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ABSTRACT

NHTSA has recently released the documentation
for manufacture and use of the Thor-Lx Hybrid I11
retrofit (Thor-Lx/HI1Ir), an advanced lower extremity
device that fits on the Hybrid |11 50" percentile male
dummy at the distal femur. In order to compare the
response of the Thor-Lx/HIlIr and the Denton leg in
the vehicle crash environment, NHTSA conducted a
series of vehicle crash tests where 40 percent of the
vehicle' sfrontal structure along the driver’ sside
engaged the EU deformable barrier. Thetest series
consisted of 4 pairs of crash tests using a belted
Hybrid I11 50" percentile adult male dummy in the
driver’sposition. Pairs of tests were conducted under
identical crash conditions using the same vehicle
make, model, and model year with the Denton legson
the dummy in onetest and the Thor-Lx/HIIIr legson
the dummy in the other test. This paper presentsa
detailed analysis of the responses of the Hybrid 111
dummy and the two types of legsin the paired crash
tests.

Injury assessments for the leg-foot/ankle complex
using existing injury criteriafor the Denton leg and
recently proposed injury criteriafor the Thor-Lx/HIl1r
are also presented. The predicted injury outcome
from each of the leg typesis compared to lower
extremity traumain real world crashes.

INTRODUCTION

NHTSA has recently devel oped the Thor-Lx Hybrid
[ retrofit (Thor-Lx/HII1r) - an advanced lower
extremity test device that fits on to the distal femur of
the Hybrid 111 50" percentile adult male dummy, and
released the documentation for its manufacture and
use. Laboratory experiments (Portier, et al. 1997;
Rudd, et a., 1999; and Petit, et al. 1999) have
demonstrated that, in pendulum impact tests, the
force, moment, and foot kinematics responses of the
Thor-Lx/HII1r were more human cadaver-like than the
responses of the Denton leg (with 45 degrees ankle
and soft joint stop). The laboratory experiments have
also demonstrated that the detailed instrumentation
and the more human cadaver-like response of the Thor

Lx/HIIIr offers more extensive injury assessment
capability for the lower limbs than the Denton leg.

In order to compare the response of the Thor-
Lx/HII1r and the Denton leg in the vehicle crash
environment, NHTSA conducted a series of vehicle
crash tests where 40 percent of the vehicle' sfrontal
structure on the driver’s side engaged the EU
deformable barrier (40% left offset). Thetest series
consisted of 4 pairs of crash tests at 60 and 64 km/h
initial vehicle velocity, using a belted Hybrid 111 50"
percentile adult male dummy in the driver’ s position.
Each pair of tests were conducted under identical
crash conditions using the same vehicle make, model,
and model year with the Denton legs on the dummy in
onetest and the Thor-Lx/HI1Ir on the dummy in the
other test.

These tests were intended for direct paired
comparison of the performance of the Thor-Lx/HIlIr
and the Denton legs as well astheir influence, if any,
on the head, neck, and chest injury measures of the
Hybrid I11 dummy. The durability of the two lower
extremity devices was also evaluated. Injury
assessment for the lower limbs using existing injury
criteriafor the Denton leg and recently proposed
injury criteriafor the Thor-Lx/HIIr was conducted and
the predicted injury outcome was compared to injuries
inreal world crashes.

DESCRIPTION OF THE THOR-Lx/HIIIr AND
THE DENTON LEG

Thedesign and construction of the Thor-Lx/HIlIr is
significantly different from the Hybrid 11 Denton leg
(Figure 1). The Thor-Lx/HIIIr design was based on
recent biomechanical datawhich include guidelines
for the basic geometric dimensions of the lower
extremity, location of the ankle and subtalar joints,
inertial properties of the leg and foot (Crandall, et al.
1996), static and dynamic response characteristics due
to axial loading at the heel (Kuppaet al., 1998), and
the static and dynamic torque-angle characteristics at
the dorsiflexion and inversion/ eversion joint centers
of rotation (Portier, 1997 and Petit, 1996). In
accordance with these guidelines, the Thor-Lx/HII1r
construction includes a compliant element in the leg
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for biofidelic axial load response, an Achillestendon
to simulate passive resistance of musculature to
dorsiflexion, separate location of dorsiflexion and
inversion/ eversion joint centers of rotation
represented by the ankle and subtalar joints, and
continuous torque-angle joint characteristics (Shams,
1999). Internal and external rotation capabilities are
also available.

