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1. Pedestrian Lower Limb

_Leg_

Response & Injured Locations
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Long bones are bent Tibia fracture occurs at multiple
during a car impact locations
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Otte et al. (2007)

Ueyama et al. (2011)

Reference: Ueyama T., Kikuchi Y., Mizuno K., Nakano D., Wanami S., Comparison of Reponse of FLEX and TRL Legform
Impactor in Pedestrian Test, JSAE Transaction, Vol.42, No.5, Paper Number 20114668 (2011) (in Japanese)
Otte, D., Haasper, C., Characteristics on Fractures of Tibia and Fibula in Car Impacts to Pedestrians — Influences of Car 3

Bumper Height and Shape, IRCOBI Conference (2007)
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1. Pedestrian Lower Limb
- Knee Ligaments -

(Anterior-oblique view)

-
3
—

Otte et al. (2005)

MCL: Medial Collateral Ligament
ACL: Anterior Cruciate Ligament
PCL: Posterior Cruciate Ligament
LCL: Lateral Collateral Ligament

Lateral Impact

(Posterior View)

Knee ligaments can be tensed in both shear and bending |,



1. Pedestrian Lower Limb

- Knee Ligaments -

Takahashi et al., 2001

Medial Lateral Definition of positive directions
PCL ACL Shearing displacement Bending angle
sup. sup.
Femu LCL inf. : inferior
MCL sup attachment
sup. ) sup. : superior
COR (+) attachment
COR : center of
rotation
COR () 1 ! ITCL (+) : for positive
1) TN inf. bending angle
PCL fTL i (-) : for negative
inf. Tibia] ACL bending angle
MCL U Fibula ™
inf. TR I i X . |
Knee ligament geometry taken of ligament elongation
from a human FE model when subjected to shear and bending

Geometrical analysis of knee ligament failure criteria
when knee joint is subjected to combined lateral
shear and valgus bending

GTR9-1-05r1

Reference: Takahashi Y., Kikuchi Y., Biofidelity of Test Devices and Validity of Injury Criteria for Evaluating Knee Injuries to 5

Pedestrians, 17t ESV Conference, Paper Number 373 (2001)
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1. Pedestrian Lower Limb

- Knee Ligaments -
Takahashi et al., 2001

\ Human model

- Dynamic simulation
with ligament failure

Dynamic simulation
without ligament failure

20 Bumper face |
> Bumper beam
S 10 | |
3 L
% " +40, +80mm - :
o Standard(0mm) ¢= ©— I —I e == -
5 -40, -80mm T—H——— —
$-10 |
o Impact V=40km/|

Mass=1400kg
-20

&
S

-15 -10 -5 0 5 10 15
Shearing displacement(mm)
Injury limits based on strain ® Impact simulations using a human FE model
criteria from a human FE model ®Shear disp. and Bend ang. @ ligament failure

® Ligaments elongate due to combined shear and bending

® Separate shear and bending criteria would not represent
knee ligament failure mechanism

Reference: Takahashi Y., Kikuchi Y., Biofidelity of Test Devices and Validity of Injury Criteria for Evaluating Knee Injuries to 6
Pedestrians, 17t ESV Conference, Paper Number 373 (2001)



2. TRL Legform

- Leg -
Response & Injury Criterion
Structure Response Injury Criterion
Rigid Long bones Long bones are not bent Upper Tibia Acceleration
Main unit during a Car Impact

D Injury Criterion

i i ___Knee center
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Ueyama et al. (2011)

Reference: Ueyama T., Kikuchi Y., Mizuno K., Nakano D., Wanami S., Comparison of Reponse of FLEX and TRL Legform

7
Impactor in Pedestrian Test, JSAE Transaction, Vol.42, No.5, Paper Number 20114668 (2011) (in Japanese)
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2. TRL Legform

- Knee Ligaments -

Assessed as “no injury”

o Bending using separate thresholds
Individual Angle
Measurement
Bending
Angle Threshold
Shear
Disp.
Threshold. Shear
Combined threshold ~ Displacement
Individual measurement of Separate thresholds may lead to
shear displacement and inaccurate assessment of injury
bending angle probability
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2. TRL Legform

