB6005

9.2.4 THOR-50M Neck EB6007 testing at Humanetics

Repeatability results at Humanetics for Neck EB6007 (left) in the neck torsion qualification
yielded CV values all below 5% (Table 9-7 and Table 9-8, Figure 9-11 through Figure 9-13)

Table 9-7. Humanetics THOR-50M Neck EB6007 Left Torsion Pulse Repeatability Results

Pendulum Pendulum Pendulum Pendulum Velocity
Velocity at Velocity at Velocity at at
Test Number 10 ms aft)e/zr TO 15 ms aft)e/zr TO 20 ms afgr TO 25 ms after TO

(m/s) (m/s) (m/s) (m/s)
370553 1.86 2.77 3.78 4.68
370564 1.91 2.87 3.89 4.75
370580 1.86 2.74 3.70 4.55
370586 1.87 2.79 3.79 4.67
370594 1.88 2.80 3.74 4.60
Mean 1.87 2.79 3.78 4.65
Std. Dev. 0.02 0.05 0.07 0.07
Ccv 1.2% 1.8% 1.9% 1.6%




Table 9-8. Humanetics THOR-50M Neck EB6007 Left Torsion Repeatability Results

First Peak

Peak Upper Neck Peak Neck

Test Numb Upper VA;ng_uIar Fixture

est Number Neck Mz (reel(ia(iclit\ye?oz Rotation
(N-m) earth) (deg)

(deg/s)

370553 41.6 -1425 47.2
370564 414 -1401 46.8
370580 41.0 -1397 46.9
370586 41.2 -1425 47.0
370594 41.0 -1402 46.8
Mean 41.2 -1410 46.9
Std. Dev. 0.3 14 0.2
CV 0.7% 1.0% 0.4%

THOR-50M Neck (Left) Torsion
Neck EB6007 - Repeatability
Upper Neck Mz

Moment (N-m) CFC600

T T t T t
0 0.025 0.05 0.075 0.1 0.125 0.15
Time (sec)

Figure 9-11. Humanetics neck left torsion upper neck Z-moment repeatability for Neck EB6007
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Figure 9-12. Humanetics neck left torsion neck fixture rotation repeatability for Neck EB6007

THOR-50M Neck (Left) Torsion
Neck EB6007 - Repeatability
Upper Neck Angular velocity
1500

1000 —

Angular Velocity (deg/s) CFC60

-1500 + } ' } t } ' } + } +
0 0.025 0.05 0.075 0.1 0.125 0.15
Time (sec)

Figure 9-13. Humanetics neck left torsion upper neck angular velocity repeatability for Neck EB6007



9.25 THOR-50M Neck EB6007 testing at Calspan

Repeatability results at Calspan for Neck EB6007 (left) in the neck torsion qualification yielded
CV values all below 5% with the exception of the peak upper neck angular velocity which was
above 5% but less than 10% (Table 9-9 and Table 9-10, Figure 9-14 and Figure 9-15).
Instrumentation issues precluded collecting data for the neck fixture rotation.

Table 9-9. Calspan THOR-50M Neck EB6007 Left Torsion Pulse Repeatability Results

Pendulum Pendulum Pendulum Pendulum
Test Number Velocity at Velocity at Velocity at Velocity at
10 ms after TO 15 ms after TO 20 ms after TO 25 ms after TO

(m/s) (m/s) (m/s) (m/s)
20170525085334 1.90 2.91 3.94 4.86
20170525092720 1.86 2.83 3.79 4.70
20170525095849 1.89 2.83 3.80 4,71
20170525113452 2.01 3.03 4.05 4,97
20170525135110 1.93 2.89 3.88 4.81
Mean 1.92 2.90 3.89 4.81
Std. Dev. 0.06 0.08 0.11 0.11
CV 3.0% 2.8% 2.7% 2.3%

Table 9-10. Calspan THOR-50M Neck EB6007 Left Torsion Repeatability Results

First Peak
Peak Upper Neck Peak Neck

Test Numb Upper VA;ng_uIar Fixture

est Number Neck Mz (reel(?';\(iclit\/{z?c)z Rotation
(N-m) earth) (deg)

(deg/s)

20170525085334 42.4 -1358 N/A
20170525092720 41.9 -1335 N/A
20170525095849 41.8 -1333 N/A
20170525113452 42.5 -1369 N/A
20170525135110 42 .4 -1180 N/A
Mean 42.2 -1315 N/A
Std. Dev. 0.3 77 N/A
CVv 0.8% 5.9% N/A
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Figure 9-14. Calspan neck left torsion upper neck Z-moment repeatability for Neck EB6007
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Figure 9-15.

Calspan neck left torsion upper neck angular velocity repeatability for Neck EB6007




9.3 Neck Torsion Dummy Reproducibility Results

Dummy Reproducibility results at VRTC for the three THOR-50M necks yielded CV values all
below 5% (Table 9-11 and Table 9-12).

Table 9-11. THOR-50M Neck Left Torsion Pulse Dummy Reproducibility Results

Pendulum Velocity Pendulum Pendulum Pendulum
at Velocity at Velocity at Velocity at

Neck Number | Test Number 10 ms after TO 15 ms aftir TO 20 ms aftir TO 25 ms aft)ér TO
(m/s) (m/s) (m/s) (m/s)
170327-5 1.83 2.80 3.78 4.65
170327-6 1.90 2.86 3.87 4,76
Nec\I:%-I;CGOOY 1703277 1.90 2.83 3.81 4.70
170327-8 1.91 2.90 3.91 4.84
170327-9 1.91 2.90 3.90 4.84
170316-7 1.88 2.82 3.80 4.68
170316-8 1.92 2.85 3.79 4.67
Nec\lig(éooe 170316-9 1.98 2.98 3.95 4.84
170316-10 1.88 2.83 3.76 4.63
170316-13 1.92 2.87 3.82 4.70
170321-2 1.90 2.86 3.87 4.75
170321-3 1.88 2.86 3.89 4.82
Nec\ég%o% 170321-4 1.91 2.89 3.89 4.78
170321-5 1.91 2.87 3.91 4.84
170321-7 1.94 2.90 3.93 4.81
Mean 1.90 2.87 3.86 4,75
Std. Dev. 0.03 0.04 0.06 0.08
CVv 1.7% 1.5% 1.5% 1.6%

Table 9-12. THOR-50M Neck Left Torsion Reproducibility Results

Neck Number

Test Number

Peak Upper Neck Mz

First Peak Upper Neck Angular
Velocity w, (relative to earth)

Peak Neck Fixture

Rotation

(N-m) (degls) (deg)

1703275 231 1380 455

170327-6 128 21386 6.4

Nec\liRE-Ig%OOY 170327-7 423 21386 6.6
170327-8 42.2 21408 473

170327-9 421 1424 475

170316-7 208 1355 472

170316-8 205 1372 478

Nec\li%-lg(;OOG 170316-9 40.6 -1409 48,6
170316-10 402 1384 48.2

170316-13 4022 21395 183

1703212 418 71398 477

170321-3 40.9 1448 52.0

Nec\I:FI;-I;%OOS 170321-4 20.6 21456 496
1703215 404 1467 298

170321-7 404 21466 50.1

Mean 41.3 -1409 48.2
Std. Dev. 1.0 35 17

cv 2.5% 2.5% 3.5%




9.4 THOR-50M Neck EB6007 Lab-to-Lab Variability Analysis

The results for the neck torsion qualification tests from each lab are presented in Table 9-13 and
Table 9-14. The last four rows of each table show the Test Reproducibility results when data
from all 3 labs are combined. The CV values for the pulses (Table 9-13) and dummy metrics
(Table 9-14) are all below 5%. The Calspan data for the peak head rotation was unavailable due
to a potentiometer malfunction.

Table 9-13. THOR-50M Neck Left Torsion Pulse Lab-to-Lab Variability Results

Pendulum Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at Velocity at

Neck Number 10 ms aft)ér TO 15ms aft)ér TO 20 ms aft)ér TO 25 ms aftir TO
(m/s) (m/s) (m/s) (m/s)
1.83 2.80 3.78 4.65
1.90 2.86 3.87 4,76
Nec\liFga%om 1.90 2.83 381 4.70
1.91 2.90 3.91 4.84
1.91 2.90 3.90 4.84
1.86 2.77 3.78 4.68
. 191 2.87 3.89 4.75
N':‘éLnggegé%s7 186 2.74 3.70 4.55
1.87 2.79 3.79 4.67
1.88 2.80 3.74 4.60
1.90 2.91 3.94 4.86
| 1.86 2.83 3.79 4,70
Negfé%%%w 1.89 2.83 3.80 471
2.01 3.03 4.05 4.97
1.93 2.89 3.88 4.81

Test Reproducibility
EB6007 ALL Labs

Mean 1.89 2.85 3.84 4,74
Std. Dev. 0.04 0.07 0.09 0.11
CV 2.2% 2.5% 2.3% 2.3%




Table 9-14. THOR-50M Neck Left Torsion Lab-to-Lab Variability Results

First Peak
Upper Neck Peak
LTSS:r Ang_ular l_\leck
Neck Number Neck Mz Velom.ty w, letu_re
(N-m) (relative to Rotation
earth) (deg)
(deg/s)
43.1 -1380 45.5
42.8 -1386 46.4
oo a0 22.3 1386 26.6
42.2 -1408 47.3
42.1 -1424 47.5
41.6 -1425 47.2
H . 41.4 -1401 46.8
Mol 410 1397 269
41.2 -1425 47.0
41.0 -1402 46.8
42.4 -1358 N/A
Calspan 41.9 -1335 N/A
Neck EB6007 41.8 -1333 N/A
425 -1369 N/A
42.4 -1180 N/A
Repeatability EB6007
ALL Labs
Mean 42.0 -1374 46.8
Std. Dev. 0.7 61 0.6
CcVv 1.5% 4.5% 1.2%




9.5 Corridor Development

All the data used to determine the neck torsion qualification corridors is shown in Table 9-15 and
Table 9-16. The qualification corridors were calculated using the mean plus or minus 10% of the

peak for the specified measured or calculated channels (Table 9-17).

Table 9-15. THOR-50M Neck Left Torsion Pulse Qualification Corridor Results

Pendulum Pendulum Pendulum Pendulum
Velocity at Velocity at Velocity at Velocity at

Neck Number Test Number 10 ms aftir T0 15 ms aft)ér T0 20 ms aftir TO 25 ms aft)ér TO
(m/s) (m/s) (m/s) (m/s)
1703275 1.83 2.80 378 4.65
170327-6 1.90 2.86 3.87 476
Nec\liggom 1703277 1.90 2.83 3.81 470
170327-8 191 2.90 3.91 4.84
170327-9 191 2.90 3.90 4.84
1703167 1.88 2.82 3.80 4.68
170316-8 1.92 2.85 3.79 4.67
Nec\lig(éooe 170316-9 1.98 2.98 3.95 484
170316-10 1.88 2.83 3.76 4.63
170316-13 1.92 2.87 3.82 4.70
170321-2 1.90 2.86 3.87 4.75
170321-3 1.88 2.86 3.89 4.82
Nec\ég%o% 170321-4 191 2.89 3.89 478
1703215 191 2.87 3.91 4.84
170321-7 1.94 2.90 3.93 481
370553 1.86 277 378 4.68
. 370564 191 2.87 3.89 475
N':gg‘ég*’gé%i 370580 1.86 274 3.70 455
370586 1.87 2.79 3.79 4.67
370594 1.88 2.80 3.74 4.60
20170525085334 1.90 2.91 3.94 4.86
| 20170525092720 1.86 283 3.79 4.70
Negfé%%%m 20170525095849 1.89 2.83 3.80 471
20170525113452 2.01 3.03 4.05 4.97
20170525135110 1.93 2.89 3.88 481
Mean 1.90 2.86 3.85 474
Std. Dev. 0.04 0.06 0.08 0.10
Y} 2.0% 2.1% 2.1% 2.0%




Table 9-16. THOR-50M Neck Left Torsion Qualification Corridor Results

First Peak
Upper Neck Peak
Js;::r Angular Neck
Neck Number Test Number Neck Mz Velocity w, Fixtu_re
(N-m) (relative to Rotation
earth) (deg)
(deg/s)
170327-5 43.1 -1380 45.5
170327-6 42.8 -1386 46.4
N 1703277 423 1386 26.6
170327-8 42.2 -1408 47.3
170327-9 42.1 -1424 47.5
170316-7 40.8 -1355 47.2
170316-8 40.5 -1372 47.8
Mook ahe e 170316-9 206 1409 28.6
170316-10 40.2 -1384 48.2
170316-13 40.2 -1395 48.3
170321-2 41.8 -1398 47.7
170321-3 40.9 -1448 52.0
Mook Shg00s 1703214 206 1456 29.6
170321-5 404 -1467 49.8
170321-7 40.4 -1466 50.1
370553 41.6 -1425 47.2
Humanetics 370564 41.4 -1401 46.8
Neck EB6007 370580 41.0 -1397 46.9
370586 41.2 -1425 47.0
370594 41.0 -1402 46.8
20170525085334 424 -1358 N/A
Calspan 20170525092720 41.9 -1335 N/A
Neck EB6007 20170525095849 41.8 -1333 N/A
20170525113452 42.5 -1369 N/A
20170525135110 42.4 -1180 N/A
Mean 41.4 -1390 47.9
Std. Dev. 0.9 57 1.5
CVv 2.1% 4.1% 3.2%




Table 9-17. Neck Torsion Response Requirements

Nominal Corridor
Parameter Units Min. Max. T t Width
arge +0%
Pendulum velocity at 10 ms after TO| m/s 1.71 2.09 1.90 10.0%
Pendulum velocity at 15 ms after TO| m/s 2.57 3.14 2.86 10.0%
Pendulum velocity at 20 ms after TO| m/s 3.46 4.23 3.85 10.0%
Pendulum velocity at 25 ms after TO| m/s 4.27 5.22 4.75 10.0%
Impact Velocity m/s 4.95 5.05 5.00
Left Peak Upper Neck Mz N-m 37.3 45.6 41.4 10.0%
Left Peak Neck Fixture Rotation deg -52.7 -43.1 -47.9 10.0%
Left First Peak Upper Neck
Angular Velocity w, deg/s -1529 -1251 -1390 10.0%
(relative to earth)
Right Peak Upper Neck Mz N-m -45.6 -37.3 -41.4 10.0%
Right Peak Neck Fixture Rotation deg 43.1 52.7 47.9 10.0%
Right First Peak Upper Neck
Angular Velocity w, deg/s 1251 1529 1390 10.0%
(relative to earth)

Discussion. There were no instances in which a test did not achieve the target response + 10%.
Aside from one repeatability test at Calspan (the peak upper neck angular velocity signal appears
to be an anomaly) all CVs were below 5%. Otherwise, there are no indications that there are
problems with repeatability or reproducibility for this test condition.

10 UPPER THORAX
10.1 Methodology

Repeatability and reproducibility tests were performed using the upper thorax qualification
procedures described in the THOR-50M Qualification Procedures Manual. These tests require a
blunt thoracic impact to the sternum, similar to the Hybrid 111 50" percentile male certification
test, but at a lower speed of 4.3 m/s + 0.05 m/s (Figure 10-1). The upper ribcage central impact
test uses the same impactor as the Hybrid 111 50" percentile male ATD. In this test, an impactor
with a mass of 23.36 kg and a 152.40 mm diameter contacts the ATD at mid-sternum level.
During these tests, the resultant deflections of the left and right upper ribs and probe force at the
time of peak resultant deflection were measured. The deflections were calculated in the local
spine coordinate system to examine the force-deflection response of the upper thorax.



Figure 10-1. Upper thorax impact test setup

10.2 Upper Thorax Repeatability Results

Sections 10.2.1 through 10.2.5 illustrate the results of the upper thorax impact repeatability tests.
Each section contains a table providing the test data, followed by plot overlays of the five repeat
tests conducted at all three labs. Note that the data in the tables containing the results of each test
series are listed sequentially, with the test at the top of the table beginning the test series.

10.2.1 THOR-50M DL9207 testing at VRTC

Repeatability results at VRTC for the upper thorax qualification of DL9207 yielded CV values
all below 5% (Table 10-1, Figure 10-2 through Figure 10-6).

Table 10-1. VRTC THOR-50M DL 9207 Upper Thorax Repeatability Results

Difference
Peak Upper | Between Peak Force at Force at
Peak Probe Peak Upper Right f iagh Left Peak Right Peak
Left Resultant Left & Right
Test Number Force - Resultant Resultant Resultant
Deflection - Resultant . -
(N) (mm) Deflection Deflecti Deflection Deflection
(mm) eriections (N) (N)
(mm)
180410-1 2752 51.9 50.6 1.3 2567 2588
180410-2 2732 52.0 49.6 2.4 2602 2584
180410-5 2751 51.6 50.9 0.7 2660 2657
180410-6 2780 52.6 52.0 0.6 2660 2637
180410-7 2682 51.9 51.8 0.2 2631 2619
Mean 2739 51.5 N/A 2620
Std. Dev. 36 0.9 N/A 34
CVv 1.3% 1.7% N/A 1.3%




THOR-50M Upper Thorax
DL9207 Repeatability
Probe Force
3000

2500

2000

1300

1000

Force (N) CFC180

500

-500 ! ' : : ! " : . 1 " : .
0 0.025 0.075 0.1 0.125 0.15
Time (sec)

Figure 10-2. VRTC upper thorax probe force repeatability for DL9207
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Figure 10-3. VRTC upper thorax upper left resultant deflection repeatability for DL9207
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Figure 10-4. VRTC upper thorax upper right resultant deflection repeatability for DL9207
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Figure 10-5. VRTC upper thorax force vs. left resultant deflection repeatability for DL9207
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Figure 10-6. VRTC upper thorax force vs. right resultant deflection repeatability for DL9207

10.2.2 THOR-50M DO9798 testing at VRTC

Repeatability results at VRTC for the upper thorax qualification of DO9798 yielded CV values

all below 5% (Table 10-2, Figure 10-7 through Figure 10-11).

Table 10-2. VRTC THOR-50M D0O9798 Upper Thorax Repeatability Results

Difference
Force at Force at
Peak Upper Peak Upper Between Peak .
Test Peak Probe Left Resultant | Right Resultant | Left & Right Left Peak Right Peak
Force . - Resultant Resultant
Number Deflection Deflection Resultant - .
(N) ) Deflection Deflection
(mm) (mm) Deflections N N
(N) (N)
(mm)
180517-1 2724 55.1 57.0 -1.8 2720 2675
180517-5 2617 54.7 55.8 -1.1 2605 2614
180517-6 2672 56.4 56.7 -0.3 2647 2662
180517-7 2672 56.0 56.6 -0.6 2671 2664
180517-9 2725 55.6 55.7 -0.2 2712 2719
Mean 2682 56.0 N/A 2669
Std. Dev. 45 0.7 N/A 40
CVv 1.7% 1.3% N/A 1.5%
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Figure 10-7. VRTC upper thorax probe force repeatability for DO9798
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Figure 10-8. VRTC upper thorax upper left resultant deflection repeatability for DO9798
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Figure 10-9. VRTC upper thorax upper right resultant deflection repeatability for DO9798
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Figure 10-10. VRTC upper thorax force vs. left resultant deflection repeatability for DO9798
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Figure 10-11. VRTC upper thorax force vs. right resultant deflection repeatability for DO9798

10.2.3 THOR-50M DO9799 testing at VRTC

Repeatability results at VRTC for the upper thorax qualification of DO9799 yielded CV values
all below 5% (Table 10-3, Figure 10-12 through Figure 10-16).

Table 10-3. VRTC THOR-50M DO9799 Upper Thorax Repeatability Results

Difference Force at Force at
Peak Probe Peak Upper _Peak Upper Between F_’eak Left Peak Right Peak
Left Resultant | Right Resultant | Left & Right
Test Number Force - - Resultant Resultant
Deflection Deflection Resultant - -
(N) - Deflection Deflection
(mm) (mm) Deflections
(N) (N)
(mm)
180328-1 2825 50.9 51.6 -0.8 2741 2694
180328-2 2812 51.7 52.1 -0.4 2661 2769
180328-3 2641 50.4 52.9 -2.5 2520 2585
180328-4 2750 52.7 53.3 -0.5 2667 2735
180328-5 2789 52.6 53.1 -0.5 2665 2739
Mean 2763 52.1 N/A 2678
Std. Dev. 74 1.0 N/A 77
Ccv 2.7% 1.8% N/A 2.9%
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Figure 10-12. VRTC upper thorax probe force repeatability for DO9799
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Figure 10-13. VRTC upper thorax upper left resultant deflection repeatability for DO9799
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Figure 10-14. VRTC upper thorax upper right resultant deflection repeatability for DO9799

3000

2500

2000

1500

1000

Force (N) CFC180

500

-500

THOR-50M Upper Thorax
DO09799 - Repeatability
Force vs. Left Resultant Deflection

T t T
30 40
Resultant Deflection (mm)

70

Figure 10-15. VRTC upper thorax force vs. left resultant deflection repeatability for DO9799
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Figure 10-16. VRTC upper thorax force vs. right resultant deflection repeatability for DO9799

10.2.4 THOR-50M DQO9799 testing at Humanetics

Repeatability results at Humanetics for the upper thorax qualification of DO9799 yielded CV
values all below 5% (Table 10-4, Figure 10-17 through Figure 10-21).

Table 10-4. Humanetics THOR-50M DO9799 Upper Thorax Repeatability Results

Difference Force at Force at
Peak Probe Peak Upper 'Peak Upper Between I?eak Left Peak Right Peak
Left Resultant | Right Resultant Left & Right
Test Number Force . - Resultant Resultant
Deflection Deflection Resultant - ]
(N) - Deflection Deflection
(mm) (mm) Deflections
(N) (N)
(mm)
423558 2930 52.1 54.3 -2.3 2706 2819
423559 2884 52.2 53.6 -1.3 2703 2753
423560 2838 53.1 54.9 -1.9 2754 2764
423562 2833 53.6 54.0 -0.4 2669 2734
423568 2888 52.6 55.4 -2.8 2748 2770
Mean 2875 53.6 N/A 2742
Std. Dev. 40 1.1 N/A 42
CVv 1.4% 2.1% N/A 1.5%
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Figure 10-17. Humanetics upper thorax probe force repeatability for DO9799
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Figure 10-18. Humanetics upper thorax upper left resultant deflection repeatability for DO9799
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Figure 10-19. Humanetics upper thorax upper right resultant deflection repeatability for DO9799
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Figure 10-20. Humanetics upper thorax force vs. left resultant deflection repeatability for DO9799
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Figure 10-21. Humanetics upper thorax force vs. right resultant deflection repeatability for DO9799

10.2.5 THOR-50M DQO9799 testing at Calspan

Repeatability results at Calspan for the upper thorax qualification of DO9799 yielded CV values
all below 5% (Table 10-5, Figure 10-22 through Figure 10-26).

