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ABSTRACT

KINEMATICS OF DUMMIES DURING CRASH
USING FINITE ELEMENTS AND MULTIBODY DYNAMICS

First, multibody dynamics model of the occupant conmmpant is built using a
commercial softwareMadymo Occupant results frotMadymomodel are compared to
sled test results anMadymo model is calibrated to better simulate the sled tegt,
modifying the coefficients and functions Madymomodel. Second, vehicle finite element
model is built using finite element softwaf®adiossand vehicle structure deformation
results fromRadiossare compared to real crash test results to validaténibe element
model. As a last step, results frédadiossare integrated inttladymomodel to simulate a
vehicle crash test, offset front impact into a defabbfe barrier at 56 km/h. Predefined
injury criteria parameters, which are measured in a desthand calculated bdyladymo
are compared. It is shown that, in caseMaslymomodel is initially calibrated with sled
test data and in the existence of a validated finitene model with crash test, integrating
both techniques is a very quick, reliable and efficieny ¥eamodel occupant kinematics
during crash.



OZET

SONLU ELEMANLAR VE COKLU KUTLE D iNAMiGi
iLE CARPI SMA ANINDA TEST MANKEN NiN
HAREKET INiN iINCELENMEST

Bu calsmada, ilk 6nce yolcu yam alaninin dinamik modeli Madymo ticari yazilimi
ile hazirlanmgtir. Madymo modelinden elde edilen yolcusdderi kizak testi sonuglari ile
karsilastirilarak, Madymo modelindeki katsayilar ve fonksiyonlazaki testini daha iyi
simule edeceksekilde deistirilmistir. ikinci asamada, aracin sonlu elemanlar modeli
Radioss yazilimi ile kurulup, sonlu elemanlar analizindde edilen sonuclar gergek test
sonuclari ile kaglastiriip, modelin guvenirlilgi dogrulanmstir. Son olarak, Radioss
modelinin ¢iktilari Madymo modeline girilip gergcek tests§ km/s saat hizda deforme
olabilen engele aracin belli bir oranda carpmasi, siyoula yapilmgtir. Test sirasinda
Olcilen yaralanma gerleri ile Madymo tarafindan hesaplanan yaralanmgerdierini
karsilastiriimistir. Katsayilari ve fonksiyonlari kalibre edilgrbir Madymo modeli ile testle
dogrulanms bir sonlu elemanlar modelinin olmasi durumunda her iki fkni
birlestirilmesinin test mankeninin hareketinin incelenmesi icineggiir ve hizli bir metod

oldugu gdsterilmgtir.
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1. OBJECTIVE

This study is aimed at developing a low cost, quick and blelianethod to
understand occupant kinematics during vehicle crash. Uaddisg occupant kinematics
is essential for a proper vehicle interior compartnaerd restraint system design. Crash
tests, simulating different crash modes are perforneedset the design parameters;
however, performing a crash test is expensive in naaméd, requires time to evaluate
different design proposals. As a result, computer aidgtheering programs are widely
used to simulate crash tests. Currently, two approaafesvidely used in automotive
industry in simulating crash tests: Finite element anti#bady dynamics. Finite element
approach is reliable and has proven itself in modeling \ebtclicture deformation but not
as reliable in simulating occupant behavior. On the otlaed hmulti-body dynamics
approach has proven itself in simulating occupant behavioritbigt not as good in
modeling vehicle structure deformation. To benefit fromceasful sides of both

approaches, an integrated model is built, that usesapptioaches.

First, a multibody dynamics model of the driver comparimis built using
multibody dynamic simulation solveMadymo.Model parameters are calibrated using
sled test results of Ford Motor Company’s Dunton Safetytatbry in United Kingdom.
Sled test is chosen for calibration because it is alation of a crash test allowing better
monitoring of dummy motion with less external factorgffect. On the other side, vehicle
finite element model is built usinBadioss.Finite element results are compared to real
crash test results performed at Ford Motor Company’s MékeSafety Laboratory in
Germany. The crash test chosen is the simulatioa bdht commercial van’s, Transit
Connect, front offset impact into a deformable baraer56 km per hour, which is a
legislative requirement for vehicle’s approval. Finiteneent analysis results provide the
data that defines vehicle global motion and componentsians inside the driver
compartment. The output data is then used as an inpuadymb model for crash test
simulation. Dummy motion during simulation is investegatand pre-determined injury
parameters, which are calculated by Madymo, are compareeht crash test results to

check the reliability of the model built.
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According to data from the General Directorate of igys, GDH (Karayollari

Genel Mudurligt, KGM), there are more than half a million reporteaific accidents in

Turkey each year. Among these reported accidents, 25 pémgehte bodily injuries and

approximately 4000 people are killed in traffic accidentsyeyear in Turkey, in other

words around 10 people every day. Most of these accidents e daily city traffic at

low speeds usually ending with damage to the vehicle onlyweier, for the accidents

reported in rural areas and highways, the rate of deadbdcidents rise to 3 percent per

accident and the rate of bodily injuries go up to 2 peoplepadent. Reported injury and

fatality numbers in traffic accidents in Turkey from 200Q2@0D4 are given in Table 2.1.

Interesting point in Table 2.1 is the tendency to decreasteaths per accident. The
tendency to decrease is more clearly shown in Figurflp.1
Table 2.1. Accident, fatality and injury numbers in Turkethm last five years
2000 2001 2002 2003 2004
Urban Traffic 404167 363528 362979 373531 436187
Accident Highways 62218 45879 44124 48771 58664
Rural Areas 34278 33553 32855 33365 42583
All 500663 | 442960 439958  45566)f 537334
Urban Traffic 1542 1309 1215 973 112§
Eatalities Highways 2399 1645 1685 1845 1954
Rural Areas 1625 1432 1269 1148 1346
All 5566 4386 4169 3966 4428
Urban Traffic 71635 62690 62202 59355 67693
Injuries Highways 44242 31807 32023 35969 41988
Rural Areas 20529 21705 21820 21944 26548
All 136406 | 116202 116045 117268 136229
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Fatality and Injury Numbers Per 1000 Accident

275
270
265
260
255
250
245
240

Fatalities / 1000 Accidents
Injuries / 1000 Accidents

2000 2001 2002 2003 2004

Year

E Fatalities / 1000 Accidents —e— Injuries / 1000 Accidents

Figure 2.1. Fatality and injury numbers per 1000 accidents

Figure 2.1 displays fatality and injury numbers in Turkeyhim last five years. The
decrease in fatality and injury numbers might be dueaonymeasons like improvements in
highway design, speed enforcements in highways, alcohtal® or safer vehicles in
traffic. After Customs Union agreement with European Unield, vehicles manufactured
in EU according to the Economic Commission of Europe, E@€gulations entered the
Turkish market. On the other hand, automotive manufasturerTurkey, both to be
competitive in the domestic market and to export the l\ehio EU, improved the safety
performance of the vehicles manufactured. As a rethdtpnumber of vehicles in Turkey
roads satisfying ECE regulations increased year by yearchwhesulted in more
structurally safe cars on the roads and that mightnleeod the reasons for the decrease in

fatalities despite the increase in the number ofitratcidents.

The necessity of the ECE regulations, and their pestiffect on occupant life is
more clearly explained in Table 2.2. As it can be seeheriable below, the conditions of
crash defined by the ECE regulations constitute 88 perdeall seported accidents.
Excluding the crash to a pedestrian as in these casesis usually no harm to the driver
or passenger, considering the cases defined by the framlakide impact regulations
which are aimed at securing the driver and passenger orgg, thses count for 58 percent

of all accidents [2].
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Table 2.2. Accident distribution according to type of ocence

Accidents

Nature of Accident Urban % |Ruraland TOTAL %

Highways
Head to head 17899 | 37.76 | 4844 | 2400 22743  33.64
vehicle crash
Rear end crash 5947 12.54 284p 14.98 8789 13|01
Crash to a wall, 4095 8.64 1424 7.05 5519 8.16
obstacle, etc.
Pedestrian crash 13968 29.4Y 1175 5.92 15143 22.40
Crash to animal 185 0.39 227 1.12 4172 0.6[L
Roll over 2282 4.81 3786 18.75 6068 8.98
Loss of control 2729 5.76 5801 28.74 853pD 12.62
Others 300 0.63 89 0.44 389 0.58
TOTAL 47405 100.00 20188 100.00 67593 100.00

From Table 2.2, it can be concluded that ECE regulatiomeraearly all aspects of
accidents on the roads therefore ECE regulations ldigatory in vehicle approval in all
European countries and non-EU member countries including Tur8eytzerland,
Norway, Liechtenstein and Iceland although they areanoember of the EU and are not
subject to ECE regulations require that the vehiclefgati® ECE regulations for vehicle
homologation in that country. Other countries like Rais§ulf Coast countries accept
most of the ECE regulations but they omit some ofrdgulations and add some extra

regulations according to the conditions of their ¢oun

2.1. Approval of a Vehicle

Homologation is simply defined as the process to aehiée approval from a
government authority. The homologation approval documdnasismitted to the
government confirm that the product meets all approptegal requirements. Without
homologating the product, in our case this is the vehibie sales of the vehicle in that
country is not allowed. Therefore, homologation ofedigle is not an option to improve
brand image or an item in the marketing strategyatnsust for the vehicle’s approval.
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Homologation can either be in terms of approval of raglsi car, or for big
manufacturers, the type approval of all cars manufactioyethat manufacturer. In type
approval, a randomly chosen vehicle of the manufactpreves compliance with the
regulations through witnessed testing. On the other haadnanufacturer also proves its
capability of consistently building identical complying higdes, which is known as
conformity of production.

ECE regulations can be collected under two headings, eagrthironmental and
safety regulations. The environmental regulations incluelmst like engine power, fuel
consumption, emissions, diesel smoke, exterior noiseetacttromagnetic compatibility.
There are also some vehicle specific regulations likelh€ equipment installation.
These items are aimed at forcing the manufacturentel@@ more health and environment
friendly vehicles [2].

The rest of the regulations are defined as safety regudatSafety regulations first
aim at developing a safer driving condition for the drivEne regulations also include
driver and passenger safety during braking and crash asasvéiiey include pedestrian
safety. Safety regulations imposed by the ECE can bemsuwized under the below

headings.
e Horns
e Mirrors
 Brakes
* Lighting

* Forward Vision
* Defrost/Demist
*  Wheel Guards
*  Wipers

e Tyres

» Safety Glass

» Steering Effort

* Door Latches/Hinges
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* Interior Fittings

* Seat Strength

* Protective Steering

* Head Restraints

» Seat Belt Anchorage
» Exterior Projections
* Heating Systems

» Safety Belts & Restraint System
* Towing Hook

* Front Offset Impact
* Side Impact

* Pedestrian Protection

Most of the above listed items are aimed at drivenrd’ @her drivers’ safety at traffic
like horns, lighting, etc. However, last three iteare directly aimed at saving driver,
passenger or pedestrian life during a vehicle crash. Wghirhplementation of these
regulations in Turkey there has been a decrease in the nwhbelled or injured
occupants during traffic accidents. The table summarizirggwhs already shown in the

above pages.

For the homologation of a vehicle in terms of fronfsef and side impact
regulations, crash tests are performed. Certified atid®mlso witness the tests. Front
Offset Impact Protection regulation, known as ECE94, eonthe approval of a vehicle
with regard to the protection of the occupants of thatfoutboard seats in the event of a
frontal collision. The regulation applies to all povdgiven vehicles of category M, better
known as passenger cars, of a total permissible massxoeeding 2.5 tones. During the
approval test, the vehicle speed is increased up to 56 km/hithendehicle hits a
deformable barrier at the end of the test track. A deddte barrier is preferred to simulate
a real car crash condition and to take into accoumtenergy absorbed by the hit car as
well. Similarly Side Impact Protection regulation conssdthe case of a vehicle hit by
another vehicle on the side. Both tests are obligatony a robust vehicle design is

essential to achieve through the tests [2].
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2.2. Vehicle Safety and Design

As stated in the previous chapter, design of vehicles ftoashworthiness and
occupant safety perspectives has become increasinglyleomyih the addition of new
legal requirements every year. United Nations (UN),opean Union (EU) and United
States National Highway Traffic Safety AdministratigNHTSA) impose many legal
requirements that limit the design space inside a veimcleding many complexities.
Apart from these requirements, vehicle and occupantyshéet been one of the critical
items in customer’s purchasing decision. EUNCAP test imii(European Union New
Car Assessment Program) and NCAP in North Americav(Bar Assessment Program)
are known worldwide and results of these tests are widséd by manufacturers in
advertisements to ensure customers on the safetyeaf phoducts. With increasing
government obligations and customer expectations vehiclaufagurers are investing

more on vehicle safety development in recent yea#.[3,

Till two decades before, vehicle safety was an expensive faremanufacturers to
invest in. The physical nature of crash tests, apart fremg expensive, does not also
provide the full set of information (crash deformatiorguesence in detail, occupant
envelope regarding out of positions) to guide vehicle strudasign. Considering the
iterative process of product development, and necess#lyarfening product development
period, physical crash tests were a major factor slownogluct development stage and

adding to development costs.