The leg shaft of the Denton leg is offset from the
line of action between the knee and ankle joint centers
in contrast to the Thor-Lx/HIIr which has a straight
leg shaft (Figure 1). The dorsiflexion and
inversion/eversion joint centersin the Denton leg are
at the same location and are represented by asingle
ball joint. The torque-angle characteristics of this
joint are discontinuous, with very low resisting torque
until the joint stops are engaged at 45° dorsiflexion,
after which the moment increases dramatically. Both
the Thor-Lx/HIlIr and the Denton leg knee clevis
connect to the Hybrid 11 dummy at the distal femur
through alow friction ball bearing knee dlider.

levis

Thor -Lx/HI1Ir Denton leg

Figurel. Thor-Lx/HIIIr and the Denton leg.

The instrumentation on the Thor-Lx/HI1r (Figure 2)
consist of a5-axislower tibiaload cell, a4-axis upper
tibiaload cell, triaxial accelerometers at the
midfoot and biaxial accelerometers at thetibia, and
rotational potentiometersto measure dorsiflexion,
inversion/ eversion, and internal/externa rotation of
thefoot.

The Denton leg isinstrumented with up to 5-axis
upper and lower tibiaload cells and biaxia
accelerometers near the heel and auniaxial
accelerometer at the toe (Figure 3). Thetibia/femur
relative tranglation was measured using a
potentiometer connected to the knee slider in the
Thor-Lx/HII1r and the Denton leg.

™~ upper tibiaload cell
(Fx, Fz, Mx, My)

Bi-axial accelerometer
(AXx, Ay)

lower tibiaload cell
(FX, Fy, Fz, Mx, My)

Rotary potentiometer
(rx, 1y, rz)

Triaxial accelerometer
(Ax, Ay, Az)

Figure2. Instrumentation in the Thor-Lx/HIIIr.

Upper tibiaload cell
' Fx Fy,Fz, Mx, My

Lower tibiaload cell
/Fx, Fy, Fz, Mx, My

heel accelerometers
AX, Az

Figure3. Instrumentation in the Denton leg.
VEHICLE CRASH TESTS

The instrumentation on the vehiclesincluded
accelerometers at the rear of vehicle and the toepan.
Post-crash static longitudinal vehicle crush and toepan
intrusion were measured. The amount of vehicle crush
was measured in asimilar manner asthat in NASS-
CDS. Thelocation of longitudinal toepan intrusion
measurementsareshownin  Figure 4. The center
toepan location in Figure 4 corresponds to apoint on
the toepan that is along alongitudinal axis directly
behind the brake pedal. The left and right toe pan
locations are on either side of the center.
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Figure4. Location of intrusion measurement on
the toepan.

The make, model, and model year of the vehicles
used in the 40% left offset crash into the EU
deformable barrier (40% of the vehicle front along the
left aspect engaging the barrier) are presented in Table
1. The measured initial velocity, the percent offset,
the peak vehicle deceleration (filtered by SAE

Channel Frequency Class 60), measured peak crush of
the vehicle front structure, and the peak longitudinal
intrusion of the toepan, foot plate and brake pedal for
each test are also presented in

Table 1.

The maximum vehicle crush measurements are
considerably different in the paired crash tests of the
Dodge Neon and the Subaru Legacy. Some of the
differencesin the toepan, footplate, and brake pedal
intrusion in the four paired tests may be attributed to
differences in measurement location and measurement
techniques. The post-crash measured peak |eft toepan
longitudinal intrusion did not correlate to the post-
crash measured peak vehicle longitudina crush
(R?=0.01). For example, the Subaru Legacy in the test
with the Thor-Lx/HII1r had the highest maximum
vehicle crush but the lowest measured toepan
intrusion, while the Nissan Altima and the Dodge
Neon had both high peak vehicle crush and high toepan
intrusion.

Tablel. Vehiclecrash characteristics of 40% left offset testsinto EU deformablebarrier
using the Denton leg and the Thor-Lx/HI11r retrofit

vehicle characteristics Toyota Camry 1996 | Nissan Altima2000 | Dodge Neon 1998 | Subaru Legacy 2000
Denton Thor-Lx | Denton Thor-Lx | Denton | Thor-Lx | Denton | Thor-Lx

vehicle speed (kph) 60.8 60.67 63.9 63.6 60.25 60.8 64 64.47
percent offset 41% 41% 41% 40% 40% 39% 40% 41%
peak deceleration (g's) 32.9 26 28.77 26.2 33.9 275 35 38.6
max. vehicle crush (mm) 670 680 670 700 835 567 690 742
|eft toepan intrusion (mm) 123 115 350 276 276 260 90 70
toepan center intrus.(mm) 130 154 330 265 273 217 170 74
right toepan intrus. (mm) 85 147 260 227 207 195 90 33
brake pedal intrusion(mm) 90 102 250 227 323 221 130 159
foot rest intrusion(mm) 105 122 270 263 226 162 70 90

