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ABSTRACT

Detailed finite element side impact dummy models of the USSID and EUROSID have been
developed in cooperation with the German Association for Automotive Research (FAT) dur-
ing the last 5 years. Both models are validated using tests at material and component levels as
well as fully assembled models. The development of the LS-DYNA dummy models has been
performed by the authors. Both models are used by nearly all car manufacturers worldwide
which use LS-DYNA for occupant safety simulations.

EuroNCAP (European New Car Assessment Program) announced recently a modified testing
protocol for side impact assessment using the ES-2 dummy instead of the EUROSID-1
dummy. The ES-2 dummy is identical in many parts with the EUROSID-1 dummy but shows
different behavior in experiments. Hence, the development of a model for the ES-2 dummy is
of great interest for the automotive engineers working in the field of passive safety.

The FAT has launched a project similar to the previous one to develop an ES-2 model. Due to
urgent need of the model in the industry a tight schedule is given for the development. The
first release of the model is already available. DYNAmore GmbH is responsible for the de-
veloping the LS-DYNA models. This paper summarizes experiences gained during the vali-
dation of the EUROSID-1 and USSID model and describes the tests performed to validate the
ES-2 model. Finally, the performance of the first version of the ES-2 model and the schedule
for the project is presented.

INTRODUCTION

The EUROSID-1 was developed in the 1980s in an effort by the European Commission to
improve the passive safety in side impact crash scenarios. This model is now incorporated in
ECE Regulation 95. Simultaneously, the USSID was developed in the USA by NHTSA.
Thus, the current regulatory situation is such that there are two different side impact tests and
two different side impact dummies. The ISO has initiated the development of the new side
impact dummy WorldSID in order to replace the existing dummies. However, the realistic
time frame for the development and evaluation of this dummy may be up to 10 years before it
can be introduced into legislative test procedures. The development of the ES-2 was driven by
the idea that starting from an existing dummy which is already used in regulations, interim
harmonization could be reached much quicker. The ES-2 is designed to address the important
shortcomings of the EUROSID-1 while biofidelity is maintained. The EEVC report (WG12
August 2001) summarizes that both goals are achieved with the new dummy. Figure 1 shows
the finite element dummy model of the ES2 and the parts which differ from the EUROSID 1.
Geometric differences from the EUROSID-1 can be found at the spine, rib module, the upper
legs, the clavicle, the shoulder foam cap and in the upper femur area. Furthermore, the EEVC
report states that the overall test results in full-scale tests have shown that some critical
dummy measurement values for the ES-2 have increased when compared to the EUROSID-1.
This holds true particularly for rib reflection and the Viscous Criteria. The same tendencies
are observed in sled tests performed for the development of the ES-2 model. Figure 2 shows
the rib intrusion of the middle rib of the EUROSID-1 and the ES-2 for two different barrier
speeds. The barriers are plane and considered as rigid.

Beside the regulatory situation many car manufacturers use the consumer organization as-
sessment programs to determine criteria for passive safety performance of the vehicles. Eu-
roNCAP announced recently that a new assessment will be established for the lateral impact
vehicle safety. One modification is that from January 2003 on the dummy ES-2 will substitute
the EUROSID-1 dummy. NHSTA and EEVC are considering to adapt the regulations such
that the ES-2 will replace the USSID and EUROSID-1, respectively.



The above described harmonization activities lead to a project to develop a finite element
model of the ES-2 dummy by the German automotive industry. In the past, 2 dummy models
for the EUROSID 1 and the USSID were developed successfully chaired by a working group
of the FAT, the German Association for Automotive Research. The authors are responsible
for the development of the LS-DYNA models. The new project on the development of the
ES-2 model is also chaired by the FAT. Representatives of Autoliv, Audi, BMW, Daimler-
Chrysler, Karmann, Opel, Porsche, TRW, and Volkswagen meet regularly to define new
experiments, to discuss further general proceedings and to guide the development.

Figure 1: New parts of ES-2 compared to EUROSID-1 (left), the ES-2 model (right).

As partners for the automotive industry software suppliers have been selected to develop the
dummy models for the 2 considered crash codes LS-DYNA and Pamcrash. The models for
the two software packages are based on the same experiments but differ in modeling aspects.