Table 10-5. Calspan THOR-50M Upper Thorax Repeatability Results for DO9799
Difference Force at Force at
Peak Probe Peak Upper 'Peak Upper Between I?eak Left Peak Right Peak
Left Resultant | Right Resultant Left & Right
Test Number Force . . Resultant Resultant
Deflection Deflection Resultant - .
(N) . Deflection Deflection
(mm) (mm) Deflections
(mm) (N) (N)
20180529190201 2703 53.0 54.6 -1.6 2636 2593
20180529194345 2746 54.7 53.6 1.1 2685 2672
20180530082032 2808 55.2 55.5 -0.3 2679 2686
20180530104859 2820 56.2 55.7 0.5 2716 2743
20180530113116 2707 55.9 55.8 0.1 2661 2667
Mean 2757 55.0 N/A 2674
Std. Dev. 55 1.1 N/A 41
Cv 2.0% 2.0% N/A 1.5%
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Figure 10-22. Calspan upper thorax probe force repeatability for DO9799
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Figure 10-23. Calspan upper thorax upper left resultant deflection repeatability for DO9799
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Figure 10-24. Calspan upper thorax upper right resultant deflection repeatability for DO9799
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Figure 10-25. Calspan upper thorax force vs. left resultant deflection repeatability for DO9799
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Figure 10-26. Calspan upper thorax force vs. right resultant deflection repeatability for DO9799




10.3 Upper Thorax Dummy Reproducibility Results

Dummy Reproducibility results at VRTC for the upper thorax qualification tests yielded CV

values all below 5% (Table 10-6).

Table 10-6. THOR-50M Upper Thorax Dummy Reproducibility Results

Peak Peak Upper | Peak Upper Difference Force at Force at
Probe . Between Peak .
Left Right . Left Peak | Right Peak
Dummy Test Force Left & Right
Resultant Resultant Resultant Resultant
Number Number (N) - - Resultant - -
Deflection Deflection - Deflection | Deflection
(mm) (mm) Deflections (N) (N)
(mm)
180410-1 2752 51.9 50.6 1.3 2567 2588
VRTC 180410-2 2732 52.0 49.6 2.4 2602 2584
DL9207 180410-5 2751 51.6 50.9 0.7 2660 2657
180410-6 2780 52.6 52.0 0.6 2660 2637
180410-7 2682 51.9 51.8 0.2 2631 2619
180517-1 2724 55.1 57.0 -1.8 2720 2675
VRTC 180517-5 2617 54.7 55.8 -1.1 2605 2614
DO9798 180517-6 2672 56.4 56.7 -0.3 2647 2662
180517-7 2672 56.0 56.6 -0.6 2671 2664
180517-9 2725 55.6 55.7 -0.2 2712 2719
180328-1 2825 50.9 51.6 -0.8 2741 2694
VRTC 180328-2 2812 51.7 52.1 -0.4 2661 2769
DO9799 180328-3 2641 50.4 52.9 -2.5 2520 2585
180328-4 2750 52.7 53.3 -0.5 2667 2735
180328-5 2789 52.6 53.1 -0.5 2665 2739
Mean 2728 53 N/A 2656
Std. Dev. 61 2 N/A 58
CV 2.3% 3.7% N/A 2.2%

10.4 Lab-to-Lab Variability Analysis

The results of the upper thorax qualification tests from each lab are presented in Table 10-7. The
repeatability within each lab is indicated by CV values below 5%. The last four rows of the table
show the Test Reproducibility results when data from all 3 labs are combined.

The difference between the left and right X deflections was also calculated to assure an even
impact to the upper thorax. ldeally, the difference should be zero in a symmetrical impact
scenario. Any differences would likely be attributed to setup variations which allowed a non-
symmetrical impact, or could indicate a problem with the instrumentation. Both the within lab
and between lab differences are small, since the mean differences are all lower than 1.2 mm
(Table 10-6) and (Table 10-7).




Table 10-7. THOR-50M Upper Thorax Lab-to-Lab Variability Results

Difference
Peak Peak Upper PeaII;_Upper Between Force at Force at Right
ight Peak Left & Left Peak
Dummy Number imbe Left Resu_ltant Resultant Right Resultant Peak Resgltant
orce Deflection - . Deflection
(N) (mm) Deflection Resultgnt Deflection (N)
(mm) Deflections (N)
(mm)

2825 50.9 51.6 -0.8 2741 2694
2812 51.7 52.1 -0.4 2661 2769

VIR 2641 504 529 25 2520 2585
2750 52.7 53.3 -0.5 2667 2735
2789 52.6 53.1 -0.5 2665 2739
2930 52.1 54.3 -2.3 2706 2819

Humanetics 2884 52.2 53.6 -1.3 2703 2753

DO9799 2838 53.1 54.9 -1.9 2754 2764
2833 53.6 54.0 -0.4 2669 2734
2888 52.6 55.4 -2.8 2748 2770
2703 53.0 54.6 -1.6 2636 2593

Calspan 2746 54.7 53.6 1.1 2685 2672

DO9799 2808 55.2 55.5 -0.3 2679 2686
2820 56.2 55.7 0.5 2716 2743
2707 55.9 55.8 0.1 2661 2667

Test Reproducibility
D09799
Mean 2798 53.1 N/A 2698
Std. Dev. 78 1.7 N/A 63
CVv 2.8% 3.2% N/A 2.3%




10.5 Corridor Development

All the data used to determine the upper thorax qualification corridors is shown in Table 10-8.
The qualification corridors were calculated using the mean plus or minus 10% of the peak for the
specified measured or calculated channels (Table 10-9), with the exception of the difference
between the left and right thorax resultant deflections which was +10% (x5 mm) of the mean of
the peak upper left and right resultant deflections.

Table 10-8. THOR-50M Upper Thorax Qualification Corridor Results

Peak Peak Difference
Peak Upper Upper Between Force at I_:orce at
- Peak Left Left Peak | Right Peak
Dummy Test Number Probe Left Right & Right Resultant Resultant
Number Force Resultant Resultant Itant Deflection Deflection
(N) Deflection Deflection gﬁu a
(mm) (mm) eflections (N) (N)
(mm)
180410-1 2752 51.9 50.6 1.3 2567 2588
VRTC 180410-2 2732 52.0 49.6 2.4 2602 2584
DL9207 180410-5 2751 51.6 50.9 0.7 2660 2657
180410-6 2780 52.6 52.0 0.6 2660 2637
180410-7 2682 51.9 51.8 0.2 2631 2619
180517-1 2724 55.1 57.0 -1.8 2720 2675
VRTC 180517-5 2617 54.7 55.8 -1.1 2605 2614
DO9798 180517-6 2672 56.4 56.7 -0.3 2647 2662
180517-7 2672 56.0 56.6 -0.6 2671 2664
180517-9 2725 55.6 55.7 -0.2 2712 2719
180328-1 2825 50.9 51.6 -0.8 2741 2694
VRTC 180328-2 2812 51.7 52.1 -0.4 2661 2769
DO9799 180328-3 2641 50.4 52.9 -2.5 2520 2585
180328-4 2750 52.7 53.3 -0.5 2667 2735
180328-5 2789 52.6 53.1 -0.5 2665 2739
423558 2930 52.1 54.3 -2.3 2706 2819
Humanetics 423559 2884 52.2 53.6 -1.3 2703 2753
DO9799 423560 2838 53.1 54.9 -1.9 2754 2764
423562 2833 53.6 54.0 -0.4 2669 2734
423568 2888 52.6 55.4 -2.8 2748 2770
20180529190201 | 2703 53.0 54.6 -1.6 2636 2593
Calspan 20180529194345 | 2746 54.7 53.6 1.1 2685 2672
DO9799 20180530082032 | 2808 55.2 55.5 -0.3 2679 2686
20180530104859 | 2820 56.2 55.7 0.5 2716 2743
20180530113116 | 2707 55.9 55.8 0.1 2661 2667
Mean 2763 53.6 N/A 2677
Std. Dev. 80 1.9 N/A 61
CVv 2.9% 3.6% N/A 2.3%




Table 10-9. Upper Thorax Response Requirements

Corridor Width

Parameter Units | Min. | Max. | Nominal Target 104
Impact Velocity m/s | 4.25 | 4.35 4.30
Peak Probe Force N 0 3039 3039 N/A
Peak Upper Left mm
Resultant Deflection
- 48.3 | 59.0 53.6 10%
Peak Upper Right mm
Resultant Deflection
Difference Between Peak mm 5 5 0 + 10% of the mean of
Left & Right Resultant Deflections resultant deflection
Force at Left & Right N | 2409 | 2044 2677 10%

Peak Resultant Deflection

Discussion. There were no instances in which a test did not achieve the target response + 10%.
All CV values were below 5%. There are no indications that there are problems with
repeatability or reproducibility for this test condition.

11 LOWER THORAX
11.1 Methodology

Repeatability and reproducibility tests were performed using the lower thorax qualification
procedures described in the THOR-50M Qualification Procedures Manual. This test mode
requires blunt impacts to the lower ribcage on either the right or left sides of the thorax (Figure
11-1). The lower ribcage impact qualification tests use the same impactor as the upper ribcage
central impact test. This impactor has a mass of 23.36 kg and a 152.40 mm diameter rigid disk
impact surface which contacts the THOR-50M at 4.30 + 0.05 m/s. In these tests, the impactor is
centered over the lower left or right thorax IR-TRACC’s attachment to the bib with the line of
impact horizontal and parallel to the dummy’s sagittal plane. Both left and right sides of the
dummy were tested since they are not tests on the same components; this will allow a
comparison of differences between the two sides. During these tests, the resultant deflection and
probe force were measured. The deflections of the lower thorax (on the impacted side) were
calculated in the local spine coordinate system to examine the force-deflection response of the
lower ribcage.



Figure 11-1. Lower thorax impact test setup

11.2 Lower Thorax Repeatability Results

Sections 11.2.1 through 11.2.5 illustrate the results of the lower thorax impact repeatability tests.
Each section contains a table providing the test data, followed by plot overlays of the five repeat
tests conducted at all three labs. Note that the data in the tables containing the results of each test
series are listed sequentially, with the test at the top of the table beginning the test series.



11.2.1 THOR-50M DL9207 testing at VRTC

Repeatability results at VRTC for the lower thorax qualification of DL9207 yielded CV values
all below 5% (Table 11-1, Figure 11-2 through Figure 11-5).

Table 11-1. VRTC THOR-50M DL9207 Lower Thorax Repeatability Results

Left or Right
Test Number Irg%?t Resultant Deflection Peak PEKBG Force
at Peak Force (mm)

020315 01L 47.3 3539
020315_02L Lef 48.7 3444
020315 03L sﬁjé 50.5 3430
020315 04L 48.0 3523
020315 05 47.9 3541
Mean 48.5 3496

Std. Dev. 1.2 54
CVv 2.5% 1.5%
020315 01R 49.3 3443
020315 02R Right 49.0 3319
020315 03R Side 48.9 3360
020315 04R 50.5 3360
020415 05 48.6 3318
Mean 49.3 3360

Std. Dev. 0.8 51
CVv 1.5% 1.5%
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Figure 11-2. VRTC lower left thorax probe force repeatability for DL9207
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Figure 11-3. VRTC lower right thorax probe force repeatability for DL9207
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Figure 11-4. VRTC left lower thorax probe force vs. resultant deflection repeatability for DL9207
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Figure 11-5. VRTC right lower thorax probe force vs. resultant deflection repeatability for DL9207

11.2.2 THOR-50M DO9798 testing at VRTC

Repeatability results at VRTC for the lower thorax qualification of DO9798 yielded CV values
all below 5% (Table 11-2, Figure 11-6 through Figure 11-9).

Table 11-2. VRTC THOR-50M D0O9798 Lower Thorax Repeatability Results

Left or Right
Test Number Irgﬁj&:act Resultant deflection Peak PEONt;e Force
at Peak Force (mm)

080515 01L 47.1 3353
080515 02 Left 47.6 3529
080515 03 Side 46.8 3544
080515 04 48.0 3547
080515 05 48.8 3521
Mean 47.6 3499

Std. Dev. 0.8 82
CVv 1.6% 2.4%
080515 01R 54.0 3478
080615 02 Right 49.6 3577
080615 03 Side 52.5 3551
080615 04 52.5 3611
080615 05 52.9 3584
Mean 52.3 3560

Std. Dev. 1.6 51
CVv 3.1% 1.4%
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Figure 11-6. VRTC lower left thorax probe force repeatability for DO9798
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Figure 11-7. VRTC lower right thorax probe force repeatability for DO9798
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Figure 11-8. VRTC left lower thorax probe force vs. resultant deflection repeatability for DO9798
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Figure 11-9. VRTC right lower thorax probe force vs. resultant deflection repeatability for DO9798



11.2.3 THOR-50M DO9799 testing at VRTC

Repeatability results at VRTC for the lower thorax qualification of DO9799 yielded CV values
all below 5% (Table 11-3, Figure 11-10 through Figure 11-13).

Table 11-3. VRTC THOR-50M DO9799 Lower Thorax Repeatability Results

Left or Right
Test Number Irg%?t Resultant Deflection Peak PEKBG Force
at Peak Force (mm)

062315 01L 52.1 3287
062315_02L Lef 52.0 3283
062415 03 sﬁjé 516 3243
062415 05 50.9 3378
062415 06 51.1 3269
Mean 3292 515

Std. Dev. 51 0.5
CVv 1.6% 1.0%
062315 01R 54.0 3209
062315 02R Right 52.7 3316
062315 03 Side 52.7 3311
062315 04 52.2 3435
062315 05 53.4 3366
Mean 3327 53.0

Std. Dev. 83 0.7
CVv 2.5% 1.3%
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Figure 11-10. VRTC lower left thorax probe force repeatability for DO9799
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Figure 11-11. VRTC lower right thorax probe force repeatability for DO9799
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Figure 11-12. VRTC left lower thorax probe force vs. resultant deflection repeatability for DO9799
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Figure 11-13. VRTC right lower thorax probe force vs. resultant deflection repeatability for DO9799



11.2.4 THOR-50M DQO9799 testing at Humanetics

Repeatability results at Humanetics for the lower thorax qualification of DO9799 yielded CV
values all below 5% (Table 11-4, Figure 11-14 through Figure 11-17).

Table 11-4. Humanetics THOR-50M DO9799 Lower Thorax Repeatability Results

Left or Right
Test Number Irg%?t Resultant Deflection | 62K P'EKBG Force
at Peak Force (mm)
268 51.1 3465
269 51.1 3474
270 Left 51.3 3519
271 Side 52.8 3503
272 49.0 3514
274 50.1 3465
Mean 50.9 3490
Std. Dev. 1.3 25
cv 2.5% 0.7%
275 50.8 3707
276 51.0 3857
217 Right 535 3722
278 Side 526 3702
279 52.4 3774
280 516 3774
Mean 52.0 3756
Std. Dev. 1.0 59
cv 2.0% 1.6%
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Figure 11-14. Humanetics lower left thorax probe force repeatability for DO9799
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Figure 11-15. Humanetics lower right thorax probe force repeatability for DO9799
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Figure 11-16. Humanetics left lower thorax probe force vs. resultant deflection repeatability for DO9799
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Figure 11-17. Humanetics right lower thorax probe force vs. resultant deflection repeatability for DO9799

11.2.5 THOR-50M DQO9799 testing at Calspan

Repeatability results at Calspan for the lower thorax qualification of DO9799 yielded CV values
all below 5% with the exception of the left and right deflections which were above 5% but less
than 10% (Table 11-5, Figure 11-18 through Figure 11-21).

Table 11-5. Calspan THOR-50M Lower Thorax Repeatability Results for DO9799

Left or Right
Test Number Irgi%aect Resultant Deflection Peak Pl&t;e Force
at Peak Force (mm)

20160630113226 57.3 3390
20160630120443 Left 62.0 3225
20160630124236 Side 54.5 3626
20160630131644 57.3 3309
20160630134843 51.9 3559
Mean 56.6 3422

Std. Dev. 3.8 168
CV 6.7% 4.9%
20160630145115 45.9 3637
20160630155233 Right 51.9 3607
20160630162409 Side 41.3 3722
20160630165709 47.3 3467
Mean 46.6 3608

Std. Dev. 4.4 106
CV 9.4% 2.9%
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Figure 11-18. Calspan lower left thorax probe force repeatability for DO9799
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Figure 11-19. Calspan lower right thorax probe force repeatability for DO9799




THOR-50M Lower Thorax (Left)
DO09799 - Repeatability
Force vs. Left Resultant Deflection
4000

3000

2000

1000

Force (N) CFC180

-1000 ' } + } t } + } + } + } t
0 10 20 30 40 50 60 70

Resultant Deflection (mm)

Figure 11-20. Calspan left lower thorax probe force vs. resultant deflection repeatability for DO9799
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Figure 11-21. Calspan right lower thorax probe force vs. resultant deflection repeatability for DO9799



11.3 Lower Thorax Dummy Reproducibility Results

Dummy Reproducibility results at VRTC for lower thorax qualification tests at VRTC all
displayed CV values below 5% (Table 11-6).

Table 11-6. THOR-50M Lower Thorax Dummy Reproducibility Results

Left or Right
. Regultant Peak Probe Force
Test Number Impact Side Test Number Deflection at Peak
Force (N)
(mm)
020315 01 47.3 3539
020315 02 48.7 3444
'S-sz; 020315 03 50.5 3430
020315 _04 48.0 3523
VRTC 020315 05 479 3541
DL9207 020315 01 49.3 3443
- 020315 02 49.0 3319
F;'i%et 020315 _03 48.9 3360
020315 04 50.5 3360
020415 05 48.6 3318
080515 _01 471 3353
" 080515_02 476 3529
'S-Ej; 080515 03 168 3544
080515 04 48.0 3547
VRTC 080515 05 488 3521
DO9798 080515 01 54.0 3478
: 080615 02 49.6 3577
F;'i%zt 080615 03 525 3551
080615_04 525 3611
080615 05 52.9 3584
062315 01 52.1 3287
" 062315_02 52.0 3283
'S'Ifj; 062415 03 51.6 3243
062415 05 50.9 3378
VRTC 062415 06 51.1 3269
DO9799 062315 01 54.0 3209
- 062315 02 52.7 3316
F;'i%et 062315 03 527 3311
062315 04 52.2 3435
062315 05 53.4 3366
Mean 50.4 3422
Std. Dev. 2.2 117
cV 45% 3.4%




11.4 Lab-to-Lab Variability Analysis

The results for left and right lower thorax qualification tests from each lab are presented in Table
11-7 and Table 11-8. The last four rows of the tables show the Test Reproducibility results when
data from all 3 labs are combined. The results for the resultant deflection at the time of the peak

probe force (for both the left and right sides) display CV values above 5% but less than 10%; due
to technical issues there were only four right-side tests at Calspan.

Table 11-7. THOR-50M Lower Left Thorax Lab-to Lab Variability Results

Left Resultant
Test Number Impact Side Deflection at Peak Peak Probe Force
Force (N)
(mm)

52.1 3287

VRTC Left 520 3283
DO9799 Side 51.6 3243
50.9 3378

511 3269

51.1 3465

i 51.1 3474
H%rgggggcs Left 51.3 3519
Side 52.8 3503

49.0 3514

50.1 3465

57.3 3390

Calspan Left 62.0 3225
DO9799 Side 54.5 3626
57.3 3309

51.9 3559

Test Reproducibility
Left Side DO9799

Mean 52.9 3407
Std. Dev. 34 125
cv 6.3% 3.7%




Table 11-8. THOR-50M Lower Right Thorax Lab-to Lab Variability Results

Right Resultant
Test Number Impact Side Deflection at Peak Peak Probe Force
Force (N)
(mm)

54.0 3209

VRTC Right 52.7 3316
DOY799 Side 52.1 3311

52.2 3435

53.4 3366

50.8 3707

51.0 3857

. Right 53.5 3722
Humanetics DO9799 Side 526 3702
52.4 3774

51.6 3774

45.9 3637

Calspan Right 51.9 3607
DO09799 Side 41.3 3722

47.3 3467

Lab-to-Lab Variability
Right Side DO9799

Mean 50.9 3574

Std. Dev. 3.5 205
CVv 6.8% 5.7%

11.5 Corridor Development

All the data used to determine the lower thorax qualification corridors is shown in Table 11-9.
The qualification corridors were calculated using the mean plus or minus 10% of the peak for the
specified measured or calculated channels (Table 11-10).



Table 11-9. THOR-50M Lower Thorax Qualification Corridor Results

Impact Left or Right Resultant Peak Probe Force
Test Number SiF()je Test Number Deflection at geak Force (mm) (N)
020315 01 473 3539
020315 02 487 3444
IS_iedf; 020315 03 505 3430
020315 04 48.0 3523
VRTC 020315 05 47.9 3541
DL9207 020315 01 493 3443
. 020315 _02 49.0 3319
F;'i%:t 020315 03 48.9 3360
020315 04 505 3360
020415 05 486 3318
080515 01 471 3353
080515 02 476 3529
IS_iedf; 080515 03 468 3544
080515 04 48.0 3547
VRTC 080515 05 488 3521
D09798 080515 01 54.0 3478
o 080615 02 496 3577
F;'i%et 080615 03 525 3551
080615 _04 525 3611
080615 05 52.9 3584
062315 01 52.1 3287
. 062315 02 520 3283
IS_iijetz 062415 03 516 3243
062415 05 50.9 3378
VRTC 062415 06 511 3269
D09799 062315 01 54.0 3209
o 062315 02 52.7 3316
F;'i%et 062315 03 52.7 3311
062315 04 522 3435
062315 05 53.4 3366
268 511 3465
269 511 3474
Left 270 513 3519
Side 271 52.8 3503
_ 272 49.0 3514
H‘s”éaggggcs 274 50.1 3465
275 50.8 3707
276 51.0 3857
Right 277 535 3722
Side 278 526 3702
279 52.4 3774
280 516 3774
20160630113226 573 3390
. 20160630120443 62.0 3225
'gifj; 20160630124236 545 3626
| 20160630131644 573 3309
823333 20160630134843 51.9 3559
20160630145115 459 3637
Right 20160630155233 51.9 3607
Side 20160630162409 413 3722
20160630165709 473 3467
Mean 50.9 3484
Std. Dev. 3.2 155
cV 6.4% 45%




Table 11-10. Lower Thorax Response Requirements

Parameter Units | Min. | Max. | Nominal Target COFrIC_E;)WIdth
Impact Velocity m/s | 4.25| 4.35 4.30
Peak Probe Force N 3136 | 3832 3484 10%
Left or Right Resultant Deflection at mm | 458 | 560 50.9 10%
Peak Force

Discussion. Given the asymmetric setup of this test, test labs may need to be diligent on
aligning the dummy with the impact probe. Otherwise, they may experience Test Repeatability
difficulties. This was evident at Calspan where four of their nine tests were not within +10% of
the target for deflection (as seen by the yellow highlights in Table 11-9). In Figure 11-20 and
Figure 11-21, Calspan’s force vs. deflection plots show a clear test-to-test disparity on the IR-
TRACC displacement measurements (CV of 6.7% for left, 9.4% for right). Since VRTC and
Humanetics did not experience this problem, the test setup issue appears to be isolated with
Calspan.