With recent developments in computer industry there has d@esrked increase in
the usage of computer simulations for safety developntespecially, when supported
with controlled test data computer simulations contabusignificantly in understanding
vehicle and dummy crash behaviors. Nowadays, in automiotestry various simulation
programs are used to determine occupant movement anddoadg vehicle crash. Two
approaches are currently used to perform this type obileditlens. Multi Body or Rigid
Body Dynamics Approach as used AgamsandMadymoor Finite Element Approach as
used byPam Crash, Radiosand Dyna3D Among these listed approaches vehicle
structure analysis, known as crashworthiness, is uspaltiprmed using Finite Element

approach and occupant safety simulation is usually done usiltgy body approach. In
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addition, most of these programs allow a simultaneoageausf both methods and these
methods have proven to give reasonable results if thdary conditions are defined

properly [5].

2.3. Occupant Simulation

Comparing the approaches listed, in the finite element appra full vehicle crash
model is used and for occupant simulations a finite emadel of test dummy is
included in the full vehicle model. Full vehicle models pregdcesimulate a crash test are
large in size compared to other models and need more compesiources. Therefore FE
analyses require a significant outlay of time to psscén average finite element model
contains around half a million elements and on a Linwstel using 16 processors, it
requires around 8 hours to complete successfully. The nieeded for preprocessing and
debugging is not included in the above numbers [6,7]. Anatlsadvantage of the finite
element model is the long time needed for contactuatiah. In FE codes the contact
definition is over the nodes and surfaces defined by sletients. At certain cycles nodes
and surfaces in defined contact groups are checked for pereteatd if penetration
occurs additional processing is required to redefine nodéad&pents according to the
contact parameters defined by FE analyst. The contadtiagion process in a finite
element analysis require checking displacements ofistials of nodes in a large
deformation problem and is one of the major factorseesing the time spent on

computing.

At this point multi body approach is ahead of finite ed@mapproach offering a
much shorter computational time. However, multi boplyraach is not as capable as finite
element approach in simulating vehicle deformation. Ssuti@ve been performed to
simulate vehicle front end by using 3D frame modeling techniqheghicle model built
with 3D frame modeling technique is shown in Figure 2.2. Thihrtigue involves
modeling vehicle front structure components with a numbbezllipsoids and elliptical
cylinders. The results have shown that the 3D frame lingdeechnique is successful in
simulating simple and smooth geometries but the refailt$o correlate with real crash
tests when geometric details like local reinforcing fesguare considered. Therefore 3D
frame model can be built at the early stages of gayram to define vehicle concept and



24

safety strategy but at later stages of the developrpemtess where front structure
component design contain more complexities it shouldeagireferred [8].

A-Pillar sl

Front side rail

Y Cross member
front floor

Engine = 3

Front side rail

Bumper 2
pe extension

Figure 2.2. 3D frame model of vehicle front end structure

On the other hand multi body approach is very advantagdtaring a large number
of opportunities to simulate the interaction betweemmhy and vehicle. In multi body
approach contact is defined between the surfaces ofigwiohbodies, i.e. the ellipsoid and
the plane. Therefore, contact check algorithms and ywheetration occurs contact force
calculation algorithms take less time to process. Tlatufe brings many advantages in
accuracy and time spent. But accuracy depends on camtacicteristics pre-defined by
the analyst. Software vendors have carried out many fesa correct definition of the
surface compliance of dummy rigid bodies. These &sts supplied valuable information
regarding joint stiffness functions used by the dummy. @Hesctions are critical in
defining dummy movement during crash. In the end reliablevaitvalidated dummy

databases are available to be used in occupant simy@itid).

At this stage, combining finite element analysis vehicldéopsrance and multi body
analysis dummy performance capabilities emerge as tlse anourate solution to develop
a validated model. Most of the commercial softwarevala simultaneous processing of
both approaches known as coupled approach [4,11]. In theedoapproach vehicle
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excluding dummy is modeled in FE. On the other hand compopéthe FE model that
are in interaction with dummy are modeled in multi bodydel with the dummy. During
FE model-processing motion of these components areceedirto multi body simulation at
each time step and similarly outputs from multi bodgdation is fed back into FE model
till an equilibrium is achieved between dummy and vehicleriot. Therefore while
simulating the vehicle structure deformation correcthetier representation of the dummy
behavior is also achieved. However, the technique mesdi@bove for performing the
coupled analyses require almost double the time necessdhefstructural analysis alone.
Compared with performing all the work with the FE moddijs t model seems
advantageous both in supplying well correlated data anditessspending, but it is still
time consuming when compared to multi body approach.

Instead of coupling both approaches, integrating thenmdadhar approach [6,7].
During analyses the major portion of computational timepent in analyzing vehicle
structural deformation and the structural deformation iflesttwo main injury-causing
aspects in vehicle crash, deceleration and intrususcessful introduction of these two
aspects into the multi body simulation will estabbisell-correlated simulation of the real
test. As vehicle structure deformation is independemhary design complexities inside
the driver and passenger compartment, or these comegxidin be considered to have
minor effect on vehicle structure deformation, a largenlmer of simulations including
different dummies, dummy seating positions, seatdsigecolumn-seat belt-airbag
configurations can be evaluated in a short time with threedzoundary conditions imposed
by the finite element model. Also the existence ohleddated FE model enables the chance
of evaluating vehicle structure design changes withauh#tessity of a new test.

Apart from the above, statistical approaches arealadable to reconstruct real life
accidents. Differing from the above approaches thasstal approach considers the
vehicle deformation after crash to simulate the actglelhe vehicle deformation known
as crush is one of the key input parameters coupled witlclgevelocity. The approach
relies on multi body approach again to estimate the dumjuary criteria. In this accident
reconstruction model, the vehicle stiffness and the ded&le are not considered to be a
parameter. By the statistical approach many accidemasos can be created and
evaluated in a short time, but compared to the above agpee it is not a reliable
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approach in understanding what is happening during a certdhdefgled crash scenario.
Therefore, statistical approach is not popular in autw@andustry but it is widely used in
simulating real life accident scenarios [5,12].

Among the above listed five approaches, the integrated agpphnoavhich results of
the finite element analysis are used as input for moltiybsimulation will be used to
simulate the ECE94 Front Offset Impact. FE model arsmalydl be performed with the
validated commercial softwaRadioss and multi body simulation will be performed with
the well-known multi body simulation softwakéadymo

2.4. Mathematically Dynamic Modeling

Madymo (Mathematically Dynamic Modeling) is a computer paogy specially
developed for crash simulations. The program predictavi@hof a crash victim or any
other structure, which can be represented by a numbenoécted rigid bodies, based on
crash data and environment [13].

In Madymo, systems and system components are definedgidy hodies or by
structures formed by rigid bodies. (Figure 2.3) To defingid body; masses, moments of
inertia, products of inertia and centers of gravity shbeltknown but it is not obligatory to
define the component geometry except when a body hass#iptysto interact (contact)
other bodies in its environment. The body geometry isllysdefined for visual purposes
even when there is not a possibility of interactath other bodies.
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Figure 2.3. Example of a multibody system with treacitire

A local body coordinate system is used to define bodpegties. The origin of the
local coordinate system is the location of the jemtnecting the body to its parent body.
This is shown in Figure 2.4 where the body j, the childybds connected to the body i, the
parent body. Masses, inertias, centers of gravity ldefined with respect to the shown
local coordinate systems. In Figure 2.4, the vectepecifies the center of gravity location
for body j and the components of the vectoarg defined in the local coordinate system of
body j. The vector jcdefines the joint j on body i, and also the local cowth system

origin for body j. The components of are defined in the parent body i local coordinate
system.

— centre of
gravity

" local coordinate
system of body |

T
local coordinate
system of body i

Figure 2.4. Two bodies linked by a joint
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A kinematic joint is used to connect a pair of bodleslefines the relative motion
between the two connected bodies, for example al&t@onal joint allows only relative
translation. Constraints imposed by the kinematic jo@itse a load pair on connected rigid
bodies and restrict their relative motion such thatytdo not violate constraints imposed
by the kinematic joint. The relative motion of a pairrigid bodies can be described by
variables like the joint position, joint velocity anft acceleration degrees of freedom. The

joint degrees of freedom assigned determine the motioystdras of bodies.

Besides the relative motion between bodies, prescrifmibns can be assigned to
joints prior to or during the analysis. Prescribed matiassigned to joints define the
motion of the body the joint is attached to. For exiamnihe motion of a vehicle can be
assigned to the joint defining the vehicle body or theugion of a plane can be assigned to
the joint the body of the plane is attached to.

In Madymo, contact interactions between bodies afimatk using surfaces of rigid
bodies. Rigid bodies do not require a surface definitiorcé&culating rigid body motion
but if contact is present then contacting surfaces reééd tdefined. Madymo uses planes,
ellipsoids, elliptical cylinders and facet surfaces toragefoody geometries in a system.
While one plane, ellipsoid or cylinder can be used tondef body's geometry, a
combination of these can also be used to define compmey geometries. Different
contact interactions between different surfaces lbd@dy can be specified with the body’s
environment [13, 14, 15].

Planes are defined by defining coordinates of three pointh@sn in Figure 2.5.
The first and second points define the vertices of atge,eA and B. The third is an
arbitrary point on the opposite edge and Madymo calcutaeesertices on the opposite
edge, C and D. The outside normal for the plane conettus defined by using the right
hand rule where the rotation is from point 1 to 2, and twith the outward normal

direction determining the material side for the plane.[14]



29

Al1)

B(2)
Figure 2.5. Points defining a plane in Madymo 3D

When there are curved surfaces, ellipsoids or hypeiseltis are used. The complex

surfaces are also represented by a combination of ellipsbids equation defining a

HRCRC RN

wherea, bandc are the semi-axes of the (hyper)ellipsoid anslthe hyper-ellipsoid

hyper-ellipsoid is given by:

degree. When is equal to two the equation describes an ellipsoidt Bsshown in Figure
2.6 with increasing values ofthe shape of the ellipsoid converge to a rectangulampris
[14].

Figure 2.6. Ellipsoid and (hyper)ellipsoid with n=8
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(Hyper)elliptical cylinders might also be used to model edrgurfaces. The point
(hyper)elliptic cylinder differs from the (hyper)ellipsoid ia (hyper)elliptic cylinder the
surface is prismatic in the cylinder axis direction, aad & (hyper)elliptical cross-section
perpendicular to the cylinder axis. The end faces are iopeithyper)elliptical cylinder. A

(hyper)elliptic cylinder is shown in Figure 2.7 [14].

Figure 2.7. Hyperelliptical cylinder for n=4
The equation for a (hyper)elliptical cylinder is given by:

-as<x<a
MY (1) -
{b + . =1 (2.2)

where a is one half length of the cylindeh and c are the semi-axes of the

(hyper)elliptical cross-section. [14]

When a surface is too complicated as shown in Figure 2.8fited®/ using planes
and ellipsoids facet surface option is also availableetFsurface is the general name given
to surfaces that are approximated by triangular or quadrargjataents. The facet surface
is defined by the coordinates of the vertices and for &gt the numbers of the vertices

that define the facet. Facet surfaces may be creatéddymo by entering coordinates of
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the facet vertices, also importing facet surface infoionafrom finite element codes is

also available [14].

Figure 2.8. Facet surface

Once the rigid body surfaces involved in contact areiBpd by means of planes,
ellipsoids, elliptical cylinders and facet surfaces, ccintateraction may be assigned to
these surfaces. A possible contact between two sgrfiscenly evaluated if a contact

interaction is specified between two surfaces.

There are two contact models available in Madymo, tastie and the kinematic
contact model. The elastic contact model can be useallfplane, ellipsoid and cylinder
contacts. In elastic contact model shown in Figure 2rlacting surfaces do not deform
and penetration of surfaces is allowed. The resultingacbriorce is a point force that
consists of an elastic, damping and friction part. Efestic contact force (including
hysteresis) is a user-defined function of the penetratidhe surfaces. A force-penetration
characteristic can be defined for each surface sepamtehs the characteristic of the
contact between two surfaces. The damping and frictioce fdlepend on the relative
velocity of the contacting surfaces.
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Figure 2.9. Contact loads in an elastic contact model

(only forces acting on slave surface are shown)

The elastic force is perpendicular to the tangentgslamhe point P of application of
the contact force depends on how the contact chaisitdras been specified. There are
four options to define the characteristics. In userterashe contact characteristic of the
master surface is used. Polhtcoincides with the contact point on the master sarfac
since the master surface is considered to be infing&ff. In user-slave, the contact
characteristic of the slave surface is used. Simijlggbint P coincides with the contact
point on slave surface; and the slave surface is considered to be infinitéfy Bt user-
midpoint the combined contact characteristic of the awting surfaces are used and point
P lies in the middle of the line betwed?, and P.. In user-combined the contact
characteristic is combined from the characteristicngelfiseparately from both surfaces.
The combined contact characteristic is obtained by adtimgenetrations of master and
slave surfaces for each value of the contact forhe.élastic force is used to calculate the
penetration into surfacee, from the master surface contact characteristic amd th
penetration into surfacee sfrom the slave surface contact characteristic. Nexat P is
calculated from

Xe,m
P:Pﬁm(%_ﬂ) (2.3)
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where
Py contact point on master surface
P, contact point on slave surface

To define damping and friction forces a reference planatroduced as shown in
Figure 2.10. This plane contains the point P and is patalldle contact plane in case of
plane-ellipsoid contact. For the ellipsoid-ellipsoiddanylinder-ellipsoid contact, the
reference plane is parallel to the tangent planessmoreling to a minimum value bf

norm

/
V.