DYNAmore GmbH takes responsibility for the development of the ES-2 model in LS-DYNA.
The LS-DYNA models of the ES-2, EUROSID-1 and USSID are commercially available
from DYNAmore GmbH and the local responsible LS-DYNA distributors. All models will be
updated on a regular basis according to further regulations and knowledge.
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Figure 2: Middle rib intrusion of ES-2 and EUROSID-1: Lower barrier speed (left),
higher barrier speed (right).



EXPERIMENTAL DATA FOR EUROSID-1 MODEL

An essential goal was to obtain experimental data close to the loading expected in real crash
scenarios. The tests were performed within 4 years and are described in details in (Franz U.,
Walz M., Graf O., 1999). After a series of tests, simulations were used to define subsequent
tests and the test results were used again to enhance the models and so on.

Material tests

Almost all specimens were taken from new parts delivered by FTSS. In order to get more
general applicable data the specimen were chosen from areas where the materials appeared to
be homogeneous. The following types of tests were performed: Static tension tests, dynamic
tension tests, static compression tests, dynamic compression tests, relaxation tests, hydrostatic
triaxial compression tests, static shear tests and dynamic shear tests. Emphasis was directed
towards strain rate dependent foams used in many areas of the dummies. Details on specific
material tests are presented in (FAT Schriftenreihe Nr. 150, 2000).

Component tests

For the project a large variety of component tests were performed as: Head drop tests, dy-
namic shear tests for the lumbar spine, pendulum tests for the lumbar spine, neck pendulum
tests, drop tests for the damper, partial and complete thorax impact tests, pendulum tests for
the abdomen, impact tests for the pelvis and impact tests for pelvis/upper leg, and impact tests
for the shoulder foam cap. If possible, tests racks specified for dummy calibration were used.
The tests were performed usually for a large variety of speeds and masses.

Pendulum tests on fully assembled dummy
For the development of the EUROSID-1 no pendulum tests on the fully assembled model
have been performed.

Figure 4: Barrier shapes used for validation, EUROSID-1 model.

Barrier tests with fully assembled dummies

Many experiments were performed with rigid (rather stiff) barriers of different shapes. All
impacting surfaces of the barriers were perpendicular to the impact direction. The barriers
were decelerated after the dummy load approached zero; the impacting speeds ranged from 4
to 8 m/s with barrier masses above 1 t. The experimental data recorded was: Accelerations,
force and intrusion. Furthermore, the dummies were equipped with contact foils to determine
the moment of contact of different entities. The barrier shapes might be classified in two cate-
gories: one to apply loads comparable with a crash and the other to validate specific parts of



the dummy (e.g. abdominal insert). The different barriers and the EUROSID-1 model are
depicted in Figure 4. Furthermore, barriers equipped with unfolded pressurized airbags were
used in testing.

OBSERVATIONS DURING VALIDATION

In the following the authors outline observations made during validation of the dummy model
EUROSID-1 and USSID. Many of these experiences influenced the specification for the tests
performed for validation purposes of the ES-2 model.

Soft foams

In the EUROSID-1 model the LS-DYNA material type 83, (Mat Fu Chang_Foam) is used
for the soft foams. The main reason is that the model allows to use the test data from drop
tests as material parameters without major modifications. Limitations of the material model to
influence the hysteretic behavior were considered less important as the capabilities to model
the complex strain rate behavior of the foams.

For open cell foam the rate effect is partly determined by the flow of the air out of the pores
of the foam. Hence, the strain rate effect measured in a drop test is influenced by the shape of
the specimen. This effect is amplified if the foam part is covered with a hull. In these cases
the material parameters for the foam have to be adapted. Certainly, these adaptations can fit
the material behavior only for a certain load range. Hence, the adaptations have to consider a
test close to a real crash load. Figure 5 depicts on the left photo a shoulder foam cap damaged
in a drop test by the outflow of the air.

Figure 5: Shoulder foam cap with damaged skin (left), cut through a pelvis (right).