Table2. Injury measuresin paired vehicle offset crash testsand FMV SS 208 allowable limitsfor
theHybrid 11 50" per centile adult male

Allowable Camry Altima Neon Legacy
Injury measures limits Denton |Thor-Lx| Denton |Thor-Lx | Denton |Thor-Lx | Denton | Thor-Lx
HIC15 700 256 245 307 146 182 271 210 213
Neck Tension (N) 4170 1038 4 1302 1022 | 1562 1708 2129 1957
Neck Compression (N)| 4000 1589 693 160 54 771 42 169 574
Nij 1 0.58 NA 0.26 0.18 0.4 NA 043 0.37
chest Acc (gs) 60 33 30.7 37.1 32.1 374 38.6 485 458
chest defl (mm) 63 215 245 31.6 23.6 30.7 28.9 317 26.7
femur Fz left (N) 10000 2276 2227 3510 2701 | 7266 4611 2507 3264
femur Fz right (N) 10000 2958 2893 2247 2214 | 3946 3830 2827 3112
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HYBRID Il DUMMY RESPONSES

Theinjury measures used in FMV SS 208 (Interim
final rule, 5/12/00) - HIC15, peak neck tension and
compression, Nij, peak 3-msec clip of chest
acceleration, peak chest deflection, and femur forces
are presented in Table 2. All the computed injury
measures were filtered and processed according to that
specified in FMV SS 208. All the available injury
measures arewell within theinjury limits. Some of
the differences in the injury measures of the paired
tests could be due to the differencesin vehicle crash
response characteristics and the variability in air bag
deployment. Thelarge differencein the peak femur
force in the tests with the Dodge Neon maybe due to
the larger amount of instrument panel intrusion in the
test with the Denton leg than in the test with the Thor-
Lx/HIlIr.

In general, the differences in the head and chest
injury measures between the paired vehicle tests are
within the variability of the vehicle crash responsein
the paired tests. However, dueto the differencesin the
vehicle crash response characteristics, it isdifficult to
objectively assess the effect on the head, neck, and
chest injury measures by the type of leg used with the
Hybrid [1I dummy. In order to make such an
assessment, controlled pairs of sled tests, with
repeatable sled deceleration and initial occupant
positioning, need to be conducted using the Denton leg
and the Thor-Lx/HIIlr.

COMPARISON OF THOR-LX/HIIIr AND
DENTON LEG RESPONSES

The forces, moments, and accel erations measured
in the Denton leg and Thor-Lx/HIIIr were processed
using SAE Channel Frequency Class 600 Butterworth
filter. The measured relative femur/tibia displacement
at the knee and the ankle rotations were processed
using SAE Channel Frequency Class 180 Butterworth
filter. The Thor-Lx/HIIIr wasfully instrumented in all
four tests as shown in Figure 2. However, the Denton
leg lacked some measurementsin thesetests. The
upper tibiaaxia force (Fz) and the upper and lower
tibia shear forces (Fx, Fy) was not measured in any of
the tests with the Denton leg.

The Thor-Lx/HIIIr and the Denton leg were durable
inall four crash tests and in addition, the Thor-Lx/HI11r
calibration responses were unchanged before and after
the crash tests. At present, the Agency has not
developed calibration corridors for the Denton leg and
so an evaluation of its performance pre and post crash

tests could not be made.
Tibia Axial Force Response

Under similar impact conditionsin laboratory tests,
the axial force measured in the Denton leg was
higher and with a shorter rise time than that of the
human cadaver leg (Kuppa, 1997, Rudd, 1999). On
the other hand, the Thor-Lx/HII1r, with its compliant
element, demonstrated human cadaver-like axia
force response (Shams, 1999). The paired vehicle
crash tests demonstrated similar differences
between the Denton leg and Thor-Lx/HII1r aswas
observed in the laboratory tests.

In general, the time histories of the Denton leg
and the Thor-Lx/HII1r foot accelerations measured in
the paired vehicle crash tests are similar in shape and
peak values (Table 3 and Figure 5). This suggests
that foot accelerations are primarily influenced by
the vehicle crash and intrusion characteristics and
not by the type of leg used.