Figure 2.10. The relative velocityresolved into components

The relative velocityw between the interacting contact surfaces is definedeas t
relative velocity at the poinP of the two contacting objects. This velocity vector is
resolved into two components: a compongike in the reference plane and a component
Vhorm NOrmal to this plane. The damping fokegis defined as

Fd = Cd |:|Vnorm| (24)
Cy = Cha (Voorm) LC,4 (Fe) (2.5)

orm
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whereCy is the (positive) damping coefficient, which is definedlees product of a
function of v,om and a function of the elastic forée. A damping coefficient cannot be
defined separately for each contact surface.

In the case of increasing penetration (loading) the dagnforce is added to the
elastic force as shown in Figure 2.11. If the penetrat@reases (unloading) the damping
force counteracts the elastic force. Since contaatef are resistive forces no contact
forces are applied during unloading if the damping forceeslcéhe elastic force.

Figure 2.11. Damping in loading and unloading

In addition to the damping force, a dry friction fofgecan be specified. This friction
force acts in the reference plane in the direabipposite to the relative velocity component

Vplane

F, =COf(F,~-F)OF. +Fy (2.6)

where f(F,~F) is the Coulomb friction coefficient an@ a so-called ramp

function (Figure 2.12). This ramp function varies betw8eand 1 as a function of the
relative velocityvpane The ramp function has been introduced in order to axibmtions
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induced by dry friction. The friction coefficient can be idefl as a function of the
magnitude of the normal force. Note that the same famgtion is used for all contacting

surfaces.

0 -
raco 1 raco 2
v

pJane|

Figure 2.12. Definition of the ramp functi@h

Contact between nodes of a finite element model arglligsoid surface is defined
by the kinematic contact model. In kinematic contact mquknetration of a node in the
contact surface is not allowed and the contact fadmsed on the inelastic impact of the
node and the surface. In the contact algorithm nodedreaéed as point masses and
contact surfaces impenetrable. Each time step thaveelposition of the node and the
corresponding contact surface is evaluated. If a nomhsige the contact surface contact

algorithm is activated [13].

Contact forces are calculated based on the relativecitelof the node and the
contact surface. A normal impulse is applied to théenand the contact surface such that
the component of the relative velocity perpendicutathie contact surface becomes zero.
The penetrated node is placed on the contact surfacacdount for friction a tangential
impulse, that is equal to the product of the normal ingatsd the friction, is applied such
that the resulting relative velocity of the node dmel¢ontact surface equals zero [13].

Apart from the above, Madymo offers a large databasel@able and validated test
dummy models included in the software package. The existehae large dummy
database is an important requirement for the effecgeead computer models in the field
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of crash victim simulations [15]. Madymo is also aldepresent the results of injury
parameter calculations in addition to the standard oufpaintities like accelerations,
displacements and contact forces. A more detailedamapibn of the injury parameters
Madymo calculates will be given in 2.5.

2.5. Injury Parameters

Dummies are used in the simulation of traffic accidetd generate data like
mechanical loads. Dummies cannot be used to simulateiemjaiuring an accident.
Therefore a relationship between the dummy’s reactiardash, and real injuries need to
be defined. In Madymo, acceleration, velocity and dagteent of rigid bodies, joints can
be calculated but the calculated data needs to be prdceste the help of injury
biomechanics to identify the severity of the injury.

Injury biomechanics deals with the effect of mechanicads, in particular impact
loads on human body. Due to a mechanical load, a tegiyn will experience mechanical
and physiological changes, the so-called biomechanigabmses. Injury will take place if
the biomechanical response is of such a nature thaidlogjical system deforms beyond a
recoverable limit, resulting in damage to anatomitalcsures and alteration in normal
function. The mechanism involved is called injury mechanegmd the severity of the
resulting injury is indicated by the expression “injuryesdty” [14].

An injury parameter is a physical parameter or a funcod several physical
parameters that correlates well with the injury skyeof the body region under
consideration. Many schemes have been proposed fomgaakid quantifying injuries.
Anatomical scales describe the injury in terms o&itatomical location, the type of injury
and its relative severity. These scales rate the @guhemselves rather than consequences
of injuries. The most well known worldwide accepted amatal scale is the Abbreviated
Injury Scale (AIS). Although originally intended for impainjuries in motor vehicle
accidents, the updates of the AIS allow its applicatiow also for other injuries like burns
and penetrating injuries. The AIS distinguishes the fatigWevels of injury:
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no injury,
minor,
moderate,
serious,
severe,

critical,

S 01 A W N B O

maximum injury (cannot be survived).

The AIS ranking is a so-called “threat to life” rankifighe numerical values have no
significance other than to designate order. A biomechatuEhnce is the magnitude of a
biomechanical response of human body to an impact vdaiakes a certain defined level
of injury, often given by the AIS level. It is importaiat note that the tolerance is not the
same for each individual in a population and varies from tlo high values within the
population. Thus the tolerance in general is related toerdain percentage of the
population to be protected. [14]

Injury criteria, based on data of these experimentsathematical simulations, can
be used for an efficient analysis of car safety deaighoptimization. Most injury criteria
are based on accelerations, relative velocities griatisments, or joint constraint forces
and most injury criteria need some mathematical evaluafia time history signal. [14]
2.5.1. Head Injury Criterion (HIC)

Injury criterion for the head was first defined by the UgBvernment, the Head

Injury Criterion (HIC):

HIC =

max 1 t, 25
TO<t, <t, sTE{ tj R(t)dt} t.~t) (2.7)

-y :

whereTO0 is the starting time of the simulatiohE is the end time of the simulatioR(t) is
the resultant head accelerationgis (measured at the head's centre of gravity) ther
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time intervalTO<t <TE, t; andt, are the initial and final times (in s) of the intervalidgr
which the HIC attains a maximum value. For practicatoms, the maximum time interval
(t2 - t1) which is considered to give appropriate HIC values sedsto 36 ms. This time
interval greatly affects HIC calculation and recgnthis time interval has been proposed
to be further reduced to 16 ms in order to restrict tleeaishe HIC to hard head contact
impacts. A value of 1000 is specified for the HIC as cosiomstolerance level in frontal
(contact) impact.

An injury criterion and associated tolerance levebuith relate to injury severity.
Limitations of the HIC are:
* HIC only considers linear acceleration, while biomechamesponse of the
head also includes angular motion which is believed tisechead injury,
* HIC is only valid for a hard contact, thus the time doratof impact is
limited,
 HIC is based on the Wayne State Tolerance Curve, whickerived from

subjects loaded in anterior-posterior direction only.

Despite these drawbacks, HIC is the most commonly cisiedion for head injury in
automotive research and is believed to be an appropliseminator between contact and
non-contact impact response [2,14,16].

2.5.2. Neck Injury Criteria (FNIC)

Neck injury is often assessed by peak forces and momenke iupper and lower
neck. (The keyword FNIC is used in order to discriminaté wie NIC criterion for rear
impact neck injury assessment which is based on the motitim head relative to the
thorax.) The FNIC is a measure of the injury due to ldas transferred through the
head/neck interface. The FNIC consists of three coemsn the neck axial force, the
fore/aft neck shear force and the neck bending momeitt ablateral axis at the head/neck
interface. The FNIC injury calculation is applied to doys neck upper joint constraint
load signals.
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As axial force, the component of the constraint fanceeck upper joint z-direction
is used, as fore/aft shear force, the component afdhstraint force in neck upper joint x-
direction is used and as bending moment, the componehe aonstraint moment about
neck upper joint y-axis is used. Duration curves of these Hhistory signals are made. A
duration curve is constructed by plotting the force in y-axid the time the force is above
this value in x-axis. The neck axial force and neck sh&@efduration curves must not
exceed the values shown in Figure 2.13 and Figure 2.14; thebeading moment must
not exceed 57 Nm in extension [2,14,16].

Neck Tension Performance Criteria
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Figure 2.13. Neck tension performance criteria

Neck Shear Force Performance Criteria
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Figure 2.14. Neck shear force performance criteria
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2.5.3. Viscous Injury Response (VC)

The vital organs of the chest, the heart and great Igeasd the lungs are built of
soft tissues. The acceleration of bony structures hkeribs and the spine, or the chest
deflection and the applied force do not address the injuchamsm at high velocity rates
of soft tissues and can therefore not be used asnjany icriteria. Therefore the
understanding of the mechanism of soft tissue injury iscal for improvement of
occupant protection systems. Research in the past yealsalto the knowledge that soft
tissue injury is induced by rate sensitive deformation efdest. It was found that some
occasions of pulmonary and cardiac injuries occurred onditions of high impact
velocities with very little chest deformation. Thigtfas also reported from injuries caused
by the impact of a bullet on a bullet-proof vest, oraadall hitting the chest directly. It
was found that some of these impacts were fatal, evdiout any visible damage of the
chest [2,14,16].

The viscous response, denoted\d3 is the maximum value of a time function
formed by the product of the velocity of deformatiod) (and the instantaneous

compression functiorQ):

VC = ma{%%j 2_8)
dt Sz

whereD(t) is a deflection an&Zis a prescribed size (the distance between duniregtc

and back at the accelerometer location)

Analyses of data from experiments on human cadaskersy that a frontal impact
which produces &C value of 1.3 m/s has a 50% chance of the introolucif severe
thoracic injury (AIS> 4). A value of 1 m/s may be used as a referenteeiar human

tolerance in blunt frontal impact to the chest £2186].
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2.5.4. Femur Force Criterion (FFC)

The Femur Force Criterion (FFC) is a measure of ey of the femur. It is the
compression force transmitted axially on each femtin@tdummy as it is measured by the
femur load cell. The FFC injury calculation is appliedthe joint constraint force in the
bracket joint located at a femur load cell.

As axial force, the component of the constraint fancthe joint z-direction is used.
A duration curve of this time history signal is made. Thsulting femur axial force

duration curve must not exceed the values shown in Figlite[2,14,16].

Femur Force Performance Criteria
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Figure 2.15. Femur force performance criteria

2.5.5. Tibia Compressive Force Criterion (TCFC)

The Tibia Compressive Force Criterion (TCFC) is a mea®f the injury of the
tibia. It is the compressive forée expressed in kN, transmitted axially by a tibia load cell.
The TCFC injury calculation is applied to the joint styaint force in the bracket joint
located at a tibia load cell. As axial force, the congmbrof the constraint force in the joint
z-direction is used [2,14,16].
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2.5.6. Tibia Index

The Tibia Index (TI) is a measure of the injury of tiseat The TI injury calculation
is applied to the joint constraint load in the brackattjlocated at a tibia load cell. As the
axial force, the component of the constraint forcthenjoint z-direction is used and as the
bending moment, the component of the constraint moadeoat the joint z-axis is used.
The equation for the calculation of Tl is given by

Tl =|F, /(Fo) | +[Me /(Mg (2.9)
where
Fz = compressive axial force in joint z-direction
(Fc)z = critical compressive force and should be taken t85@ kN
Mx = bending moment about the joint z-axis
My = bending moment about the joint n-axis
Mg :\/(MX)2+(MY)2

(Mc)r = critical bending moment and should be taken to be 172.8 N.m

The tibia index is calculated for the top and bottom cheiia. For each joint, the
corresponding axial forcezHs used [2,14,16].

2.6. ECE 94 Requirements

According to the injury criteria mentioned above the Ef@§ulations have set
targets for front impact crash tests. [2] These tamgyets

* The head performance criterion (HIC) shall not exceed a@dtthe resultant
head acceleration shall not exceedgd0r more than 3 ms, the latter shall be
calculated cumulatively, excluding rebound movement @hibad,

* The neck injury criteria (NIC) shall not exceed the valshown in Figure
2.13 and Figure 2.14,
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 The neck bending moment about the y-axis shall not x&eNm in
extension,

* The thorax compression criterion (ThCC) shall nateexd 50 mm,

* The viscous criterion (VC) for the thorax shall neteed 1.0 m/s,

* The femur force criterion (FFC) shall not exceed ftree-time performance
criterion shown in Figure 2.15,

* The tibia compression force criterion (TCFC) shall exxteed 8 kN,

* The tibia index (TI) measured at the top and bottomacheibia, shall not
exceed 1.3 at either location,

* The movement of the sliding knee joints shall not egcE5 mm,

The above criteria indexes are obtained by measuring @atthe dummy. The

following criterions are also checked to ensure vehicletgaf

* Residual steering wheel displacement, measured attiteecof the steering
wheel hub, shall not exceed 80 mm in the upwards-vedioadtion and 100
mm in the rearward horizontal direction,

* During the test no door shall open,

* During the test no locking of the locking systems of ftwat doors shall
occur,

» If there is continuous leakage of fluid from the fuedd installation after the

collision, the rate of leakage shall not exceed 30 g/min,



44

3. MADYMO MODEL CONSTRUCTION

The steps involved in developing a MADYMO model of vehgledriver
compartment are summarized in this chapter. In a Madynueinall vehicle components
are not modeled; instead subsystems which are in atimavith dummy during crash or
which may affect dummy behavior during crash are included innbeel. Major
subsystems affecting the dummy’s behavior during vehiclshcrare selected after
studying FE model animations and crash test videos. Invastigathow that floor pan,
pedals, instrument panel, front driver seat, steerinyinuo subsystem, safety belt
subsystem and airbag are the critical components iartalysis. Among these subsystems
airbag and belt subsystems are in the supplier’'s retjldgsand these subsystems are
constructed by the supplier (Autoliv) and delivered in a sgpanclude file. Rest of the
subsystems are constructed by defining the mass, inertigesnrdetry information. Also
internal motion (kinematics) of subsystems like smad steering column are defined by
using the appropriate joints. A detailed explanation @f bach subsystem is modeled and
the role of each subsystem during crash is summariz#e ifollowing lines [17, 18].