- Knee Ligaments -

— Injury Measures as % of Limit [ - ]
0.0 0.2 04 0.6 0.8 1.0 1.2

O ACL Ruptured
TRL Shear Displacement /
Legform , 3
Model Bending Angle

\

g

Max(ACL, PCL) Elo

Vehicle model : Simplified vehicle
model (S4) with modified bumper
stiffness

Knee ligaments (especially cruciate ligaments) may
fail even if separate injury measures are below
thresholds 9
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3. Flex-PLI
- Leg -

Structure Response Injury Criteria
Flexible Long Bones Long bones are bent during Bending Moment at Tibia
a Car Impact
Mair-l unit D Injury Criteria
Femur Femur-3— 297 mm
v Flexible BM 4
as well as Femur-2 217 mm
human BM 4
one Femur-1 137 mn
BM
Upper
end of
tibia
L f?}; A ( Tibia-1)
‘ x o * BM 134 mm
= Tibia s Tibia-2 | ¥
s v Flexible as » BM 214 mm
s well as W8 | Tibia-3 v
* human one . BM 294 mm
* . ® Tibia-4 — v
& & mm
= Ueyama et al. (2011) i BN
TN @ BM: Bending Moment

Reference: Ueyama T., Kikuchi Y., Mizuno K., Nakano D., Wanami S., Comparison of Reponse of FLEX and TRL Legform 10
Impactor in Pedestrian Test, JSAE Transaction, Vol.42, No.5, Paper Number 20114668 (2011) (in Japanese)



Structure
Knee

Knee

v' Ligaments
restraint as well as
human one

MCL: Medial Collateral Ligament |

ACL: Anterior Cruciate Ligament
PCL: Posterior Cruciate Ligament
LCL: Lateral Collateral Ligament
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3. Flex-PLI

- Knee Ligaments -

GTR9-1-05r1

Response
Knee ligaments are elongated by
bending and shearing force

Injury Criteria
Knee Ligaments
Elongations

Shearing force Bending force

—

Combination

D Injury Criteria

Femur-3

BM
15 Femur-2
BM

/4

NG

Femur-1

Knee-ACL
EL
Knee-PCL

EL
Knee-MCL
EL

Tibia-1
BM
Tibia-2
BM
Tibia-3

BM

Tibia-4
BM

L TR I Y )

W oW

|
&
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EL: Elongation

11
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4. Comparison of Component Responses

- Tibia Bending -
—Flex-GT (test 1)
700 I —Flex-GT (test 2)
~==PMHS Corridor (upper)
—— PMHS Corridor (lower)
600 + =—TRL(calculated value)

Rum (67.8 kg, r= 25 mm, h= 35-50mm)

' Support length '
(Flex-G and Flex-GTe: 330 mm)
Deflection (mm) (PMHS test: 334.4 mm)

Flex-PLI tibia response characteristics are much
closer to those of human compared to TRL legform

12
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4. Comparison of Component Responses
600 — ——Flex-GT (test 1)

- Knee Bending -
TEG-021

—— Flex-GT (test 2)
550 —PI\G;I)I(-IS Cofrisdor (upper)
500 ——PMHS Corridor (lower)

=—TRL (from corridor)
450 /_'
400

r

é 350 - | h: drop height
5 300 ¢ Rubber — e - Neoprene
é 250
200 |
150 |
o 7 77777

Support length
(Flex-G and Flex-GTa: 400 mm)

0 2 4 6 8 10 12 14 16
Knee angle (deg.)

® Flex-PLI knee joint is stiffer than that of human

® Flex-PLI stiffness is much more comparable to

human stiffness than TRL legform
13
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5. Correlation of Assembly Impact Responses

- CAE Correlation Study -
Human FE Model

Human Model (outer views) Lower Limb Constructions

Long bone Tibia Knee

Tratfescglli%r _w ACL - Solid Meniscus - Solid
/ Capsule - Shell
g
Cortical - Shell

Cortical - Solid

MCL - Shell
LCL - Solid

Cortical - Shell

PCL - Solid
Trabecular
- Solid
Lower Limb Validations (examples)

Direction

®

Direction

am
-

- W e >-
:--E§E== f-—ﬂ#’:’??.‘: SEER222%im

a) Back view b) Side \2/Pew

References:

®Takahashi, Y. et al. : Advanced FE Lower Limb Model for Pedestrians, 18" ESV, Paper Number 218 (2003)

®Kikuchi, Y. et al. : Development of a Finite Element Model for a Pedestrian Pelvis and Lower Limb, SAE paper 2006-01-0683 (2006) 14
®Kikuchi, Y. et al. : Full-Scale Validation of a Human FE Model for the Pelvis and Lower Limb of a Pedestrian, SAE Paper 2008-01-1243 (2008)
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5. Correlation of Assembly Impact Responses

- CAE Correlation Study -
TRL Legform Model

TRL Legform
Impactor Model ﬂzlesh Part Body Part \

Flesh

(Deformable)

aE
A
aE
aE
aF
aFE
ar
qAE
aE
aE
aAE

.

o e e s g
L L 1 L I 1 1 1
b -

 ———
L 1 1

- —

| e e e e e e e e
| S -
| e — e —

\

» Femur
(Rigid)

Kinematic

Knee Joint
(Bending and Shearing)

!B Bending

“—>
Shearing

Tibia
(Rigid)

/

Knee Shearing Characteristics

6000 —| === Corridor (upper)
~Corridor (lower)
— TRL legfom impactor model

)

n

o

o

o
T

4000
3000
2000

Shearing Force (N

—
o
o
o

o

0 2 4 6 8
Shearing Displacement (mm)

Knee Bending Characteristics
600

m

n

o

o
T

400 -
300

200 === Corridor (upper)
=== Corridor (lower)
100 —— TRL legform impactor model

Bending Moment (Nm)

0 1 1 1 1 ‘

0 246 810121416182022
Bending Angle (deg.)

Reference : Konosu, A. et al., Evaluation of the Validity of the Tibia Fracture Assessment Using the Upper Tibia Acceleration 15
Employed in the TRL Legform Impactor, IRCOBI Conference (2009)
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5. Correlation of Assembly Impact Responses
- CAE Correlation Study -

Flex-PLI Model TEG-096

Flex-PLI FE Model

Bone Core Assy

Ram (rigid)

Ram (igid) Support (igid)

Femur J
(Flexible)

A A| A \

Support (rigid) Suppert (rigd)

Tibia

Bone Core

N

Knee
(Ligament
restraint

system) =

Ram (rigid)
e

Simplified Vehicle Impact

Flex-GTR-prototype

$3: SEITEMITIEERINEITNMELITITICC sermsmamall
117 ssasimsssssmissssmsss 2

Tibia b
(Flexible)

Main body Flesh ' o
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5. Correlation of Assembly Impact Responses
- CAE Correlation Study -

Simplified Vehicle Models TEG-032

Simplified Vehicle Model

< 150 >
BLE 00 ]
% 100
BLE elements 50 Z
Deformable l >
shell elements X Y
90
«—>

o BP elements \( ~ %
i Rigid e
500 shell elements @ Ifo

BP kinematic joint — \__ ‘izsy v
Y translation

500

:E: i unit: mm
o 2ias! SP elements \[ ~ yy
o~ Rigid

BLE: Bonnet leading edge 1
BP: Bumper shell elements 9» Ijo 100

SP

SP: Spoiler SPjoint — | % W/
Y translation 6\—U‘! it
_ . _ _ nit: mm
Oblique View Side View

17
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5. Correlation of Assembly Impact Responses
- CAE Correlation Study -

Force (N)

16000

14000 |

12000 |

10000 |

8000

6000 r

4000 r

2000 r

Stiffness Characteristics of

Simplified Vehicle Models

BP and SP Joints

JC-ID: Joint Characteristic ID

—JC-ID: 1
—JC-ID: 2
—JC-ID: 3
—JC-ID: 4

0.02

0.04 0.06 0.08

Displacement (m)

0.1

0.12

Definitions of Dimensions
(H1, H2, H3, L1, L2)

1200 |-
1000 |-
_ Lo
g 800 |- — >
-%—’i 600 . [BLE
> [ 8P
400 "l :
"':‘B' SP BLE: Bonnet leading edge
200 - H2 * P BP: Bumper
H3 i SP: Spoiler
0 : ‘

-400 -200 O 200 400 600 800

Horizontal (mm)