Limitations due to element size

Pelvis openings allow to determine the exact position of the dummy and to dismount attached
parts. To model the small opening many elements would be needed. The openings are cov-
ered with vinyl with a thickness of 3 to 4 mm. During impact these tubes are compressed and
might buckle. A proper modeling of the tubes would need a huge amount of elements. The
element size would be in no relation with the other parts of the dummy model. Figure 5 de-
picts on the right a cut through the pelvis of the USSID. A model without the openings does
require that the neglected stifthess will be added somehow. In the model we used stiffer mate-
rial properties for the pelvis foam. Hence, the material properties derived from a material test
have to be adapted.



Limitations due to stability of elements

Many parts of the dummy consist of soft foams. Modeling the soft foam with the correct
softness is essential for a good correlation of the model, in particular for the accelerations. In
the dummy model sometimes soft foams are partly overlapping rather stiff parts and the two
materials will be pressed together heavily during impact. At the edges of the stiff parts high
deformation gradients and large element distortions appear in the foam material model. That
may cause a termination of the simulation during the loading phase of the dummy model. To
reduce this problem the foam material has to be modified. A modification of the material
parameters of the foam has to consider which load should be modeled properly and where less
accuracy is acceptable. For example the rib acceleration of a rib module in a component test
will loose correlation due to artificially stiffened foam; the rib intrusion shows much less
dependencies. For the final adaptations a load close to the crash is necessary for validation
purposes.

Observations in component tests

For many components it is difficult to test them with loads comparable to loads in the assem-
bled model. The reason is the interaction of the different parts that leads to complex load
cases. The complex loading would require complex test set-ups. However, for these it is often
difficult to have exact preserved boundary conditions. An example is the standard pendulum
test of a spine used for calibration. In this test the spine is attached to a large pendulum at its
top flange and with a mass at its bottom flange. During the test the pendulum is decelerated
and due to the inertia of the mass at the bottom of the spine the spine bends with considerably
large bending angles. Comparing the loads with the load in a real crash we observe that the
‘real’ load is more complex. It is a combination of bending, tension, shear and torsion, all
loads resulting in small deflections. A model for the spine that would be based on a pure
bending test as described above may fail to predict the behavior of the spine in a fully assem-
bled model in a crash. A test set-up for an ‘appropriate’ load would be rather complex.

Figure 6: Rib module (left), rib module model in a component test (right).

The rib module is a very good candidate for a useful validation on component tests. If the
spine is fixed in space the behavior of the component can be explored excellently with impac-
tors targeting at different locations and with different speed, angles, and masses. Figure 6
depicts a rib module on the left and on the right the rib module model impacted by a pendu-
lum. Occasionally, effects in component tests appear which can hardly be observed in the
fully assembled model. It is sometimes questionable if all effort spent in the calibration on a
component level is necessarily important for the assembled dummy model. As an example for
an effect that can not bee seen in a sled test, but does appear in a component test, the rib mod-
ule in the component test is chosen. In particular, the influence of different modeling tech-
niques of the attachment of the bearing with the steel inlet of the rib is examined. The steel
inlet of the rib is screwed to the massive aluminum piston of the bearing. Between both parts
the rubber like cover of the rib foam is clamped. Figure 7 depicts 3 different modeling tech-
niques of this connection. The upper model has a slightly deformable connection between the



parts, in the second model the rigid piston is connected to the steel inlet of the ribs by sharing
the nodes, in the third model the steel inlet is considered as rigid in the area of the flange of
the piston and is merged with the piston. The three models give significantly different an-
swers in the component test whereas in a sled test the models give almost the same answer.
Figure 8 shows the intrusions in pendulum test on component level for the three models on
the left, the right graph depicts the results in a sled test for the three alternatives.
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Figure 7: Different ways of modeling the connection of bearing piston with the steel inlet of
rib. Colors: Light gray for deformable parts, medium gray for rigid piston of bearing, dark
gray for fixed part of bearing.
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Figure 8: Different rib intrusions in component test (left) and rib intrusion of middle rib in a
sled test (right), based on alternative modeling of the connection of bearing piston with steel
inlet of rib. Graphs show deflection [mm] vs. time [ms].