3.1. Vehicle Interior Modeling

Model construction starts with the construction of ithterior space of the vehicle.
The interior space is divided into two systems fordsethodel handling and better model
monitoring. The first system is made up of a floor pamrarpet, crash pads and pedals;
while the second system is made up of an instrument paimelshield and roof headliner.
The modeled parts and their counterparts in Madymo caadreis Figure 3.1 and Figure
3.2.
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Figure 3.1. Vehicle interior space (CAD data)

Figure 3.2. Vehicle interior space (Madymo)
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3.1.1. Floor Pan Modeling

Floor pan is modeled by using planes to construct floorguafaces. The critical
item in modeling the floor pan is the definition of cactt between the dummy and the
floor pan components. As shown in Figure 3.1 and Figure 3a8hgoads are placed at
areas where there is more resistance to dummy fraon fichese pads are for improving
leg performance. The crash pads are modeled as addpianals of Madymo with lower
resistance to forces exerted by the dummy heel andsshtmvever, when the foot
penetration to floor is close to the thickness of ¢heesh pad, the resistance reaches the
resistance of the floor pan. This is illustrated in Feg@c3, the red curve is the force

displacement curve of a floor pan with no crash padevthe blue curve shows the curve
of a floor pan with crash pad.

Floor Pan Force Penetration Curve

Force (kN)
N

O 1 T T T T T

0 5 10 15 20 25 30 35
Intrusion (mm)

Figure 3.3. Floor pan characteristics function (with aval evash pad)

3.1.2. Pedal Modeling

Another critical item to consider during vehicle intennodeling is pedal modeling.
Pedals are usually modeled with high degree ellipsoids dieitogeometry. Unlike floor
pan and crash pads, pedals are considered to be infinifélyostipared to dummy’s shoe
and do not deform under forces exerted by the dummy. Theréfie contact definition
between the pedals and the dummy shoe is extremdiycaitifpared to floor pan curve.

However, the pedals are attached to a pedalbox with spandgedals rotate around their
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fixing points and are free to travel forward during crasthwhe force exerted by the
dummy’s shoe. This is modeled by a revolute joint at ghdal rotation axis with a
rotational stiffness equal to the pedal travel stiffness.

Madymo representaion of the pedalbox and pedals subsigtfown in Figure 3.4.
The pedal attachments for the clutch and brake pedats\gréor visual purposes and they
are not included in the contact definition between theeshand pedals. Revolute joint
positions at the pedalbox attachment points are alsorslmwhe figure. The rectangle
behind the pedals (body-pedalbox motion) is only for vigumposes and is defined to

specify the pedalbox intrusion into the interior spacendusrash.

Joint - Brake Fedal Rot

Body - Pedalbox Motion = |

Joint - Clutch Pedal Rot

Joint - Gas Pedal Rot

Figure 3.4. Madymo representation of pedalbox and pedals

3.1.3. Instrument Panel Modeling

Instrument Panel modeling is similar to floor pan model However, instead of
planes, elliptic cylinders are used to model the instrameanel. The contact
characteristics defined for the instrument panel definesltmmy knee intrusion into the
instrument panel and critical as in the floor pan cdrgharacteristics.
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3.2. Seat Modeling and Dummy Positioning

The seat is the first item in contact with the dunduying crash. The deformation of
the seat during crash directly affects the dummy’s behagi seat with small horizontal
stiffness will tend to push the dummy forward resulting ilarger dummy motion, higher
safety belt forces and early contact with the ainvage a robust seat will enable a better
dummy performance. On the other side seat cushionesill to damp the dummy motion
preventing hard contact between the seat structure anchglum

A seat model constructed in Madymo is shown in Figure 3.5bltteeellipsoids and
blue planes define seat cushion, while the green ellipsoidsgreen planes define steel
structure. The whole seat does not need to be modeléghdnseat surfaces in contact with
the dummy are modeled. Among these surfaces a stificociharacteristic exists between
the dummy and the steel structure, while a soft contestcteristic allowing intrusions up
to 100 mm exists between the seat cushion and the dunontact characteristics for the
seat foam and steel structure are measured by the saafiactarer. During these tests the
pelvis of the dummy is used as the load application céeand the corresponding

intrusions on the seat steel structure and seat foameasured. (Figure 3.6)

Seat

Rotational
Stiffness @
Seat

Vertical _____
Stiffness g

g

7-1-,.

Track Motion

" Seat
E Horizontal
_ Stiffness

Figure 3.5. Madymo seat model
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vertical
load

Figure 3.6. Test setup to measure seat characteristics

Seat height adjusting and seat back adjusting mechanisnmoamodeled but their
effect on seat deformation is included in the analysi®ioyg. Planar joints are defined for
seat horizontal and vertical adjusting mechanism stffrend a revolute joint is defined
for seat back rotating mechanism stiffness. The planatsj@ct as horizontal, vertical
springs allowing a relative motion between seat ramp eawk twhile the revolute joint
does the same for the relative motion between sack bBnd seat ramp. The stiffness
functions for seat deformation is also derived frora test mentioned above for seat

contact characteristics.

Once the seat is modeled, the dummy is positioned isdae The dummy used in
the model is the Madymo representation of the standar@rieiyll %50 male dummy”.
The dummy joint positions and angles are modified tuex® the same dummy seating
position between the test and the Madymo model. Notemhah the dummy is positioned
the dummy ellipsoids penetrate the seat cushion both dpatiteand the bottom. (Figure
3.7) This is made on purpose to simulate the seat cushiomdgion when the dummy is

first placed in the seat during test.
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Figure 3.7. Dummy and seat model together (Madymo)

3.3. Steering Column Modeling

Steering column system is one of the most complexesys in the vehicle’s
Madymo model. The system consists of a number of uexand translational joints to
represent steering wheel rotation, steering column pasitidjusting mechanism and
steering column ride-down during crash. Steering wheelladts the airbag housing and

therefore directly affects airbag behavior during crash.

Steering wheel rotation and steering column position adgishechanisms are
modeled with revolute joints at the steering column logleaft end. In the revolute joint,
for steering wheel rotation, data supplied by the matufacis used. The revolute joint
for adjustment is either locked or a very stiff functe@m be defined for this joint.

Apart from the detailed modeling above, the column’s ddem behavior needs to
be modeled. In steering columns with ride-down featueepufiper shatft is attached to the
column bracket such that the attachment breaks att@rcérce. This force is generated
by the inflation of the airbag and the dummy head hittiveg dirbag. Under these forces
outer shaft starts to travel downwards over the ishaft until it is stopped by the stopper

at the end. This feature prevents a hard impact betweatummy head and the wheel and
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results in lower head acceleration values. It alsoeames the distance between dummy
chest and steering wheel preventing chest wheel dorkae steering column and the

corresponding Madymo model is shown in Figure 3.8 and FigQre 3.

Translational joint
Column ride-down

Revolute joints at shaft end

Shroud
For contact interactions

Figure 3.8. Steering column (CAD data)

Revolute joint
wheel rotation

Translational joint

Bracket joint
Column to CCB

Revolute joint
shaft rotation

1'a cket joint
% shroud to cohunn

Figure 3.9. Steering column model in Madymo, coordinaséesys

h

shown are joint local coordinate systems
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The steering column’s ride down function is diffictdi calculate analytically or
using finite element codes. The most common method vséerive the function is to use
a linear impactor test. The test gives the load under whehide down starts and the
force displacement characteristics during ride down acfitso during crash tests a sensor
is placed in the steering column to measure the steedhgnn ride down start time,
which enables better correlation between Madymo reanttdest.

The results of the steering column ride-down test peador by the manufacturer and
the Madymo function derived from these results are shawrigure 3.10 and Figure 3.11.
The negative ride-down at the beginning is caused by thags inflation. This is not
included in Madymo as it has no effect on airbag or colbetmavior. Instead, in Madymo
a very sharp increase to the breakaway force and tkedden drop is modeled, after all
the overall behavior of the steering column systenthé same throughout the crash.
Negative values of the test results are used in Madymaue in the translational joint to
represent the column’s ride-down, x-axis points insigeviehicle and the force acting on
the joint is always negative during ride-down.

Column Ride Down - Test

5000

4000 A

3000 A

Load, N

2000

1000 -

-10 10 30 50 70 90

Ride-down, mm

Figure 3.10. Steering column’s ride down, test results.
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Column Ride Down - Madymo
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Figure 3.11. Steering column’s ride down function in Madymo

To model the column’s ride down action, sensors and sestaeed to be defined
besides the joints. As mentioned before, a traosiatijoint controls steering column’s
ride-down. The joint is locked at the beginning of the asal\A sensor is used to measure
the force acting on the joint. When the force measiggdeater than the breakaway force
the sensor activates a switch. The switch setgoihe status from locked to free and the
column’s ride down action starts according to the funatiefined in Figure 3.11. At the
same time another sensor on the joint starts to neabarouter shaft travel. When the
travel is equal to the column stroke it activates anothiécls, which locks the joint again.

In this manner, the column ride down is modeled in Madymo

3.4. Safety Belt System Modeling

The safety belt system consists of a retractor, gl-touckle, anchor point and the
belt. These are all modeled as separate systems ignMads shown in Figure 3.12. The
D-ring and the anchor point are just point items, whiehdeefined in routing the belt while
the buckle and retractor are complex structures definm@peht behavior during crash. The
buckle and retractor may have many features from piieters to load limiters to hold the
dummy in the seat during crash. This will be explainedlirie the following lines. [19]
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D-ring

&

Shoulder Belt

Lap Belt

Buckle ;

o

. Retractor

Anchor
Point

»
Figure 3.12. Safety belt system

There are two options to model a safety belt in Mady8egment belts or finite
element (FE) belts. Segment belts are 1-D items exldagtween two points and carrying
the stiffness of the belt material. The segmentdagdis may contain points on the retractor,
D-ring, dummy, buckle, etc. The points where the segrbelt ends are attached are
special points defined as sliprings, which allow transitidmmm one segment to another.
This feature ensures that the belt can slip along theitis routed but the belt has no

relative motion with respect to the dummy [18].

On the other hand, the FE belt consists of 2D triamgeleaments for which the belt
properties and material is defined. Unlike the segment theltFE belt is not attached to
the dummy. Instead contact is defined between the dumiipgaedls and the FE belt.
Unlike the segment belt, the FE belt can slip on therdy and relative motion between

dummy and belt is possible [18].

As long as the belt characteristics defined are the sdm segment belt and FE belt
resistance to the dummy motion is similar and bothbsansed to define the seat belt. The

difference between the two belt models lies in cdrdadinitions. To decide on which type
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of belt to use, the test animations or Madymo sinmtatineed to be examined. The belt
behavior during crash on dummy will define whether segrbeltor lap belt will be used.
In the model constructed, the chest motion is perpelatito seat belt alignment while the
lap motion is parallel to the seat belt alignment. &f@e segment belts will be used to
model shoulder belt and FE belt will be used to modebklp The two belt models are

attached to each other at the buckle end.

3.4.1. Buckle and Retractor Modeling

Buckle and retractor systems shown in Figure 3.13 and F§dre are the two
critical hard points of the safety belt system. Thesesystems may have many features to
affect the dummy’s behavior. Without them, retradgtono more different than anchor
point and buckle is no more different than D-ring. Bedtéres like pretensioners and load

limiters are added to these two systems for better duparformance during crash.

