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Abstract

Vehicle-pedestrian collisions had claimed the lieésnany in the world roads yearly. Among the typfeimjury that may occur in a
vehicle-pedestrian collision, lower extremity ings have the highest account. These alarming statias encouraged joining effort
from researchers, car manufacturers and the govemtnto find solutions in reducing the risk of vubidde road users. The car
bumper structure design plays a crucial role in ldoging the impact on the pedestrian leg duringdllision. The European
Enhanced Vehicle-Safety Committee (EEVC) has deseltest methods to evaluate severity of the Id®gemjury, upper leg injury
and head impact injury in a vehicle-pedestrian dataed collision. Since lower extremity injury ar@sh common, undivided attention
should be paid on the lower legform to bumper t€he maximum bending angle, maximum shearing dispiant and maximum
tibia acceleration are among the three injury crite determined for lower legform to bumper testf@e the lower legform to
bumper test can be perform the lower legform hasetcertified statically and dynamically.

The advancement of computerization had supportediglage of Finite Element Method(FEM) in simulatiegl life scenarios for
analysis. Irregular geometries are now discretized solved numerically. Finite Element Analysis(FlBAs proven to reduce time
and cost significantly therefore the author tookactaged of this tool and simulated a lower legféonbumper collision. This paper
presents in detail the static and dynamic certifima of the Finite Element (FE) legform model usthg HyperWorks software. The
static results for both bending and shearing hab¢owithin the EEVC/WG17 limits and the internatmgy at 15° shall be 100+7J.
The maximum bending angle shall not be less thzthahd not more than 8.2°, the maximum shearingatiement shall not be less
than 3.5mm and not more than 6mm, and the maxinpy@r dibia acceleration shall not be less than 120g not more than 250g in
the dynamic certification test.

Index Terms. Pedestrian Safety, Legform Impactor, EEVC WG17té-Element Analysis

*k%k

1. INTRODUCTION of the vehicle structure.[2] Due to the high petege of

lower extremity injuries, considerable effort nedd® be

World Health Organization (WHO 2013) reported thatre
than 270 000 pedestrian in the world loses theeslion the
roads yearly. This amount contributes to 22 peroétite 1.24
million road traffic deaths around the world.[1] IMins of
pedestrians suffer serious injuries in traffic decit and some
unfortunate victims become permanently disabledeséh
tragical injuries and deaths cause immeasurabledute and
inconvenience to both family members and friengmzeislly
individuals who are economically challenged. Glatzlon in
low and middle-income countries has led to an iaseein
motorization, accounting to 52 percent out of liBion
globally registered vehicles[6]. The escalatiowéticle usage
contributes to a higher probability in the occuoenof
pedestrian-vehicle accident

The common injuries in a pedestrian-vehicle cdlisincludes
dislocation of the pelvis, fracture of bones, tofnligaments
and head damage. The International Harmonizes Rdsea
Activities’ (IHRA) statistic has shown than 67.1rpent of the
lower extremities are caused by the car bumped, p@rcent
by the bonnet leading edge and 7.6 percent byrtre panel

focused on re-engineering the car bumper systemitigate
pedestrian lower extremity injuries and hence thehar will
focus on the lower leg . Injuries on the lower emtities
include fracture of the bones and a tear in anyhef knee
ligaments i.e anterior cruciate ligament (ACL), feo®r
cruciate ligament (PCL), lateral collateral ligarh@CL) and
medial collateral ligament (MCL) [7].

The alarming pedestrian fatalities statistic hased global
awareness on pedestrian safety, prompting researahd car
manufacturers to improve the current vehicle desigany
government and independent agencies such as thwpdzur
New Car Assessment Program (Euro NCAP) , Japan Gkaw
Assessment  Program  (JNCAP), Japan Automobile
Manufacturers’ Association (JAMA), the Japan Autdnite
Research Institute (JARI) and National Highway Ticaf
Safety Administration (NHTSA) in the United Statesk the
initiative to perform crash test and in-depth reskeaon
pedestrian protection.
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The basis of this study follows the test procechn@posed b
the European Enhanced Vehi@efety Committee Workin
Group 17 Report (EEVC/WG17)EEVC (2002). A legfc
impador is a tool used to evaluate the severity of liégp
injury in a vehiclepedestrian simulated collision. The EE
lower legform impactor consists of a deformableekijaning
two 70mm diameter rigid steel tubes that represtrgstibia
and femur. The toes are covered with 25mm -45 Confor
Foam representing flesh and 6mm Neoprene repragettte
skin. The knee joint is capable of lateral bending shearing
The shearing displacement of the knee, bendingeaoigthe
knee and the tibia acceleratioreaneasured to evaluate
severity of the injury. The shearing displacemenused t
evaluate cruciate ligament injuries, the bendingles usec
to evaludée collateral ligament injuries and the til
acceleration is used to evaluate the tibia free risk[8].