There are, however, severa differencesin the
axial loads measured in the lower and upper tibia of
the two types of legs. The axial force measured in
the lower tibia of the Denton leg has asimilar
pattern as the heel accelerations (Figures 5 and 6)
while the axial force in the Thor-Lx/HIIIr initially
corresponds to the foot accelerations but then peaks
at time of maximum foot dorsiflexion. Thetensile
forcein the Achillestendon of the Thor-Lx/HI1Ir
increases with increasein dorsiflexion angle. This
tensile force combines with the applied force at the
plantar surface of the foot resulting in higher total
axial forceinthe Thor-Lx/HIlIr at time of peak
dorsiflexion (Figure 5). The Denton leg also
demonstrates stiffer axial force response than the
Thor-Lx/HIlIr asshownin Figure 6. Therisetimein
the Denton leg is shorter and the peak forceis higher
than the response of the Thor-Lx/HIlIr.

Table 3. Resultant foot accelerations(g's) at the
heel of the Denton leg and Thor-Lx/HI1Ir.

Vehide | Aspect | Denton | Thor-Lx
Left 55 54

Cam
Y Rgt | 9 73
Aliima Lg‘t o8 L&
Right 90 83
Neon Lg‘t 105 104
Right 110 NA
L egary Left 102 85
Right 56 70
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Figure5. Left lower tibia axial force (Fz), longitudinal

foot acceleration (Ax) of the Denton leg and Thor-

Lx/HIllr, and dorsiflexion angle (ry) of the Thor-
Lx/HIlIr in the crash tests of the Dodge Neon.
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Figure 6. Right lower tibia axial force (Fz) in the
Denton leg and Thor-Lx/HII1r, dorsiflexion (anklery) in
the Thor-Lx/HIlIr and foot acceleration (Ax) in Denton
leg in paired tests of the Nissan Altima.

The difference in the upper and lower tibia axial
forcein the Denton leg istheinertial term which is
small. Therefore, the upper and lower tibia axial

forces are very similar in the Denton leg. For this
reason, the upper tibia axial force was not measured
in the four tests using the Denton leg.

The upper and lower tibia axial forcesare
significantly different in the Thor-Lx/HIIIr (Figure
7) due to the additional load path of the Achilles
tendon. The Achilles tendon attaches to the tibia
below the upper tibiaload cell and so does not
influence the axial force response of the upper tibia
asit doesto the lower tibia. Therefore, the peak
upper tibiaaxia force occurs at time of peak foot
accelerations (first peak of lower tibia axial force).
However, at the time of the second peak of the lower
tibiaaxial force, when the dorsiflexion is maximum,
the upper tibiaaxia forceissmall.
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Figure7. Axial force (Fz) measured in the upper and
lower tibia load cell, foot acceleration, and dorsiflexion
in theright Thor-Lx/HIIIr legin the crash test of the
Toyota Camry .

Bending Moment in the Leg

Similar to the axial forces measured in thetibia,
the moments measured in the upper and lower tibia
are significantly different between the two types of
legsin the paired vehicle crash tests. The lower tibia
momentsin the Denton leg are in general higher
(Table 4) and with shorter rise time than that of the
Thor-Lx/HI1Ir (Figure 8).
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Table 4. Peak lower tibia dor siflexion moments
(My) in Nm measured in the Denton leg
and Thor-Lx/HIlIr.

Vehide | Aspect | Denton | Thor-Lx
Camry Left NA 17.8
Right NA 18.8
Altima L_eft 143.7 418
Right 40.5 417
Neon L_eft 413 124
Right 179.4 57.7
L egacy Left 93 58
Right 45 53.3
100
Thor-Lx ~ — Denton Leg
50
E O
=3
'g -50
-100
=
-150
-200
0 0.05 0.1 0.15 0.2
Time (sec)

Figure 8. Right lower tibia Mx moments measured in
the Denton leg and the Thor-Lx/HI1Ir in the crash test of
the Nissan Altima.

Welbourne (1998) has demonstrated that due to the
offset of the tibia shaft with respect to the joint
centers of the knee and ankle in the Denton leg, an
upward directed force on the foot can cause significant
negative My moments at the upper tibiaload cell when
no bending forces are being applied to the tibia shaft.
In order to compensate this effect, a correction for My
for the upper tibiaload cell (Equation 1) has been
recommended (Welbourne, 1998).

My(corr) = My(meas) - 0.028Fz(meas) (1)

The moment generated at the ankle joint (My e Of
the Thor-Lx/HII1r can be computed using the lower
tibiaload cell measurements and thetibia
accelerations using Figure 9 and Equation 2.

Myankle:MYL - FXLD' mAxD/Z (2)
where D isthe distance and mis the corresponding

mass between the ankle joint and the center of the load
cell.

Figure 9. Freebody diagram of the foot and lower
tibiaload cell of the Thor-Lx/HIIIr to axial loading at
the ball of foot.