Figure 3.13. Buckle Figure 3.14. Retractor

When crash is sensed through sensors on the vehicleimhef all restraint systems
is to keep the driver away from intrusion zones. Asdifier is considered to be free in his
seat, and the seat decelerates with the decelerdtite wehicle, the driver will have a
relative motion with respect to the seat. At this stabe buckle and retractor work as
systems, which tighten the driver to the seat. Howal@telerating the driver at the same
speed as the vehicle decelerates will result in high elet&n loads on the driver, so that
the driver needs to be released slowly at some indtairtg the crash to reduce the risk of

internal injuries. This is achieved by pretensioners aad limiters.
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The two types of pretensioners are shown in Figure 3.1b Rgure 3.16.
Pretensioners usually contain a propellant, whiclresl fiollowing a signal from the airbag
sensor. In buckle pretensioner, the cable holding tlo&lé end is pulled by the impact
force generated and the lap belt is tightened. In retracetensioner, the belt is rewound
inside the retractor case and the shoulder belt isenglt Both pretensioners restrain the

driver to the seat so that the driver’s relative motmthe seat is prevented [20, 21].

Propellant is fired
. and the buckle is
pulled inside the
housing

4

Propellant is fired and the retractor is rewound
with the rotating balls

Figure 3.15. Buckle pretensioner Figure 3.16. Retractor pretensioner

Once the driver is restrained in the seat, at ainetteceleration the driver needs to
be released to avoid internal injuries due to the high eéext@n. This is achieved by the
load limiter shown in Figure 3.17. The load limiters abstire load in a crash in a very
efficient way by keeping the belt force at a controleald pre-defined level. This is
accomplished by a mechanism in the retractor that allesizbing to be pulled out slightly
- and in a controlled way - if and only if the load &e driver's body becomes too high in
a violent crash, that means if the driver needs toelmased at some degree. The load
limiter is typically integrated with the retractor, whea specially designed bar holds the
spindle with the webbing. As long as the force fromwebbing exceeds a pre-set limit,
the end of the bar will turn, twisting the bar and thgrgradually reducing the load on the
driver's chest [20, 21].
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Torsion bax twists
when belt is pulled by
the dummy,

torsion bar stiffness
determines at what

~ fTorce level dummy

£ will be released

Figure 3.17. Retractor load limiter

After the entire belt is webbed from the retractiwe belt’s plastic deformation
begins. Belts are usually made of high strength matenatsch can resist very high
forces, more than that can be generated during, crashb8lb failure is not expected. The
plastic deformation of the belt also acts as a loaddr and helps in controlling the driver
by releasing the driver slowly [20, 21].

Pretensioners and load limiters are modeled as a sydtagid bodies connected to
each other by translational joints. Stiffness valuesjoafts are defined by force-
displacement functions that are derived by belt manufexd. It is the belt manufacturer’s
responsibility to create the retractor and buckle nwofiglthe Madymo analysis. They are
included in the Madymo analyses as separate files.

3.5. Airbag Modeling

Airbags, as a safety item in a vehicle, were firstodticed in the 1970s and since
then they are used as the most known safety featurevetiale. Although effectiveness
studies on safety items show that the safety bdfeiditst item absorbing 35% of the total
kinetic energy of the dummy, airbags prevent head, nedktlaarax injuries which are
more severe compared to abdomen, pelvis, leg and fooemjia2].

Airbags cannot be modeled as a rigid body like otherstemdeled in Madymo.

Therefore, a detailed FE model of the airbag is neededaifbag positioned on the
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steering wheel is shown in Figure 3.18. There are two appeao model an airbag,
folded airbag approach; which represents the complete loelwvthe airbag during airbag
inflation; and the scaled airbag approach, which does netctehe real behavior of the
airbag during inflation process but which is less time aomsg and cheaper.

.
\C’
.

Figure 3.18. Airbag positioned on the wheel (scaled to lisiza)

In scaled airbag approach, the inflated airbag is scaldi in the steering wheel.
When the airbag switch is triggered, and the gas stafil$ ity the airbag is scaled up to
its original size. The inflation process does not $ateua real airbag inflation process, but
investigations on Madymo simulations show that theagid critical role in crash starts
when the airbag reaches its full size and the pressiside the airbag is close to
maximum. After the airbag is fully inflated, the behavaf a folded airbag or a scaled
airbag is the same. The head-airbag contacts usually after the airbag is inflated as in
this manner the force generated by the inflation process dwt add to head’s
deceleration. [18]

Scaled and fully open models of an airbag are showigurd-3.18 and Figure 3.19.
The fully open airbag is a flat surface of two laydise airbag starts to fill in and acquires
its shape when the inflation process starts. The iofieand ventilation behaviors of the
airbag need very detailed modeling techniques and they ameodiled with functions
derived from airbag tests on rigid walls and airbag hegshamtests. Therefore, there is
always a good correlation between the airbag behaviartést, and Madymo simulations.
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The airbag tests and the corresponding Madymo airbag modslipgrformed by the

airbag manufacturer and the airbag subsystem is supplkeseparate include file.
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Figure 3.19. Airbag open (reference-original size)
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4. MADYMO SLED TEST SIMULATION RESULTS

There are many difficulties involved when trying to catela real crash test and a
Madymo simulation; most difficult one being the monitorioydummy behavior. The
behavior of the dummy cannot be estimated because theylisninside the vehicle, and
its entire motion cannot be monitored. On the othedhduring the crash the vehicle adds
extra motion and intrusions to driver survival space, whiakes the correlation even
more difficult. As a result, sled tests are usedaiwetate the Madymo model and to derive
necessary functions to be used in Madymo. The benéffissbcorrelating the Madymo
model with the sled test are; better monitoring of sulesys because during sled test all
dummy, airbag, steering column and safety belt motion & monitored and contact
interactions between subsystems can be better meditord investigated.

A sled test can be defined as a simpler version of theigdlycrash test with no
actual crash of the vehicle taking place since then® igehicle deformation. This feature
makes sled tests popular since they are cheaper and repdatalrlg the sled test instead
of placing the vehicle on sled, a certain portion ofvbhicle, usually called the buck, is
mounted on a rigid non-deformable sled and is acceletgaed the speed of the vehicle
before crash. After some constant speed travel, thelgeis suddenly braked to zero
speed by means of energy absorbing obstacles or a hydrgstems During the
deceleration period, at known time steps the airbaglentélt pretensioners are fired. The
pulse the buck undergoes during the sled test is obtainedtifiuohata gathered from the
vehicle’s physical crash test. As a result the dummlyalsior is similar to the dummy
behavior in a real physical crash test. However, slstiresults are not accepted for final
approval purposes, rather their results produce importarst idatvehicle’s product
development period. The picture of a sled test systesntlae corresponding Madymo
model can be seen in Figure 4.1 and Figure 4.2.



Figure 4.2. Madymo representation of sled test
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The sled test chosen for Madymo correlation was peddrnm Ford Motor
Company’s Dunton Safety Laboratories. The sled tgsiipose was to evaluate the seat
structural integrity and corresponding dummy motion. Tlee sleceleration data for the
test was gathered from Ford internal physical cragh.tesrd internal physical crash tests
impose more strict conditions on the vehicle and dumpeyformance than the
homologation tests. Also the test conditions areldracompared to the homologation tests.
Therefore, sled tests to represent homologation &estsot preferred, instead the sled tests
are performed at harder conditions. In the physicahdest the data for our sled test was
gathered, the vehicle was a light commercial vehiclear(3it Connect) The vehicle was
hit to a rigid wall instead of a barrier resulting in mdeformation, the vehicle speed was
56 km/h and the vehicle was lighter than the homologat&mcle to achieve higher
decelerations, therefore higher forces on the seattlamddummy for a worst case
simulation. The velocity and acceleration profilehgaied from the physical crash test and
used in the sled test can be seen in Figure 4.3.

Sled Acceleration and Velocity Data
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Figure 4.3. Sled acceleration and velocity data
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The Madymo model constructed was modified to matclslde test conditions. The

following modifications performed on the model.

 The seat was moved to mid-track travel and the seahtheigs adjusted to the
lowest position as in the test.

* The steering column was adjusted such that the heightravel was in mid-mid
position.

* The airbag and belt pretensioner firing times wereos&0 ms.

* In the buck, pedals and steering column shroud was not incldde contacts
involving these parts were deleted.

« Dummy joint positions and angles (neck, pelvis, hip, kneeye modified
according to the pre-test measurements to achievertieediatances between the
dummy and interior space parts.

» The motion of the sled was generated integrating tloeits profile and this was
assigned to the sled as prescribed motion.

* D-ring (shoulder belt upper attachment) was in highestiposiuring the test, d-
ring moved into the test position.

» Shoulder belt was defined with segments tying points onnagnbelt routing
was defined by measuring points on a 50% male dummy, anatiesjgonding
points were assigned to segment belt dummy attachmemspoi

In the following (Figure 4.4 and Figure 4.5), the captured photo the sled test
video at the beginning of sled deceleration and the comdspp screenshot from
Madymo model are shown.
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Figure 4.4. Sled testt = 0 ms

sled/v227_sled_OR_LHD_64.kn3 @K
227 SODRIVER . _,,,,/—/—”"T + 0.000000

Figure 4.5. Madymo modelt =0 ms

4.1. Sled Test and Madymo Simulation Comparison

From Figure 4.6 to Figure 4.11 sled test and Madymo simulaticgenshots after
the above modifications are listed. Looking at the fguoverall head to airbag contact,
chest to airbag contact, chest and head behavior durisly isrgimilar. Also note that the
steering column’s ride down effect is successfully includgtie model.
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Figure 4.6. Sled test att = 50 ms

sled/v227_cled_DR_LHD_64.kn3 ox
V227 SODRIVER : 50.000000

Y
L o

Figure 4.7. Madymo model at t = 50 ms

At 50 ms, the head contacts the airbag. The behavitheoliead and chest in both
simulations, and the video images are similar. Notedhmhag ventilation already started
allowing a soft contact between the dummy and theagirlit this stage, the steering
column ride-down has not started yet, but it is aboaitstart. Also the knee IP contact has
occurred.
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Figure 4.8. Sled test att = 75 ms

sled/v227_sled_DR_LHD_64.kn3 X
V227 SODRIVER © 75.000000

Figure 4.9. Madymo model att = 75 ms

At 75 ms, dummy’s head is totally buried in the airbagthedsteering column rides
down with the contact force generated by the airbag ledéad contact. Although the
steering column position cannot be seen clearly in tttire from the positions of the
airbag and the head, it is clear that it has ridden dowinis buried in the instrument panel.
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Figure 4.10. Sled test att = 100 ms

sled/v227_sled_DR_LHD_64.kn3 oax
V227 SODRIVER : 100.000000

Figure 4.11. Madymo model at t = 100 ms

At 100 ms, dummy’s spring back starts. This can be understoodtfre head and
knee positions. From then on, crash ends for the duamdyno further critical damage to
dummy is expected. The acceleration and force valuggures also verify this. After 100
ms, all values have a tendency to decrease.
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The first shot analyses showed a good correlation thhtest results. The airbag
(Autoliv), safety belt (Autoliv), seat (Hanil) and stegy column (NACAM) models in the
Madymo simulation were all constructed using componestt tiata supplied by the
manufacturers mentioned in parentheses. Each companerits own was subjected to
physical component tests and the coefficients in the htbdedetermine the subsystem’s
characteristics were modified to match the bestetation between the physical test and
the model constructed. However, little tunings were necg$siabetter correlation.

4.1.1. Head x and y Accelerations Comparison

First shot analyses predicted the head resultantesiatioh higher than the sled test.
A breakdown of the resultant acceleration showed hmatrtisalignment was in head x and
y accelerations. The x-dir acceleration tended to beehig/hile there was an unexpected
acceleration in negative y-dir. For x-dir accelenatio be higher there might be two
reasons; either airbag ventilation may be less #tanmal so the airbag resists more to the
head motion or the shoulder belt is not holding the dumapper portions as strong as in
the test. Iterations changing airbag ventilationmhdl affect head impact, on the other side
increasing the friction coefficient between d-ring a@hd shoulder belt from 0.1 to 0.2
improved the results. (Figure 4.12) The change in thadnictoefficient also affected the
shoulder belt force calculated in Madymo. With thehbigfriction coefficient, the shoulder
belt force is higher and close to the measured bele forthe sled test. (Figure 4.13)
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Figure 4.13. Shoulder belt forces with different frictamefficients at d-ring

The differences in the head y-dir accelerationsltegurom the head rotation after
head contacts the airbag. Looking at Figure 4.12, it caselea that the head y-dir
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acceleration increases after 60 ms, the head’s conttcthel airbag. The default friction
coefficient (0.3) specified between the airbag and thengyimead is higher and dummy
head is pushed to rotate due to the friction. This is showmgure 4.14. Decreasing the

friction coefficient from 0.3 to 0.15 a better reprdagion of dummy head was achieved.

sled/v227_sled DR_LHO_G64.kn3
V227 SODRIVER T : 100.000000

Figure 4.14. Head rotation at 100 ms due to friction betwebag#&nd dummy head

4.1.2. Chest z-dir and Pelvis x-dir Accelerations Compaias

The next mismatching item is the chest z-dir accetamatctually, no reason could
be found for the mismatch in z-dir accelerationstatiens were done by increasing the
friction between airbag and dummy chest to prevenhégative z-dir acceleration but the
iterations did not help. Changing shoulder belt stiffneemssed variations in x and y-dir
chest accelerations which were already in good @imoel However, iterations done to
improve pelvis x-dir accelerations helped to improve test z-dir acceleration results up

to 80 ms as shown in Figure 4.15.
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Figure 4.15. Chest z-dir accelerations