The main objective of this study is to use Finiteerzent
Analysis (FEA) to simulate the static and dyna
certification of the lower legform impactor accardito the
EEVC/WGL17 procedures.

2 EEVC/WG17 LOWER LEGFORM IMPACT
TEST

In this study, the author used the EEVC WG17 asference
to ensure the FE legform model complies with appabe
performance requirements. Although the standardredir
three test methods; legform to bumper test, uppgform to
bonnet leading edgeest and the headform to bonnet top 1
the author will only focus on the legform to bumpest as thi:
is the only test that caters for injuries on thedo extremities
The validation of the lower legform impactor comsisf two
parts, which are #hstatic test and the dynamic test. The s
test is further divided into knee bending test knee shearin
test.

2.1- STATIC TEST
2.1.1- Bending Test

A bending test satp shown in Figure 1 is proposed in

EEVC/WGL17 whereby the tibia is being fully consted. A
horizontal normal force is applied to the metal euéit a
distance of 2.0+0.01m from the center of the kraetj The
corresponding kneeelnding angle was recorded and the |
shall be increased until the knee bending angie excess of
22 degree. The energy taken to generate 15 deftsnding
shall not be more than 100+ Akcording to the EEVC/WGL1
report, the energy limit functiomo minimise variation ir
performance of the deformable elements The energy can
be calculated by integrating the force with resptctthe
bending angle in radians, and by multiplying theetelength
of 2.0£0.01m. The corresponding knee bending awere

compiled and the applied force in Newton against khee

bending angle in Degrees was plotted and compaitdthe
EEVC limitations [3].

Top view of test set-up for static legform impactor bending certification test
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Figure 1. Top view of test s-up for static legform impactor
bending certification te [3]
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2.1.2- Shearing Test

Figure 2 shows the test -up for shearing of the certification.
The tibia was fully constrained while the femur wastraini
2.0m from the centeof the knee joint. A horizontal norm
force was applied on the femur 50mm from the ceatahe
knee joint. The load shall be increased until theasing
displacement of the knee reaches an excess of 8@mthe
load is in excess of 6.0kN. The corrending knee shearing
displacement was recorded and plotted against fipdied
force.[3]

Top view of test set-up for static legform impactor shearing certification test
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Figure 2: Top view of test s-up for static legform impactor
shearing certification te [3]

2.2-DYNAMIC TEST

For dynamic testertification, the legform impactor is wi
foam and skin covering. It shall be suspended batally by
three wire ropes of 1.5£0.2mm diameter and of z
minimum length as shown in figure 3. The legformpautor
shall be suspended along its longituc axis horizontally
with a tolerance of £2°. The total mass of the fermuod tibia
shall be 8.6+£0.1kg and 4.8+0.1kg respectively, el total
mass of the legform shall be 13.4+0.2kg. The ceoitigravity
of the femur and tibia shall be 217+10mm and 2:0mm
from the center of knee respectively. The momernneitia of
the femur and tibia, abc the horizontal axis through
respective centre of gravity and perpendiculaht directior
of impact, shall be 0.127+0.010k2 and 0.120+0.010kgm2.
A uniaxial acelerometer shall be mounted on the -
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impacted side of the tibia, 66t5mm below the knemnt]
center. Refer to figure 5, for legform impactor lwikin anc
foam covering.