Sled test with fully assembled dummies

For the dummy performance friction, slacks, global movement and interaction of parts, in
particular the arm, have a significant influence. Hence, many modeling details can be ad-
dressed only in a test close to the load case in a vehicle. Defining a test close to a real crash
seems to be the crucial demand for tests used for validation. In (Franz U., Graf O., Hirth A.,
Remensperger R., 2001) the loads of dummies in two vehicles are considered and compared
with the loads during impact of rigid barriers, it seems that the barriers give comparable
loads. As example for a signal determined by the interaction of many parts the acceleration of
the pelvis is illustrated. The signal is determined by the interaction and material properties of
the pelvis, the pelvis plug, the iliac wings and the upper femur and subsequently the legs.



Figure 9 depicts the parts of the dummy (left) and the model (right). Another example is the
rib intrusion during impact. The ribs show a high dependency on the movement of the arm
and subsequently on the frictional parameters of the dummy itself and the dummy with the
barrier. Figure 10 depicts the influence of the friction for the intrusion of the middle rib in a
simulation of a sled test with the plane barrier; on the left the frictional parameters of the
interior contact were modified, on the right the influence of the friction with the barrier is
depicted.

Figure 9: Parts interacting in pelvis area, dummy and finite element model.
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Figure 10: Influence of frictional parameters on rib intrusion of middle rib in simulations of
barrier test. Different frictional parameters in the self contact of the dummy (right); different
friction in contact with barrier (left). Graphs show deflection [mm] vs. time [ms].

From our experiences the type of barriers designed to load specific parts are of minor impor-
tance for the development. It is very difficult to load one part separately, because the barrier
usually contacts the arm as well. Additionally, it is difficult to obtain a decent load in the
dummy by loading one part separately with a barrier that weights more than 1 ton with a
representative impact speed. It seems more reasonable to use pendulum tests for such pur-
poses. Furthermore, costs for pendulum tests on the fully assembled dummy are much lower
than tests using heavy sleds.

Initially, a few experiments were performed with airbags mounted on the barriers. The airbags
were unfolded and pressurized in advance. Due to the difficult determination of proper initial
conditions these tests have not been considered at a later stage.



Geometry of model

For the foam parts the available CAD data describes the surface of the mold of the vinyl hull.
A model based on this data would have many penetrations, because the real parts shrink due
to the manufacturing process, and during assembly many parts are deformed by neighboring
parts. Furthermore, the geometry of the model is influenced by gravity loading and deforma-
tions during positioning. Hence, non-unique assumptions have to be made to obtain a repre-
sentative model.

EXPERIMENTAL DATA FOR ES-2 MODEL
For validation purposes of the ES-2 model the following tests were initiated by the FAT.

Material tests

Due to the large conformity of the materials of the ES-2 with the materials of the EUROSID-
1 very few material tests were performed. The new tests include the upper and lower foam of
the upper leg, the back plate and the clavicle material.

Component tests

The majority of component tests were performed for modeling the rib module. Different
masses, different speeds and impact locations and angles were considered. Aside from the
standard measurement, the motion of the damper piston was measured. Furthermore, pendu-
lum tests were performed for the neck and lower spine. Compared to the former project much
fewer component tests are specified.

Figure 11: Pendulum impact locations (left) and barriers (right) used in tests for validation of
ES-2 model.

Pendulum tests on fully assemble dummy

Many pendulum tests on the fully assembled dummy were performed to validate specific
parts of the dummy. Figure 11 depicts on the left the ES-2 model and the different impact
locations. Usually 2 different speeds of the impactor are considered.

Barrier Tests with fully assembled dummies

Many experiments were performed with rigid (rather stiff) barriers. The speed varied from 4
to 7 m/s with barrier masses above 1 t. The dummies were fully instrumented, recorded quan-
tities are: Accelerations, forces, moments, and displacements. Furthermore, the dummies were
equipped with contact foils to determine the time of contact between several parts. All shapes
of the barriers were designed to have comparable loads to a vehicle test. No barrier shapes



were designed to validate specific parts of the dummy model. The different barriers shapes
are depicted in Figure 11 on the right. The impacting surfaces are inclined for some barriers.

MODEL DESCRIPTION

The first commercially available release of the ES-2 model is version 0.1. The model is based
on the EUROSID-1 model release 3.5. The geometry is adapted based on CAD data from the
dummy manufacturer FTSS. The rib module of the ES-2 model is extensively validated on
component test basis. Furthermore, the release correlates with the most important sled test,
the plane barrier and pendulum tests on the thorax of the fully assembled dummy. The release
1.0 is scheduled for autumn; it will include many adaptations gathered during validation of
the dummy model in respect to the pendulum tests on the fully assembled dummy. Release
2.0 will be available in spring 2003, and will have the full set of tests as validation basis.