18
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5. Correlation of Assembly Impact Responses
- CAE Correlation Study -

Simplified Vehicle Models TEG-032

Setting Parameters

Parameter Unit Level1 Level2 Level3
K1 (BLE stiffness) mm 0.4 0.6
K2 (BPstiffness’) JC™ 07 0.8 1.0

K3 (SP stiffness™) JC™ 0.6 0.8 1.0
H1 (BLE height) mm 650 700 750

H2 (BP height) mm 450 490 530 Design of Experiment Method
H3 (SP height) mm 250 270 350
L1 (BLE lead) mm 125 200 275 (L1 8 orthogonal table)
L2 (SP lead) mm  -20 0 30
Simulation A B C D E F G H
No. K1 K2 K3 H1 H2 H3 L1 L2
(BLE stiffness®) (BP stiffness**) (SP stiffness**) (BLE height) (BP height) (SP height) (BLE lead) (SP lead)
mm - - mm mm mm mm mm
S1 0.4 0.7 0.6 650 450 250 125 -20
S2 0.4 0.7 0.8 700 490 270 200 0
S3 0.4 0.7 1.0 750 530 350 275 30
S4 0.4 0.8 0.6 650 490 270 275 30
S5 0.4 0.8 0.8 700 530 350 125 -20
S6 0.4 0.8 1.0 750 450 250 200 0
S7 0.4 1.0 0.6 700 450 350 200 30
S8 0.4 1.0 0.8 750 490 250 275 -20
S9 0.4 1.0 1.0 650 530 270 125 0
S10 0.6 0.7 0.6 750 530 270 200 -20
S11 0.6 0.7 0.8 650 450 350 275 0
S12 0.6 0.7 1.0 700 490 250 125 30
S13 0.6 0.8 0.6 700 530 250 275 0
S14 0.6 0.8 0.8 750 450 270 125 30
S15 0.6 0.8 1.0 650 490 350 200 -20
S16 0.6 1.0 0.6 750 490 350 125 0
S17 0.6 1.0 0.8 650 530 250 200 30
S18 0.6 1.0 1.0 700 450 270 275 -20

* Stiffness is changed by steel plate thickness.
** Stiffness is changed by joint stiffness. 1 9
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5. Correlation of Assembly Impact Responses

- CAE Correlation Study -
TEG-096

2000 (modified to include

1800
1600 r
Flex-PLI model
1400
TRL legform
£ 1200 model
E . :
®© 1000 r } i Simplified
o T : i car models
5 i | (s1.s19)
= 800 " o
600 - ;fl.: k :,__4; e BLE (bonnet leading edge)
= BP (bumper)
400 \
SP il
200 | H;:base o)
+50 mm
(75 mm) 'T ---- ‘
0 1
-1600 -1200 -800 -400 0 400

Horizontal (mm
e H,: Impact height

20
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5. Correlation of Assembly Impact Responses

- CAE Correlation Study - TEG-098
Correlation of Tibia Injury Measures .
TRL Legform Flex-PLI  (Flex-PLI)
1800 —— 500
o —
%1500 S o e
52 ® ¢ _.L.° < 400 |
3 e® o = 5300 |
£ o =
S5 < 900 | J'5
g3 %5 200 |
~F 600 | 93z
* 2 y =0.0482x + 1310 © 100 | y=1259x-72.798
5 300 | R=0.014 5 R=0.90
0 0
0 100 200 300 400 500 0 100 200 300 400 500
Human Model Tibia Bending Moment (Nm) Human Model Tibia Bending Moment (Nm)

Konosu et al. (2009)

® No correlation between TRL legform upper tibia
acceleration and human tibia bending moment

® Good correlation between Flex-PLI and human tibia
bending moment

Reference : Konosu, A. et al., Evaluation of the Validity of the Tibia Fracture Assessment Using the Upper Tibia Acceleration 21
Employed in the TRL Legform Impactor, IRCOBI Conference (2009)
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5. Correlation of Assembly Impact Responses

