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Summary 

The EUROpean Side Impact Dummy (EUROSID-1) is a crash dummy which is designed to assess 
injuries due to side impacts. Three identical rib modules are incorporated in the upper torso of 
EUROSID-1. A rib module consists of a rib-shaped steel strip (the "rib") covered by a flesh 
simulating foam and a two branch spring/damper configuration attached between both sides of the 
rib. The primary branch consists of a piston/cylinder assembly guaranteeing a (limited) uniaxial 
deformation and a tuning spring to enable tuning of the rib module and lies parallel to a secundary 
branch which consists of a spring/damper combination. Certification tests for the rib module and rib 
only configuration require the peak deflection of the impact side of a rib, resulting from impactor 
drop tests, to satisfy a prescribed displacement corridor. The rib only configuration implies the rib 
module configuration without the secundary branch. 
The integrated multibodybinite element code for crash analysis MADYMO 5.0 and prototype 
software is used to model the rib of the rib module of the EUROSID-1 as a system of rigid bodies, a 
finite element structure and a flexible body. The objective of this study is to determine the optimal 
technique in terms of geometrical accuracy, stiffness, damping, deformation, computational effort 
and applicability for modelling the rib of the EUROSID-1 rib module. 
At the TNO Crash-Safety Research Centre, a rigid body model of the EUROSID-1 rib module has 
been developed in which the rib is composed of a chain of eleven rigid bodies interconnected by 
revolute joints. The stiffness of the rib is approximated by torsional springs in the joints. The various 
damper/springs of the rib module of which the characteristics have been experimentally determined, 
have been modelled as Kelvin elements (parallel spring and damper). The rib module has been 
certified by simulations of impactor drop tests to meet with peak displacement requirements. Rib 
module and rib only results comply with the requirements, except for the lowest impact velocity. 
This nevertheless poses no reason for concern as regular tests take place in the regions of higher 
impact velocities. 
A finite element model has been made in which the rib is approximated by 46 shell elements. The 
Kelvin element configuration characteristics have been adopted from the rigid body database. 
Optimum values of the stiffness of the tuning spring and damping of the mesh have been 
determined by approximate optimization using a global approximation concept in order to place the 
displacement peak resulting from impactor drop tests within the specified corridors. It was 
necessary to reduce the stiffness of the tuning spring and increase the damping of the mesh. 
Results from impactor drop tests show that the rib only and rib module configuration comply with 
certification requirements except for the lowest impact velocity for the rib module configuration. 
MADYMO 5.0 has been modified to account for the deformability of bodies in a system. The 
flexibility of a body is determined by the division into nodes with a lumped mass and a displacement 
field describing the deformation. The flexible body rib module is essentially the same as the finite 
element rib module but the finite element rib is replaced by a flexible body. The modal stiffness of 
the rib and displacement field of the rib module are derived from finite element computations. A 
linear damper is inserted in the rib module to compensate for the loss of damping during the 
transition from the finite element rib to the flexible body rib. Results of simulations of impactor drop 
tests show identical results to finite element computations combined with a decrease in 
computational effort 
The flexible body modelling technique is the optimal modelling technique because for certification 
tests, the accuracy of the finite element modelling technique is maintained combined with a 
reduction in computational effort. The applicability of oblique impactor drop tests is also verified and 
shows satisfactory results in relation to experimental results. 
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1. Preliminaries 

1.1 Introduction 

Injuries resulting from motor vehicle crashes are one of the leading causes of death and disability in 
modern society. Due to the increased safety measures concerning vehicle occupant protection, 
imposed on motor vehicles by the authorities, it has become essential for the automotive industry to 
already encorporate possible safety aspects, for example airbags, in the earliest design stages. 
The interaction between the motor vehicle structure and occupant during a collision can be 
investigated by means of full scale crash tests. In these tests human occupants are replaced by 
crash dummies, mechanical models of human beings, fitted with data recording equipment to 
enable interpretation of the forces undergone by an occupant during a crash. A major disadvantage 
however is the fact that full scale crash tests can only be done with prototypes and are a time- 
consuming and cost-intensive endeavour. Recent developments in the field of computer hardware 
and software permit a cost-effective integration of numerical crash simulations in the design 
process. Numerical crash simulations can be used as a complementary design tool but due to it’s 
approximative nature, full scale crash test will nevertheless be important for verificational purposes. 