Release 0.1 consists of approximately 60,000 nodes, 100,000 brick elements (mainly 3-noded
tetrahedron elements) and 54,000 shell elements (mainly Belytschko-Tsay elements) and a
couple of discrete elements and beam elements and more than 150 part/material definitions.
Figure 12 depicts the clavicle box and the thorax of the finite element models. For modeling
the foam materials usually material type 83 (Mat Fu Chang Foam) is used. The foam parts
of the upper arms are modeled with material model 62 (Mat_Viscous_Foam). For modeling
the vinyl coverings mainly material type 6 (Mat Viscoelastic) is chosen. The rubber femur
stoppers use Material law 76 (Mat_General Viscoelastic). Other rubber parts are modeled
with material type 62 (Mat_Viscous Foam). The majority of the iron or aluminum parts are
modeled with material type 20 (Mat Rigid). One major single surface contact (Type 13,
Automatic_Single Surface) with the soft constraint option is used to model the contacts in the
dummy. The rather fine mesh of the rib foam is ‘glued’ to the much coarser mesh of steel
inlet of the ribs with Contact Tied Shell Edge to Surface (Type 7). All solid elements are
covered with shell elements. All other contact parameters are default settings. The recent
model uses the stiffness based joint definition in combination with the generalized joint op-
tion. Global damping is not applied. The models run with LS-DYNA version 960 upwards on
computers with SMP and MPP architecture.
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Figure 12: Details of ES-2 model: Clavicle box (left) and thorax (right).
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CORRELATION IN PENDULUM TEST

The correlation of the simulation with a pendulum test is presented in the following. In the
test the fully assembled dummy is impacted laterally by a pendulum in the thorax area. Fig-
ures 13 to 15 depict the performance of the ribs and the spine. Other signals, like pelvis accel-
eration are considerably low in this test.
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Figure 13: Dummy model during impact (left) and performance of upper rib (right). Graph
shows intrusion [mm] vs. time [ms].
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Figure 14: Rib performance: Middle rib (left) and lower rib (right). Graphs show deflection
[mm] vs. time [ms].
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Figure 15: Spine performance: Upper spine T1 (left) and lower spine T12 (right). Graphs
show acceleration [g] vs. time [ms].
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CORRELATION IN BARRIER TESTS

The performance of the fully assembled model impacted by a planar rigid barrier is presented
in the following. Figure 16 depicts on the left the model before impact. Figures 16 on the
right and Figures 17 to 20 depict the correlation of the dummy model.
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Figure 16: Dummy model during impact (left) and performance of upper rib (right). Graph
shows intrusion [mm] vs. time [ms].
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Figure 17: Rib performance: Middle rib (left) and lower rib (right). Graphs show deflection
[mm] vs. time [ms].
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Figure 18: Spine performance: Upper spine T1 (left) and lower spine T12 (right). Graphs
show acceleration [g] vs. time [ms].
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Figure 19: Pelvis performance: Pelvis accelerations (left) and pubic sympysis force (right).
Graphs show acceleration [g] vs. time [ms] and force [kN] vs. time [ms], respectively.
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Figure 20: Abdominal resultant force. Graph shows force [kN] vs. time [ms].
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CONCLUSIONS

The schedule of the project and the performed tests for the ES-2 model are presented. The
indispensable need of both, component and sled tests is explained using simple examples.
Experiences and suitability of the different types of tests for validation purposes are dis-
cussed.

For the development of the ES-2 model a wide range of experimental testing has been per-
formed by the FAT. The models rely on many new features in LS-DYNA to describe the
occurring effects. The ES-2 model developed by DYNAmore under the chair of the FAT is
capable to capture efficiently many details with very high complexity as can be observed in
the comparisons between simulations and experiments presented in this paper. It is the aim of
the FAT project to achieve an accurate and stable finite element model. This goal has been
achieved so far. The release 0.1 of ES-2 model is already based on a selection of pendulum
and barrier tests. The ES-2 model is commercially available in version 0.1 and will be up-
dated regularly.
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