The certification impactor shall have a mass 0£0.05kg,
the mass includethose propulsion and guidance compon
which are effectively part of the impactor duririgetimpact
The dimension of the face of the certification ircimat shall
be as specified in figure 6. The impactor shallnbade of
aluminium alloy with an outer siace finish of better tha
2.0um. The certification impactor shall be propd
horizontally at a velocity of 7.5+0.1m/s into a tiaary
legform impactor as shown in figure 3 an

When the legform impactor is impacted by a linealyded
certification impactor, the maximum upper tibia accelera
shall be not less than 120g and not more than 2%6g
maximum bending angle shall be not less than 6neP reot
more than 8.2°. The maximum shearing displacemntzit be
not less than 3.5mm and not mdnan 6.0mn[3].

Test set-up for dynamic legform impactor certification test
(side view top diagram, view from above bottom diagram)
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Figure 4: Top view- Test setp for dynamic legfrm
impactor certification test [:
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Figure 5: Legform impactor withkin and foam covering [3]

Deails of dynamic legform certification impactor face

Figure 6: Detail dynamic legform certification impac [3]

3. LOWER LEGFORM FINITE ELEMENT
MODEL

3.1- STATICTEST

3.1.1- Bending Test

The static bending test was represented in the ©gely
Hypercrash interface as shown in figure 7. The sidethe
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tibia was fully constrained, defining clamps holglithe tibia.
Shell elements were used to model all parts in gtadic
bending test with steel properties assigned. A 1Giameter
cylindrical knee joint was modelled with the length20mm,

a thickness of 3mm, density of 1100kg/m3 and Yang'

modulus of 650MPa. Concentrated force was appltedna
from the center of the knee joint, the normal hamial force
applied is tabulated in table 1. Type 7 - multi gesa&ontact
interface was assigned on the model, as the nodes well
connected, self-impact was applied.

Figure 7: FE model of static bending test set-up

Table 1: Concentrated force(N) applied on static bendisg te

1 ()
1 15

2 30

3 55

4 73

5 85

6 97

7 115
8 130
9 143
10 155
11 165
12 175
13 185
14 195
15 200
16 205
17 210
18 215
19 220

3.1.2- Shearing Test

The static shearing test is similar to the bendéasy, therefore
the FE model was modified to achieve the stati@shg test
set up. An additional 2mm flat bar was added torae¥ the
femur movement. In addition, the concentration éoreas
applied 50mm from the center of the knee joint. ikterial

and properties used are the same as the statidnigetast.
Figure 8 and table 2 shows the static shearingsttstip and
the normal horizontal force applied.

Figure 8. FE model static shearing test set up

Table 2: Concentrated force(N) applied on static sheaesg) t
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2250
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3500
3700
3900
4100
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3.2-DYNAMIC TEST

The dynamic certification involves a more complest sp,
with an additional covering of 25mm flesh and 6mkinsThe
tibia, femur and knee joints were modeled usingllishe
elements using the exact properties used in thiéc diest,
while the flesh and skin were modeled using solaments.
Both femur and tibia were assigned as rigid bodéh the
material properties of steel. A mass of 6.87kg ar6bkg was
added respectively on the femur and tibia rigid iesd
satisfying the weight requirement of 8.6kg for femand
4.8kg for tibia, forming a legform impactor of tbth3.4kg.
The center of gravity of the femur and tibia wased in the
software to 711mm and 261mm from the end of legforhe
moment of inertia of femur about the horizontalsattirough
it's center of gravity and perpendicular to theediion of
impact is 0.128kgm2 while the moment of inertiatibfa is
0.126kgm2.

As specified in EEVC/WG17, CF45-Confor foam wasdise
representing the flesh of the human leg. The sédhent was
interpreted as material type 70 in Hypercrash, foaith
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tabulated law. The density assigned to the matesiab
96.11kg/m3 with an inital young modulus of 100MRa &
poison ratio of 0.28 as reference to Alireza Noorpand
Kiasat (2008)[4] . The stress and strain curveihass to the
foam was tabulated in figure 9, the value was niedibased
on Shahbeyk and Abvabi (2009) [5].

Neoprene was used to represent the skin in thelaion, the
arthur had modeled solid elements with visco-etastaterial-
type 34 in Hypercrash. The initial density assigneds
1100kg/m3 with bulk modulus of 102MPa. The shod &mng
time shear modulus was indicated as 8.45MPa araiviPa
respectively refering to Shahbeyk and Abvabi (200&)
Figure 10 shows the FE model of the legform usedhim
dynamic certification test. The mesh density insesanear the
knee joint area to achieve more accurate resulie  run
time constaint, fine meshes throughout the legforas
avoided.