The test-by-test probe force levels at Calspan were also comparatively variable, with CVs of
2.9% for right and 4.9% for left. At VRTC and Humanetics, there was almost no variation in the
force levels (CVs less than 2.5% for all tests). There was also a definitive Left vs. Right
disparity at Calspan wherein left side deflection measurements were all lower. This was not seen
at Humanetics or VRTC. However, the Calspan average of left and right deflections was nearly
the same as those at VRTC and Humanetics (about 52 mm), which provides further indication
that the dummy may have been misaligned at Calspan.

Aside from Calspan’s setup issues, there was a minor Test Reproducibility issue. As seen in
Table 11-7 and Table 11-8, probe force levels at Humanetics were high relative to those at
VRTC and Calspan, slightly more so for the right aspect resulting in a CV of 5.7%. However,
only one of twelve tests at Humanetics was not within £10% of the target for force (indicated by
a yellow highlight in Table 11-9), so this does not appear to be overly concerning.

At VRTC and Humanetics, repeat tests on individual units were highly uniform (CVs below 5%)
for all measurements. Also, Dummy Reproducibility in tests at VRTC also displayed CVs below
5% as seen in Table 11-6. Thus, Dummy Repeatability and Dummy Reproducibility do not
appear to pose any problems in attaining the target response margin of + 10%.



12 LOWER ABDOMEN
12.1 Methodology

Repeatability and reproducibility tests were performed using the lower abdomen qualification
procedures described in the THOR-50M Qualification Procedures Manual. These tests utilize a
rectangular, horizontally-oriented rigid lower abdomen probe face (drawing #DL472-3000)
attached to an impactor (total mass of 32.00 £0.02 kg) to impact the lower abdomen of the
THOR-50M (Figure 12-1). The 3.30 £ 0.05 m/s impact is centered at the level of the 3D IR-
TRACC attachments to the anterior surface of the lower abdomen. The abdomen deflections are
calculated in the local spine coordinate system for both the left and right IR-TRACCs to examine
the force-deflection response of the lower abdomen. The X-axis deflections of the left and right
IR-TRACCs were also assessed individually.

Figure 12-1. Lower abdomen test setup

The lower abdomen bag was redesigned to address issues with the foam fit and IR-TRACC
placement; in addition, drawings were revised with more details to ensure repeatable
manufacturing. The lower abdomen repeatability and reproducibility tests were conducted using
the most recent version of the abdomen bag, as described in the THOR-50M Drawing Package.
To use the most recent version of the abdomen bag, this testing was performed later and all three
of the THOR-50M dummies were not available. Therefore, DL9207 was used with three
different lower abdomen assemblies. The same lower abdomen bracket and instrumentation were
used in each assembly, but the front foam, rear foam, and abdomen bag were different for each
assembly, as shown in Table 12-1. At the other two labs, the same foam assemblies were
installed into DO9799 since DL9207 was not available at the time. The comparisons should still



be valid since the foams, rather than the ATD structure, are the major source of variability in
lower abdomen tests. During these tests the X-axis deflection (for both left and right sides) at the
time of peak probe force, and probe force were measured.

Table 12-1. Lower Abdomen Assemblies

Lab Abdomen Dumm Front Foam Serial | Rear Foam Serial Lower Abdomen
Assembly y Number Number Bag Serial Number
VRTC Lower Abdomen DL9207 006 DP3449 cc1
Assembly #1
VRTC Lower Abdomen DL9207 002 DP3441 cc2
Assembly #2
VRTC Lower Abdomen DL9207 009 DP3443 472-4763-5
Assembly #3
Humanetics | -OWer Abdomen D09799 009 DP3443 472-4763-5
Assembly #3
Calspan | Lower Abdomen DO9799 009 DP3443 472-4763-5
Assembly #3

12.2 Lower Abdomen Repeatability Results

Sections 12.2.1 through 12.2.5 illustrate the results of the lower abdomen impact repeatability
tests. Each section contains a table providing the test data, followed by plot overlays of the five
repeat tests conducted at all three labs. Note that the data in the tables containing the results of
each test series are listed sequentially, with the test at the top of the table beginning the test
series.

12.2.1 THOR-50M DL9207 Lower Abdomen Assembly #1
testing at VRTC

Repeatability results at VRTC for the lower abdomen qualification of DL9207 (with lower
abdomen assembly #1) yielded CV values below 5% for the peak probe force, and the left and
right deflections combined is above 5%, but less than 10% due to an apparent right vs. left
disparity in the deflection measurements (Table 12-2 and Figure 12-2). This is discussed in
section 12.5



Table 12-2. VRTC THOR-50M DL 9207 with Lower Abdomen Assembly #1 Lower Abdomen Repeatability Results

Peak Lower Left Lower Right Difference Between
Probe Abdomen Abdomen Peak_
Test Number Force X.-aX|s Deflection at X.-aX|s Deflection at Left & ngh_t
N) Time of Peak Force | Time of Peak Force | X-axis Deflections
(mm) (mm) (mm)
160815-1 2859 -78.0 -86.0 8.0
160815-3 2934 -77.9 -85.7 7.7
160815-4 2941 -77.8 -89.4 11.6
160815-5 2976 -80.8 -88.6 7.8
160815-6 2972 -80.9 -88.5 7.6
Mean 2936 -83.3 N/A
Std. Dev. 47 4.8 N/A
CVv 1.6% 5.7% N/A
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Figure 12-2. VRTC lower abdomen probe force vs. X-axis deflection repeatability DL9207 Lower Abdomen Assembly #1

12.2.2 THOR-50M DL9207 Lower Abdomen Assembly #2
testing at VRTC

Repeatability results at VRTC for the lower abdomen qualification of DL9207 (with lower
abdomen assembly #2) yielded CV values below 5% for the peak probe force, and the left and
right deflections combined is above 5% but less than 10% due to an apparent right vs. left
disparity in the deflection measurements (Table 12-3 and Figure 12-3). This is discussed in
section 12.5.



Table 12-3. VRTC THOR-50M DL9207 with Lower Abdomen Assembly #2 Lower Abdomen Repeatability Results

Peak Lower Left Lower Right Difference Between
Probe Abdomen Abdomen Peak
Test Number Force X-axis Deflection at | X-axis Deflection at Left & Right
N) Time of Peak Force | Time of Peak Force X-axis Deflections
(mm) (mm) (mm)
160816-1 2843 -79.3 -88.0 8.7
160816-3 2905 -79.3 -86.6 7.3
160816-5 2929 -80.5 -89.8 9.3
160816-6 2878 -80.7 -88.1 7.3
160816-8 2889 -79.6 -87.8 8.2
Mean 2889 -84.0 N/A
Std. Dev. 32 4.4 N/A
CV 1.1% 5.2% N/A
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Figure 12-3. VRTC lower abdomen probe force vs. X-axis deflection repeatability DL9207 Lower Abdomen Assembly #2

12.2.3 THOR-50M DL9207 Lower Abdomen Assembly #3
testing at VRTC

Repeatability results at VRTC for the lower abdomen qualification of DL9207 (with lower
abdomen assembly #3) yielded CV values below 5% for the peak probe force, and the left and
right deflections combined is above 5% but less than 10% due to an apparent right vs. left
disparity in the deflection measurements (Table 12-4 and Figure 12-4). This is discussed in

section 12.5.



Table 12-4. VRTC THOR-50M DL9207 with Lower Abdomen Assembly #3 Lower Abdomen Repeatability Results

Peak Lower Left Lower Right Difference Between
Probe Abdomer) Abdomer] Peak_
Test Number Force X_—aX|s Deflection at X_—aX|s Deflection at Le_ft & ngh_t
N) Time of Peak Force | Time of Peak Force X-axis Deflections
(mm) (mm) (mm)
160816-12 2734 -79.7 -86.7 7.1
160816-13 2959 -82.5 -89.4 6.8
160816-14 2979 -83.1 -90.5 7.4
160817-1 2956 -81.6 -90.9 9.3
160817-2 2953 -82.9 -90.5 7.6
Mean 2916 -85.8 N/A
Std. Dev. 102 4.3 N/A
CV 3.3% 5.0% N/A
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Figure 12-4. VRTC lower abdomen probe force vs. X-axis deflection repeatability DL9207 Lower Abdomen Assembly #3

12.2.4 THOR-50M DO9799 Lower Abdomen Assembly #3
testing at Humanetics
Repeatability results at Humanetics for the lower abdomen qualification of DO9799 (with lower

abdomen assembly #3) yielded CV values all below 5% for the individual measurements (Table
12-5 and Figure 12-5), indicating that the right and left aspects are properly aligned.



Table 12-5. Humanetics THOR-50M D0O9799 with Lower Abdomen Assembly #3 Lower Abdomen Repeatability Results

Peak Lower Left Lower Right Difference Between
Probe Abdomer] Abdomer] Peak_
Test Number Force X.-aX|s Deflection at X.-aX|s Deflection at Left & nght
N) Time of Peak Force | Time of Peak Force X-axis Deflections
(mm) (mm) (mm)
1107 2745 -78.2 -79.4 1.2
1108 2872 -81.4 -79.2 -2.2
1111 2879 -83.0 -83.3 0.3
1115 2918 -83.3 -85.6 2.3
1119 2913 -85.5 -84.3 -1.2
1122 3044 -87.7 -84.2 -3.5
Mean 2895 -82.9 N/A
Std. Dev. 96 2.9 N/A
CV 3.3% 3.5% N/A
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Figure 12-5. Humanetics lower abdomen probe force vs. X-axis deflection repeatability DO9799 Abdomen Assembly #3

12.2.5 THOR-50M DO9799 Lower Abdomen Assembly #3
testing at Calspan

Repeatability results at Calspan for the lower abdomen qualification of DO9799 (with lower
abdomen assembly #3) yielded CV values below 5% for the peak probe force, and the left and
right deflections combined is above 5% but less than 10% due to an apparent right vs. left
disparity in the deflection measurements (Table 12-6 and Figure 12-6). This is discussed in
section 12.5.



Table 12-6. Calspan THOR-50M DO9799 with Lower Abdomen Assembly #3 Lower Abdomen Repeatability Results

Peak Lower Left Lower Right Difference Between
Probe Abdomer] Abdomer] Peak_
Test Number Force X.-aX|s Deflection at X.-aX|s Deflection at Left & nght
N) Time of Peak Force | Time of Peak Force X-axis Deflections
(mm) (mm) (mm)
20160701070836 2802 -79.7 -82.7 3.1
20160701073954 2914 -82.4 -82.9 0.5
20160701081037 2979 -81.7 -74.3 -75
20160701084126 2988 -81.7 -72.1 -9.7
20160701091215 3113 -79.5 -73.9 -5.6
Mean 2959 -79.1 N/A
Std. Dev. 114 4.1 N/A
CVv 3.8% 5.2% N/A

THOR-50M Lower Abdomen
DO9799 #3 - Repeatability
Force vs. X-axis Deflection
3500

3000 1+

2500

2000 +

1500 ++

Force (N) CFC180

1000 =+~

500 4+

=500

-100 -80 -60 -40 -20 0 20
X Deflection (mm)

Figure 12-6. Calspan lower abdomen probe force vs. X-axis deflection repeatability DO9799 Abdomen Assembly #3

12.3 Lower Abdomen Dummy Reproducibility Results

Dummy Reproducibility results at VRTC for the lower abdomen qualification yielded CV values
below 5% for the peak probe force, and the left and right deflections combined is above 5% but
less than 10% due to an apparent right vs. left disparity in the deflection measurements (Table
12-7). Thus, although the test results are highly reproducible, a clear right vs. left discrepancy
exists. The cause of this disparity is a misalignment in VRTC’s test setup procedure. This is
considered a Test Reproducibility issue and is discussed in section 12.5.



Table 12-7. THOR-50M Lower Abdomen Dummy Reproducibility Results

Lower Left Lower Right Difference
Test Peak Probe Abdomer_l Abdomer_l Between F_’eak
Dummy Number Number Force X-axis Deflection at | X-axis Deflection at Left & Right
(N) Time of Peak Force | Time of Peak Force | X-axis Deflections

(mm) (mm) (mm)
160815-1 2859 -78.0 -86.0 8.0
DL9207 VRTC 160815-3 2934 -77.9 -85.7 7.7
SN=CC1 F=006 160815-4 2941 -77.8 -89.4 11.6
R=DP3449 160815-5 2976 -80.8 -88.6 7.8
160815-6 2972 -80.9 -88.5 7.6
160816-1 2843 -79.3 -88.0 8.7
DL9207 VRTC 160816-3 2905 -79.3 -86.6 7.3
SN=CC2 F=002 160816-5 2929 -80.5 -89.8 9.3
R=DP3441 160816-6 2878 -80.7 -88.1 7.3
160816-8 2889 -79.6 -87.8 8.2
160816-12 2734 -79.7 -86.7 7.1
DL9207 VRTC 160816-13 2959 -82.5 -89.4 6.8
SN=472-4763-5 160816-14 2979 -83.1 -90.5 7.4
F=009 R=DP3443 160817-1 2956 -81.6 -90.9 9.3
160817-2 2953 -82.9 -90.5 7.6

Mean 2914 -84.4 N/A

Std. Dev. 66 4.5 N/A
Ccv 2.3% 5.3% N/A

12.4 Lab-to-Lab Variability Analysis

The identification information for the abdomen foam assembly used in the lab-to-lab variability
tests is provided in Table 12-8. At VRTC, THOR-50M serial number DL9207 was used with
this lower abdomen assembly. At the two other labs, the same foam assemblies were installed
into DO9799 since DL9207 was not available at the time. The comparisons should still be valid

since the foams, rather than the ATD structure, are the major source of variability in lower

abdomen tests.

Table 12-8. Lab-to-Lab Lower Abdomen Assembly

Front Foam Serial Number

Rear Foam Serial Number

Lower Abdomen Bag
Serial Number

Lower Abdomen Assembly
#3

009

DP3443

472-4763-5

The results for Test Reproducibility for the lower abdomen qualification tests are presented in the
last four rows of Table 12-9 for all three labs combined. In this analysis, a single CV is
calculated for the left and right X deflections combined since they should be the same and their
differences should be zero in a symmetrical impact scenario. Although the probe force yields a
CV below 5%, the CV for the combined right and left deflection is above 5% but less than 10%.
This is attributed to setup variations which allowed a non-symmetrical impact.




As seen earlier, the right vs. left differences for the abdomen tested at VRTC have a much higher
mean (7.6 mm) than at the other two labs. In addition, the VRTC difference data is all positive,
indicating that the deflection on the right side is consistently larger than that on the left.

Table 12-9. THOR-50M Lower Abdomen Lab-to-Lab Variability Results

Lower Left Lower Right .
Difference Between
Abdomen Abdomen .
Peak Probe Force . . - . Peak Left & Right
Dummy Number (N) X-axis Deflection at | X-axis Deflection at X-axis Deflections
Time of Peak Force | Time of Peak Force
(mm)
(mm) (mm)
2734 -79.7 -86.7 7.1
DL9207 VRTC SN=472- 2959 -82.5 -89.4 6.8
4763-5 F=009 2979 -83.1 -90.5 7.4
R=DP3443 2956 -81.6 -90.9 9.3
2953 -82.9 -90.5 7.6
2745 -78.2 -79.4 1.2
D09799 Humanetics 2872 814 192 2.2
~ . 2879 -83.0 -83.3 0.3
SN=472-4763-5 F=009
R=DP3443 2918 -83.3 -85.6 2.3
2913 -85.5 -84.3 -1.2
3044 -87.7 -84.2 -3.5
2802 -79.7 -82.7 3.1
DO09799 Calspan 2914 -82.4 -82.9 0.5
SN=472-4763-5 F=009 2979 -81.7 -74.3 -7.5
R=DP3443 2988 -81.7 -72.1 -9.7
3113 -79.5 -73.9 -5.6
Test Reproducibility
Mean 2922 -82.6 N/A
Std. Dev. 100 45 N/A
CV 3.4% 5.5% N/A

12.5 Corridor Development

All the data used to determine the lower abdomen qualification corridors is shown in Table
12-10. The qualification corridors were calculated using the mean plus or minus 10% of the
peak for the specified measured or calculated channels, with the exception of the difference
between the left and right abdomen X deflections which was £10% (x8mm) of the mean of the
peak upper left and right X-axis deflections.



Table 12-10. THOR-50M Lower Abdomen Qualification Corridor Results

Lower Left Lower Right Difference
Peak Probe Abdomen Abdomen Between Peak
Dummy Number Test Number Force X-axis Deflection at | X-axis Deflection at Left & Right
(N) Time of Peak Force | Time of Peak Force | X-axis Deflections

(mm) (mm) (mm)
160815-1 2859 -78.0 -86.0 8.0
DL9207 VRTC 160815-3 2934 -77.9 -85.7 7.7
SN=CC1 F=006 160815-4 2941 -77.8 -89.4 11.6
R=DP3449 160815-5 2976 -80.8 -88.6 7.8
160815-6 2972 -80.9 -88.5 7.6
160816-1 2843 -79.3 -88.0 8.7
DL9207 VRTC 160816-3 2905 -79.3 -86.6 7.3
SN=CC2 F=002 160816-5 2929 -80.5 -89.8 9.3
R=DP3441 160816-6 2878 -80.7 -88.1 7.3
160816-8 2889 -79.6 -87.8 8.2
160816-12 2734 -79.7 -86.7 7.1
DL9207 VRTC 160816-13 2959 -82.5 -89.4 6.8
SN=472-4763-5 160816-14 2979 -83.1 -90.5 7.4
F=009 R=DP3443 160817-1 2956 -81.6 -90.9 9.3
160817-2 2953 -82.9 -90.5 7.6
1107 2745 -78.2 -794 1.2

1108 2872 -814 -79.2 -2.2
DO9799 1111 2879 -83.0 -83.3 0.3
Humanetics 1115 2918 -83.3 -85.6 2.3
1119 2913 -85.5 -84.3 -1.2

1122 3044 -87.7 -84.2 -3.5
20160701070836 2802 -79.7 -82.7 3.1
20160701073954 2914 -82.4 -82.9 0.5

DO9799 Calspan | 20160701081037 2979 -81.7 -74.3 -75
20160701084126 2988 -81.7 -72.1 -9.7

20160701091215 3113 -79.5 -73.9 -5.6

Mean 2918 -83.0 N/A

Std. Dev. 83 . N/A
CcVv 2.8% 5.4% N/A

For the difference in X deflections (which is ideally zero), the data from all labs (Table 12-10)
shows that the range for the difference between left and right X deflections was -9.7 to 11.6 mm.
Further investigation shows that the VRTC deflection difference data from all tests is positive,
indicating that the deflection on the right side is consistently larger than that on the left;
furthermore, it has a higher average magnitude. Physically examining VRTC’s test setup
showed that the ATD was consistently slightly rotated about the Z-axis in these tests (note that
this has been corrected at the VRTC lab); thus, equidistance from the probe on the left and right
sides was affected. The main contributor to this result is that in the VRTC test data, all the right
X-axis deflections are larger than the left X-axis deflections (at least 6.8 mm larger). In the
Humanetics and Calspan data, the distribution is more evenly split left-to-right.

Table 12-12 summarizes the lower abdomen qualification response requirements. Since both left
and right deflections are included in the calculation of the deflection specification, the large
differences in left and right deflection at the VRTC lab will not prohibit using that data to
determine a deflection range.




Table 12-12. Lower Abdomen Response Requirements

. . Nominal Corridor Width
Parameter Units | Min. | Max. Target 106
Impact Velocity m/s | 3.25 | 3.35 3.30

Peak Probe Force N 2626 | 3210 2918 10%
Lower Left Abdomen X-axis Deflection at Time of Peak Force

- - - - mm | -91.3 | -74.7 -83.0 10%
Lower Right Abdomen X-axis Deflection at Time of Peak Force

0,
Difference Between Peak Left & Right X-axis Deflections mm -8 8 0 + 10% of the mean of

X-axis deflection

Discussion. At VRTC and Humanetics, repeat tests on individual units were highly uniform
(CVs below 5%) for all measurements. Also, Dummy Reproducibility in tests at VRTC also
displayed CVs below 5% as seen in (Table 12-7). Thus, Dummy/Test Repeatability, and Dummy
Reproducibility do not appear to pose any problems in attaining the target response margin of +

10%.

However, labs may have difficulty attaining the response if the test set-up is not sufficiently
symmetric. A distinct right vs. left misalignment was observed at VRTC that affected the test
results. A left vs. right discrepancy at Calspan was also apparent in some of the tests. This is a
Test Reproducibility issue and may affect test labs in the future. However, once the dummy is
properly aligned (as it was at Humanetics), labs should be able to attain the desired response.

Aside from the left vs. right issue, when the left and right peak displacements from each
respective test site are averaged together the average peak abdominal displacement at Calspan
(79 mm) was low relative to VRTC (86 mm) and Humanetics (83 mm). In two of their tests,
deflections were below the target response by more than 10% even though the left vs. right
difference was less than 8 mm. Thus, in the future, test labs such as Calspan’s may need to
experiment with set-ups and dummy positioning to assure they are within allowable tolerances.

13 KNEE

13.1 Methodology

Repeatability and reproducibility tests were performed using the knee qualification procedures
described in the THOR-50M Quialification Procedures Manual. This test examines the response
of the anterior-posterior translation of the tibia with respect to the femur at the knee joint. A
12.00 kg impactor with a 76.2 mm diameter rigid disk impact surface impacts a load distribution
bracket attached at the knee joint at 2.20 £ 0.05 m/s (Figure 13-1). During these tests, the femur

Z-axis force and knee deflection at peak femur force were measured.




13.2 Knee Repeatability Results

Sections 13.2.1 through 13.2.10 illustrate the results of the knee impact repeatability tests. Each
section contains a table providing the test data, followed by plot overlays of the five repeat tests
conducted at all three labs. Note that the data in the tables containing the results of each test
series are listed sequentially, with the test at the top of the table beginning the test series.

13.2.1 THOR-50M DL9207 Left Knee testing at VRTC

Repeatability results at VRTC for the left knee qualification of DL9207 (C2102639B) yielded

Figure 13-1. Knee impact test setup

CV values all below 5% (Table 13-1 and Figure 13-2 through Figure 13-3).