- CAE Correlation Study -

Correlation of MCL Injury Measures
jury TEG-096
Flex-PLI
TRL Legform Flex-PLI )
40 40
S y=0.9821x-1.0628
9 R=0.75 —
3 230 _ E 30 o
S = ° 5= ¢
c © 5 o o
£ < = S o
S 220 5 20 o  © °
DT O 5 ®* o
3 3 AT °
—~ m T | L
x5 10 5 10
o S y=0.5584x+10.335
S R=055
0 0

0 10 20 30 40 0 10 20 30 40
Human Model MCL Elongation (mm) Human Model MCL Elongation (mm)

Both TRL legform knee bending angle and Flex-PLI MCL
elongation show good correlation with human MCL

elongation ”
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5. Correlation of Assembly Impact Responses

a0 A
o N

oo

I

N

TRL Legform Model
Knee Shear Displacement (mm)
(o)}

(@)

- CAE Correlation Study -

Correlation of ACL Injury Measures

TRL Legform Flex-PLI
12
y =-0.2699x + 3.8541 o 2
R=0.13 /E\1O B o
o £ o oof°
O €
S9
° o -3 6 e *
° o < o® °
¢ H W 4
4\.\: L (__|>
y=1.3654x + 3.1228
o %o <2 R=0.68
®
d e o 0
2 4 6 0 2 4 6
Human Model ACL Elongation (mm) Human Model ACL Elongation (mm)

® No correlation between TRL legform knee shear
displacement and human ACL elongation

® Good correlation between Flex-PLI and human
ACL elongation 23
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6. Determinants of Tibia Fracture Measures
- Ueyama et al., 2011 -
Rigid Body Model

Fiy(xp)

M=k(6,-6,)
| 2
Fy(xp)
Rigid body
model 7 Fx)
X
Equation of Motion
m, +m, —m (L, —L,) my(Ly—L,) X
—m(L,—Ly) I, +m (L, —L,)* 0 6,
my(Ly—L,) 0 L+my(L,~L,)" )\ 6,
0 0 0)(x 1 1 1 F,
+10 k k|6, |=|L,—z, 0 0 F,
0 -k k )\6, 0 Ly—z, Ly—z,)\F,

Reference: Ueyama T., Kikuchi Y., Mizuno K., Nakano D., Wanami S., Comparison of Reponse of FLEX and TRL Legform 24
Impactor in Pedestrian Test, JSAE Transaction, Vol.42, No.5, Paper Number 20114668 (2011) (in Japanese)
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6. Determinants of Tibia Fracture Measures
- Ueyama et al., 2011 -

Tibia Acceleration
Equation of Motion of tibia
mx,=FK+F -T
a, =X, +0.066 0,
=% —(L,— L, —0.066)6,

Iyt k

m,

Tibia acceleration - aull  Spoiler force

Reference: Ueyama T., Kikuchi Y., Mizuno K., Nakano D., Wanami S., Comparison of Reponse of FLEX and TRL Legform 25
Impactor in Pedestrian Test, JSAE Transaction, Vol.42, No.5, Paper Number 20114668 (2011) (in Japanese)

a, =X, =
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6. Determinants of Tibia Fracture Measures

- Ueyama et al., 2011 -

Tibia Bending Moment

For simplicity, instead of inertia force of tibia, approximated reaction force
R1 and R2 is applied at the both ends of tibia.

Max. tibia bending moment

D Ma) MBI RE),
L, P M(z) =25 05 o)
Zb LO
M(z,)

M__ =max{ M(z,), M(z,)}

max

Bumper and spoiler force
Bending moment -
Point of force application

Reference: Ueyama T., Kikuchi Y., Mizuno K., Nakano D., Wanami S., Comparison of Reponse of FLEX and TRL Legform 26
Impactor in Pedestrian Test, JSAE Transaction, Vol.42, No.5, Paper Number 20114668 (2011) (in Japanese)




GTR9-1-05r1

6. Determinants of Tibia Fracture Measures
- Ueyama et al., 2011 -

FE Model

TRL Vehicle model
Legform Flex-PLI

40 km/h

Validate Equation of Motion obtained from the rigid body
model against impact simulation using FE models

Reference: Ueyama T., Kikuchi Y., Mizuno K., Nakano D., Wanami S., Comparison of Reponse of FLEX and TRL Legform 27
Impactor in Pedestrian Test, JSAE Transaction, Vol.42, No.5, Paper Number 20114668 (2011) (in Japanese)
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6. Determinants of Tibia Fracture Measures
- Ueyama et al., 2011 -