As an example of tibiaand ankle moment
response of the Thor-Lx/HII1r, the measured lower
tibia moments, shear and inertial contribution, and
the computed ankle moment for the left leg in the
crash test of the Toyota Camry using the Thor-
Lx/HIIIr is presented in Figure 10. The lower tibia
moment (My) has an initia negative peak before
dorsiflexion commences. This negative peak is
compensated by the moment contribution at the
ankle from the shear force (FxD) resulting in near
zero ankle moment up to 75 msec when foot
dorsiflexion startsto occur. The resulting ankle
joint moment peaks at time of peak dorsiflexion.
The moment at the ankle joint due to inertia
(mAXD/2) isrelatively small.

0 1+ FD MAXD/2:— My — My_ank
0 0.05 0.1 0.15 0.2
Time (sec)

Figure 10. Left lower tibia My moment (My),
moment at ankle due to shear force (FxD), moment at
ankle dueinertial force (mAx D/2), and computed
ankle My moment (My_ank) from Equation 2 of the
Thor-Lx/HIIIr in crash of the Toyota Camry.
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A similar transformation can be applied to compute
the Mx moments at the subtalar joint using the lower
tibiaload cell data of the Thor-Lx/HIlIr. Theankle
momentsin the Hybrid 11 Denton leg could not be
computed because of insufficient measurementsin the
lower tibiaload cell.

For simplicity in design, the flexion and inversion/
eversion motion of the Thor-Lx/HIIIr are uncoupled.
That is, the moment generated at the anklejoint isonly
afunction of the flexion angle and does not depend on
the amount of inversion/eversion. Similarly, the
moment generated in the subtalar joint isonly a
function of the inversion/eversion angle and does not
depend on the amount of flexion. Therefore, thereisa
unigue relationship between the torque generated at the
ankle and the subtalar joint and the flexion and
inversion/eversion angle, respectively, which is
invariant to loading rates (Shams, et a. 1999). Using
this unique relationship between rotation angle and the
torque generated, the peak ankle and subtalar moments
in the Thor-Lx can be determined from the measured
rotational angles.

Foot Rotations
The Thor-Lx/HIlIr has rotational potentiometers to

measure flexion, inversion/ eversion, and internal/
external rotation of the foot. Asan example of foot
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kinematicsin afrontal offset vehicle crash
environment, aplot of the left and right foot rotation
of the Thor-Lx/HI1Ir in the crash test of the Dodge
Neon ispresented in Figure 11. Theleft and right
foot areinitially plantar flexed and everted. Theleft
foot isalsoinitially internally rotated by 15 degrees.
The peak axial force, flexion, and eversion moments
are nearly concurrent and occur just before peak
dorsiflexion and eversion of the feet. The left foot
experiences significant amount of toepan intrusion
and as aresult first everts considerably ( to 30
degrees) before experiencing rapid dorsiflexion and
internal rotation. The right foot dorsiflexes and
everts at the same time and experiences less peak
dorsiflexion, eversion and internal rotation than the
left foot. Theright foot startsto internally rotate
after peak eversion angleis reached.

The accel erometers on the toepan in the vehicle
crash tests had undergone rotations during intrusion
and so meaningful dynamic intrusion information
could not be derived from the measured toepan
accelerations. On the other hand, foot rotation
measurements such asthat in Figure 11 are areliable
source, providing a unique perspective of the
interaction of the foot with the intruding toepan and
pedals.

0O 5 10 15 20 25 30 35
Eversion —=

T, T, rotation at time of peak axial force and joint momentsin left and right leg

Figure 11. Foot rotations of the left and right foot of the Thor-Lx/HI11r in the crash test of the Dodge Neon.

Femur Axial Forceand Tibia-Femur Relative

Displacement
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The femur and the knee slider mechanism used
with the Thor-Lx/HIlIr and the Denton leg are the
same. However, there are differencesin the
measured femur axial force and the tibia-femur
relative displacement in the paired test. Thelarge
differencein theleft femur axial forcein the paired
crash tests with the Dodge Neon could be attributed
to differencesin the vehicle crash characteristics
resulting in differencesin instrument panel intrusion.
Otherwise, the axial femur forcesin the other paired
testsare similar (Table 2).

The knee displacements are consistently higher
with the Denton leg than that with the Thor-Lx/HII1r
(Tables6 and 7). Thiscould be attributed to the
alignment of the knee slider in thetwo leg
construction. Due to the offset of the tibia shaft of
the Denton leg with the joint centers of the knee and
ankle, the knee slider on the Denton leg is mounted
at an angle to the axis of the femur, while the knee
dlider is mounted approximately parallel to the femur
axisinthe Thor-Lx/HIlIr.