Table 13-1. VRTC THOR-50M DL9207 Left Knee (C2102639B) Repeatability Results

Peak Femur Knee Deflection at

Test Number Fz Peak Femur Force
(\) (mm)
062314 01 -6804 -20.5
062314 02 -7041 -20.7
062314 03 -7042 -20.7
062314 04 -7032 -20.6
062314 05 -7029 -20.6
Mean -6990 -20.6

Std. Dev. 104 0.1

CV 1.5% 0.4%
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Figure 13-2. VRTC left knee femur force repeatability for DL9207
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Figure 13-3. VRTC left knee femur force vs. knee deflection repeatability for DL9207




13.2.2 THOR-50M DL9207 Right Knee testing at VRTC

Repeatability results at VRTC for the right knee qualification of DL9207 (11807966B) yielded
CV values all below 5% (Table 13-2 and Figure 13-4 and Figure 13-5).

Table 13-2. VRTC THOR-50M DL9207 Right Knee (11807966B) Repeatability Results

Peak Femur Knee Deflection at

Test Number Fz Peak Femur Force
(\N) (mm)
062414 01 -6938 -20.0
062414 02 -7026 -20.1
062414 03 -7078 -20.1
062414 04 -7093 -19.6
062414 05 -7053 -19.7
Mean -7037 -19.9

Std. Dev. 61 0.2

CV 0.9% 1.1%
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Figure 13-4. VRTC right knee femur force repeatability for DL9207
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Figure 13-5. VRTC right knee femur force vs. knee deflection repeatability for DL9207

13.2.3 THOR-50M DO9798 Left Knee testing at VRTC

Repeatability results at VRTC for the left knee qualification of DO9798 (13073811) yielded CV
values all below 5% (Table 13-3 and Figure 13-6 through Figure 13-7).

Table 13-3. VRTC THOR-50M D0O9798 Left Knee (13073811) Repeatability Results

Peak Femur Knee Deflection at

Test Number Fz Peak Femur Force
(\) (mm)
060414 01 -6751 -20.3
060414 02 -6697 -20.3
060414 03 -6758 -20.4
060414 04 -6634 -20.2
060414 05 -6643 -20.3
Mean -6697 -20.3

Std. Dev. 58 0.1

CV 0.9% 0.3%
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Figure 13-6. VRTC left knee femur force repeatability for DO9798
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Figure 13-7. VRTC left knee femur force vs. knee deflection repeatability for DO9798




13.2.4 THOR-50M DO9798 Right Knee testing at VRTC

Repeatability results at VRTC for the right knee qualification of DO9798 (13073814) yielded
CV values all below 5% (Table 13-4 and Figure 13-8 and Figure 13-9).

Table 13-4. VRTC THOR-50M D0O9798 Right Knee (13073814) Repeatability Results

Peak Femur Knee Deflection at

Test Number Fz Peak Femur Force
(\N) (mm)
062514 01R -6736 -20.0
062514 02R -6710 -20.0
062514 03R -6685 -20.0
062514 04R -6660 -20.0
062514 05R -6651 -20.1
Mean -6689 -20.0
Std. Dev. 35 0.02
CV 0.5% 0.1%
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Figure 13-8. VRTC right knee femur force repeatability for DO9798
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Figure 13-9. VRTC right knee femur force vs. knee deflection repeatability for DO9798

13.2.5 THOR-50M DQO9799 Left Knee testing at VRTC

Repeatability results at VRTC for the left knee qualification of DO9799 (13063666) yielded CV
values all below 5% (Table 13-5 and Figure 13-10 through Figure 13-11).

Table 13-5. VRTC THOR-50M D0O9799 Left Knee (13063666) Repeatability Results

Peak Femur Knee Deflection at

Test Number Fz Peak Femur Force
(\N) (mm)
062514 01L -6065 -20.1
062514 02L -6442 -20.5
062514 03L -6420 -20.5
062514 04L -6438 -20.5
062514 05L -6401 -20.5
Mean -6353 -20.4

Std. Dev. 162 0.2

CVv 2.5% 0.9%
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Figure 13-10. VRTC left knee femur force repeatability for DO9799
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Figure 13-11. VRTC left knee femur force vs. knee deflection repeatability for DO9799




13.2.6 THOR-50M DO9799 Right Knee testing at VRTC

Repeatability results at VRTC for the right knee qualification of DO9799 (13074086) yielded
CV values all below 5% (Table 13-6 and Figure 13-12 though Figure 13-13).

Table 13-6. VRTC THOR-50M D0O9799 Right Knee (13074086) Repeatability Results

Peak Femur Knee Deflection at

Test Number Fz Peak Femur Force
(\N) (mm)
060514 01 -5932 -20.7
060514 02 -6229 -21.0
060514 03 -6228 -21.0
060514 04 -6167 -21.0
060514 05 -6172 -21.0
Mean -6145 -20.9

Std. Dev. 123 0.1

CVv 2.0% 0.6%
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Figure 13-12. VRTC right knee femur force repeatability for DO9799
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Figure 13-13. VRTC right knee femur force vs. knee deflection repeatability for DO9799

13.2.7 THOR-50M DO9799 Left Knee testing at
Humanetics

Repeatability results at Humanetics for the left knee qualification of DO9799 (13063666) yielded
CV values all below 5% (Table 13-7 and Figure 13-14 through Figure 13-15).

Table 13-7. Humanetics THOR-50M D0O9799 Left Knee (13063666) Repeatability Results

Peak Femur Knee Deflection at

Test Number Fz Peak Femur Force
(\) (mm)
447 -6883 -19.7
449 -6919 -19.7
451 -6902 -19.8
452 -6928 -19.8
455 -6941 -19.8
458 -6986 -19.8
Mean -6926 -19.8
Std. Dev. 35 0.03
CV 0.5% 0.2%
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Figure 13-14. Humanetics left knee femur force repeatability for DO9799
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Figure 13-15. Humanetics left knee femur force vs. knee deflection repeatability for DO9799




13.2.8 THOR-50M DO9799 Right Knee testing at
Humanetics

Repeatability results at Humanetics for the right knee qualification of DO9799 (13074086)
yielded CV values all below 5% (Table 13-8 and Figure 13-16 through Figure 13-17).

Table 13-8. Humanetics THOR-50M DO9799 Right Knee (13074086) Repeatability Results

Peak Femur Knee Deflection at

Test Number Fz Peak Femur Force
(\) (mm)
421 -6261 -20.0
424 -6367 -20.1
426 -6390 -20.1
434 -6395 -20.1
436 -6101 -20.0
438 -6376 -20.1
Mean -6315 -20.1

Std. Dev. 116 0.1

CV 1.8% 0.3%

THOR-50M Knee (Right)
DO9799 (13074086) - Repeatability
Femur Fz
2000
1000 == /\
0-R o P T —— e N
.-‘ iy =l -
-1000 == \ /
s 1 \ [
5 2000 | |
\ }’
= |
=3 | T |
L | !
2 '\ |
o 1 I
B~ L4000 4 { |
| I |
\
W
-5000 == |
6000 4 \
-7000 . } } 1 t } t
0 0.025 0.05 0.075 0.1
Time (sec)

Figure 13-16. Humanetics right knee femur force repeatability for DO9799
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Figure 13-17. Humanetics right knee femur force vs. knee deflection repeatability for DO9799

13.2.9 THOR-50M DO9799 Left Knee testing at Calspan

Repeatability results at Calspan for the left knee qualification of DO9799 (13063666) yielded
CV values all below 5% (Table 13-9 and Figure 13-18 through Figure 13-19).

Table 13-9. Calspan THOR-50M DO9799 Left Knee (13063666) Repeatability Results

Peak Femur Knee Deflection at

Test Number Fz Peak Femur Force
(\N) (mm)
20160701152921 -5793 -19.9
20160701160120 -6047 -20.0
20160701163206 -6051 -20.0
20160701170322 -6064 -20.0
20160701173521 -6079 -20.1
Mean -6007 -20.0

Std. Dev. 120 0.1

CV 2.0% 0.4%
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Figure 13-18. Calspan left knee femur force repeatability for DO9799
THOR-50M Knee (Left)
DO9799 (13063666) - Repeatability
Force vs. Deflection
1000
0 ==
-1000 ==
% 2000 4=
&)
= 1
o
~~ -3000 1
Z
-
g 4
S -4000 =4
£ 9
-5000 -
-6000 -
-7000 + } t } + } t } t }
-25 20 -15 -10 0 5

Figure 13-19. Calspan left knee femur force vs. knee deflection repeatability for DO9799




13.2.10 THOR-50M DO9799 Right Knee testing at Calspan

Repeatability results at Calspan for the right knee qualification of DO9799 (13074086) yielded

CV values all below 5% (Table 13-10 and Figure 13-20 through Figure 13-21).

Table 13-10. Calspan THOR-50M DO9799 Right Knee (13074086) Repeatability Results

Peak Femur Knee Deflection at

Test Number Fz Peak Femur Force
(\N) (mm)
20160701123859 -5446 -19.7
20160701131007 -5785 -19.7
20160701134043 -5987 -19.8
20160701141351 -6018 -19.9
20160701144520 -6018 -19.8
Mean -5851 -19.8

Std. Dev. 246 0.1

CV 4.2% 0.4%
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Figure 13-20. Calspan right knee femur force repeatability for DO9799
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Figure 13-21. Calspan right knee femur force vs. knee deflection repeatability for DO9799

13.3 Knee Dummy Reproducibility Results

Dummy Reproducibility results at VRTC for the knee qualification yielded CV values below 5%
for the knee deflection at peak femur force, and the peak femur Z-axis force is above 5% but less
than 10% (Table 13-11). Since three dummies were used in this study, data from both left and
right legs was included in the reproducibility results, offering 6 sample sets of data instead of the
3 samples as in many of the other qualification tests in this study.



Table 13-11. THOR-50M Knee Dummy Reproducibility Results

Peak Femur Knee Deflection at
Dummy Number Knee Test Number Fz Peak Femur Force
(N) (mm)
062314 01 -6804 -20.5
Lot 06231403 o4z 207
(C21026398) 062314 04 -7032 -20.6
VRTC 062314 05 -7029 -20.6
DL9207 062414 01 -6938 -20.0
Right 241407 o7 201
(118079668) 062414 04 -7093 -19.6
062414 05 -7053 -19.7
060414 01 -6751 -20.3
oL 0 o 2
(13073811) 060414 04 -6634 -20.2
VRTC 060414 05 -6643 -20.3
DO09798 062514 01 -6736 -20.0
Right 062514 02 -6710 -20.0
(13073814) 062514 03 -6685 -20.0
062514 04 -6660 -20.0
062514 05 -6651 -20.1
062514 01 -6065 -20.1
Let 06251405 iz 208
(13063666) 062514 04 -6438 -20.5
VRTC 062514 05 -6401 -20.5
DO09799 060514 01 -5932 -20.7
Right 060514 02 -6229 -21.0
(13074086) 060514 03 -6228 -21.0
060514 04 -6167 -21.0
060514 05 -6172 -21.0
Mean -6652 -20.4
Std. Dev. 337 0.4
Ccv 5.1% 1.8%

13.4 Lab-to-Lab Variability Analysis

The results for the knee qualification tests from each lab are presented in Table 13-12 and Table
13-13. The last four rows of the table show the Test Reproducibility results when data from all 3
labs are combined. The left knee qualification test results are shown in Table 13-12 where the
CV for left knee deflection was under 5%, and the peak femur forces produced a CV above 5%
but less than 10%.



Table 13-12. THOR-50M Left Knee (13063666) Lab-to Lab Variability Results

Peak Femur Knee Deflection at
Dummy Number Fz Peak Femur Force
(N) (mm)
-6065 -20.1
VRTC -6442 -20.5
DO0O9799 -6420 -20.5
Left Knee (13063666) -6438 -20.5
-6401 -20.5
-6883 -19.7
. -6919 -19.7
Humanetics 26902 108
Left Kr?e(gzg?)G%GG) -6928 198
-6941 -19.8
-6986 -19.8
-5793 -19.9
Calspan -6047 -20.0
DO9799 -6051 -20.0
Left Knee (13063666) -6064 -20.0
-6079 -20.1
Test Reproducibility
DO9799 Left Knee
(13063666)

Mean -6460 -20.0

Std. Dev. 413 0.3
CcVv 6.4% 1.4%

The right knee qualification test results are shown in Table 13-13 where the CV values for femur
force and knee deflection were below 5%.

Table 13-13. THOR-50M Right Knee (130740860) Lab-to Lab Variability Results

Peak Femur Knee Deflection at
Dummy Number Fz Peak Femur Force
(N) (mm)
VRTC -5932 -20.7
-6229 -21.0
D0O9799
- -6228 -21.0
Right Knee
(13074086) -6167 -21.0
-6172 -21.0
-6261 -20.0
Humanetics -6367 -20.1
D0O9799 -6390 -20.1
Right Knee -6395 -20.1
(13074086) -6101 -20.0
-6376 -20.1
Calspan -5446 -19.7
DO9799 -5785 -19.7
- -5987 -19.8
Right Knee
(13074086) -6018 -19.9
-6018 -19.8
Test Reproducibility
D09799 Right Knee
(13074086)
Mean -6117 -20.2
Std. Dev. 254 0.5
CV 4.1% 2.5%




13.5 Corridor Development

All the data used to determine the knee qualification corridors is shown in Table 13-14. The
qualification corridors were calculated using the mean plus or minus 10% of the peak for the
specified measured or calculated channels (Table 13-15).



Table 13-14. THOR-50M Knee Qualification Corridor Results

Peak Femur Knee Deflection at
Dummy Number Knee Test Number Fz Peak Femur Force
(N) (mm)
062314 01 -6804 -20.5
. e o
(C21026398) 062314 04 -7032 -20.6
VRTC 062314 05 -7029 -20.6
DL9207 062414 01 -6938 -20.0
oL 0 g 2!
(118079668) 062414 04 -7093 -19.6
062414 05 -7053 -19.7
060414 01 -6751 -20.3
Lot 06041407 75t 204
(13073811) 060414 04 -6634 -20.2
VRTC 060414 05 -6643 -20.3
DO09798 062514 01 -6736 -20.0
Right 062514 02 -6710 -20.0
(13073814) 062514 03 -6685 -20.0
062514 04 -6660 -20.0
062514 05 -6651 -20.1
062514 01 -6065 -20.1
Lett 2514 0: iz 205
2514 -64 -20.5
(13063666) 062514 04 -6438 -20.5
VRTC 062514 05 -6401 -20.5
DO09799 060514 01 -5932 -20.7
Right 060514 02 -6229 -21.0
(13074086) 060514 03 -6228 -21.0
060514 04 -6167 -21.0
060514 05 -6172 -21.0
447 -6883 -19.7
449 -6919 -19.7
Left 451 -6902 -19.8
(13063666) 452 -6928 -19.8
455 -6941 -19.8
Humanetics 458 -6986 -19.8
DO9799 421 -6261 -20.0
424 -6367 -20.1
Right 426 -6390 -20.1
(13074086) 434 -6395 -20.1
436 -6101 -20.0
438 -6376 -20.1
20160701152921 -5793 -19.9
Left 20160701160120 -6047 -20.0
(13063666) 20160701163206 -6051 -20.0
20160701170322 -6064 -20.0
Calspan 20160701173521 -6079 -20.1
DO09799 20160701123859 -5446 -19.7
Right 20160701131007 -5785 -19.7
(13074086) 20160701134043 -5987 -19.8
20160701141351 -6018 -19.9
20160701144520 -6018 -19.8
Mean -6506 -20.2
Std. Dev. 420 0.4
Ccv 6.5% 1.9%




Table 13-15. Knee Response Requirements

Nominal Corridor
Parameter Units | Min. | Max. T t Width
arge +06
Impact Velocity m/s | 215 | 2.25 2.20
Peak Femur Fz N -7156 | -5855 -6506 10%
Knee Deflection at Peak Femur Force| mm | -22.2 | -18.2 -20.2 10%

Discussion. There were three instances in which a test did not achieve the target response = 10%
(highlighted with yellow in Table 13-14); all three occurred at Calspan due to low femur forces.
The Test Reproducibility assessment (Table 13-12 and Table 13-13) reveals that tests at
Humanetics produced the highest femur forces and the tests at Calspan produced the lowest,
resulting in CVs of 6.4% (left knee) and 4.1% (right knee). This indicates a slight non-
uniformity in how tests are run, lab-to-lab, which could probably improve with greater diligence
and experience among labs. This possibility is supported by the uniformly low CVs for
Dummy/Test Repeatability (i.e., test labs may need to experiment with set-ups and dummy
positioning to assure they are within allowable tolerances).

The CV for Dummy Reproducibility was above 5% but under 10% for femur force, but only by a
small margin (CV of 5.1%). Moreover, six different knees were used in this assessment (rather
than 3 different units for the other test conditions). Thus, variability due to Dummy
Reproducibility does not appear to be much of a factor in attaining the target response margin of
+ 10% since uniformity in six knees (rather than just three) has been demonstrated.

There are no indications that there are problems with Dummy/Test Repeatability for this test
condition.

14 UPPER LEG
14.1 Methodology

Repeatability and reproducibility tests were performed using the upper leg qualification
procedures described in the THOR-50M Qualification Procedures Manual, with revisions
presented during the 2021 proceedings of SAE Government/Industry (Millis, 2021). This test
examines the response of the femur to axial impacts at the knee using a 12.00 kg impactor with a
76.2 mm diameter rigid disk impact surface at 3.3 = 0.05 m/s (Figure 14-1). During these tests
the peak probe force, peak femur force, and peak resultant acetabulum force were measured.



Figure 14-1. Upper leg impact test

N

14.2 Upper Leg Repeatability Results

Sections 14.2.1 through 14.2.10 illustrate the results of the upper leg impact repeatability tests.
Each section contains a table providing the test data, followed by plot overlays of the five repeat
tests conducted at three labs. For these tests, the test labs included VRTC, TRC, and Karco.
Note that the data in the tables containing the results of each test series are listed sequentially,

with the test at the top of the table beginning the test series.

14.2.1 THOR-50M DL9207 Left Upper Leg testing at

VRTC

Repeatability results at VRTC for the left upper leg of DL9207 yielded CV values all below 5%

(Table 14-1, Figure 14-2 through Figure 14-4).

Table 14-1. VRTC THOR-50M DL9207 Left Upper Leg Repeatability Results

Peak Probe Peak Resultant
Test Number Force Peak 'zﬁ:;nur Fz Acetabulum Force

(\N) (\)

200716-15 7856 -4525 2685

200716-16 7727 -4524 2779

200716-17 7630 -4563 2699

200716-18 7625 -4516 2829

200716-19 7718 -4531 2818

Mean 7711 -4532 2762
Std. Dev. 94 18 67

CV 1.2% 0.4% 2.4%
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Figure 14-2. VRTC left upper leg probe force repeatability for DL9207
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Figure 14-3. VRTC femur force Fz for left upper leg impact repeatability tests for DL9207
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Figure 14-4. VRTC resultant acetabulum force for left upper leg impact repeatability tests for DL9207

14.2.2 THOR-50M DL9207 Right Upper Leg testing at
VRTC

Repeatability results at VRTC for the right upper leg of DL9207 yielded CV values all below 5%
(Table 14-2, Figure 14-5 through Figure 14-7).

Table 14-2. VRTC THOR-50M DL9207 Right Upper Leg Repeatability Results

Peak Probe Peak Femur Ez Peak Resultant
Test Number Force (N) Acetabulum Force

(\) (\)

200716-3 7963 -4769 2836
200716-6 7907 -4716 2770
200716-7 7954 -4775 2713
200716-9 7897 -4682 2542
200716-10 8021 -4707 2567
Mean 7948 -4730 2685
Std. Dev. 50 40 128

CVv 0.6% 0.9% 4.8%
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Figure 14-5. VRTC probe force for right upper leg impact repeatability tests for DL9207
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Figure 14-6. VRTC femur force Fz for right upper leg impact repeatability tests for DL9207
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Figure 14-7. VRTC resultant acetabulum force for right upper leg impact repeatability tests for DL9207

14.2.3 THOR-50M EG2595 Left Upper Leg testing at
VRTC

Repeatability results at VRTC for the left upper leg of EG2595 yielded CV values all below 5%,
with the exception of the peak resultant acetabulum force with a CV of 5.9% (Table 14-3, Figure
14-8 through Figure 14-10).

Table 14-3. VRTC THOR-50M EG2595 Left Upper Leg Repeatability Results

Peak Probe Peak Femur Ez Peak Resultant
Test Number Force (N) Acetabulum Force

(\) (\)

200206-3 8680 -5098 2990
200206-4 8742 -5027 2604
200206-5 8680 -4990 2688
200206-6 8725 -4988 2643
200206-7 8759 -4974 2620
Mean 8717 -5015 2709
Std. Dev. 36 50 160

CVv 0.4% 1.0% 5.9%
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Figure 14-8. VRTC probe force for left upper leg impact repeatability tests for EG2595
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Figure 14-9. VRTC femur force Fz for left upper leg impact repeatability tests for EG2595




THOR-50M Left Upper Leg
EG2595 - Repeatability
Resultant Acetabulum Force
3000

2500 +

2000 ==

1500 —+

Force (N) CFC600

1000 =+

500 +

0 o | . ! . !

t t { + | +
0 0.0025 0.005 0.0075 0.01
Time (sec)

Figure 14-10. VRTC resultant acetabulum force for left upper leg impact repeatability tests for EG2595

14.2.4 THOR-50M EG2595 Right Upper Leg testing at
VRTC

Repeatability results at VRTC for the right upper leg of EG2595 yielded CV values all below
5% (Table 14-4, Figure 14-11 through Figure 14-13).

Table 14-4. VRTC THOR-50M EG2595 Right Upper Leg Repeatability Results

Peak Probe Peak Femur Ez Peak Resultant
Test Number Force (N) Acetabulum Force

(\) (\)

200206-13 8151 -4686 2902

200206-14 8245 -4627 2663

200206-15 8232 -4528 2748

200210-1 8251 -4598 2691

200210-2 8242 -4554 2688

Mean 8224 -4599 2738
Std. Dev. 42 62 96

CVv 0.5% 1.4% 3.5%
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Figure 14-11. VRTC probe force for right upper leg impact repeatability tests for EG2595
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Figure 14-12. VRTC femur force Fz for right upper leg impact repeatability tests for EG2595
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Figure 14-13. VRTC resultant acetabulum force for right upper leg impact repeatability tests for EG2595

14.2.5 THOR-50M DQO9799 Left Upper Leg testing at
VRTC

Repeatability results at VRTC for the left upper leg of DO9799 yielded CV values all below 5%
(Table 14-5, Figure 14-14 through Figure 14-16).