Validation of Rigid Body Model
(Rigid Body Model vs. TRL legform FE Model)

Acceleration (G)

Tibia acceleration Knee bending angle
150 — . 10
—— Rigid body model — Rigid body model
—— FE model < 8[ = FE model
()
100f 5
8 6]
)
o .1
50 | g )
2 3
0 ' ' ' ' 0 ' ' '
0 5 10 15 20 25 0 5 10 15 20 25
Time (ms) Time (ms)

Reference: Ueyama T., Kikuchi Y., Mizuno K., Nakano D., Wanami S., Comparison of Reponse of FLEX and TRL Legform 28
Impactor in Pedestrian Test, JSAE Transaction, Vol.42, No.5, Paper Number 20114668 (2011) (in Japanese)
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6. Determinants of Tibia Fracture Measures
- Ueyama et al., 2011 -

Car Model
Bumper absorber Bumper absorber stiffness Soft Stiff 1 Stiff 2
4 Spoiler stiffness Stiff Soft 1 Soft 2
Spoiler fore-aft distance -31 mm 0 mm +31 mm
Bumper ground ) Spoiler ground clearance 34 mm  0mm +34 mm
clearance e
e Bumper ground clearance  -21mm  Omm  +21 mm
Spoiler fore-aft Spoiler ground
distance v clearance
. Bumper absorber Spoiler absorber
Spoiler 4
= =
o 2t Baseline
(%] (%]
(D] [<H)
=] =R
@ ne @ Soff/2
1 O 1
0 20 40 60 80 100 0 20 40 60 80 100
Strain (%) Strain (%)

Reference: Ueyama T., Kikuchi Y., Mizuno K., Nakano D., Wanami S., Comparison of Reponse of FLEX and TRL Legform 29
Impactor in Pedestrian Test, JSAE Transaction, Vol.42, No.5, Paper Number 20114668 (2011) (in Japanese)
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6. Determinants of Tibia Fracture Measures
- Ueyama et al., 2011 -

Tibia Acceleration (TRL Legform)

[ Presumed from Rigid body model

TRL legform FE Model

—~ 250
) o
C B
®
o)
@ 150 } °
F 3 ®
———
b & 100}
Q
= 50
F, — -
0 1 1 1
0 5 10 15 20
F,+ F, (kN)

Reference: Ueyama T., Kikuchi Y., Mizuno K., Nakano D., Wanami S., Comparison of Reponse of FLEX and TRL Legform 30
Impactor in Pedestrian Test, JSAE Transaction, Vol.42, No.5, Paper Number 20114668 (2011) (in Japanese)
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6. Determinants of Tibia Fracture Measures
- Ueyama et al., 2011 -

Tibia Bending Moment (Flex-PLI)
— Presumed from Rigid body model

\

Bumper and spoiler force
-
. Point of force application )

Flex-PL| FE model

/E\ 0.4
pd
N o
= 03f °
c 6
e ®
2 0.2
E ) [o)
©
C
)
S 01}
©
o
= o0 ' |
| 0.6 0.8 1.0 1.2
Bending moment max{M(z,), M(z,)} (kNm)

diagram

Reference: Ueyama T., Kikuchi Y., Mizuno K., Nakano D., Wanami S., Comparison of Reponse of FLEX and TRL Legform 31
Impactor in Pedestrian Test, JSAE Transaction, Vol.42, No.5, Paper Number 20114668 (2011) (in Japanese)
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6. Determinants of Tibia Fracture Measures
- Relevant Injury Measures -

Vehicle model
18 Simplified vehicle models «
used for CAE correlation study _ Output location

’/" (stress, moment, acceleration)

® Cross-section corresponding to
Tibia-1 of Flex-PLI

® This location provided the largest
injury measures for all of the 18
vehicle models

Investigate which of the measures used with the impactors
Is more relevant to tibia stress 32
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6. Determinants of Tibia Fracture Measures
- Acceleration / Bending Moment vs. Stress -