LOWER LIMB INJURY PREDICTION USING
THE DENTON LEG AND THE THOR-LX/HI11r

Kuppa, et a. (2001) synthesized injury criteriafor
the lower extremities along with relevant injury risk
curves from published literature. In addition, the
Denton leg has existing performance limits
proposed by Mertz (1993). A summary of injury
limits at 25% and 50% probability of injury for the
50™ percentile male proposed by Kuppaet al.
(Kuppa, 2001) and existing performance limits for
the 50" percentile male Denton leg proposed by
Mertz (1993) are presented in Table 5.

The response of the Denton leg was assessed
using the performance limits proposed by Mertz.
Injury assessment was made using the corrected
upper tibia moments (Equation 1) for the Denton leg.

Theinjury limits proposed by Kuppaet a. (2001)
have been derived from human tolerance data and are
applied specifically to the Thor-Lx/HIIIr duetoits
compliance with human cadaver response data. The
response of the Thor-Lx/HI1Ir was assessed using the
limits at 25% probability of AIS 2+ injury proposed
by Kuppaet a. Theinjury risk curves developed
using dorsiflexion moment and inversion/eversion
moment had some uncertainty (p=0.093) associated
with them due to the small sample size. Therefore,
the injury limit for dorsiflexion and inversion/
eversion moment at 50% probability of injury was

usedin ng the Thor-Lx/HIIIr responses. Since
no injury curve was developed for knee displacement,
the performance limit of 15 mm proposed by Mertz
was used for the Thor-Lx/HIlIr.

Since the Thor-Lx/HIlIr construction, unlike
human foot/ankle response, has uncoupled torque
angle characteristicsin flexion and inversion/
eversion, the recommended moment threshold levels
can be replaced by the corresponding rotation angles.
The Thor-Lx is designed to produce an ankle moment
of 60 Nm at 35° dorsiflexion and a subtalar moment
of 40 Nm at 35° inversion/eversion. Therefore,
while ng foot and ankle injury using the Thor-
Lx/HIIr, injury limits of 35 degrees dorsiflexion and
35 degreesinversion/eversion were applied. Using
limits on angles rather than moments eliminates the
need to computationally translate forces,
accelerations, and moments measured at the lower
tibiaload cell to the ankle (Equation 2). Further, this
computation may get corrupted by unknown forces
impacting the foot/leg between the ankle joint and
the lower tibiaload cell such asin pedal interaction
with the foot.

Table 6 presents the lower limb injury assessment
of the Denton leg in the four offset crash tests using
the performance limits proposed by Mertz. The
lower limb injury assessment of the Thor-Lx/HIlIr in
the four crash tests using the injury limits proposed
by Kuppaet a. are presented in Table 7. The shaded
region are the responses which exceeded the injury
and performance limits.

The Denton leg exceeded the left and right upper
TibiaIndex performance limits proposed by Mertz
when the upper tibia moment correction (Equation 1)
was applied in the crash test with the Dodge Neon.
When the upper tibia moment correction was not
applied, the upper Tibia Index of the Denton leg were
below the recommended performance limit of 1.0in
al the crashes. The upper tibiamoment correction
increased the Tl in all four vehicle crash tests with
the Denton leg except for the right leg in the crash of
the Nissan Altima.
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Table5. Injury criteriaand limitsfor the 50" per centile male proposed by K uppa et al. (2001) and
performance limitsfor the Denton leg proposed by Mertz (1993)

Proposed Injury Criteriaand injury limits at 25% and 50% Performance limits for the Denton leg
probability of AIS 2+ injury to 50" percentile male (Kuppa, 2001) (Mertz, 1993)
Body Region Injury Criteria 25% 50% prob. Injury Criteria threshold
prob
Hip/femur/knee | axial femur force 9040N 11150 N axial femur force 9070 N
Knee ligament Tibiafibularelative -- 15 mm Tibiafibularelative 15 mm
tranglation tranglation
TibiaPlateau Proximal tibiaaxia 5600 N 7000 N tibiaaxial force 8000 N
force
Tibiaffibulashaft | Revised Tibialndex | 0.91 1.16 Tibialndex (TI) 1.0
(RTI) F/12+M/240 F/35.9+M/225
ankletcacaneus | Distal tibiaaxia 5200 N 6800 N
) force
midf oot
anklemalleolus | dorsiflexion moment -- 60 Nm tibiaaxial force 8000N
[ angle / 35deg
inversion/eversion - 40 Nm/ 35°
moment / angle

Table6. Hybrid 11 Denton leg responsesand injury assessment using limits proposed by Mertz (1993).