Table 14-5. VRTC THOR-50M DO9799 Left Upper Leg Repeatability Results

Peak Probe Peak Femur Ez Peak Resultant
Test Number Force (N) Acetabulum Force

(\N) (\N)

200123-5 8651 -5028 2724

200123-6 8538 -4886 2643

200123-7 8565 -4907 2634

200123-8 8567 -4901 2653

200123-9 8558 -4909 2643

Mean 8576 -4926 2659
Std. Dev. 44 58 37

CVv 0.5% 1.2% 1.4%
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Figure 14-14. VRTC probe force for left upper leg impact repeatability tests for DO9799
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Figure 14-15. VRTC femur force Fz for left upper leg impact repeatability tests for DO9799
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Figure 14-16. VRTC resultant acetabulum force for left upper leg impact repeatability tests for DO9799

14.2.6 THOR-50M DO9799 Right Upper Leg testing at
VRTC

Repeatability results at VRTC for the right upper leg of DO9799 yielded CV values all below
5% (Table 14-6, Figure 14-17 through Figure 14-19).

Table 14-6. VRTC THOR-50M D09799 Right Upper Leg Repeatability Results

Peak Probe Peak Eemur Ez Peak Resultant
Test Number Force (N) Acetabulum Force

(\N) (\N)

200128-3 8725 -5211 2470
200128-4 8725 -5151 2689
200128-5 8723 -5150 2447
200128-6 8631 -5098 2695
200128-7 8600 -5100 2629
Mean 8681 -5142 2586
Std. Dev. 61 46 119

CV 0.7% 0.9% 4.6%
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Figure 14-17. VRTC probe force for right upper leg impact repeatability tests for DO9799
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Figure 14-18. VRTC femur force Fz for right upper leg impact repeatability tests for DO9799
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Figure 14-19. VRTC resultant acetabulum force for right upper leg impact repeatability tests for DO9799

14.2.7 THOR-50M DQO9799 Left Upper Leg testing at TRC

Repeatability results at TRC for the left upper leg of DO9799 yielded CV values all below 5%
(Table 14-7, Figure 14-20 through Figure 14-22).

Table 14-7. TRC THOR-50M DO9799 Left Upper Leg Repeatability Results

Peak Probe Peak Eemur Ez Peak Resultant
Test Number Force (N) Acetabulum Force

(\N) (\N)

200715-03 7950 -4966 2973

200715-04 7971 -4809 2991

200715-05 7904 -4866 2816

200715-06 7815 -4847 2869

200715-07 7838 -4930 2899

Mean 7895 -4884 2910
Std. Dev. 68 63 73

CVv 0.9% 1.3% 2.5%
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Figure 14-20. TRC probe force for left upper leg impact repeatability tests for DO9799
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Figure 14-21. TRC femur force Fz for left upper leg impact repeatability tests for DO9799
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Figure 14-22. TRC resultant acetabulum force for left upper leg impact repeatability tests for DO9799

14.2.8 THOR-50M DO9799 Right Upper Leg testing at
TRC

Repeatability results at TRC for the right upper leg of DO9799 yielded CV values all below 5%
(Table 14-8, Figure 14-23 through Figure 14-25).

Table 14-8. TRC THOR-50M D09799 Right Upper Leg Repeatability Results

Peak Probe Peak Eemur Ez Peak Resultant
Test Number Force (N) Acetabulum Force

(\N) (\N)

200715-06 8295 -4994 2754

200715-07 8365 -4942 2718

200715-08 8275 -4832 2697

200715-09 8278 -4850 2648

200715-10 8275 -4921 2673

Mean 8298 -4908 2698
Std. Dev. 38 67 41

CVv 0.5% 1.4% 1.5%
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Figure 14-23. TRC probe force for right upper leg impact repeatability tests for DO9799
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Figure 14-24. TRC femur force Fz for right upper leg impact repeatability tests for DO9799
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Figure 14-25. TRC resultant acetabulum force for right upper leg impact repeatability tests for DO9799

14.2.9 THOR-50M DO9799 Left Upper Leg testing at
Karco

Repeatability results at Karco for the left upper leg of DO9799 yielded CV values all below 5%
(Table 14-9, Figure 14-26 through Figure 14-28).

Table 14-9. Karco THOR-50M DO9799 Left Upper Leg Repeatability Results

Peak Probe Peak Eemur Ez Peak Resultant
Test Number Force (N) Acetabulum Force
(\) (\)
2021-02-19 TH DO9799 Leg
Left 001 8612 -5580 2941
2021-02-19 TH DO9799 Leg
Left 002 8392 -5306 2911
2021-02-19 TH DO9799 Leg
Left 003 8340 -5360 2926
2021-02-19 TH DO9799 Leg
Left 004 8309 -5261 2838
Mean 8413 -5377 2904
Std. Dev. 137 141 46
CV 1.6% 2.6% 1.6%
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Figure 14-26. Karco probe force for left upper leg impact repeatability tests for DO9799
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Figure 14-27. Karco femur force Fz for left upper leg impact repeatability tests for DO9799
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Figure 14-28. Karco resultant acetabulum force for left upper leg impact repeatability tests for DO9799

14.2.10 THOR-50M DO9799 Right Upper Leg testing at
Karco

Repeatability results at Karco for the right upper leg of DO9799 yielded CV values all below 5%
(Table 14-10, Figure 14-29 through Figure 14-31).

Table 14-10. Karco THOR-50M D09799 Right Upper Leg Repeatability Results

Peak Probe Peak Femur Ez Peak Resultant
Test Number Force (N) Acetabulum Force

(\N) (\N)
2021-02-18 TH DO9799 Leg

Right 001 9073 -5279 2823
2021-02-18 TH DO9799 Leg

Right 002 9013 -5174 2720
2021-02-18 TH DO9799 Leg

Right 003 9011 -5248 2699
2021-02-18 TH DO9799 Leg

Right 004 8973 -5269 2843

Mean 9018 -5242 2771

Std. Dev. 41 47 72
CVv 0.5% 0.9% 2.6%
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Figure 14-29. Karco probe force for right upper leg impact repeatability tests for DO9799
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Figure 14-30. Karco femur force Fz for right upper leg impact repeatability tests for DO9799
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Figure 14-31. Karco resultant acetabulum force for right upper leg impact repeatability tests for DO9799



14.3 Upper Leg Dummy Reproducibility Results

Dummy Reproducibility results at VRTC displayed CVs below 5% for each of the measurements
in the upper leg tests (Table 14-11).

Table 14-11. THOR-50M Upper Leg Dummy Reproducibility Results

Peak Peak Resultant
Dummy Number Test Number Probe Peak Femur Fz Acetabulum Force
Force (N) (N)
(N)
200716-15 7856 1525 2685
VRTC 200716-16 7727 2524 2779
Lo it 200716-17 7630 4563 2699
200716-18 7625 2516 2829
200716-19 7718 4531 2818
200716-3 7963 4769 2836
2007166 7907 2716 2770
DL9\£§7T gigh . 2007167 7954 4775 2713
200716-9 7897 1682 2542
200716-10 8021 4707 2567
200206-3 8680 5098 2990
200206-4 8742 5027 2604
EG\Z/;ECLeﬁ 2002065 8680 ~2990 2688
200206-6 8725 2988 2643
200206-7 8759 2974 2620
200206-13 8151 2686 2902
VRTC 200206-14 8245 2627 2663
EG2595 Right 200206-15 8232 4528 2748
200210-1 8251 4598 2691
200210-2 8242 4554 2688
2001235 8651 5028 2724
2001236 8538 ~4886 2643
DO\;%Tg(f_eﬁ 2001237 8565 2907 2634
2001238 8567 2901 2653
200123-9 8558 ~2909 2643
200128-3 8725 5211 2470
200128-4 8725 5151 2689
5 Og;'ng gigh . 2001285 8723 5150 2447
2001286 8631 5098 2695
2001287 8600 5100 2629
Mean 8310 1824 2690
Std. Dev. 301 229 115
cV 4.7% 4.7% 43%

14.4 Lab-to-Lab Variability Analysis

The results for the upper leg qualification tests from each lab are presented in Table 14-12 and
Table 14-13.

The last four rows of each table show the Test Reproducibility results when data from all 3 labs
are combined. Following the same trend as the within lab repeatability results, the Test
Reproducibility for all forces displayed CVs below 5% for both the right and left legs.



Table 14-12. THOR-50M Left Upper Leg Lab-to-Lab Variability Results

Dummy Number

Peak Probe Force

Peak Femur Fz

Peak Resultant
Acetabulum Force

(N) (N) )
8651 -5028 2724
8538 -4886 2643
DO\9/$9-cheft 8565 -4907 2634
8567 -4901 2653
8558 -4909 2643
7950 -4966 2973
7971 -4809 2991
TRC
7904 -4866 2816
DO9799 Left 7815 4847 2869
7838 -4930 2899
8612 -5580 2941
Karco 8392 -5306 2911
DO9799 Left 8340 -5360 2926
8309 -5261 2838
Test Reproducibility

D09799 Left
Mean 8286 -5040 2819
Std. Dev. 320 237 133
CV 3.9% 4.7% 4.7%

Table 14-13. THOR-50M Right Upper Leg Lab-to-Lab Variability Results

Dummy Number

Peak Probe Force

Peak Femur Fz

Peak Resultant
Acetabulum Force

(N) (N) )
8725 -5211 2470
8725 -5151 2689
DOE;;SJgight 8723 -5150 2447
8631 -5098 2695
8600 -5100 2629
8295 -4994 2754
TRC 8365 -4942 2718
DO09799 Right 8275 -4832 2697
8278 -4850 2648
8275 -4921 2673
9073 -5279 2823
Karco 9013 -5174 2720
DO09799 Right 9011 -5248 2699
8973 -5269 2843
Test Reproducibility

D09799 Right
Mean 8640 -5087 2679
Std. Dev. 303 153 110
CcVv 3.5% 3.0% 4.1%




14.5 Corridor Development

All the data used to determine the upper leg qualification corridors is shown in Table 14-14. The
qualification corridors were calculated using the mean plus or minus 10% of the peak for the
specified measured or calculated channels (Table 14-15).



Table 14-14. THOR-50M Upper Leg Qualification Corridor Results

Peak Peak Resultant
Dummy Number Test Number Erobe Peak Pemur Fz Acetabulum Force
orce (N) (N)
(N)
20071615 7856 4525 2685
200716-16 7727 4524 2779
DngFcheft 20071617 7630 4563 2699
200716-18 7625 4516 2829
200716-19 7718 4531 2818
2007163 7963 4769 2836
200716-6 7907 4716 2770
DLQ\QE{J gigh . 200716-7 7954 4775 2713
200716-9 7897 4682 2542
200716-10 8021 4707 2567
200206-3 8680 75008 2990
200206-4 8742 75027 2604
EG\Z/SRQ-IS—CI:_eft 2002065 8680 24990 2688
200206-6 8725 ~4988 2643
200206-7 8759 4974 2620
20020613 8151 4686 2002
VRTC 200206-14 8245 4627 2663
£G2595 Right 200206-15 8232 4528 2748
200210-1 8251 ~4598 2691
200210-2 8242 4554 2688
2001235 8651 5028 2724
200123-6 8538 4886 2643
Do\s;%Tcheft 200123-7 8565 4907 2634
2001238 8567 4901 2653
200123-9 8558 24909 2643
200128-3 8725 5211 2470
200128-4 8725 5151 2689
Dos;;ggT gigh . 2001285 8723 75150 2447
200128-6 8631 750908 2695
200128-7 8600 75100 2629
200715-03 7950 ~4966 2973
TRC 200715-04 7971 24809 2091
Dooras Lat 200715-05 7904 4866 2816
200715-06 7815 4847 2869
200715-07 7838 24930 2899
200715-06 8295 24994 2754
TRC 200715-07 8365 4942 2718
009799 Right 200715-08 8275 4832 2697
200715-09 8278 4850 2648
200715-10 8275 4921 2673
2021-02-19 TH DO9799 Leg Left 001 8613 75580 2041
Karco 2021-02-19 TH DO9799 Leg Left 002 8393 -5306 2011
DO9799 Left | 2021-02-19 TH DO9799 Leg Left 003 8341 75360 2026
2021-02-19 TH DO9799 Leg Left 004 8311 5261 2838
2021-02-18 TH DO9799 Leg Right 001 | 9075 75279 2823
Karco 2021-02-18 TH DO9799 Leg Right 002 | _ 9015 5174 2720
DO9799 Right | 2021-02-18 TH DO9799 Leg Right 003 | _ 9013 5048 2699
2021-02-18 TH DO9799 Leg Right 004 | _ 8975 75269 2843
Mean 8333 24920 2738
Std. Dev. 397 259 128
cv 4.8% 5.3% 4.7%




Table 14-15. Upper Leg Response Requirements

Parameter Units | Min. | Max. | Nominal Target Corr|d+002)W|dth
Impact Velocity m/s | 3.25 | 3.35 3.30
Peak Probe Force N 7500 | 9166 8333 10%
Peak Femur Fz N |-5412 | -4428 -4920 10%
Peak Resultant Acetabulum Force N 2464 | 3012 2738 10%

Discussion. There was only one test that was outside the = 10% intervals (highlighted with
yellow in Table 14-14). The test occurred at Karco, due to high femur Z force on the DO9799
left leg in the first test of the series; femur Z forces on the right leg tests at Karco were all within
specifications. Most of the variability is related to Test Reproducibility. This can be seen most
clearly in Table 14-12 by examining the femur force levels for the left leg of DO9799. At each
lab, the femur responses were very uniform in repeat tests (CVs below 2.6% at all three labs).
However, when the results from all three labs are combined for this leg, the CV becomes 4.7%.

Thus, it appears that the unusual femur force result on 9799-L at Karco may have been caused by
a test set-up or assembly issue. Though the set-up may have been consistent for the five tests on
9799-L, it may not have been consistent with the set-ups at other labs or with the setups on the
other legs tested at VRTC.

Variability due to Dummy Reproducibility does not appear to be a factor, since the CVs for
Dummy Reproducibility were below 5% for all forces, including femur force (Table 14-11). As
in the knee qualification tests, six different femurs were used in this assessment (rather than 3
different units in other qualification tests). Thus, variability due to Dummy Reproducibility does
not appear to be much of a factor in attaining the target response margin of £ 10% since
uniformity in six femurs (rather than just three) has been demonstrated.

The test equipment and set-up may have contributed to the variability. Thus, the variability seen
in the femur load appears to be an artifact of the test conditions, and not related to Dummy
Repeatability or Dummy Reproducibility. In the future, test labs may need to experiment with
set-ups and dummy positioning (within allowable tolerances) in order to better achieve the target
response. Our tests appear to indicate that labs can attain a desired response characteristic by
following a careful set-up protocol. Within each series of tests at each lab, the femur force time-
histories of the tests are uniform. The fact that they are they are not as consistent from lab to lab
(Test Reproducibility) may be attributable to a lack of experimental knowledge. In the future,
labs may be able to improve this inconsistency. In other words, if a lab is able to produce a
repeatable (and targeted) response on one leg, the lab should be able to do the same for all legs.



15 ANKLE INVERSION
15.1 Methodology

Repeatability and reproducibility tests were performed using the ankle inversion qualification
procedures described in the THOR-50M Qualification Procedures Manual. The ankle inversion
qualification consists of impact to a padded inversion/eversion bracket (drawing #TLX-9000-
015) which is temporarily attached to the bottom of the ankle assembly (Figure 15-1). The
impact surface of the bracket is covered with Ensolite padding to reduce noise transmission
through the bracket into the ankle and load cell. The bracket is attached such that the line of
impact is offset from the longitudinal axis of the tibia, and the resulting motion of the foot
exercises the inversion properties of the ankle assembly.

The leg is held rigidly such that the X-Z plane of the foot and lower leg are horizontal. The test
utilizes the NHTSA Dynamic Impactor (TLX-9000-013), as described in the THOR-50M
Drawing Package, with an effective mass of 5.00 = 0.02 kg. The pendulum arm is mounted to a
rigid shaft which is pivoted on low friction ball bearings. The impact surface is a rigid semi-
cylinder 63.5 £ 2.5 mm in diameter and 88.9 + 3.5 mm in length, oriented in a horizontal plane
perpendicular to the direction of impact. The pendulum impacts the inversion bracket at a
velocity of 2.00 £ 0.05 m/s. During these tests, the lower tibia Z-axis force (Fz) and X-axis
rotation were measured; the ankle resistive moment about the X-axis was calculated from the Y-
axis force (Fy) and X-axis moment (Mx).

Figure 15-1. Ankle Inversion Test

15.2 Ankle Inversion Repeatability Results

Sections 15.2.1 through 15.2.7 illustrate the results of the ankle inversion repeatability tests.
Each section contains a table providing the test data, followed by plot overlays of the five repeat
tests conducted at all three labs. Only three legs were tested (two left and one right) in this



series, rather than three legs from each side. Note that the data in the tables containing the
results of each test series are listed sequentially, with the test at the top of the table beginning the
test series.

15.2.1 THOR-50M Left Lower Leg DL0202 testing at
VRTC

Repeatability results at VRTC for leg DL0202 yielded CV values all below 5% (Table 15-1,
Figure 15-2 through Figure 15-4).

Table 15-1. VRTC THOR-50M DL0202 Left Ankle Inversion Repeatability Results

Peak Lower Peak Ankle Resistive | Peak Ankle X-axis
Test Number Tibia Fz Moment Rotation

N) (N-m) (deg)

160518-23 -466 -35.9 -33.5

160519-1 -495 -38.4 -34.2

160519-2 -502 -38.9 -34.5

160519-3 -499 -38.7 -34.5

160519-4 -499 -38.8 -34.5

Mean -492 -38.1 -34.2
Std. Dev. 15 1.3 0.4

CVv 3.0% 3.3% 1.2%

THOR-50M Inversion
Left Leg DL0202 - Repeatability

Lower Tibia Force Fz
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Figure 15-2. VRTC ankle inversion lower tibia Z-force repeatability for DL0202
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Figure 15-3. VRTC ankle inversion resistive X-moment repeatability for DL0202
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Figure 15-4. VRTC ankle inversion X-axis rotation repeatability for DL0202




15.2.2 THOR-50M Right Lower Leg DL5404 testing at
VRTC

Repeatability results at VRTC for leg DL5404 yielded CV values all below 5% (Table 15-2,
Figure 15-5 through Figure 15-7).

Table 15-2. VRTC THOR-50M DL5404 Right Ankle Inversion Repeatability Results

Peak Lower Tibia | Peak Ankle Resistive | Peak Ankle X-axis
Test Number Fz Moment Rotation

(\N) (N-m) (deg)

160516-17 -451 35.9 33.9
160516-19 -481 38.6 345
160517-2 -493 39.7 34.8
160517-3 -503 40.4 35.0
160517-5 -492 39.6 34.9
Mean -484 38.8 34.6
Std. Dev. 20 1.8 0.4

CcVv 4.1% 4.6% 1.3%
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Figure 15-5. VRTC ankle inversion lower tibia Z-force repeatability for DL5404
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Figure 15-6. VRTC ankle inversion resistive X-moment repeatability for DL5404
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Figure 15-7. VRTC ankle inversion X-axis rotation repeatability for DL5404




15.2.3 THOR-50M Left Lower Leg 069 testing at VRTC

Repeatability results at VRTC for leg 069 yielded CV values all below 5% (Table 15-3, Figure
15-8 through Figure 15-10).

Table 15-3. VRTC THOR-50M 069 Left Ankle Inversion Repeatability Results

Peak Lower Tibia | Peak Ankle Resistive | Peak Ankle X-axis
Test Number Fz Moment Rotation

N) (N-m) (deg)

160426-7 -461 -33.3 -33.0

160426-8 -503 -36.7 -34.4

160426-9 -507 -37.3 -34.7

160426-10 -506 -37.3 -34.9

160426-12 -507 -37.4 -35.1

Mean -497 -36.4 -34.4
Std. Dev. 20 1.7 0.8

CV 4.1% 4.8% 2.4%
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Figure 15-8. VRTC ankle inversion lower tibia Z-force repeatability for 069
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Figure 15-9. VRTC ankle inversion resistive X-moment repeatability for 069
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Figure 15-10. VRTC ankle inversion X-axis rotation repeatability for 069




15.2.4 THOR-50M Left Lower Leg DL0202 testing at
Humanetics

Only three tests met the input test parameters from the Humanetics tests with leg DL0202.

Repeatability results with this data yielded CV values all below 5% (Table 15-4, Figure 15-11
through Figure 15-13).

Table 15-4. Humanetics THOR-50M DL0202 Left Ankle Inversion Repeatability Results

Peak Lower Peak Ankle Resistive | Peak Ankle X-axis
Test Number Tibia Fz Moment Rotation

N) (N-m) (deg)

377 -535 -39.5 -34.7

379 -522 -39.1 -34.5

383 -522 -39.2 -34.6
Mean -527 -39.3 -34.6

Std. Dev. 8 0.2 0.1

CVv 1.4% 0.6% 0.3%
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Figure 15-11. Humanetics ankle inversion lower tibia Z-force repeatability for DL0202
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Figure 15-12. Humanetics ankle inversion resistive X-moment repeatability for DL0202
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Figure 15-13. Humanetics ankle inversion X-axis rotation repeatability for DL0202




15.2.5 THOR-50M Right Lower Leg DL5404 testing at
Humanetics

Repeatability results at Humanetics for leg DL5404 yielded CV values all below 5% (Table
15-5, Figure 15-14 through Figure 15-16).

Table 15-5. Humanetics THOR-50M DL5404 Right Ankle Inversion Repeatability Results

Peak Lower Tibia | Peak Ankle Resistive | Peak Ankle X-axis
Test Number Fz Moment Rotation

(\) (N-m) (deg)

302 -543 41.4 34.7
307 -547 42.0 34.9
308 -539 41.2 34.9
310 -542 41.4 35.0
311 -538 41.2 35.0
313 -538 40.9 35.0
Mean -541 41.3 34.9

Std. Dev. 3 0.4 0.1

CVv 0.6% 0.9% 0.3%
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Figure 15-14. Humanetics ankle inversion lower tibia Z-force repeatability for DL5404
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Figure 15-15

. Humanetics ankle inversion resistive X-moment repeatability for DL5404
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Figure 15-16. Humanetics ankle inversion X-axis rotation repeatability for DL5404




15.2.6 THOR-50M Left Lower Leg DL0202 testing at
Calspan
No repeatability results at Calspan for leg DL0202 ankle inversion qualification were available
because input test parameters were out of range in all but one test. Results from the one test

which met the input parameters are presented in Table 15-6, and Figure 15-17 through Figure
15-19.

Table 15-6. Calspan THOR-50M DL0202 Left Ankle Inversion Repeatability Results

Peak Lower Peak Ankle Resistive | Peak Ankle X-axis
Test Number Tibia Fz Moment Rotation
(\N) (N-m) (deg)
20160623161713 -481 -37.5 -32.5
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Figure 15-17. Calspan ankle inversion lower tibia Z-force repeatability for DL0202
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Figure 15-18. Calspan ankle inversion resistive X-moment repeatability for DL0202
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Figure 15-19. Calspan ankle inversion X-axis rotation repeatability for DL0202




15.2.7 THOR-50M Right Lower Leg DL5404 testing at
Calspan

Repeatability results at Calspan for leg DL5404 yielded CV values all below 5% (Table 15-7,
Figure 15-20 through Figure 15-22).