Acceleration Bending Moment
200 200
© : (©
Q 150 ° ° O 150
=3 T e " =3
79} PY o Y L ()]
o ® e o
= 100 5100
n n
X 4
® ®
) )
O 50 - O 50
8 ©
S S
— =
O ! ! ! I 0 I I I I
0 10000 20000 30000 40000 50000 0 100 200 300 400 500
Tlbia Peak Acceleration (m/s?) Tlbia Peak Bending Moment (Nm)

Tibia bending moment correlate with tibia peak stress
much better than upper tibia acceleration 23



GTR9-1-05r1

6. Determinants of Tibia Fracture Measures
- Threshold for Tibia Fracture from Biomechanical Data -

Bending Moment: 310Nm

310Nm Bending Moment (1)

Axial Force: 6.2kN

10.4 kN Compressive Axial Force (2)
131.4 MPa Compressive Strength (3)
78.8 MPa Tensile Strength (3)

: : _ _ Tensile Strength a
- Tensile Axial Force = Compressive Axial Force X : =6.2kN
Compressive Strength

Shear Force: 8.4kN

10.4 kN Compressive Axial Force (2)
131.4 MPa Compressive Strength (3)
106.0 MPa Transverse Strength (3)

, _ Transverse Strength  _
- Shear Force = Compressive Axial Force X : = 8.4 kN
Compressive Strength

References:
(1) Kerrigan J., Bhalla K., Madeley N. J., Funk J., Bose D., Crandall J., Experiments for Establishing Pedestrian-Impact Lower Limb Injury Criteria, SAE
2003-01-0895, 2003 SAE World Congress (2003)
(2) Nyquist G. W., Injury Tolerance Characteristics of the Adult Human Lower Extremities Under Static and Dynamic Loading, Proc. of the Symposium
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6. Determinants of Tibia Fracture Measures
- Comparison of Time Histories of Tibia Fracture Measures -

Injury
1.5

Car-A

(Passenger Car)

Measures as % of Limit [ - ]

1.0

Threshold

0.5

7~ ™\

0.0 -

WIS

20 40 60

-0.5

Car-B
(SUV;LBRLH<425mm)

Injury Measures as % of Limit [ - ]

1.5

1.0

0.5

0.0

-0.5

Threshold

/N

-A:?x

(

20 40 60

Car-C
(SUV;LBRLH>425mm)

2 HEa R

— Bending Moment

— Axial Force = Shea

Injury Measures as % of Limit [ - ]
1.5

r Force

Threshold
1.0 ,/A\
0.5
0.0 -
C 20 40 60
-0.5

Peak normalized bending moment is predominant in
all three fracture measures
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6. Determinants of Tibia Fracture Measures
- Kallieris et al. (1988)-

881725

New Aspects of Pedestrian Protection
Loading and Injury Pattern in Simulated
Pedestrian Accidents

Dimitrios Kallieris and Georg Schmidt
University of Heidelberg

ABS TRACT comparison between the loadings in the
various veloctiy ranges is made.
The paper presents a report
about car pedestrian impact simula- INTRODUCTION — The pedestrian is
tions. The front of a production car, the weakest partner in road traffic,
which was mounted on a platform In collisions with vehicles the toler-
moving on rails was used as impact ance limit is already exc?edgd_ at

® Full-scale car-pedestrian impact tests using 11 PMHSs

® Open tibia and fibula fractures in 8 cases

® \When fractured, the tibia and fibula were taken out for a thorough autopsy
® Fracture of tibia and fibula can be explained by bending strain

Reference: Kallieris D., Schmidt G., New Aspects of Pedestrian Protection Loading and Injury Pattern in Simulated Pedestrian
Accidents, 32" Stapp Car Crash Conference Proceedings, SAE Paper Number 881725 (1988)
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7. Tibia Fracture Prediction
- Comparison of Normalized Tibia Fracture Measures -

BN TRL Legform
S05 B Human

B Flox-PL Injury Measures
as % of Limit [ -]

0.0 0.5 1.0 i =)

S05

TRL << Human, Flex-PLI

S03
S03 S07 S11 S15 1 g .....
S07
™ — S11
0 + :
O 0 .