Upon completion of the legform modeling, an alumini
impactor of 9.366 kg was impacted horizontallyaatelocity
of 7.5m/s into the stationary legform as shownigurfe 11.
Two contact interfaces were applied on the dyndedform,
both using type 7 - multi usage. The first contgmplied was
self impact on the legform and the second withitfygactor as
the master and the skin as the slave.

An accelerometer was assigned under the data yiptorel,
this enables the author to extract the upper tibileration in
Hyperview.

Function name 1 Cuniur_iuam_CFttf{
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3.65E+008
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Figure 9: Stress strain curve for Confor foam CF45
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Figure 10: FE dynamic legform model
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Figure 11: Dynamic certification test set up

4. VALIDATION OF LEGFORM

IMPACTOR
4.1- STATIC CERTIFICATION TEST RESULTS

4.1.1- Bending Test

As specified in the EEVC/WGL17 report, the legfdres to be
certified statically and dynamically. Figure 12 wiso the
simulation of static bending test set up in the étgpash, pre-
processor interface. An increasing concentratedefowvas
applied 2m from the centre of the knee joint arel iésulting
bending angle was recorded. A graph of the appgbece vs
the bending angle was plotted affirming the resultsre
within limits. The energy taken to generate a 18hding
angle is 106.37J which is within the acceptablegea of
100+7J. Figure 13 shows the bending angle vs fdi@gram
of the simulated results and the EEVC/WG17 limitasi.

LOWER

Loadease 1: Model Step Loadcase 1: Time = 11.000052
hiodel Step Frame 12

Y‘\L’x Y\L,x

INITIAL AFTER

Figure 12: FE Static Bending certification test

Bending Angle Vs Force
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Figure 13: Bending Angle Vs Force graph
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4.1.2- Shearing Test

Figure 15 shows the simulation of the static singarést. For
the shearing set-up, the tibia was also fully camsted at the
sides with an increasing force applied 50mm from ¢enter
of the knee joint. In this test, the shearing dispment was
observed. A graph of applied force vs shearing ldcggment
was plotted agaist the EEVC/WG17 limits. The resolt the

simulation are shown in figure 16 and were provenbé

within limitations.

Loadcase 1: Model Step Loadease 1: Time = 9.000006
Maodel Step Frame 10

Figure 14: FE Static Shearing certification test
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Figure 15: Shearing displacement Vs Force

4. 2- DYNAMIC CERTIFICATION TEST
RESULTS

A dynamic simulation was performed with a compleggform
with flesh and skin and an aluminium impactor. Tin@actor
has an initial velocity of 7.5m/s and the impacgaint is
50mm from the center of the knee. The maximum bendi
angle, maximum shearing displacement and the upibier
acceleration was observed. Table | shows the saahieved
in the dynamic certification and the EEVC limits.clan be
observed that the maximum bending angle and therugipa
acceleration falls within the limitation. Althoughe shearing

displacement did not achieve the minimum shearing

displacement of 3.5mm, it is still within the 2@rpent FEA
error tolerance.

Table 3: Dynamic certification test result

Criteria Analysis Results EEVC/WG17
limitations

Maximum Bending| 8.12 6.2-8.2

Angle (°)

Maximum  Shearing 2.83 3.5-6.0

Displacement (mm)

Upper Tibia| 213.86 120-250

Acceleration (g)

CONCLUSIONS

As lower extremity injuries are most common in b
pedestrian collisions, legform testing tool vasthntributes to
gauging the injury criterion on the leg during ahiote-
pedestrian collision. These testing tools are widsled by car
manufacturers in designing pedestrian friendly ekelsi Since
the advancement of computerization, finite elememalysis
has been a popular tool in simulating complex gegmend
real life situations due to its accuracy and itstaefficiency.
Being said so, finite element analysis and expeamtaletest
comes along side, the FE model needs to be vadidatth
experimental results to ensure the modeling andutinp
parameters are accurate.

In this study, a FE legform model was model accuydi
EEVC/WGL17 specification. In this model, a knee @imin
diameter and 20mm of length was modeled as themefde
knee element and the properties was tuned accotdirige
static and dynamic criterion. Upon fulfilling altagic and
dynamic conditions, the legform is ready to be fasesehicle
bumper structure design and optimization.
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