Table 15-7. Calspan THOR-50M DL5404 Right Ankle Inversion Repeatability Results

Peak Lower Tibia | Peak Ankle Resistive | Peak Ankle X-axis
Test Number Fz Moment Rotation
(\) (N-m) (deg)
20160629161425 -463 37.6 33.5
20160629164844 -500 41.4 34.4
20160629172326 -501 41.3 344
20160630073807 -491 40.7 344
20160630081451 -515 42.1 34.7
Mean -494 40.6 34.3
Std. Dev. 19 1.7 0.4
CVv 3.9% 4.3% 1.3%
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Figure 15-20. Calspan ankle inversion lower tibia Z-force repeatability for DL5404



Ankle X-Moment (Nm) CFC600

THOR-50M Inversion
Right Leg DL5404 - Repeatability
Ankle Resistive Moment Mx
75

50 +

-25 + } t } t } +

I 1 |
0 0.025 0.05 0.075

Time (Sec)

0.1

Figure 15-21. Calspan ankle inversion resistive X-moment repeatability for DL5404
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Figure 15-22. Calspan ankle inversion X-axis rotation repeatability for DL5404




15.3 Ankle Inversion Dummy Reproducibility Results
Reproducibility results at VRTC for the ankle inversion qualification yielded CV values all

below 5% (Table 15-8). When combining left and right data, the absolute values of peak
moment and peak rotation were used.

Table 15-8. THOR-50M Ankle Inversion Reproducibility Results

L Peak Ankle
Peak Lower Tibia Fz Peak Ankle Resistive X-axis
Leg Number Test Number Moment -
(N) (N-m) Rotation
(deg)
160518-23 266 350 2335
VRTC 160519-1 495 -38.4 342
DL0202 Left
- 160519-2 502 -38.0 345
Shoe: DO9799 VRTC
DW2433DVORT2 (A) 160519-3 ~499 387 345
160519-4 ~499 38.8 345
160516-17 451 35.9 33.9
VRTC 160516-19 -481 38.6 345
DL5404 Right
_ 160517-2 -293 39.7 348
Shoe: DO9799 VRTC
DVDB60/DYOE74 (B) 160517-3 503 40.4 35.0
160517-5 ~492 39.6 34.9
160426-7 261 333 -33.0
o\égzgft 1604268 503 367 344
Shooe VRTC 160426-9 507 373 347
: 160426-10 506 373 -34.9
DVO0855/DW2435 (D) 160426-12 507 374 351
Mean ~291 378 344
Std. Dev. 18 18 0.6
cV 3.1% 4.9% 1.6%

15.4 Lab-to-Lab Variability Analysis

The results for the ankle inversion tests from each lab are presented in Table 15-9 and Table
15-10. For the left ankle inversion, the last four rows of Table 15-9 show the Test
Reproducibility results when data from all 3 labs are combined, where all CVs are below 5%.
Note that only one test in the Calspan data set was within the velocity tolerance, so no statistical
analysis is available for the Calspan data set.

For the right ankle inversion, the last four rows of Table 15-10 show Test Reproducibility results
when data from all 3 labs are combined. The CV values for moment and rotation are below 5%,
and the tibia force produced a CV above 5% but less than 10%.



Table 15-9. THOR-50M Left Ankle Inversion Lab-to-Lab Variability Results

Peak Lower Tibia | Peak Ankle Resistive Pez)a(k Ar_1k|e
Leg Number Fz Moment R -axis
(N) (N-m) otation
(deg)
-466 -35.9 -33.5
VRTC -495 -38.4 -34.2
DL0202 Left -502 -38.9 -34.5
-499 -38.7 -34.5
-499 -38.8 -34.5
Humanetics -535 -39.5 -34.7
DL0202 Left -522 -39.1 -34.5
Shoe: DO9799 VRTC
DW2433/DV0872 (A) -522 -39.2 -34.6
Calspan
DL0202 Left
Shoe: DO9799 VRTC 481 -37.5 -32.5
DW2433/DVV0872 (A)
Test Reproducibility
DL0202 Left
Mean -502 -38.5 -34.2
Std. Dev. 22 1.1 0.7
CV 4.3% 2.9% 2.1%

Table 15-10. THOR-50M Right Ankle Inversion Lab-to-Lab Variability Results

Peak Lower Tibia | Peak Ankle Resistive Peak Af‘k'e
X-axis
Leg Number Fz Moment Rotation
(N) (N-m) (deg)
-451 35.9 33.9
VRTC 481 38.6 345
DL5404 Right 293 39.7 318
Shoe: DO9799 VRTC 503 40'4 35'0
DV0860/DV0874 (B) 492 396 349
-543 41.4 34.7
Humanetics -547 42.0 34.9
DL5404 Right -539 41.2 34.9
Shoe: DO9799 VRTC -542 41.4 35.0
DV0860/DV0874 (B) -538 41.2 35.0
-538 40.9 35.0
-463 37.6 335
Calspan 7500 414 34.4
DL5404 Right 501 113 344
Shoe: DO9799 VRTC 201 40'7 34'4
DV0860/DV0874 (B) 515 121 37
Test Reproducibility
DL5404 Right
Mean -509 40.3 34.6
Std. Dev. 30 1.7 0.4
CV 5.9% 4.2% 1.2%




15.5 Corridor Development

All the data used to determine the ankle inversion qualification corridors is shown in Table
15-11. The qualification corridors were calculated using the mean plus or minus 10% of the
peak for the specified measured or calculated channels (Table 15-12 and Table 15-13). When
combining left and right data, the absolute values of peak moment and peak rotation were used.

Table 15-11. THOR-50M Ankle Inversion Qualification Corridor Results

. Peak Ankle
L Peak Lower Tibia Fz Peak Ankle Resistive X-axis
eg Number Test Number Moment -
(N) (N-m) Rotation
(deg)
160518-23 -466 -35.9 -33.5
DL\O/ZFcheﬁ 160519-1 495 384 34.2
Shoe: DO9799 VRTC 160519-2 -502 -38.9 -345
160519-3 -499 -38.7 -345
DW2433/DV0872 (A) 160519-4 -499 -38.8 -34.5
160516-17 -451 35.9 33.9
DLS\ZIC:\J)ISigh . 160516-19 481 386 345
Shoe: DO9799 VRTC 160517-2 -493 39.7 34.8
160517-3 -503 40.4 35.0
DV0860/DV0874 (B) 160517-5 -492 39.6 34.9
160426-7 -461 -33.3 -33.0
o\égzgn 160426-8 503 36.7 344
Shoe: VRTC 11660?2266-190 _ggg gg '23'3
DV0855/DW2435 (D) 160426-12 -507 -37.4 -35.1
Humanetics 377 -535 -39.5 -34.7
DL0202 Left 379 -522 -39.1 -34.5
Shoe: DO9799 VRTC
DW2433/DV0872 (A) 383 -522 -39.2 -34.6
302 -543 41.4 34.7
Humanetics 307 -547 42.0 34.9
DL5404 Right 308 -539 41.2 349
Shoe: DO9799 VRTC 310 -542 414 35.0
DV0860/DV0874 (B) 311 -538 41.2 35.0
313 -538 40.9 35.0
Calspan
DL0202 Left
Shoe: DO9799 VRTC 20160623161713 -481 -37.5 -32.5
DW?2433/DV0872 (A)
Calspan 20160629161425 -463 37.6 335
DL5404 Right 20160629164844 -500 41.4 34.4
Shoe: DO9799 VRTC 20160629172326 -501 41.3 34.4
DV0860/DV0874 (B) 20160630073807 -491 40.7 34.4
20160630081451 -515 42.1 34.7
Mean -505 39.1 34.5
Std. Dev. 26 2.12 0.61
CV 5.1% 5.4% 1.8%




Table 15-12. Left Ankle Inversion Response Requirements

Parameter Units | Min. | Max. | Nominal Target Corr|d+002)W|dth
Impact Velocity m/s | 1.95 | 2.05 2.00
Peak Lower Tibia Fz N -555 | -454 -505 10%
Peak Ankle Resistive Nm | -430 | -35.2 391 10%
Moment
Pea"F’f‘”k'? X-axis | geq | -37.9 | -31.0 -345 10%
otation

Table 15-13. Right Ankle Inversion Response Requirements

Parameter Units | Min. | Max. | Nominal Target Corrld&;)WMth
Impact Velocity m/s | 1.95 | 2.05 2.00
Peak Lower Tibia Fz N -555 | -454 -505 10%
Peak Ankle Resistive Nm | 352 | 430 39.1 10%
Moment
Peaka‘”k'.e X-axis | geo | 310 | 37.9 345 10%
otation

Discussion. At VRTC and Calspan, the first trial resulted in a response wherein the ankle
moment, tibia Fz, and ankle rotation were slightly lower than subsequent tests. However, only
two initial tests (both at VRTC) had responses below 10% of the target, so we did not investigate
this effect any further. All other tests (at all labs) were within 10% of the target.

The initial test effect may be related to the Ensolite pad used to reduce shock (see engineering
drawing TLX-9000-027), newness of the components within the ankle assembly, or caused by
the fact that the ankles were assembled immediately prior to the test series. Since the initial test
effect was seen only in tests that made use of the pad (inversion and eversion), it is suspected
that the pad is most likely the cause of the initial test effect. The pad, which covers the impact
arm (not part of the dummy), is made of a closed-cell sponge. Only the initial test is affected.
Since Ensolite does not exhibit the same breakdown as the open-celled Confor foam used for the
face, subsequent tests in a given test series are highly uniform,

We regard the initial test effect as a Test Repeatability issue because it is thought to be associated
mostly with the foam, which is part of the text fixture. However, the effect represents only a
minor impediment to achieving the qualification targets (i.e., qualification is achieved by simply
repeating the test).

With regard to assuring ankle uniformity (i.e., Dummy Reproducibility), the effect is only a
concern if an initial qualification test produces responses that are just below the upper
qualification limits. In this case, the ankle might be too stiff in a subsequent crash test. (This
situation did not arise in our testing.) Here again, this may be confirmed by simply running an



additional test. Dummy Reproducibility does not otherwise appear to be a factor in attaining the
target responses.

Variability due to Test Reproducibility might pose a minor obstacle, as the CV for the tibia force
was above 5% but less than 10%. Higher forces were seen at Humanetics relative to those at
Calspan and VRTC (though all were within 10% of the target). Thus, in the future labs should
be aware that they may need to adjust their test set-ups slightly (within given tolerances) to attain
the desired response.



16 ANKLE EVERSION
16.1 Methodology

Repeatability and reproducibility tests were performed using the ankle eversion qualification
procedures described in the THOR-50M Qualification Procedures Manual. The ankle eversion
qualification consists of impact to a padded inversion/eversion bracket (drawing #TLX-9000-
015) which is temporarily attached to the bottom of the ankle assembly (Figure 16-1). The
impact surface of the bracket is covered with Ensolite padding to reduce noise transmission
through the bracket into the ankle and load cell. The bracket is attached such that the line of
impact is offset from the longitudinal axis of the tibia, and the resulting motion of the foot
exercises the eversion properties of the ankle assembly.

The leg is held rigidly such that the X-Z plane of the foot and lower leg are horizontal. The test
utilizes the NHTSA Dynamic Impactor (TLX-9000-013), as described in the THOR-50M
Drawing Package, with an effective mass of 5.00 + 0.02 kg. The pendulum arm is mounted to a
rigid shaft which is pivoted on low friction ball bearings. The impact surface is a rigid semi-
cylinder 63.5 £ 2.5 mm in diameter and 88.9 + 3.5 mm in length, oriented in a horizontal plane
perpendicular to the direction of impact. The pendulum impacts the eversion bracket at a
velocity of 2.00 £ 0.05 m/s. During these tests, the lower tibia Z-axis force (Fz) and X-axis
rotation were measured; the ankle resistive moment about the X-axis was calculated from the Y-
axis force (Fy) and X-axis moment (Mx).

Figure 16-1. Ankle Eversion Test



16.2 Ankle Eversion Repeatability Results

Sections 16.2.1 through 16.2.7 illustrate the results of the ankle eversion repeatability tests. Each
section contains a table providing the test data, followed by plot overlays of the five repeat tests
conducted at all three labs. Only three legs were tested (two left and one right) in this series,
rather than three legs from each side, since the left and right legs are symmetrical. Note that the
data in the tables containing the results of each test series are listed sequentially, with the test at
the top of the table beginning the test series.

16.2.1 THOR-50M Left Lower Leg DL0202 testing at
VRTC

Repeatability results at VRTC for leg DL0202 yielded CV values all below 5% (Table 16-1,
Figure 16-2 through Figure 16-4).

Table 16-1. VRTC THOR-50M DL0202 Left Ankle Eversion Repeatability Results

Peak Lower Tibia Peak Ankle Resistive Pe;lfs(?skle
Test Number Fz Moment .
(N) (N-m) Rotation

(deg)

160519-5 -512 38.9 28.6
160519-6 -555 42.3 29.5
160519-7 -554 42.4 29.5
160519-9 -560 42.7 29.6
160519-10 -563 43.0 29.6
Mean -549 419 29.4
Std. Dev. 21 1.7 0.4

CV 3.8% 4.1% 1.4%
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Figure 16-2. VRTC ankle eversion lower tibia Z-force repeatability for DL0202
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Figure 16-3. VRTC ankle eversion resistive X-moment repeatability for DL0202
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Figure 16-4. VRTC ankle eversion X-axis rotation repeatability for DL0202

16.2.2 THOR-50M Right Lower Leg DL5404 testing at
VRTC

Repeatability results at VRTC for leg DL5404 yielded CV values all below 5% (Table 16-2,
Figure 16-5 through Figure 16-7).

Table 16-2. VRTC THOR-50M DL5404 Right Ankle Eversion Repeatability Results

Peak Lower Tibia Peak Ankle Resistive Pe";l(k Af‘k'e
Test Number Fz Moment -axis
(N) (N-m) Rotation

(deg)

160517-7 -530 -39.9 -29.5

160517-9 -571 -43.4 -30.3

160517-10 -573 -43.5 -30.4

160517-11 -574 -43.7 -30.4

160517-12 -573 -43.6 -30.5

Mean -564 -42.8 -30.2
Std. Dev. 19 1.6 0.4

CVv 3.4% 3.8% 1.3%
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Figure 16-5. VRTC ankle eversion lower tibia Z-force repeatability for DL5404
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Figure 16-6. VRTC ankle eversion resistive X-moment repeatability for DL5404
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Figure 16-7. VRTC ankle eversion X-axis rotation repeatability for DL5404

16.2.3 THOR-50M Left Lower Leg 069 testing at VRTC

Repeatability results for leg 069 yielded CV values all below 5% (Table 16-3, Figure 16-8
through Figure 16-10).

Table 16-3. VRTC THOR-50M 069 Left Ankle Eversion Repeatability Results

Peak Lower Tibia | Peak Ankle Resistive Per;\(k Af‘k'e
Test Number Fz Moment -axis
N) (N-m) Rotation

(deg)

160425-5 -614 44.6 28.8
160425-9 -614 44.8 29.1
160425-11 -614 44.5 29.2
160425-13 -619 45.1 29.4
Mean -615 44.8 29.1
Std. Dev. 2 0.3 0.2

CV 0.4% 0.6% 0.8%
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Figure 16-8. VRTC ankle eversion lower tibia Z-force repeatability for 069
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Figure 16-9. VRTC ankle eversion resistive X-moment repeatability for 069
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Figure 16-10. VRTC ankle eversion X-axis rotation repeatability for 069

16.2.4 THOR-50M Left Lower Leg DL0202 testing at
Humanetics

Repeatability results at Humanetics for leg DL0202 yielded CV values all below 5% (Table
16-4. Figure 16-11 through Figure 16-13).

Table 16-4. Humanetics THOR-50M DL0202 Left Ankle Eversion Repeatability Results

Peak Lower Tibia Peak Ankle Resistive Per;\<k Af‘k'e
Test Number Fz Moment -axis
(N) (N-m) Rotation

(deg)

389 -565 42.0 29.5
392 -573 42.3 29.5
393 -573 42.3 29.5
395 -570 42.0 29.5
396 -569 41.9 29.5
Mean -570 42.1 29.5
Std. Dev. 3 0.2 0.0

CV 0.6% 0.4% 0.1%
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Figure 16-11. Humanetics ankle eversion lower tibia Z-force repeatability for DL0202
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Figure 16-12. Humanetics ankle eversion resistive X-moment repeatability for DL0202
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Figure 16-13. Humanetics ankle eversion X-axis rotation repeatability for DL0202

16.2.5 THOR-50M Right Lower Leg DL5404 testing at
Humanetics

Repeatability results at Humanetics for leg DL5404 yielded CV values all below 5% (Table 16-5
and Figure 16-14 through Figure 16-16).

Table 16-5. Humanetics THOR-50M DL5404 Right Ankle Eversion Repeatability Results

Peak Lower Tibia Peak Ankle Resistive Peik Af‘k'e
Test Number Fz Moment -axis
(N) (N-m) Rotation
(deg)
321 -568 -41.6 -29.6
325 -617 -45.1 -30.5
328 -608 -44.6 -30.5
332 -613 -45.0 -30.7
333 -613 -45.1 -30.8
335 -614 -44.9 -30.8
Mean -606 -44.4 -30.5
Std. Dev. 19 1.4 0.5
CVv 3.1% 3.1% 1.5%
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Figure 16-14. Humanetics ankle eversion lower tibia Z-force repeatability for DL5404
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Figure 16-15. Humanetics ankle eversion resistive X-moment repeatability for DL5404
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Figure 16-16. Humanetics ankle eversion X-axis rotation repeatability for DL5404

16.2.6 THOR-50M Left Lower Leg DL0202 testing at
Calspan
Repeatability results at Calspan for leg DL0202 yielded CV values below 5% for the peak X-axis
rotation, and the peak lower tibia Fz, and peak resistive moment were above 5% but less than

10% (Table 16-6, Figure 16-17 through Figure 16-19). The elevated CV values were due to the
low values in the first test.

Table 16-6. Calspan THOR-50M DL0202 Left Ankle Eversion Repeatability Results

Peak Lower Tibia Peak Ankle Resistive Pe;k Af‘k'e
Test Number Fz Moment “axis
(N) (N-m) Rotation

(deg)

20160623133759 -454 35.6 26.9
20160623140737 -530 415 27.0
20160623143850 -561 439 28.7
20160623153954 -549 43.2 27.6
Mean -523 41.0 27.6
Std. Dev. 48 3.8 0.8

CV 9.2% 9.2% 2.9%
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Figure 16-17. Calspan ankle eversion lower tibia Z-force repeatability for DL0202
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Figure 16-18. Calspan ankle eversion resistive X-moment repeatability for DL0202
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Figure 16-19. Calspan ankle eversion X-axis rotation repeatability for DL0202

16.2.7 THOR-50M Right Lower Leg DL5404 testing at
Calspan
Repeatability results at Calspan for leg DL5404 yielded CV values below 5% for the peak X-axis

rotation and the peak lower tibia Fz, and peak resistive moment was above 5% but less than 10%
(Table 16-7, Figure 16-20 through Figure 16-22).

Table 16-7. Calspan THOR-50M DL5404 Right Ankle Eversion Repeatability Results

Peak Lower Tibia Peak Ankle Resistive Pe;lfs(?skle
Test Number Fz Moment .
(N) (N-m) Rotation
(deg)
20160629133518 -519 -39.6 -29.2
20160629140556 -573 -44.6 -30.2
20160629143642 -569 -44.4 -30.2
20160629150832 -578 -45.1 -30.4
20160629154307 -587 -45.4 -30.5
Mean -565 -43.8 -30.1
Std. Dev. 27 2.4 0.5
CVv 4.8% 5.5% 1.7%
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Figure 16-20. Calspan ankle eversion lower tibia Z-force repeatability for DL5404
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Figure 16-21. Calspan ankle eversion resistive X-moment repeatability for DL5404
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Figure 16-22. Calspan ankle eversion X-axis rotation repeatability for DL5404
16.3 Ankle Eversion Dummy Reproducibility Results

Dummy Reproducibility results at VRTC for the ankle eversion qualification yielded CV values
below 5% for the peak X-axis rotation and the peak resistive moment, and the peak lower tibia
Fz, was above 5% but less than 10% (Table 16-8). When combining left and right data, the
absolute values of peak moment and peak rotation were used.



Table 16-8. THOR-50M Ankle Eversion Dummy Reproducibility Results

Peak Lower Tibia | Peak Ankle Resistive Pez;(lfg?skle
Leg Number Test Number Fz Moment Rotation
(N) (N-m) ?

(deg)
160519-5 -512 38.9 28.6
160519-6 -555 42.3 29.5
DL\g;);(I:_eft 160519-7 -554 42.4 29.5
160519-9 -560 42.7 29.6
160519-10 -563 43.0 29.6
160517-7 -530 -39.9 -29.5
160517-9 -571 -43.4 -30.3
DL;flIgglgight 160517-10 -573 -43.5 -30.4
160517-11 -574 -43.7 -30.4
160517-12 -573 -43.6 -30.5
160425-5 -614 44.6 28.8
VRTC 160425-9 -614 44.8 29.1
069 Left 160425-11 -614 445 29.2
160425-13 -619 45,1 29.4
Mean -573 43.0 29.6
Std. Dev. 32 1.79 0.6
CV 5.6% 4.2% 2.0%

16.4 Lab-to-Lab Variability Analysis

The results for the ankle eversion tests from each lab are presented in Table 16-9 and Table
16-10. For the left ankle eversion, the last four rows of Table 16-9 show the Test Reproducibility
results when data from all 3 labs are combined. The results for the left leg at Calspan yielded a
CV below 5% for the peak X-axis rotation, and the peak lower tibia Fz and peak resistive
moment were above 5% but less than 10%.

For the right ankle eversion, the last four rows of Table 16-10 show Test Reproducibility results
when data from all 3 labs are combined. The results for the right leg yielded CV values all
below 5%.