Injury limit Camry Altima Neon Legacy

left right left right | left right | left | right
Femur Fz (N) 9070 N 2276 | 2958 3510 | 2247 | 7266 | 3946 | 2507 | 2827
Knee Shear (mm) 15 mm 16 10 8 13
Upper Tl 1 0.30 | 0.49 0.65 0.90 | 0.82 | 0.97 | 0.40 | 0.46
tig?g;;d momeny |- 033 | 077 | 065 | 059 | 1.30 | 1.39 | o058 | 052
Lower TI 1 0.66 | 0.67 0.68 0.87 ] 193 | 093 | 053 | 0.40
tibia Fz (N) 8000 N 1915 | 2781 | 1362 | 5010 | 4228 | 3590 | 1699 | 2254
result. foot accel. (g's) 57 63 68 94 114 113 103 62
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Table7. Thor-Lx responsesand injury assessment using injury limits proposed by Kuppa (2001)

Injury Camry Altima Neon Legacy

LIMItS —Teft T right [ Teft [ right | Teft | right | Teft | right
Femur Fz (N) 9040 N | 2227 | 2893 2701 | 2214 4611| 3830 3264 | 3112
Knee Shear (mm) 1I5mm| 22 26 | 11.2 6 4.3 41 | 49 | 106
Upper RTI 0.91 0.19 | 0.38] 054 | 0.47] 0.71| 0.49] 0.36 | 0.44
Upper TibiaFz (N) 5600N | 771 | 1206 1915] 2486] 3916| 3401| 1650| 2269
Lower RTI 0.91 0.3 039] 039| 08 ] 09 | 0.82] 055 | --
Lower tibiaFz (N) 5200N | 1935 | 2344 2642 | 3653] 5638 | 6100| 2852 | 2942
Xversion (deg) 35 deg. 31 157) 211 36 | 334 | 306] 365 | 37
Dorsiflexion (deg) 35deg | 304 | 295 196 | 25 | 385 | 33 29 28

Relevance of Injury Assessment Using the Thor -
Lx/HIIlr and the Denton Leg to Rear World
Lower Limb Injuries

In adetailed analysis of the NASS/CDS datafiles,
Kuppaet a. (2001), noted that the lower extremities
are the most frequent AIS 2+ injured body region.
Front outboard occupantsin air bag equipped
vehiclesinvolved in frontal crashes have a4.5% risk
of AIS 2+ lower extremity injuries. The proportion
of AIS 2+ lower limb injuries and the associated
functional Life-yearsLost to Injury (LLI) from this
study is presented in Table 8 (Kuppaet al., 2001).
This study examined only the maximum AlS level
lower extremity injury for each occupant. Injuries
regarding the skin, blood vessels or the nerves were
not considered in thisanalysis.

Table 8. Percentage of different AlS 2+ lower
extremity injuries and the associated of Life-years L ost
toInjury (LLI) among all AlIS 2+ lower extremity
injuries occurring to front outboard occupantsin air
bag equipped vehiclesinvolved in frontal crashes.

Percent AIS | Associated
2+ injuries Percent LLI
knee-thigh-hip 54.70% 41.90%
knee ligament 0.50% 0.80%
tibid plateau 7.10% 8.20%
leg shaft 4.50% 8.10%
ankle-foot 33.20% 41%

Theresultsin Table 8 suggest that the knee-thigh-

hip and foot/ankle complexes are the most likely AIS
2+ injured regions of the lower extremitiesand are
also associated with the highest percentage of

functional life yearslost toinjury. Thefoot and ankle
complex account for 74% of below kneeinjuries (tibia
plateau, leg shaft, and ankle/foot) while thetibia
plateau and leg shaft account for the remaining 26%.
The axial force measured in the Hybrid 111 femur
with the Thor-Lx/HIlIr and the Denton leg in the 8
crash testswere well below both the injury limits
proposed by Kuppaet a. (2001) and Mertz (1993)
suggesting alow probability of injuries to the knee-
thigh-hip complex for abelted driver involved in aleft
offset frontal crash. However, according to the study
by Kuppaet a., knee-thigh-hip complex account for
55% of all AIS 2+ lower extremity injuries and 42% of
associated LLI (Table 8) for front outboard occupants
inair bag equipped vehiclesinvolved in frontal crashes.
Though belted and unbelted occupants were considered
inthe study by Kuppaet a., the belt usage ratein this
data set was quite high (88%). Therefore the resultsin
(Table 8) essentially represent that of belted front
outboard occupants. The predicted frequency of knee-
thigh-hip injuries from the eight crash testsisfar
lower than that observed in real world crashes. This
suggests that the Hybrid 111 hip/femur design, the
associated injury criteria, and crash test conditions
may nheed to be revisited.