Comparing the animations of the sled video and Madymo atiouk, it is realized
that the lap belt is tighter in the sled test compaoettie Madymo simulation. The lap belt
in the sled test prevents dummy pelvis motion more thathe Madymo simulation.
Except the belt, also the buckle in the Madymo simutathas a motion towards the
vehicle. (See Figure 4.16 and Figure 4.17) The contact definegdietive buckle and the
seat cushion has a friction coefficient of 0.35 that ndéedse higher to prevent buckle
motion. Increasing lap belt friction coefficient frol to 0.15 and buckle seat cushion
friction coefficient from 0.35 to 0.50 the pelvis x-dir alecation values increased. (Figure
4.18) This modification also affected the chest y-dicedgration values in a positive
manner up to 80 ms.
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Figure 4.16. Dummy position at 80 ms, default lap belt coefits

Figure 4.17. Dummy position at 80 ms, tighter lap belt coefiis
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Figure 4.18. Pelvis x-dir accelerations

4.1.3. Knee Instrument Panel Impact Force

On the other hand, the lower portions of the dummy (kifemur, tibia) are in
contact with the instrument panel (IP) and the defan#triment panel contact
characteristic was used to define the relationship l@twbe knee, femur, tibia and IP
interactions. The default characteristics were medsbse applying dummy knee to a
smooth instrument panel surface. However, in the wehiwdtrument panel there is a
pocket on the instrument panel under the steering wheelgdtffness to the instrument
panel at the knee impact zone. (See Figure 4.19) The poclutet not be modeled and
ignored because modeling of such a geometric detail in Madymot easy and requires
many ellipsoids to define the geometry. And the existetamamy ellipsoids in contact
brings difficulties in contact force calculations. Té#ere first shot results of femur forces
calculated in Madymo were lower than femur forces mneskin sled test. (0,817 vs. 1,28
for femur right and 0,964 vs. 1,548 kN for femur left) A set different contact
characteristic functions were defined for the kneerumsént panel contact force until the
femur forces correlated with the femur forces from séestl data. (Figure 4.20)
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Figure 4.20. Knee instrument panel contact force

With the above modifications a better correlationssn the sled test and Madymo
simulations were achieved. Final status of the Madymaulaiion results vs. sled test
results are shown in Figure 4.21 to Figure 4.24.
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5. FINITE ELEMENT MODEL DESCRIPTION AND RESULTS

The simulation of a real crash test (Figure 5.1) castadditional difficulties
compared to a sled test. In a sled test, the buck undengodsformation. The airbag,
safety belt, seat and steering column data are alletefrom tests that have similar test
conditions to the sled test. The dummy used in the Madgnalysis is also validated by
the software’s vendorTNO, with many tests [15]. Therefore, the contact intéoas
between the dummy and surrounding parts are all welhetbfand similar results are
achieved at the end.

Figure 5.1. Front offset impact test setup for a ligihthmercial vehicle hitting a
deformable barrier at a speed of 56 km/h

However, in a real crash test, vehicle undergoes whefiton. The dash, pedalbox,
instrument panel and floor pan intrudes into the driver gahd@pace. On the other hand,
seat and steering column are also not stationary aeyl dfso deform during crash.
Ignoring these effects, a good correlation between durasuits from a physical test and
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Madymo analysis can not be achieved. The contact kettie knee and instrument panel
may occur earlier than calculated by Madymo becausmttfusion is not defined or airbag
inflation may be different than actual because therstg column rotation is not included.

Tracking the motion of these items during crash need mgtrumentation on the
vehicle, i.e. accelerometers on the instrument paeekls, seat and steering wheel. This is
not favored because instrumentation on these compon&ydead to unrealistic contact
between these components and the dummy. Unreakstidts may occur, i.e. a spike on
the femur force due to an accelerometer on the instntpanel. Instead, results from a
finite element analysis may be used to define intrussms motion of these parts inside
the vehicle. The motion of these parts can be monitaradinite element analysis and the
motion monitored can be assigned to these parts in Madysn@rescribed motion.
However, to do that, the overall vehicle behaviorha finite element analysis and the
physical test should be similar.

As mentioned above, the tracking of items inside theclehs not favored during
the test. Therefore, post-crash deformation valueasured after the physical test is
compared with the results of the finite element agialyThe items that will be checked are
shown in Figure 5.2 to Figure 5.5;

Measurement point on instrument panel
Upper right bolt

Figure 5.2. Instrument panel upper right attachment pontxdeformations



Measurement point on steering column
Upper right bolt

Figure 5.3. Steering column upper right attachment point xdgformations

Measurement point on seat
Front outer bolt

Measurement point on pedalbox
iU pper right bolt

Figure 5.5. Pedalbox upper right attachment x, y, z defoonsti
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Correlation of the items above may not be a goodatdin of these items behavior
during crash. The deformation of these items in the ew@y be the same but the
deformation behavior through the crash may be differ@his may lead to wrong
estimations of vehicle behavior from the beginning to ¢he of the crash. So it is
important to see that the vehicle in a physical test the vehicle in the finite element
model decelerate in a similar way. This is achieved bypewimg the pulses measured at
the b-pillar lower ends of the vehicle. The accelestanlocation is shown in Figure 5.6 in
more detail. Similar accelerometer is placed on vehlefe hand side as well. The
accelerometer locations chosen on the vehicle amegwns where there is negligible
deformation of the structure and are a good indicatioth@fdeceleration the dummy is
subject to during crash. Therefore, in addition to thet poash displacements, pulses
measured at the LH and RH b-pillar lower ends should b&scsimilar for a better

correlation.

Accelerometer at
b-pillar lower LH

Accelerometer at
b-pillar lower RH

Figure 5.6. Accelerometer location at b-pillar lowghtihand side

5.1. Finite Element Model Description

The finite element model represents a right hand digfe commercial vehicle’s
ECE94 56 km/h front offset impact test. The test is peréal by crashing the vehicle into
a stationary deformable barrier at a velocity of 5@tkntThe vehicle includes the driver
and passenger dummies and mass of the vehicle is balemaadtch the mass of a
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production level vehicle with full option (all accesss) and with allowed maximum
luggage. Data is collected through the test from the duemmlythe passenger. Collected
data are later processed and criteria mentioned in ippnymeters section are calculated.

The finite element model shown in Figure 5.7 and Figure $.§enerated using
Altair Hypermeshand Mecalog M-Crash[23, 24]. The model contains around 398672
nodes and 402274 elements, containing 2392032 degrees of freedatmu&liral parts
are modeled as surfaces consisting of triangular and tptadsl shell elements. The
spotwelds, bolts and adhesives that are connecting pamsoaleled using beams or spring
type 1-D elements. The model does not contain the driétipassenger dummy but their

masses are distributed over the seat structure and iddlutlee vehicle mass.

Figure 5.7. Finite element model side view

Figure 5.8. Finite element model top view
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5.1.1. Modeling of Structural Items

All structural components of the vehicle absorbing en@oggy, suspension, engine,
doors) are modeled in detail as shown in Figure 5.9. Oivesj which absorb negligible
energy but have a mass effect like the hood, burfgaer, cooling pack are also included
in the model to catch the best correlation with thespay test. For 2D elements, element
size chosen to model the front structure parts changigebn 8-10 mm. No element
smaller than 4 mm is used to avoid a small time stegmé&it size increases gradually to
the rear of the front side doors and at vehicle reaelament size of 50 mm is used.
Components at vehicle rear like rear suspension, fule] tear wheels are not modeled in
detail. This is done to reduce the total number of elésnand to save from the

computation time.

Figure 5.9. Finite element mesh in detail, bumper beanci@sth can

In a front offset impact, vehicle parts especially pam the front structure
experience big deformations and strain-hardening behavioratdrimls become a major
factor in the parts’ structural response. A proper desonifgtf the strain hardening at large
plastic strains is needed. For many plasticity probleims, hardening behavior of the

material can be characterized by the strain-stresg afr the material. For proportional
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loading cases like the case in a frontal impact this Ibeagone but in cases where there are
combined loadings this is no longer adequate.

From many of the material models offered Bpdioss Johnson-Cook plasticity
model is chosen. [25] In this model, the material bebaa® linear elastic when the
equivalent stress is lower than the yield stress.Higiner values of stress, the material
behavior is plastic. The model is applicable to britlellstruss and beam element types in
Radioss The equation defining the relation between equivalenesstrand the
corresponding plastic deformation is given as:

0=(a+b£;)(1+cln_£j (1—T*m) (5.1)

€o

where:

o = Flow Stress (Elastic + Plastic Components)
gp= Plastic Strain (True Strain)

a = Yield Stress

b = Hardening Modulus

n = Hardening Exponent

¢ = Strain Rate Coefficient

& = Strain Rate

&,= Reference Strain Rate

m = Temperature exponent
_ T-298

T . -208

melt

where Therr IS the melting temperature in Kelvin degrees. Hosvevhis factor is
usually omitted in the equation assuming a roonptrature of 25°C for the analysis.
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In Figure 5.10 stress-strain curve for the Johnson-Cook mataw is shown. On
the curve, when the maximum stress is reached, tessstemains constant and material
undergoes deformation until the maximum plastic strelement rupture occurs if the
plastic strain is larger thasmax The rupture is simulated by deleting the element that

reached the maximum plastic strain.

Gﬂ!ﬂ.‘f
(Iv'm e

‘ - strain rate effect

L
g =(a+t th}

£<€,

E'Hm.t P

Figure 5.10. Stress vs plastic strain curve

For steel structures in the model, generic material ftata suppliers were used
initially. The data is listed Table 5.1. However, pastsb measurements from the test and
finite element model were not similar. Vehicle’s testfgnance was better compared to
the finite element simulation. A detailed investigat@mnthe model showed that parts were
absorbing less energy in the finite element model. Thas due to using the generic
material data and ignoring deep drawing effects. The gedat& supplied is obtained
through specimens from sheet metals from which the paetsdrawn and this data is
assigned to the parts. However, during the drawing procetssysattergo strain hardening

and the coefficients in Table 5.1 are no longer validHese parts.
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Table 5.1. Generic material data from suppliers

Steel A B n C &,
Mild steel 0.170| 0.196| 0.4 0.0683 1x°10
ZSTE180 0.218| 0.334 0.4%5  0.026 1 %10
ZSTE220 0.258| 0.334 0.45  0.026 1 %10
ZSTE260 0.287| 0.4000 050  0.026 1 %10
ZSTE300 0.332| 0.468 0.64 0.0275 110
ZSTE340 0.363| 0.482  0.70  0.0295 110
0
0
0
0
D

a|lo|on| w

ZSTE380 0.389| 0.482 0.70  0.0295 11
ZSTE420 0.429| 0.638  0.57  0.02(
DP600 0.640| 2.000, 0.80  0.020
DP800 0.800| 0.671] 0.25  0.020
BORON 1.113| 9.402| 093  0.020

1 %1
1%
1%
1x%1

9
0
0
0

A study was performed to see the effect of deep drawirgiress-strain curve. Test
post-crash pictures amladiossanimations were investigated to define the criticalgsut
crash. These parts are shown (highlighted in blue) in Flgdd and these parts create the
major load path on the vehicle starting from the crasis @ the front and ending with
longitudinal rails at the center of the vehicle. Speaisneere extracted from these parts
and subjected to tensile testing. The specimens extractedone of these components
(right hand side inner side rail) and the measured yieldsstt@lues during tensile test are

shown in Figure 5.12.

The material for inner side rails is ZSTE340. Looking dild®.1 the yield stress for
the material is 0.363 for a specimen cut out from sheeatlnédwever, tensile test results
showed that yield stress value for inner side rail aaiiad 0.48. The actual value is much
higher and the difference between the supplied data@nodlalata caused the difference
in post-crash displacements between the finite elemasdel and the physical test.
Similarly, material data for the other critical pam®re also updated and analysis was
rerun. Vehicle post-crash displacements decreased lagitiea correlation between the test

and analysis was achieved.
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Figure 5.11. Critical parts playing an important role in frofféet crash

a=0.469

a=0.484

Figure 5.12. Specimen locations on inner side rail and guorneling yield stress values
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5.1.2. Modeling of Deformable Barrier

Full front impact test purpose is to simulate a velsabeash into a rigid wall while
front offset deformable barrier impact test purpose isitulate a vehicle to vehicle crash
condition. To simulate the vehicle crashed into deé&bim barriers are used. Dimensions
and structure of a deformable barrier is shown in Fi§ut8a [2].

— 450 —

J‘ I
75 =¥
]] —_
-|- cladding
/ shest
backing
shesat i
slols in
bumper
T
=2 110 650
110
110
J_ n . ik
75 e — 90 4
[ steel strip bur?lper
'|' : facing 200
mounting flange sheet

Ground

Barrier width = 1 000 mm.
All dimensions in mm.