Table 16-9. THOR-50M Left Ankle Eversion Lab-to-Lab Variability Results

Peak Lower Tibia | Peak Ankle Resistive Peak A'_“"e
Leg Number Fz Moment RX-ax_ls
(N) (N-m) otation
(deg)
-512 38.9 28.6
VRTC -555 42.3 29.5
DLO0202 Left -554 424 295
-560 42.7 29.6
-563 43.0 29.6
-565 42.0 29.5
Humanetics 573 423 295
DL0202 Left 573 423 295
-570 42.0 29.5
-569 41.9 29.5
-454 35.6 26.9
Calspan -530 415 27.0
DL0202 Left -561 43.9 28.7
-549 43.2 27.6
Test Reproducibility
DL0202 Left
Mean -549 41.7 28.9
Std. Dev. 32 2.1 1.0
CV 5.9% 5.0% 3.4%

Table 16-10. THOR-50M Right Ankle Eversion Lab-to-Lab Variability Results

Peak Lower Tibia | Peak Ankle Resistive Pe;lf:)\(riwskle
Leg Number Fz Moment Rotation
(N) (N-m) P
(deg)
-530 -39.9 -29.5
VRTC -571 -43.4 -30.3
DL5404 Right 513 -43.5 -30.4
-574 -43.7 -30.4
-573 -43.6 -30.5
-568 -41.6 -29.6
Humanetics -617 -45.1 -30.5
DL5404 Right -608 -44.6 -30.5
-613 -45.0 -30.7
-613 -45.1 -30.8
-519 -39.6 -29.2
o 21s 2
DL5404 Right 578 251 304
-587 -45.4 -30.5
Test Reproducibility

DL5404 Right

Mean -578 43.6 30.2
Std. Dev. 28 1.9 0.4

CVv 4.9% 4.3% 1.5%




16.5 Corridor Development

All the data used to determine the ankle eversion qualification corridors is shown in Table 16-11.
Data where the velocity exceeded the + 0.05 m/s tolerance were excluded from the corridor
development. The qualification corridors were calculated using the mean plus or minus 10% of
the peak for the specified measured or calculated channels (Table 16-12 and Table 16-13).

Table 16-11. THOR-50M Ankle Eversion Qualification Corridor Results

Peak Lower Peak Ankle Resistive Pe‘;k Ar_1k|e
Leg Number Test Number Tibia Fz Moment R -axis
(N) (N-m) otation
(deg)
160519-5 512 38.9 28.6
160519-6 -555 423 29.5
DL\O/ZF\Z)ZCI:_eft 160519-7 554 124 205
160519-9 -560 427 29.6
160519-10 563 43.0 29.6
160517-7 -530 -39.9 295
160517-9 571 434 -30.3
D|_5\4/1|§4T|gight 160517-10 573 435 -30.4
160517-11 574 437 -30.4
160517-12 573 436 305
160425-5 614 44.6 28.8
VRTC 160425-9 -614 44.8 29.1
069 Left 160425-11 614 445 29.2
160425-13 619 45.1 29.4
389 565 42.0 29.5
Humanetics 392 573 423 29.5
DL 0202 Left 393 573 42.3 29.5
395 570 42.0 295
396 -569 41.9 295
321 568 416 296
Humanetics 325 617 -45.1 305
: 328 -608 446 305
DL5404 Right 332 613 45.0 130.7
333 613 451 -30.8
335 614 -44.9 -30.8
20160623133759 -454 35.6 26.9
Calspan 20160623140737 530 415 27.0
DL0202 Left 20160623143850 561 43.9 28.7
20160623153954 549 432 27.6
Calspan
DL5404 Right 20160629133518 -519 -39.6 -29.2
20160629140556 573 446 -30.2
DL%Z(')ZF’;W ht 20160629143642 569 -44.4 -30.2
'9 20160629150832 578 451 230.4
20160629154307 587 454 305
Mean -571 43.0 29.6
Std. Dev. 36 2.1 1.0
CV 6.2% 5.0% 3.3%




Table 16-12. Left Ankle Eversion Response Requirements

Corridor
Parameter Units | Min. | Max. | Nominal Target Width
+%
Impact Velocity m/s | 1.95 | 2.05 2.00
Peak Lower Tibia Fz N -629 | -514 -571 10%
Peak Ankle Resistive Nm | 387 | 473 430 10%
Moment
Peak Ankle X-axis deg | 26.6 | 325 206 10%
Rotation
Table 16-13. Right Ankle Eversion Response Requirements
Corridor
Parameter Units | Min. | Max. | Nominal Target Width
+%
Impact Velocity m/s | 1.95 | 2.05 2.00
Peak Lower Tibia Fz N -629 | -514 -571 10%
Peak Ankle Resistive Nm | -473 | -387 430 10%
Moment
Peak Ankle X-axis | deg | -325 | 266 -29.6 10%
otation

Discussion. Similar to what was observed in the ankle inversion test, the initial trial in a test
series exhibited a peak ankle moment, peak lower tibia Fz, and peak ankle rotation that were
slightly lower than subsequent tests. This is also thought to be related to the Ensolite pad, a Test
Repeatability issue. The initial test effect was particularly prominent at Calspan. When those
tests are ignored, the CV values of all metrics are significantly improved.

As with the inversion tests, initial test effect is only a minor impediment in qualifying the ankle
(simply repeat the test). Only two initial tests (one at VRTC, one at Calspan) had responses
below 10% of the target response (Table 16-11, yellow cells). All other tests were within 10% of
the target.

Dummy Reproducibility does not appear to be a concern in the relevant tests (Section 16.3) run at
VRTC (same lab, three different legs). In those tests, we did note that the CV for tibia force was
slightly elevated (5.6%). However, this CV was influenced by low forces in the initial tests,
which is related to Test Repeatability as discussed above. The CVs for ankle moment and
rotation were both low: 4.2% and 2.0%, respectively.

Test Reproducibility did not pose an obstacle to demonstrating the uniformity of the dummy, as
tests at the three different labs on the same ankle produced similar responses.



17 BALL OF FOOT
17.1 Methodology

Repeatability and reproducibility tests were performed using the ball of foot impact qualification
procedures described in the THOR-50M Qualification Procedures Manual. This test examines
the dynamic impact response of the ball of the foot. In these tests, the molded shoe was utilized,
as described in the THOR-50M Drawing Package, while the leg is held rigidly with the tibia
horizontal (Figure 17-1). The test utilizes the NHTSA Dynamic Impactor (TLX-9000-013), as
described in the THOR-50M Drawing Package, with an effective mass of 5.00 + 0.02 kg. The
pendulum arm is mounted to a rigid shaft which is pivoted on low friction ball bearings. The
impact surface is a rigid semi-cylinder 63.5 + 2.5 mm in diameter and 88.9 £ 3.5 mm in length,
oriented in a horizontal plane perpendicular to the direction of impact. The pendulum impacts
the ball of the foot at a velocity of 5.00 £ 0.05 m/s. During these tests, the lower tibia Z-axis
force (Fz) and Y-axis rotation were measured; the ankle resistive moment about the Y-axis was
calculated from the X-axis force (Fx) and Y-axis moment (My).

Figure 17-1. Ball of Foot Test

17.2 Ball of Foot Impact Repeatability Results

Sections 17.2.1 through 17.2.7 illustrate the results of the ball of foot impact repeatability tests.
Each section contains a table providing the test data, followed by plot overlays of the five repeat
tests conducted at all three labs. Note that the data in the tables containing the results of each test
series are listed sequentially, with the test at the top of the table beginning the test series.



17.2.1 THOR-50M Left Lower Leg DL0202 testing at
VRTC

Repeatability results at VRTC for leg DL0202 yielded CV values all below 5% (Table 17-1,
Figure 17-2 through Figure 17-4).

Table 17-1. VRTC THOR-50M Leg DL0202 Left Ball of Foot Repeatability Results

.- L Peak Ankle Y-axis
Leg Number Test Peak Lol\:/ver Tibia | Peak Ankle Resistive Rotation (i
z Moment X i
Shoe Number Number N) (N-m) dorsiflexion)
(deg)
160518-5 -3106 53.5 34.1
e = 2
DW2433/DV0872 (A) Shoe 1605188 3002 545 35.0
160518-9 -3000 54.5 35.1
Mean -3028 54.3 34.8
Std. Dev. 45 0.5 0.4
CV 1.5% 0.9% 1.1%
THOR-50M Ball of Foot
Left Leg DL0202, Shoe DW2433/DV0872 (A) — Repeatability
Lower Tibia Fz
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Figure 17-2. VRTC ball of foot lower tibia Z-force repeatability for DL0202
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Figure 17-3. VRTC ball of foot ankle resistive Y-moment repeatability for DL0202
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Figure 17-4. VRTC ball of foot ankle Y-axis rotation repeatability for DL0202




17.2.2 THOR-50M Right Lower Leg DL5404 testing at
VRTC

Repeatability results at VRTC for leg DL5404 yielded CV values all below 5% (Table 17-2,
Figure 17-5 through Figure 17-7).

Table 17-2. VRTC THOR-50M Leg DL5404 Right Ball of Foot Repeatability Results

. L Peak Ankle Y-axis
Leg Number Test Peak Lower Tibia | Peak Ankle Resistive Rotation (in
Fz Moment . .
Shoe Number Number dorsiflexion)
(N) (N-m) d
(deg)
160512-1 -3005 55.5 34.5
DL5404 Right Leg 160512-3 -2983 55.1 34.5
DV0860/DV0874 (B) Shoe |—-00216-3 -3002 54.2 34.3
160516-4 -2987 55.8 34.5
160516-5 -2990 56.3 34.5
Mean -2994 55.4 34.5
Std. Dev. 10 0.8 0.1
CV 0.3% 1.4% 0.3%

THOR-50M Ball of Foot
Right Leg DL5404, Shoe DV0860/DV0874 (B) — Repeatability
Lower Tibia Fz
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Figure 17-5. VRTC ball of foot lower tibia Z-force repeatability for DL5404
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Figure 17-6. VRTC ball of foot ankle resistive Y-moment repeatability for DL5404
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Figure 17-7. VRTC ball of foot ankle Y-axis rotation repeatability for DL5404




17.2.3 THOR-50M Left Lower Leg 069 testing at VRTC

Repeatability results at VRTC for leg 069 yielded CV values all below 5% (Table 17-3, Figure
17-8 through Figure 17-10).

Table 17-3. VRTC THOR-50M Leg 069 Left Ball of Foot Repeatability Results

. L Peak Ankle Y-axis
Leg Number Test Peak Lower Tibia | Peak Ankle Resistive Rotation (in
Fz Moment . .
Shoe Number Number dorsiflexion)
N) (N-m) q
(deg)
160420-6 -3143 57.1 32.8
160420-11 -3155 56.1 33.3
Leg 069 Left Leg
160421-1 -3153 56.3 33.3
DV085/DW2435 (D) Shoe 1604212 3119 6.3 333
160421-3 -3121 56.4 33.3
Mean -3138 56.4 33.2
Std. Dev. 17 0.4 0.2
CV 0.6% 0.7% 0.7%

THOR-50M Ball of Foot
Left Leg 069, Shoe DV0855/DW2435 (D) — Repeatability
Lower Tibia Fz
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Figure 17-8. VRTC ball of foot lower tibia Z-force repeatability for 069
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Figure 17-9. VRTC ball of foot ankle resistive Y-moment repeatability for 069
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Figure 17-10. VRTC ball of foot ankle Y-axis rotation repeatability for 069




17.2.4 THOR-50M Left Lower Leg DL0202 testing at
Humanetics

Repeatability results at Humanetics for leg DL0202 yielded CV values all below 5% (Table
17-4, Figure 17-11 through Figure 17-13).

Table 17-4. Humanetics THOR-50M Leg DL0202 Left Ball of Foot Repeatability Results

. L Peak Ankle Y-axis
Leg Number Test Peak Lower Tibia | Peak Ankle Resistive Rotation (in
Fz Moment . .
Shoe Number Number N) (N-m) dorsiflexion)
(deg)
730 -3212 51.3 33.3
T — = 2
DW2433/DV0872 (A) Shoe 710 3207 533 312
744 -3170 52.3 33.8
Mean -3207 52.2 33.9
Std. Dev. 23 0.7 0.3
CV 0.7% 1.4% 1.0%

THOR-50M Ball of Foot

Left Leg DL0202, Shoe DW2433/DV0872 (A) - Repeatability

Lower Tibia Force Fz
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Figure 17-11. Humanetics ball of foot lower tibia Z-force repeatability for DL0202
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Figure 17-12. Humanetics ball of foot ankle resistive Y-moment repeatability for DL0202
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Figure 17-13. Humanetics ball of foot ankle Y-axis rotation repeatability for DL0202




17.2.5 THOR-50M Right Lower Leg DL5404 testing at
Humanetics

Repeatability results at Humanetics for leg DL5404 yielded CV values all below 5% (Table
17-5, Figure 17-14 through Figure 17-16).

Table 17-5. Humanetics THOR-50M Leg DL5404 Right Ball of Foot Repeatability Results

. L Peak Ankle Y-axis
Leg Number Test Peak Lower Tibia | Peak Ankle Resistive Rotation (in
Fz Moment . .
Shoe Number Number (N) (N-m) dorsiflexion)
(deg)
675 -3342 48.3 32.7
T s s
DV0860/DV0874 (B) Shoe 681 73385 50.6 338
685 -3371 50.6 34.0
Mean -3383 50.7 335
Std. Dev. 28 15 0.5
CV 0.8% 2.9% 1.6%

THOR-50M Ball of Foot

Right Leg DL5404, Shoe DV0860/DV0874 (B) - Repeatability

Lower Tibia Force Fz
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Figure 17-14. Humanetics ball of foot lower tibia Z-force repeatability for DL5404
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Figure 17-15. Humanetics ball of foot ankle resistive Y-moment repeatability for DL5404
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Figure 17-16. Humanetics ball of foot ankle Y-axis rotation repeatability for DL5404




17.2.6 THOR-50M Left Lower Leg DL0202 testing at

Calspan

Although only two tests met the input requirements, repeatability results from these tests at
Calspan for leg DL0202 yielded CV values all below 5% (Table 17-6, Figure 17-17 through

Figure 17-19).

Table 17-6. Calspan THOR-50M Leg DL0202 Left Ball of Foot Repeatability Results

Peak - Peak Ankle Y-axis
Leg Number Lower Peak Ankle Resistive Rotation (in
Test Number o Moment o
Shoe Number Tibia Fz (N-m) dorsiflexion)
(N) (deg)
DL0202 Left Leg 20160623093709 -3113 58.1 335
DW?2433/DV0872 (A) Shoe | 20160623101023 -3084 59.1 33.3
Mean -3099 58.6 334
Std. Dev. 21 0.7 0.1
Ccv 0.7% 1.2% 0.4%
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Tibia Z Force (N)
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Figure 17-17

. Calspan ball of foot lower tibia Z-force repeatability for DL0202
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Figure 17-18. Calspan ball of foot ankle resistive Y-moment repeatability for DL0202
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Figure 17-19. Calspan ball of foot ankle Y-axis rotation repeatability for DL0202




17.2.7 THOR-50M Right Lower Leg DL5404 testing at
Calspan

Repeatability results at Calspan for leg DL5404 yielded CV values all below 5% (Table 17-7,
Figure 17-20 through Figure 17-22).

Table 17-7. Calspan THOR-50M Leg DL5404 Right Ball of Foot Repeatability Results

Peak Lower Peak Ankle Resistive Peak Anl_<|e Y'-aX|s
Leg Number L Rotation (in
Test Number Tibia Fz Moment o .
Shoe Number N) (N-m) dorsiflexion)
(deg)
20160629095614 -3253 60.6 33.1
. 20160629103002 -3271 61.5 33.2
Dv%tgfgf/(?égzt(éfghoe 20160629113819 3326 613 333
20160629124035 -3328 61.8 33.3
20160629131338 -3327 61.7 334
Mean -3301 61.4 33.3
Std. Dev. 36 0.5 0.1
CV 1.1% 0.8% 0.3%

THOR-50M Ball of Foot
Right Leg DL5404, Shoe DV0860/DV0874 (B) - Repeatability
Lower Tibia Force Fz
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Figure 17-20. Calspan ball of foot lower tibia Z-force repeatability for DL5404
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Figure 17-21. Calspan ball of foot ankle resistive Y-moment repeatability for DL5404
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Figure 17-22. Calspan ball of foot ankle Y-axis rotation repeatability for DL5404




17.3 Ball of Foot Impact Dummy Reproducibility Results

Dummy Reproducibility results at VRTC for the ball of foot qualification yielded CV values all
below 5% (Table 17-8).

Table 17-8. THOR-50M Ball of Foot Reproducibility Results

Leg Number Test Peak Lo'\:/ver Tibia | Peak Ankle Resistive Pea;o,:\;tli(cl)i\((i-nams
Shoe Number Number z Moment dorsiflexion)
(N) (N-m)

(deg)
160518-5 -3106 53.5 34.1
VRTC 160518-6 -3024 54.6 34.8
DL0202 Left Leg 160518-7 -3008 54.5 349
DW2433/DV0872 (A) Shoe 160518-8 -3002 54.5 35.0
160518-9 -3000 54.5 35.1
160512-1 -3005 55.5 345
VRTC 160512-3 -2983 55.1 345
DL5404 Right Leg 160516-3 -3002 54.2 34.3
DV0860/DV0874 (B) Shoe 160516-4 -2987 55.8 345
160516-5 -2990 56.3 345
160420-6 -3143 57.1 32.8
VRTC 160420-11 -3155 56.1 33.3
Leg 069 Left 160421-1 -3153 56.3 33.3
DV085/DW2435 (D) Shoe 160421-2 -3119 56.3 33.3
160421-3 -3121 56.4 33.3
Mean -3053 55.4 34.2
Std. Dev. 69 1.0 0.7
CcVv 2.3% 1.9% 2.2%

17.4 Lab-to-Lab Variability Analysis

The results for the ball of foot tests from each lab are presented in Table 17-9 and Table 17-10.
Data where the velocity exceeded the + 0.05 m/s tolerance were excluded from the lab-to-lab
comparison. For the left ankle ball of foot tests, the last four rows of Table 17-9 show the Test
Reproducibility results when data from all 3 labs are combined. The results for the left leg
yielded CV values all below 5%.

For the right ankle ball of foot tests, the last four rows of Table 17-10 show Test Reproducibility
results when data from all 3 labs are combined. The results for the right ankle yielded a CV
below 5% for the peak Y-axis rotation, and the peak lower tibia Fz and peak ankle resistive
moment produced CV values above 5% but below 10%.



Table 17-9. THOR-50M Left Ball of Foot Lab-to-Lab Variability Results

Peak Ankle Y-axis

Peak Lower Peak Ankle Resistive S
Leg Number L Rotation (in
Tibia Fz Moment o
Shoe Number N) (N-m) dorsiflexion)
(deg)
-3106 53.5 34.1
VRTC -3024 54.6 34.8
DL0202 Left Leg -3008 54.5 34.9
DW2433/DV0872 (A) Shoe -3002 54.5 35.0
-3000 54.5 35.1
-3212 51.3 33.3
Humanetics -3219 51.9 33.9
DL0202 Left Leg -3229 52.2 34.1
DW2433/DV0872 (A) Shoe -3207 53.3 34.2
-3170 52.3 33.8
Calspan -3113 58.1 335
DL0202 Left Leg
DW2433/DV0872 (A) Shoe -3084 59.1 333
Test Reproducibility
DL0202 Left
Mean -3115 54.2 34.2
Std. Dev. 91 24 0.6
CcVvV 2.9% 4.4% 1.9%

Table 17-10. THOR-50M Right Ball of Foot Lab-to-Lab Variability Results

Peak Ankle Y-axis

Leg Number Pe:?\_k Lower Peak Ankle Resistive Rotation (in
ibia Fz Moment A
Shoe Number N) (N-m) dorsiflexion)

(deg)

-3005 55.5 34.5

VRTC -2983 55.1 345

DL5404 Right Leg -3002 54.2 34.3
DV0860/DV0874 (B) Shoe -2987 55.8 345
-2990 56.3 34.5

-3342 48.3 32.7

Humanetics -3412 51.8 335
DL5404 Right Leg -3405 52.1 33.6
DV0860/DV0874 (B) Shoe -3385 50.6 33.8
-3371 50.6 34.0

-3253 60.6 33.1

Calspan -3271 61.5 33.2

DL5404 Right Leg -3326 61.3 333
DV0860/DV0874 (B) Shoe -3328 61.8 333
-3327 61.7 334

Test Reproducibility
DL5404 Right

Mean -3226 55.8 33.8
Std. Dev. 175 4.6 0.6

Ccv 5.4% 8.3% 1.8%




17.5 Corridor Development

All the data used to determine the ball of foot qualification corridors is shown in Table 17-11.
Data where the velocity exceeded the + 0.05 m/s tolerance were excluded from the corridor
development. The qualification corridors were calculated using the mean plus or minus 10% of
the peak for the specified measured or calculated channels (Table 17-12).

Table 17-11. THOR-50M Ball of Foot Qualification Corridor Results

Peak Ankle Y-axis

Leg Number Pea_k _Lower Peak Ankle Resistive Rotation (in
Test Number Tibia Fz Moment .
Shoe Number N) (N-m) dorsiflexion)
(deg)
160518-5 -3106 53.5 34.1
VRTC 160518-6 -3024 54.6 34.8
DL0202 Left Leg 160518-7 -3008 54.5 34.9
DW?2433/DV0872 (A) Shoe 160518-8 -3002 54.5 35.0
160518-9 -3000 54.5 35.1
160512-1 -3005 55.5 34.5
VRTC 160512-3 -2983 55.1 34.5
DL5404 Right Leg 160516-3 -3002 54.2 34.3
DV0860/DV0874 (B) Shoe 160516-4 -2987 55.8 34.5
160516-5 -2990 56.3 34.5
160420-6 -3143 57.1 32.8
VRTC 160420-11 -3155 56.1 33.3
Leg 069 Left Leg 160421-1 -3153 56.3 33.3
DV085/DW2435 (D) Shoe 160421-2 -3119 56.3 33.3
160421-3 -3121 56.4 33.3
730 -3212 51.3 33.3
Humanetics 733 -3219 51.9 33.9
DL0202 Left Leg 738 -3229 52.2 34.1
DW2433/DV0872 (A) Shoe 740 -3207 53.3 34.2
744 -3170 52.3 33.8
675 -3342 48.3 32.7
Humanetics 677 -3412 51.8 33.5
DL5404 Right Leg 678 -3405 52.1 33.6
DV0860/DV0874 (B) Shoe 681 -3385 50.6 33.8
685 -3371 50.6 34.0
Calspan 20160623093709 -3113 58.1 335
DL0202 Left Leg
DW2433/DV0872 (A) Shoe 20160623101023 -3084 59.1 33.3
20160629095614 -3253 60.6 33.1
Calspan 20160629103002 -3271 61.5 33.2
DL5404 Right Leg 20160629113819 -3326 61.3 33.3
DV0860/DV0874 (B) Shoe | 20160629124035 -3328 61.8 33.3
0160629131338 -3327 61.7 334
Mean -3170 55.3 33.8
Std. Dev. 140 3.5 0.7
CVv 4.4% 6.4% 1.9%




Table 17-12. Ball of Foot Response Requirements

. . Nominal | Corridor Width
Parameter Units| Min. | Max. Target +06
Impact Velocity m/s | 4.95 | 5.05 5.00
Peak Lower Tibia Fz N | -3487 |-2853| -3170 10%
Peak A'\;;kle Resistive Nm | 298 | 60.8 553 10%
oment
Peak Ankle Y-axis 0

Rotation (in dorsiflexion) deg | 304 ) 37.2 338 10%

Discussion. At each lab, all responses were highly repeatable. In addition, when testing
different legs at the same lab (VRTC), the same responses were highly reproducible across all
legs, including right and left combined. Thus, Dummy/Test Repeatability, and Dummy
Reproducibility do not appear to be factors affecting variability.