S15

l : T

TRL legform : Upper Tibia Acceleration
Human : Tibia Bending Moment
Flex-PLI : Tibia Bending Moment 37
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7. Tibia Fracture Prediction
- Comparison of Kinematics: S07 -

TRL Legform Flex-PLI
11 ms
Injury Measures as % of Limit [ - ] (Peak of TRL legform Model upper tibia accel.)
0.0 0.5 1.0 1.5
TRL << Human, Flex-PLI

TRL . x Y Y
Human
FLEX

Injury Measures as % of Limit [ - ] 20 ms

15 (Peak of Human Model bending moment)

o 7SO\ Threshold | = TRL
) = Human
\x — FLEX
0.5 - N

0.0

-0-5 I

ne [ms]

TRL legform lacks rotation of the leg underneath the bumper,
which yields peak bending moment for human and Flex-PLI 3s
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7. Tibia Fracture Prediction

TRL Legform Model Flex-PLI Model Human Model

Human Model : Same as the one used for
CAE correlation study

39



7. Tibia Fracture Prediction
- Vehicle Models -

GTR9-1-05r1

ID Vehicle Information Bumper Specification
Car-A Original Passenger Car Original
Car-A Modified without Absorber, Stiffer Bumper Beam
Car-B Original | SUV Original
Car-B Modified |(LBRLH <425 mm) | Stiffer Bumper Beam
Car-C Original | SUV Original

Car-C Modified

(LBRLH > 425 mm)

without Bumper Beam

Car-A

BPR Beam moved forward
Absorber

Bum

Car-B Car-C

am

Bumper Beam moved forward

Bumper Beam

Modified bumper structure to represent bottoming
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7. Tibia Fracture Prediction

- Comparison of Normalized Tibia Fracture Measures -

Injury Measures as % of Limit [ - ]

BN TRL Legform 4.0
B Human Injury Measures 3.0
B Flex-PLI as % of Limit [ - ] :
00 10 20 30 40 Car-A 20
. 10 Threshold /
Car-A Original TRL >> Human, Flex-PLI 0o e - |
10 ( 10 20 30 40 50 60
Car-A Modified o Time [ms]
Injury Measures as % of Limit [ - ]
4.0
Car-B Original N
3.0 =
Car-B Modified Car-B 20 i Threshold
[ )
1.0 A —
1A\ —_—
Car-C Original 0.0 - T T e T et
) -
3 -1.0 Time [ms]
Car-C Modified Injury Measures as % of Limit [ - ]
4.0
3.0 /\
Original, TRL Car-C 20 I\ Threshold
Original, Human 1.0
Original, Flex-PLI | [ A oo eocsel T TSR Tt~ omeee
PTRPPRS Modified, TRL 0.0 - ==
"""" Modified, Human 10 0 60
-------- Modified, Flex-PLI o Time [ms]
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7. Tibia Fracture Prediction
- Comparison of Bumper Deformation (Car-A Modified) -

TRL Legform Flex-PLI

14 ms
(Peak of TRL legform Model upper tibia accel.)

\

Bumper Beam Bottoming Bottoming
. A 1
28 ms
(Peak of Human Model bending moment)
\
\
o] s 1

®Bumper bottomed out for all cases
®Tibia fracture measure dramatically increased only for TRL legform
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8. Summary

®|n vehicle impacts,
The tibia of both human and Flex-PLI bends due to impact from the
vehicle, while the tibia of TRL legform is too stiff to represent bending
The knee ligaments of both human and Flex-PLI elongate due to
combined bending and shear, while TRL legform uses separate
bending and shear measures

® Component responses of Flex-PLI| are much more biofidelic
than those of TRL legform in terms of tibia and knee bending

®Correlation of assembly impact responses with human has
been significantly improved with Flex-PLI for tibia fracture
and knee shear measures
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8. Summary (Contd.)

®Determinants of tibia fracture measures are different
between TRL legform and Flex-PLI — sensitivity of loading
location is much lower with TRL legform than with Flex-PLI
and human

®For the human leg, the most critical injury measure is
bending moment, which is used for the Flex-PLI

®For vehicles with a large bumper protrusion relative to the
BLE, TRL legform tends to predict lower normalized injury
values compared to human and Flex-PLI

® TRL legform upper tibia acceleration is way much more
sensitive to bumper bottoming compared to Flex-PLI| and
human tibia bending moment
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Thank you for your attention