Figure 5.13. Deformable barrier for ECE94 test [2]

The deformable barrier consists of honeycombs claddedaats The main part
consists of aluminum honeycombs 19.1mm in size. Tladlanpart in front, known as the
bumper honeycomb consists of smaller size aluminumeymombs (6.4 mm in size)
Smaller size honeycombs at front makes this parestimpared to the rear. The stiffer
honeycomb facing the crashing vehicle’s bumper enablestar wepresentation of the
crashed vehicle’s structure. Both structures are claddeldinmraum sheets and glued to
each other by structural adhesives (polyurethane) to anmaitite barrier’s integrity during
crash.
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The deformable barrier used in the analysis is obtameed the Mecalog M-Crash
database (Figure 5.13) [23]. In this model, the barrier's ialwm honeycombs are
simulated with solid elements instead of using shell eitsn®d define the honeycomb
geometry. This is due to the fact that during crash alumihoneycombs experience a
large deformation and modeling the honeycombs with skesthents result in hourglass
problems. Excessive hourglass energy is generated tordcfy the large deformation
and barrier behaves stiffer than it is in actual.

Aluminum =TT elements
Plates BTl Y %
| -~
Main Honeycomb }
|
‘ Bumper
Honeycomb '
// ‘
% J
7 e
2 AT/
box

Figure 5.14. Deformable barrier finite element model

Modeling of aluminum honeycombs with solid elements caestra difficulties as
well. The barrier deformation is large and zero or negatolume 3D solid elements are
formed during analysis stopping the analysis. To avoid Bégliossdeveloped small-
strain option for 3D solid elements to simulate thesbed honeycomb. With the small
strain option negative or zero volume elements acddad. Also small time steps due to
large element contractions are also prevented. Itheaynusual to use small-strain option
for a large deformation case, but small strain optiffers a better solution than element
deletion to avoid zero or negative volume elements. th other hand, because
honeycomb material has no Poisson effect the srralihslimitation is corrected by an

appropriate stress strain curve.
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5.1.3. Modeling of Tyres

Tyres play a major role in frontal crash becausy tlwre on one of the major load
paths to the rear of the vehicle. The main load patth@wehicle is the front end structure
side rails. The deformation and load absorbing capacitheokide rails determine other
important parameters like dash, pedalbox and steering nointrusions which directly
effect dummy kinematics. The front tyres create #end load path acting as a linkage
between vehicle rockers below the front side doors afafrdable barrier. The more load
transferred on the tyres to the vehicle, the leskbeilthe side rail deformation, therefore
the intrusions inside the driver compartment. Therefocereect modeling of front tyres

needs to be built to have a correct representafittimeadriver compartment intrusions.

Tyre parts are modeled with three different modeling mesinRadiossas shown
in Figure 5.15. Tyre outer (rubber part) and tyre rim is rtemtlevith quadrilateral shell
elements. The appropriate rubber and rim material datéhahchesses are assigned to the
shell elements. Tyre radial cords are simulated wihnb elements created between the
shell elements nodes on the rubber part. The lastgparbdel is the air inside the tyre. The

air is modeled with the monitored volume optiorRafdiosq25].
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Wheel Rilm

Tyre Cords (Beamn)

Tyre Outer SmTace (Rubber)

Figure 5.15. Tyre finite element model

Monitored volumes are defined inside closed volumes.dryte model, the rubber
part and the tyre rim creates the closed volume netxlééfine the monitored volume.
Once the monitored volume is definRddiosssolves the general gas equation to calculate

the pressure inside the tyre.
Pu=RT (5.2)
whereP is tyre pressurey is specific volumeR is gas constant anfl is ambient
temperatureR and T are constant for the crash simulation therefore fyressure and
volume at any time stepduring an analysis can be calculated from:

RV =RV, (5.3)

wherePy is initial tyre pressuréy, is initial tyre volume andP; andV; are pressure
and volume values at time stépP; increases as tyre is squeezed during crash and an
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equivalent forceP; times element area on tyre outer surface, is gewkt@ateact the loads

from the barrier.

5.2. Crash Test and Finite Element Model Results

To perform the analysis an initial velocity of 15.66 nmsnegative x direction is
applied to all the nodes on vehicle. Deformable bastiegl plate at the back is constrained
in all six degrees of freedom to simulate a rigid wakh\¥le bumper and barrier are
positioned so that at the first millisecond of thelgsis bumper contacts the deformable
barrier and crash begins. Analysis runs until vehsgdangs back from the barrier after
crash and stays still on the ground (200 milliseconds)! Bisplacements are calculated at
the mentioned points on the model and the displacemeatscanpared to post-crash
measurements taken on the vehicle during real life cestb. tin Table 5.2 the lowest and

highest values measured on vehicles in previous offsetdrash tests (ECE94) are listed.

Table 5.2. Post crash measurements on vehicle

Bolt Location Difference (in mm)
AX Ay Az
Instrument panel upper right Lowest 15,7 1,9 -1,3
Highest 38,6 14,8 -2,9
Steering column rear right Lowest 9,5 -13,6 -21,8
Highest 22,7 -7,5 -35,1
Seat front outer Lowest -0,1 -0,9 -2,6
Highest 0,4 -1,7 -9,6
Pedalbox upper right Lowest 113,5 -16,0 16,5
Highest 124,4 -24,1 25,7

Below are listed the finite element results for thetrument panel and pedal box
intrusions starting from Figure 5.16 to Figure 5.21. The resméiscompared against the
highest and lowest post-crash displacements measurde aehicles after ECE94 crash
tests. As seen in these figures pedalbox post-crash ensusire within the values
measured during the tests. Instrument panel x and y dineictirusions are also within the
test range but there is a small deviation in the z tineéntrusion. When the dimensions
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of the instrument panel are considered, instrument panekertidn intrusions are
relatively small and a small deviation as in Figure 5.1B mat affect overall dummy
behavior.

Instrument Panel Upper Right Bolt Displacement ByCrash
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Figure 5.16. Instrument panel intrusion x-dir (FE vs.Test)
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Figure 5.17. Instrument panel intrusion y-dir (FE vs.Test)
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Figure 5.18. Instrument panel intrusion z-dir (FE vs.Test)
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Pedalbox Upper Right Bolt Displacement During Créstir)
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Figure 5.19. Pedalbox intrusion x-dir (FE vs.Test)
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Figure 5.20. Pedalbox intrusion y-dir (FE vs.Test)
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Pedalbox Upper Right Bolt Displacement During Créstir)
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Figure 5.21. Pedalbox intrusion z-dir (FE vs.Test)

Similar to these figures, steering column and seat displants are also measured
on the finite element model. In finite element modbk steering column’s ride down
action is not included. 70 mm ride down effect is subtrafrted final x direction intrusion
and similarly, 34,9 mm is subtracted from final z dir@etintrusion. The calculated x-
direction intrusion is 19,4 mm and z direction intrusi®r-28,7 mm and these results are
within the test range. For the seat motion, the medsyrg and z intrusions on the finite
element model are 0,1, -0,4 and —4,8 mm and these anidigothe test range.

In Figure 5.22 and Figure 5.23, pulses measured in the physitahrid pulses
calculated using finite element model are compared. édgmorrelation is achieved in
maximum decelerations measured. This enables a betthctfme of maximum head and
chest accelerations. In b pillar lower right hand sidegs) between 75 and 85 ms there is
a mismatch between the test and the finite element molisl is due to the rupture of the
engine’s attachment to the vehicle at 78 ms. The jumpeim¢beleration curve can not be
modeled precisely due to the capability of the finite elgnmsodel. In b pillar lower left
hand side pulses, the curves are more similar excapthh@ulses from the finite element
model has a 5 ms delay compared to the test pulses. Tdysislexpected to result in 5 ms
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delays in the passenger head and chest peak acceler&étmmsver, in the Madymo

model, the passenger is not included and the delay has ailmlegkffect on driver
accelerations.

B Pilar Lower RH Pulse
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Figure 5.23. B-pillar lower LH pulse
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According to the above results, the finite elemeatet is considered to be in good
correlation with the tests and the results of thmetdi element model can be used in
Madymo as input functions. As a last additional subjectheck, the physical test video
and the finite element animations are visually compdfégure 5.24 and Figure 5.25)

o
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Figure 5.24. Vehicle deformation during 56 km/h offset impastt {&=150ms)

Figure 5.25. Vehicle deformation (finite element, t=150ms)
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6. MADYMO SIMULATION OF CRASH TEST

6.1. Defining Initial Conditions for the Analyses

In a physical crash test, after hitting the rigid walldeformable barrier, the vehicle
decelerates. But the dummy continues its motion atleebrash speed and has a relative
motion with respect to the vehicle during crash. This omots restrained by the airbag,
safety belt and seat systems during crash. In other wokd#)g crash all systems
decelerate at the same level with the vehicle, but dutnes to continue his motion at the
crash speed. This behavior of dummy has led to the aatefedriven Madymo initial

condition specification.

In acceleration driven methodology vehicle interior assumed stationary and
subsystem intrusions are defined relative to their ing@ditions as prescribed motions
assigned to the defining joints. And the vehicle deaétan pulse is inversed and the
positive acceleration is assigned to the dummy asliaitieeleration. This way, dummy’s
relative motion with respect to the vehicle inter®modeled and final dummy motion is
determined by the restraint system. The methodologyely advantageous because it
decreases the number of initial conditions for thelysig and usually successful in
predicting the dummy behavior when there is a full fiopact test.

But the restraint system design is predominantly drivenrdayt foffset impact test
performance. Unlike full front impact tests, in offdests vehicle motion cannot be
considered to be unidirectional. Offset impact contamstidirectional motion in all
directions also involving vehicle rotations. These iotat have a major effect on dummy
behavior and the acceleration driven methodology issoaéble for offset front impact
simulation. Instead, overall vehicle translations andimta are derived from either finite
element or from crash test data and the calculate®mist imposed to the whole vehicle
subsystems except for the dummy. For the dummy, instethek ofiverse acceleration the
crash speed is assigned as the initial velocity.
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6.1.1. Defining Global Vehicle Motion

To define the vehicle global motion, vehicle global angl z displacement data from
an undeformed region of the vehicle (in this model, llapilower and upper
accelerometers) is transformed to local x, y and plattements and x, y and z-axis
rotations in the local coordinate system created at dbcelerometers plane. The
transformation is achieved by an internal Matlab code dpeel at Ford Motor Company.
The transformed motion data is then assigned to thedefining the plane as prescribed
motion. The plane constructed for this purpose is shavwigure 6.1 [26].

Figure 6.1. Plane constructed to define global vehicle motion

6.1.2. Defining Intrusions in Madymo

Subsystems in the vehicle deform or move during crastateistheir motion should
be included as input functions in Madymo. These subsystenarassly constructed and
contact characteristics are defined and correlated slth test data but ignoring their
intrusion or motion during crash causes unrealistic dumemnavior. For example ignoring
instrument panel intrusion will result in less femurcks and ignoring steering column
motion will result in incorrect airbag inflation and arcect head and chest acceleration

values. For the mentioned subsystems the geometdeslanodeled as planes, ellipsoids
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or cylinders and the nodal displacements of these coamp®ifrom FE model can not be
inserted directly into Madymo model. A similar methodpldike defining the vehicle
global motion is used to include the motion of these y®ibms in the model and planes
are defined inside the FE model to monitor subsystem masiagiown in Figure 6.2 [26].

Figure 6.2. Planes defined for instrument panel, seat anthgteelumn intrusion

Planes are created in the FE model as shown in thee ghioture and the global
motion of these planes are extracted using the desplant values of the nodes the plane is
attached to. The nodal displacements measured arefiakdievith respect to the planes

defining the geometries and transferred into Madymo asl&ions and rotations.

The Cross Car Beam (CCB) shown in Figure 6.3 is oneeolk¢ly components in the
Madymo model. The instrument panel and the steering coarmmigidly attached to the
CCB and the motion of the mentioned components aremby the CCB. The instrument
panel is critical in femur forces. Steering column diseeffects airbag and therefore head
acceleration values and the steering wheel and airbgethter effect chest behavior.
Therefore a good representation of the CCB motion dwragh is essential.
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Figure 6.3. The instrument panel and the cross car beactuse

The CCB FE model is shown in Figure 6.4. In the finitenent analyses, the
instrument panel is usually not included and its masstsliited over the CCB structure.
This is due to the varying material properties of the instntnpanel making it hard to
model correctly and its negligible effect on vehiclastr performance. On the finite
element model, the CCB attachment points to the vehadly structure are used to define
the CCB plane. The displacement of these points ddedato the output file of the finite
element analysis. After the analysis is compldte,dutput data is processed, and the input
files for Madymo is generated. Generally, CCB motiodafined with respect to the local
coordinate system created at the center of the plarstrocted. The data input to Madymo
is in terms of displacement vs. time and rotatiortiase. In this manner, the motion of the
instrument panel and the steering column is describedtbeefross Car Beam. Similarly
by tracking the data at seat attachment points, seabmaind tracking the data at
pedalbox attachment points pedalbox motion is incorporatedhe Madymo model.
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Figure 6.4. Cross car beam finite element model

After defining the vehicle global motion and intrusiotise model is updated to
reflect the offset front impact test conditionsli&@ing changes are made on the model.