The Denton leg exceeded the knee displacement
performance limit of 15 mm in the Nissan Altima
implying possibility of knee ligament injuries. The
Denton leg exceeded the upper and lower TI limit of
1.0 inthe crash of the Dodge Neon implying
possibility of tibia shaft fractures. It did not exceed
thetibiaaxial force limit of 8 kN associated with foot
and ankleinjuriesin any of the crash tests.

In the crash test of the Dodge Neon, the left and
right Thor-Lx/HII1r exceeded the injury limit for lower
tibiaaxial force associated with debilitating cal canea
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and pilon fractures. Theleft legin thistest also
exceeded the injury limits for RTI and dorsiflexion
angle, which are associated with tibia shaft and
malleolar fractures, respectively.

In three of the four vehicle crash tests using the
Thor-Lx/HIlIr, the eversion and dorsiflexion injury
limits were exceeded. These injury measures are
associated with malleolar and ligamentous ankle
injuries which are 60% of all field observed AIS 2+
foot and ankle injuries (Kuppaet a., 2001). The
Subaru Legacy which had comparatively less post-
crash measured toepan intrusion was one of the
vehicleswhere the Thor-Lx/HI1r exceeded the
eversioninjury limit. Thisresult suggests that the
post-crash intrusion measure is not sufficient to
associate severity of the crash event to lower limb
injuries. The dynamic intrusion of the toepan
involveslocalized deformations which may not be
captured by this post crash measurement. However,
the foot rotation measurements of the Thor-Lx/HIlIr
are able to capture the interaction of the dynamic
toepan and pedal localized deformations with the
dummy feet.

The Thor-Lx/HIlIr, with its ankle rotation
measurements, predicted a higher incidence of foot
and ankle injuries than leg shaft or tibia plateau
fractures. The Denton leg predicted leg shaft
fracturesin one vehicle crash test and knee ligament
injuriesin another test, but did not exceed its foot
and ankle injury limitsin any of the four vehicle
crash tests. These differencesin injury prediction
between the Denton leg and Thor-Lx/HI1Ir are
associated with the differencesin their design,
instrumentation, and associated injury limits.

CONCLUSIONS

Pairs of same make, model, and model year
vehicles were crashed under similar conditions using
the Hybrid 111 50" percentile adult male dummy in
the drivers position equipped with Denton legsin
onetest and the Thor-Lx/HIlIr in the other test. The
crash environment selected was a 40% | eft offset
crash into the EU deformable barrier which
generally produces significant intrusion of the
toepan. The responses of the Denton leg and the
Thor-Lx/HIlIr in the paired crash tests were analyzed
and the following observations were made:

1. Both the Denton leg and the Thor-Lx/HIlIr were
durablein this crash environment and in addition, the
Thor-Lx/HIlIr calibration responses were unchanged

before and after the vehicle crash tests. Since no
Agency developed corridors exist for the Denton leg,
this pre and post crash assessment could not be made
for the Denton leg.

2. Objective assessment of the effect of the type of
leg used, on the Hybrid 111 dummy head, neck, chest,
and femur injury measures in the paired crash tests
could not be made dueto variability in vehicle crash
response characteristics of the paired tests.

3. The Denton leg exhibits stiffer axial force response
than the Thor-Lx/HIlIr as was a so observed in previous
laboratory tests.

4. The Achillestendon has considerable influence on
the axial force response of the Thor-Lx/HIlIr in this
high intrusion environment. The axial force peaks at
time of maximum dorsiflexion in the Thor-Lx/HII1r
whileit peaks at initial toepan loading in the Denton

leg.

5. Thefoot rotation measurements on the Thor-
Lx/HIlIr provide insight into the interaction of the feet
with the intruding toepan and pedals. The static post-
crash intrusion may not be a sufficient measure of the
severity of dynamic toepan and pedal intrusion.

6. The Thor-Lx/HIIIr predicted higher incidence of
foot and ankle injuries than leg shaft fractures. The
Denton leg did not exceed its foot and ankle injury
limitsin any of the four crash tests. These differences
ininjury prediction between the two leg types are
associated with the differencesin their design,
instrumentation, and associated injury limits.

7. Knee-thigh-hip injury prediction from the 8 crash
tests with the Denton leg and Thor-Lx/HI1Ir was far
lower than that observed in real world crashes
suggesting that the Hybrid 111 hip/femur design,
associated injury criteria, and crash test conditions
may need to be revisited.
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