However, lab-to-lab variability may be an issue in future ball of foot tests. The resistive
moments were clustered by lab such that Calspan always produced the highest moments and
Humanetics always produced the lowest moments. At Calspan, four of five tests on serial no.
DL5404-R produced moments that were over the 10% target responses. Test labs such as
Calspan may need to adjust their set-ups and fixtures (within allowable tolerances) to attain a
response within 10% of the target for ankle moment.

18 HEEL IMPACT
18.1 Methodology

Repeatability and reproducibility tests were performed using the heel impact qualification
procedures described in the THOR-50M Qualification Procedures Manual. This test examines
the dynamic impact response of the heel of the foot. In these tests, the molded shoe was utilized
as described in the THOR-50M Drawing Package, while the leg is held rigidly with the tibia
horizontal (Figure 18-1). The test utilizes the NHTSA Dynamic Impactor (TLX-9000-013) with
an effective mass of 5.00 = 0.02 kg. The pendulum arm is mounted to a rigid shaft which is
pivoted on low friction ball bearings. The impact surface is a rigid semi-cylinder 63.5 + 2.5 mm
in diameter and 88.9 £ 3.5 mm in length, oriented in a horizontal plane perpendicular to the
direction of impact. The pendulum impacts the heel at a velocity of 4.00 + 0.05 m/s. During
these tests, the peak lower tibia force (Fz) was measured.



Figure 18-1. Heel impact test setup

18.2 Heel Impact Repeatability Results

Sections 18.2.1 through 18.2.7 illustrate the results of the heel impact repeatability tests. Each
section contains a table providing the test data, followed by plot overlays of the five repeat tests
conducted at all three labs. Note that the data in the tables containing the results of each test
series are listed sequentially, with the test at the top of the table beginning the test series.

18.2.1 THOR-50M Left Lower Leg DL0202 testing at

VRTC

Repeatability results at VRTC for leg DL0202 yielded a CV value below 5% (Table 18-1 and

Figure 18-2).

Table 18-1. VRTC THOR-50M Leg

DL 0202 Left Heel Repeatability Results

Leg Number Test Peak Lower Tibia
Shoe Number Number Fz (N)
160518-11 -3078
DLOZ02LeftLeg |1y 1a | a0
DW2433/DV0872 (A) Shoe 160518-16 23090
160518-20 -3086
Mean -3086
Std. Dev. 6
CcVv 0.2%
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Figure 18-2. VRTC heel lower tibia Z-force repeatability for DL0202

18.2.2 THOR-50M Right Lower Leg DL5404 testing at
VRTC

Repeatability results at VRTC for leg DL5404 yielded a CV value below 5% (Table 18-2 and
Figure 18-3).

Table 18-2. VRTC THOR-50M Leg DL5404 Right Heel Repeatability Results

Leg Number Test Peak Lower Tibia Fz

Shoe Number Number (N)
160516-6 -3300
DL5404 Right Leg 116600551166_'191 ggi’;
DV0860/DV0874 (B) Shoe 160516-14 3313
160516-16 -3308
Mean -3315

Std. Dev. 14

Cv 0.4%
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Figure 18-3. VRTC heel lower tibia Z-force repeatability for DL5404

18.2.3 THOR-50M Left Lower Leg 069 testing at VRTC

Repeatability results at VRTC for leg 069 yielded a CV value below 5% (Table 18-3 and Figure
18-4).

Table 18-3. VRTC THOR-50M Leg 069 Left Heel Repeatability Results

Leg Number Test Peak Lower Tibia
Shoe Number Number Fz (N)
160421-5 -2818
oot ) shos (18502015 | o
160421-20 -2836
160421-25 -2815
Mean -2853
Std. Dev. 47
CcVv 1.6%
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Figure 18-4. VRTC heel lower tibia Z-force repeatability for 069

18.2.4 THOR-50M Left Lower Leg DL0202 testing at
Humanetics

Repeatability results at Humanetics for leg DL0202 yielded a CV value below 5% (Table 18-4,
Figure 18-5).

Table 18-4. Humanetics THOR-50M Leg DL0202 Left Heel Repeatability Results

Leg Number Test Peak Lower Tibia Fz
Shoe Number Number (N)
745 -2886
DL0202 Left Leg ;ig :3852
DW2433/DV0872 (A) Shoe 718 73096
749 -3105
Mean -3038
Std. Dev. 90

Cv 3.0%
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Figure 18-5. Humanetics heel lower tibia Z-force repeatability for DL0202




18.2.5 THOR-50M Right Lower Leg DL5404 testing at
Humanetics

Repeatability results at Humanetics for leg DL5404 yielded a CV value below 5% (Table 18-5,
Figure 18-6).

Table 18-5. Humanetics THOR-50M Leg DL5404 Right Heel Repeatability Results

Leg Number Test Peak Lower Tibia Fz
Shoe Number Number (N)
688 -3303
DL5404 Right Leg 23:11 :gggg
DV0860/DV0874 (B) Shoe 697 3308
700 -3341
Mean -3322
Std. Dev. 16
CcVv 0.5%
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Figure 18-6. Humanetics heel lower tibia Z-force repeatability for DL5404



18.2.6 THOR-50M Left Lower Leg DL0202 testing at
Calspan

Only three tests conducted at Calspan met the input criteria for the repeatability tests on leg
DL0202; the results yielded a CV value below 5% (Table 18-6, Figure 18-7).

Table 18-6. Calspan THOR-50M Leg DL0202 Left Heel Repeatability Results

Leg Number Peak Lower
9 Test Number Tibia Fz
Shoe Number )
DLO02 LeftLeg |75 cnes: baoe T poo
DW2433/DV0872 (A) Shoe 0160623081008 004
Mean -2994
Std. Dev. 9
cv 0.3%
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Figure 18-7. Calspan heel lower tibia Z-force repeatability for DL0202



18.2.7 THOR-50M Right Lower Leg DL5404 testing at
Calspan

Repeatability results at Calspan for leg DL5404 yielded a CV value below 5% (Table 18-7,
Figure 18-8).

Table 18-7. Calspan THOR-50M Leg DL5404 Right Heel Repeatability Results

Leg Number Peak Lower Tibia Fz
Shc?e Number Test Number (N)
DV0860/DV0874 =
(B) Shoe 20160624144316 -3528
20160624155309 -3550
Mean -3532
Std. Dev. 15
CV 0.4%
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Figure 18-8. Calspan heel lower tibia Z-force repeatability for DL5404



18.3 Heel Impact Dummy Reproducibility Results

Dummy Reproducibility results at VRTC for the heel impact qualification yielded a peak lower
tibia Fz that was above 5% but less than 10% (Table 18-8).

Table 18-8. THOR-50M Heel Dummy Reproducibility Results

Leg Number Peak Lower Tibia Fz

Shoe Number Test Number (N)
160518-11 -3078
DL0202 Left Leg Loaes o3
DW?2433/DV0872 (A) Shoe 160518-16 23090
160518-20 -3086
160516-6 -3300
DL5404 Right Leg 116600551166_-191 22%
DV0860/DV0874 (B) Shoe 160516-14 3313
160516-16 -3308
160421-5 -2818
069 Left Leg o ot
DV085/DW2435 (D) Shoe 160421-20 2836
160421-25 -2815
Mean -3085

Std. Dev. 197
cv 6.4%

18.4 Lab-to-Lab Variability Analysis

The results for the heel impact tests from each lab are presented in Table 18-9 and Table 18-10.
Data where the input criteria were not met were excluded from the lab-to-lab comparison. For
the left heel impact tests, the last four rows of Table 18-9 show the Test Reproducibility results
when data from all 3 labs are combined. The results for the left leg yielded a CV value below
5%.

For the right heel impact tests, the last four rows of Table 18-10 show the Test Reproducibility
results when data from all 3 labs are combined. The results for the right leg yielded a CV value
below 5%.



Table 18-9. THOR-50M Left Heel Test — Dummy Repeatability and Test Reproducibility

Leg Number Peak Lower Tibia
Shoe Number Fz
(N)
-3078
VRTC -3080
DL0202 Left Leg -3093
DW2433/DV0872 (A) Shoe -3090
-3086
-2886
Humanetics -3028
DL0202 Left Leg -3075
DW2433/DV0872 (A) Shoe -3096
-3105
Calspan -2987
DL0202 Left Leg -2991
DW2433/DV0872 (A) Shoe -3004
Test Reproducibility
DL0202 Left ALL Labs
Mean -3046
Std. Dev. 64
CV 2.1%

Table 18-10. THOR-50M Right Heel Lab-to-Lab Variability Results

Leg Number Peak Lower Tibia
Shoe Number Fz
(N)
-3300
VRTC -3337
DL5404 Right Leg -3319
DV0860/DV0874 (B) Shoe -3313
-3308
-3303
Humanetics -3307
DL5404 Right Leg -3330
DV0860/DV0874 (B) Shoe -3328
-3341
Calspan ggég
DL5404 Right Leg 3528
DV0860/DV0874 (B) Shoe 73550
Test Reproducibility
DL 5404 Right
Mean -3380
Std. Dev. 101
CcVv 3.0%

18.5 Corridor Development

All the data used to determine the heel impact qualification corridors is shown in Table 18-11.
Data where the input criteria were not met were excluded from the corridor development. The
qualification corridors were calculated using the mean plus or minus 10% of the peak for the
specified measured or calculated channels (Table 18-12).



Table 18-11. THOR-50M Heel Qualification Corridor Results

Leg Number Peak Lower Tibia Fz

Sh(?e Number Test Number (N)
160518-11 -3078
VRTC 160518-13 -3080
DL0202 Left Leg 160518-14 -3093
DW2433/DV0872 (A) Shoe 160518-16 -3090
160518-20 -3086
160516-6 -3300
VRTC 160516-9 -3337
DL5404 Right Leg 160516-11 -3319
DV0860/DV0874 (B) Shoe 160516-14 -3313
160516-16 -3308
160421-5 -2818
VRTC 160421-14 -2927
069 Left Leg 160421-19 -2871
DV085/DW2435 (D) Shoe 160421-20 -2836
160421-25 -2815
745 -2886
Humanetics 746 -3028
DL0202 Left Leg 747 -3075
DW2433/DV0872 (A) Shoe 748 -3096
749 -3105
688 -3303
Humanetics 691 -3307
DL5404 Right Leg 694 -3330
DV0860/DV0874 (B) Shoe 697 -3328
700 -3341
Calspan 20160622160040 -2987
DL0202 Left Leg 20160622163106 -2991
DW?2433/DV0872 (A) Shoe 20160623081008 -3004
Calspan 20160624133614 -3514
DL5404 Right Leg 20160624140949 -3538
DV0860/DV0874 (B) Shoe 20160624144316 -3528
20160624155309 -3550
Mean -3162

Std. Dev. 220
CVv 7.0%

Table 18-12. Heel Response Requirements

Parameter Units | Min. | Max. | Nominal Target CorrldgAr) Width
Impact Velocity m/s | 3.95 | 4.05 4.00
Peak Lower Tibia Fz N -3478 | -2846 -3162 10%

Discussion. The assessment reveals that Dummy Reproducibility may be an issue in the future.
The Tibia Fz responses of all units were repeatable, but they were different from each other such
that the CV for Dummy Reproducibility was elevated (CV of 6.4%) (Table 18-8). The responses
were clustered such that serial no. 069 produced the lowest responses (2 of 5 trials at VRTC were
below the -10% limit) and serial no. 5404 produced the highest (all four trials at Calspan were
above the +10%). In cases where passing qualification results cannot be achieved, a test lab may



need to replace the molded shoe assembly (472-7800 -1 (left) or -2 (right)) and/or the upper tibia
compliant bushing assembly (472-7315) in order to attain a peak lower tibia Fz within 10% of
the target.

Another factor contributing to the variability may be Test Reproducibility, where testing at
Calspan produced the highest responses in leg 5404 and the lowest responses in leg 0202. The
tibia Fz forces for 5404 were more than 10% above the target response of 3162 N in each of its
tests as seen in Table 18-11 (average of 3532 N).

Dummy/Test Repeatability do not appear to be factors affecting variability.

19 SUMMARY

Below is a synopsis of the tests and results. For comparison purposes, only positive values are
shown for the Nominal Targets and Acceptance Intervals.

1. Head Impact

Requirements:

Measurement Peak Probe Force Head Resultant
(N) Acceleration
(©)]
Nominal Target 5580 117.0
Acceptance Interval 5022 - 6138 105.3-128.7
Dummy/Test Repeatability: Average CV 0.7% 2.2%
Test Reproducibility: CV 1.0% 3.7%
Dummy Reproducibility: CV 0.5% 1.4%

Special needs: none. All tests were within the = 10% range.

2. Face Impact

Requirements:

Measurement Peak Probe Force Head Resultant
(N) Acceleration
(G)

Nominal Target 7087 138
Acceptance Interval 6378-7796 124-152
Dummy/Test Repeatability: Average CV 8.7% 9.6%
Test Reproducibility: CV N/A N/A
Dummy Reproducibility: CV 8.4% 9.3%




Special needs: Test labs may need to track the responses of the foam from one qualification test
to the next in order to make an informed decision on whether to replace the foam. If a response
is too low, the foam may simply need an additional test to qualify; for the most part, progressive

increases in both peak probe force and head CG resultant acceleration were evident with each
successive test as the test matrix proceeded. If a response is too high, the foam may need to be

replaced.

3. Neck — Flexion

Requirements:

Measurement Peak Upper Neck | Peak Upper Neck Peak Angular Peak Head
(My) (Fz @ < 40 ms) Velocity (oY) Rotation
(N-m) (N) (deg/s) (deg)
Nominal Target 31.0 860 1975 64.5
Acceptance Interval 279-341 774 - 946 1777 - 2172 58.1-71.0
Dummy/Test Repeatability: 3.3% 3.8% 1.7% 1.0%
Average CV
Test Reproducibility: CV 4.5% 7.5% 2.0% 2.5%
Dummy Reproducibility: CV 5.4% 4.2% 1.9% 2.3%

Special needs: Labs may find that the first test performed on a new dummy neck may produce
results which exhibit a high My (a Dummy Repeatability issue). Labs should be aware that,
depending on the newness of the neck, the My value produced in a subsequent test may be lower
than what would be indicated by an initial qualification test.

Also, labs may need to adjust the input pulse by experimenting with honeycomb cell

configurations to achieve the target response.

4. Neck - Extension

Requirements:

Measurement Peak Upper Neck | Peak Upper Neck Peak Angular Peak Head
(My) (F2) Velocity (oy) Rotation
(N-m) (N) (deg/s) (deg)
Nominal Target 23.0 2918 2061 65.0
Acceptance Interval 20.7-25.3 2626 — 3210 1855 — 2267 58.5-715
Dummy/Test Repeatability: 2.3% 2.4% 1.6% 1.1%
Average CV
Test Reproducibility: CV 5.6% 12.2% 4.4% 2.0%
Dummy Reproducibility: CV 3.9% 3.7% 2.7% 1.7%

Special needs: This situation is similar to the one for Neck Flexion. Labs may need to adjust the
input pulse by experimenting with honeycomb cell configurations to achieve the target response.




5. Neck — Lateral

Requirements:

Peak Moment (Mx

Peak Angular

Peak Head Rotation

Measurement

@ > 40 ms) Velocity (mX) (deg)

(N-m) (deg/s)

Nominal Target 49.7 1362 41.7
Acceptance Interval 448 - 54.7 1226 — 1498 37.6-45.9
Dummy/Test Repeatability: Average CV 1.7% 1.6% 1.3%
Test Reproducibility: CV 3.8% 1.5% 3.2%
Dummy Reproducibility: CV 1.9% 2.8% 2.6%

Special needs: none. All tests were within the + 10% range.

6. Neck — Torsion

Requirements:

Measurement Peak Moment (Mz @ Peak Angular Peak Fixture
> 40 ms) Velocity (oz) Rotation
(N-m) (deg/s) (deg)
Nominal Target 41.4 1390 47.9
Acceptance Interval 37.3-45.6 1251 - 1529 43.1-52.7
Dummy/Test Repeatability: Average CV 0.9% 2.3% 1.6%
Test Reproducibility: CV 1.5% 4.5% 1.2%
Dummy Reproducibility: CV 2.5% 2.5% 3.5%
Special needs: none. All tests were within the £ 10% range.
7. Upper thorax
Requirements:
Measurement Peak Probe Peak Upper Probe Force @ Max. Diff
Force Resultant Peak Resultant Between L and R
(N) Deflection defl defl
(mm) (N) (mm)
Nominal Target N/A 53.6 2677 0
Acceptance Interval 0-3039 48.3 -59.0 2409 — 2944 -5t05
Dummy/Test Repeatability: 1.8% 1.8% 1.7% N/A
Average CV
Test Reproducibility: Average CV 2.8% 3.2% 2.3% N/A
Dummy Reproducibility: CV 2.3% 3.7% 2.2% N/A

Special needs: none. All tests were within the + 10% range.




8. Lower thorax

Requirements:

Peak Probe Force

Measurement Resultant Deflection
at Peak Probe Force (N)
(mm)

Nominal Target 50.9 3484
Acceptance Interval 45.8 - 56.0 3136 — 3832
Dummy/Test Repeatability: Average CV 3.3% 1.9%
Test Reproducibility: Average CV 6.6% 4.7%
Dummy Reproducibility: CV 4.5% 3.4%

Special needs: Given the asymmetric setup of this test, test labs may need to be diligent on
aligning the dummy with the impact probe. Otherwise, they may experience difficulties

attaining the targeted response.

9. Lower abdomen

Requirements:

Deflection at Peak

Max. Diff Between L

Measurement Peak Probe Force
(N) Probe Force and R Defl

(mm) (mm)
Nominal Target 2918 83.0 0
Acceptance Interval 2626 — 3210 74.4-91.3 -8t08
Dummy/Test Repeatability: Average CV 2.6% 4.9% N/A
Test Reproducibility: Average CV 3.4% 5.5% N/A
Dummy Reproducibility: CV 2.3% 5.3% N/A

Special needs: Labs may have difficulty attaining the left vs. right response if the test set-up is
not sufficiently symmetric. However, once the dummy is properly aligned, labs should be able

to attain the desired response.

10. Knee

Requirements:

Knee Defl. at Peak

Dummy Reproducibility: CV

Measurement Peak Probe Fz
(N) Femur Fz
(mm)
Nominal Target 6506 20.2
Acceptance Interval 5855 — 7156 18.2-22.2
Dummy/Test Repeatability: Average CV 1.7% 0.5%
Test Reproducibility: Average CV 5.3% 2.0%
5.1% 1.8%

Special needs: Some labs may need to fine-tune the test setup to achieve the specified femur

force.




11. Upper leg

Requirements:

Measurement

Peak Probe Force

Peak Femur Fz

Peak Acetabulum

(N) (N) Resultant Force
(N)
Nominal Target 8333 4920 2738
Acceptance Interval 7500-9166 4428-5412 2464-3012
Dummy/Test Repeatability: Average CV 0.7% 1.2% 3.1%
Test Reproducibility: Average CV 3.7% 3.9% 4.4%
Dummy Reproducibility: CV 4.7% 4.7% 4.3%

Special needs: Some labs may need to fine-tune the test setup to achieve the specified femur

force.

12. Ankle inversion

Requirements:

Peak Ankle X-Axis

Measurement Peak Lower Tibia Fz | Peak Ankle Resistive
(N) Moment, Mx Rotation
(N-m) (deg)
Nominal Target 505 3901 34.5
Acceptance Interval 454-555 35.2-43.0 31.0-37.9
Dummy/Test Repeatability: Average CV 2.9% 3.1% 1.1%
Test Reproducibility: Average CV 5.1% 3.6% 1.7%
Dummy Reproducibility: CV 3.7% 4.9% 1.6%

Special needs: The ankle moment, tibia Fz, and ankle rotation may be slightly low in an initial
qualification test if there has been an extended period of non-use of the Ensolite pad on the test
fixture. This is only a concern if the tibia force and moment are just below the upper
qualification limits, since subsequent tests may be expected to produce slightly higher moments
and forces (which might be out of the qualification range). Labs can simply perform an
additional test to confirm that the response of the ankle is within the requirements.

13. Ankle eversion

Requirements:

Measurement

Peak Lower Tibia Fz

Peak Ankle Resistive

Peak Ankle X-Axis

(N) Moment, Mx Rotation
(N-m) (deg)
Nominal Target 571 43.0 29.6
Acceptance Interval 514-629 38.7-47.3 26.6-32.5
Dummy/Test Repeatability: Average CV 3.6% 3.8% 1.4%
Test Reproducibility: Average CV 5.4% 4.7% 2.5%
Dummy Reproducibility: CV 5.6% 4.2% 2.0%




Special needs: Similar to inversion, the ankle moment, tibia Fz, and ankle rotation may be
slightly low in an initial qualification test if there has been an extended period of non-use of the
Ensolite pad on the test fixture. This is only a concern if the tibia force and moment are just
below the upper qualification limits, since subsequent tests may be expected to produce slightly
higher moments and forces (which might be out of the qualification range). Labs can simply
perform an additional test to confirm that the response of the ankle is within the requirements.

14. Ball of foot

Requirements:

Measurement Peak Lower Tibia Fz | Peak Ankle Resistive Peak Ankle Y-Axis
(N) Moment, My Rotation
(N-m) (deg)
Nominal Target 3170 55.3 33.8
Acceptance Interval 2853-3487 49.8-60.8 30.4-37.2
Dummy/Test Repeatability: Average CV 0.8% 1.3% 0.8%
Test Reproducibility: Average CV 4.2% 6.4% 1.9%
Dummy Reproducibility: CV 2.3% 1.9% 2.2%

Special needs: Test labs may need to adjust their set-ups and fixtures (within allowable
tolerances) to attain a response within 10% of the target for ankle moment.

15. Heel

Requirements:
Measurement Peak Lower Tibia Fz (N)
Nominal Target 3162
Acceptance Interval 2846 - 3478
Dummy/Test Repeatability: Average CV 0.9%
Test Reproducibility: Average CV 2.6%
Dummy Reproducibility: CV 6.4%

Special needs: In cases where passing qualification results cannot be achieved, a test lab may
need to replace the molded shoe assembly (472-7800 -1 (left) or -2 (right)) and/or the upper tibia
compliant bushing assembly (472-7315) in order to attain a peak lower tibia Fz within 10% of

the target.
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