 Test vehicle was a right hand drive vehicle, model wefteated about
vehicle y=0 axis.

» Seat pan and cushion was raised 15 mm to seat mid-midbpdsom low-
mid position

* Dummy was raised 15 mm for the new seat position.

* D-ring attachment point was lowered 45 mm from highesiw@t position.

* Belt was rerouted according to the new dummy, d-ring aadpsesitions.

» Airbag firing and retractor pretensioner times were ugbaie32 ms from 10
ms. The values are taken from the test.

» Steering column shroud and pedal contacts which were dealetgled test
were added to the model.
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6.2. Results and Discussion
After setting the above mentioned initial and boundamydiions in the model the
constructed model is run for 200 milliseconds. ResulbbsnfiMadymo simulation are

compared with crash test results in Table 6.1.

Table 6.1. Front offset crash test and Madymo simurlat@mparison

Test Madymo Hmit
Value
Head performance criterion ( HPC)) 304 267 <1000
Resultant Head acceleration [g] 40.89 41.12 <80
Neck injury criteria (NIC tension) [kN] Figure 6.6 Figure §.6igufe 2.13
Neck injury criteria (NIC shear) [kN] Figure 6{7 Figure 6.7 FegQrl4
Neck bending moment (M) [Nm] 11.22 11.78 <57
Thorax compression criterion ThCC [mm] 35.2 30.6 <50
Viscous criterion (V*C) for the thorax [m/s] 0.20 0.14 <1.0
Femur force criterion (FFC) left/right £5)  [kN] 1'_33 10.63 1'_39 10-55 Figure 2.15
Figure 6.8| Figure 6.9
Tibia compression force (TCFC)AF)
upper left / right [kN]| 0.65/0.890.71/0.94 <8.0
lower left / right [KN]| 0.99/1.081.13/1.14 <
Tl Tibia index left/right
upper left / right 0.32/0.2p0.38/0.26] <1.3
lower left / right 0.31/0.260.31/0.33 <1.3
Movement of the sliding knee L/ R [mmL.14/0.88/ 1.24/0.83] <15

Head resultant acceleration curves calculated by Madymioreasured in crash test
are shown in Figure 6.5. The curve tendencies are similao 4% ms if we omit the
region between 40 and 80 ms. The reason of the inciredlsis region is possibly due to
the vehicle deceleration difference between theawedtfinite element model. At this time
interval, the dummy’s head motion is determined onlyvioy factors, the safety belt and
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the vehicle pulse. The safety belt parameters areslated with sled test data, which
makes vehicle pulse difference the major factor in dliterence between the curves.
However, much attention will not be paid in this arsdhe difference has no affect on the
peak acceleration and HIC values.

50 Head Resultant

| _Test
—Madymo

HIC36 = 304 at 1 = 91.1,{t2 = 127.1

30+

20+

Acc (G)

104 L |
_ HIC36 = ZGH att1|= 92.3, t2:= 128.3
| |
f f
| |
-10 I } || I || I

0

40 80 120 160 200
Time (ms)

Figure 6.5. Comparison of dummy’s head resultant accelasat

The difference in HIC value is caused by the curve localmim at 107 ms. In the
test, at 107 ms the resultant acceleration increasas a@de in Madymo the resultant
acceleration drops until 115 ms. This delay in the locaimarcauses a lower acceleration
after 115 ms, also reducing the area under the curve resallswer HIC value. The local
minimums at 107 and 115 ms are caused by sudden decelerationmmfy’duhead.
Looking at the Madymo offset front impact simulaticaats115 ms the steering column’s
ride down ends. The steering column’s ride down start87ams. Start of steering
column’s ride down causes a decrease in the acceleratande the opposing force to the
dummy’s head decreases. The decreasing trend continués tblumn’s ride down ends
and when the column stops the head acceleration stantgease again until head velocity
reaches zero and head’s springback starts. Test beatlant acceleration curve shows
that the steering column’s ride down ends at 107 ms. 8Tnes delay in the steering
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column’s ride down results in a lower accelerationrafteb ms allowing a softer contact
interaction between dummy’s head and steering wheelhendfore lower HIC values for
the dummy.

Neck performance curves are shown in Figures 6.6 and 6.7. Nesikrigforces
measured in Madymo are lower because there is a smamthiact between the head and
the wheel putting less force on the neck joint. On therdband, the duration neck suffers
the load is longer compared to the test. This is inuwamjon with Figure 6.4. The softer
but longer contact between dummy’s head and wheel eesmta lower but longer acting
axial force on the neck upper joint. Similarly, theddasting contact results in a higher
and long lasting shear force for the upper joint.

Neck Tension Performance Criteria

|_Duration Curve Madymo
|_Duration Curve Test

ECED4 Target

Axial Neck Force (kN)

T

80 100

0 ' 20

. 40 . 60
Duration of loading over given tension (ms)

Figure 6.6. Neck tension performance comparison



108

Neck Shgar Force Performance Criteria

|_Duration Curve Madymo
|_Duration Curve Test

—ECE94 Target

ForefAft Neck Force (kN)

0 20 _ 40 _ 60 80 100
Duration of loading over given shear force (ms)

Figure 6.7. Neck shear performance comparison

Another injury parameter affected by the steering colua down is the chest. The
steering column had a softer ride down therefore astdering wheel lower rim less force
reacted to the chest motion. This resulted in lower cb@sipression and lower viscous

criteria for the chest. (see values in Table 6.1)

There might be a couple of reasons for steering colsinnméxpected ride down. Test
reports from the manufacturer states that steeringnoodiride down is sensitive to
steering column height adjustment angle. Crash tgsénormed at the steering column
design position in which the steering column shaft makesngle of 27° with vehicle x-
axis (ground plane). At this angle steering column candalen 78.2 mm. However, test
results show that when the column angle is adjuste81to(highest position) steering
column can ride down only 36.4 mm. Another test, in whiwh gteering column’s ride
down is started by applying the load 50 mm away in laterattiim from the steering
column center, states that the column can ride downrBt8According to these results,
any change in steering column alignment, even one or tweekghange, due to vehicle
global motion or due to a contact between knee andirggeeolumn shroud will affect

steering column ride down behavior and steering coluntinstwip earlier than expected.
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Such a case is not seen in sled tests because in flei@t¢eleration is in one direction and
steering column angle is at the design position throlghiéceleration.

To validate that the difference comes from steeringronls unexpected ride down,
the steering column stroke at 107 ms is measured andrike $¢ assigned to the model
as the maximum distance that the steering column carelt In that manner, it is
guaranteed that the steering column ride down will stop0at ms. The results of the
analysis is listed in Table 6.2. As shown in the taldead correlation is achieved between
crash test and the Madymo model.

Table 6.2. Results after steering column’s ride doweti$cs60.2 mm

Test Madymo | Madymo
Steering column’s ride down (mm) - 78.2 60.2
Head performance criterion ( HPC) 304 267 307
Neck axial force (maximum) [kN] 1.47 1.18 1.39
Neck shear force (maximum) [kN] 0.49 0.61 0.57
Thorax compression criterion ThCC [mm] 35.2 30.6 34.2
Viscous criterion (V*C) for the thorax [m/s] 0.20 0.14 0.17

Unlike the mismatches in head, neck and chest injury parasnetsults from crash
test and Madymo simulation for femur and tibia injury pagters are similar as shown in
Figure 6.8 and Figure 6.9. This is expected as pelvis acceterpéilvis and femur contact
interactions with seat, femur instrument panel contateractions, which determine the
femur and tibia forces were previously correlated witd sést data. Therefore, a similar
representation is achieved in these parameters. For fenses, peak values measured for
femur forces are similar. However, duration curves @hdr show a 20 ms more
compression force on the femurs. As what happened ingdeetiicle during crash cannot
be monitored, the reason of the increase will stayowk. It can be concluded that femur
unloading curve needs to be softer for an early separftion the instrument panel, or the
intrusions during crash in Madymo model are higher congpréhe crash test causing a
long contact between the knee and the instrument panel.
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7. CONCLUSION

A Madymo model is constructed to determine dummy kinematioeng crash.
Parameters and functions used in Madymo model constnuate derived from sled test
and finite element analysis results. Sled test resaie used to find the best force
penetration functions for contact interactions anst kafety belt parameters to be used in
the Madymo model. Finite element analysis results umed to define vehicle global
motion and intrusions inside the vehicle interior spacesulRs from Madymo model
constructed are compared with actual crash test results.

In the above mentioned steps, calibration of sledréesstits with Madymo sled test
simulation results can be skipped. Without a calibnatietween the sled test and the
Madymo model, and with inputs from finite element model aiith the generic data used
in constructing a Madymo model, the model can be buit eorrelation can be done
between the real crash test results and the Madymdadion results. However, this is not
favored because crash tests don't provide the necesstammation needed for a

correlation.

In the sled test, the calibration starts with thebeation of head acceleration values.
The parameters affecting head acceleration are vehicédedation and shoulder belt force
until head to airbag contact occurs, and after headlagatontact occurs parameters from
head to airbag and head to steering column contact intersicare added to these
parameters. Dividing the dummy motion into intervalg likese helps in dealing with less
parameters to modify in correlating the results. #asy to divide the motion into intervals
in a sled test because in a sled test exact time fad he airbag contact and steering
column’s ride down can be monitored. This enables to fiacdb#st parameter to modify to
match the results. For example, in the sled vehicleldetion data is from the finite
element model and this data is close to actual becaissalieady correlated. Therefore d-
ring parameters are the only items to modify untilchemairbag contact occurs to match
head acceleration curves. If a good calibration can be between the sled test results and

Madymo model in this first interval, in the next intdréhese parameters are no more
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modified. Instead the focus is on the airbag’s andrisgeeeolumn’s contact interaction

parameters.

Apart from the interval based calibration mentionechandbove paragraph, sled test
enables an item based correlation starting from dumrag Aad ending at dummy tibia. In
a Madymo model dummy head motion is affected from thetlaumber of parameters,
while chest is affected by more parameters and pelvia ev@e. Compared to head
motion, chest motion is affected by vehicle deceleratibning parameters, airbag and
steering column contact interactions, belt friction apaeters, belt internal force
characteristics and belt load limiting force curve. Hosve four of these parameters are
already calibrated in the attempts to calibrate heatibmand in chest motion there is less
parameter to deal with. Similarly, calibration of pargeme during the attempts to calibrate
chest motion decreases the number of parameters teovitleah pelvis motion and so on.
It is not easy to achieve a such a good understanding dfswjmang on in a crash test,
because contact interactions and dummy motion can notolgtored clearly in a crash
test. Also there are always additional parametersvidtecle motion, vehicle rotation and
component intrusions, which increases the number oinmeas affecting results. Sled

tests give the chance to work in a more filtered envierirfrom external disturbances.

Similarly, using finite elements results enables a ebethodeling of vehicle
deformation and motion during crash. Vehicle motion maydmeesented correctly by
using acceleration data recorded during the test, howleses is no efficient alternative of
including intrusions into the model except from using firelement analysis results.
Therefore, apart from a well-calibrated sled test moaedood calibration between the
finite element analysis results (post-crash displaogsnevehicle pulses) and crash test

needs to be achieved for a reliable and valid Madymolatmoo.

Although a good representation of dummy motion is achiéetdeen the sled test
dummy and the Madymo dummy, and vehicle motion and defansatre calculated
similar to the crash test; crash test results andyit@ simulation results may still be not
similar. Apart from all the efforts to find the bgsarameters, the nature of the crash test
may cause one item to behave unexpectedly and this lileensfeering column’s ride
down) may emerge as a parameter affecting all resmttschanging the overall dummy
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behavior. Except from steering column’s unexpected dden due to the change in
boundary conditions functions derived for certain sasay not define the case that occurs
during vehicle crash. For example, a function derived fmeeseat pelvis interaction in
vertical direction may lead to a wrong representaitiocase the dummy pelvis motion is
not vertical but with some degree to the seat cushioa dnrange in belt routing on the

chest can lead to unexpected chest values.

Physical nature of a crash test is chaotic and inclodes/ noise factors. Any small
change in initial conditions or boundary conditionsynchange results unexpectedly.
Therefore, a good understanding of what is happening duris @assential. As it has
been in this study, according to the crash scenamsaensd evaluation stage may be needed
for a better calibration between crash test and Madgmdel. However, the need for a
second evaluation stage does not mean that sled testterelement calibrations are not
essential because early calibrations decrease the nuhiparameters and scenarios to
deal with in later stages. In the existence of an uneagestenario, it is easier to

understand what is going on and to set the conditiorthdéonew scenario.

Necessity for a second evaluation stage also meanshtra is no unique Madymo
model that can represent every crash test under samdi@os; however, this is not due to
modeling capabilities of Madymo. Crash tests, becaudseofature, do not always occur
in the same sequence or do not always give the sanolesrdherefore, for every crash test
a unigue crash test scenario needs to be defined. Defilffilmigedt crash scenarios for each
test may result in the conclusion that, Madymo isaaseful tool in understanding crash
tests, however, once calibrated with the crash tdajymo models generate valuable
information on dummy kinematics during crash and can bd safely to guide restraint

system design.
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