1.2 The EUROSPC-: Crash Dummy 

The TNO Crash-Safety Research Centre in Delft is responsible for the design and marketing of 
some crash dummies. These crash dummies are used to assess safety aspects of restraint systems 
and passenger cars. During the last couple of years the emphasis of crash safety research has 
diverted from frontal and rear impacts to side impacts. Side impacts require special dummies with 
specially adapted kinematics, response and injury assessment capabilities. 
Under supervision of the European Experimental Vehicles Committee, TNO has developed in 
collaboration with a group of European research laboratories the EUROpean Side Impact Dummy: 
EUROSID-1. EUROSID-1, successor to the prototype EUROSID, represents a 50th percentile adult 
male. It is designed to assess injuries in side impacts, in particular at the head, the thorax, the 
abdomen and pelvis. Parameters such as head acceleration, rib deflection, abdomen impact force 
and pubic symphysis force can be used to determine injury severity. 
The EUROSID-1 basically consists of a metal and plastic skeleton, covered by flesh simulating 
foam. It has a rib cage, consisting of a rigid spine box and three identical flexible rib modules with 
humanlike deformation characteristics. Forthcoming figures will present the EUROSID-1 as a left 
hand side impact dummy (right hand side impact dummies are also available). 
Since its introduction in 1990, the EUROSID-1 has been used all over the world for vehicle 
development and optimization. It has proved itself as a valuable design tool for optimization and 
safety. 

1.3 The Rib Module of the EUROSID-1 

The focus of this report will be on the modelling of the rib module of the EUROSID-I. Three 
identical rib modules are incorporated in the upper torso of the EURQSID-1 (EUROSID-1 User’s 
Manual, 1990). Each rib module (Figure 1.1) is connected to the rigid thoracic spine box of the 
dummy. The rib module is defined as the whole configuration of the rib which includes the steel rib 
itself as well as the spring/damper components. The different components, each with their 
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respective functions, are: 

- a thin steel strip, bent in the shape of a rib (this will from now on be referred to as the "rib"). 
The design specified thickness of the rib is 2.5 mm but in practice this value varies slightly 
due to manufacturement tolerances and is often closer to 2.7 mm. The rib is covered by a 
layer of polyurethane foam, which is held onto the rib by a cotton sleeve covered with a pvc- 
based coating. The foam has visco-elastic properties and a slow state of return from 
deflection which resemble human flesh behaviour. 

Table 1.1: Material properties of the steel rib Table 1.2: Material properties of the foam 

Density p [kg/m3] 7.850*103 

- a piston/cylinder assembly, which is connected to both sides of the rib and guarantees a uni- 
axial deformation with a maximum stroke of 55 mm. A tuning spring is included in the cylinder 
to enable tuning of the rib module. A rubber ring prevents a metal/metal contact of the piston 
and cylinder. The cylinder enables the connection of the rib module to the spine. 

- a spring/damper combination with a hydraulic damper/return spring and a damper spring in 
series interconnected by a spring cup. This combination is rigidly attached to the cylinder. 

impact 
direction 

PU foam 

Figure 1.1: The rib module of the EUROSID-1 
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1.4 Certification Tests 

Corridor values 

Minimum Maximum 
displacement displacement 

[mml [mml 

15.5 18.5 

In order to maintain repeatability, reproducibility, sensitivity and durability requirements the 
EUROSID-1 dummy has to be certified in the body area that will be used to predict injury (Janssen 
et al., 1988). Certification is defined as the tuning or checking of the components to ensure that 
their behaviour/properties are within a predefined corridor. 
The left hand side of the rib module is designed to receive the impact, the separate parts should 
therefore be certified from this direction. Current dummy performance criteria for judging injury 
potentiai to the thorax invsive deiiection si the ïib cage a i  a specific locaiioii andíeï relative 
acceleration of the spine and ribs. 
Lateral certification impactor drop tests of the rib only and rib module configuration are mainly of 
interest to test the stiffness and damping properties of the rib, springs and damper (EUROSID-1 
User’s Manual, 1990). Rib only tests imply testing the rib module without the second branch of the 
rib module (which includes the spring/damper combination). 
Appendix A shows the drop test rig and gives a description of the certification impactor drop test. In 
the described experiments, a linear potentiometer is used to measure the rib displacement relative 
to the rigid spine box. The resulting peak displacement should lie within a specified corridor. Table 
1.3 gives the minimum and maximum peak displacement values which form the corridors for each 
velocity of the impactor during an impactor drop test. 

Corridc 

Table 1.3: Corridor values for various impact velocities and impactor mass of 7.78 kg 

1.5 

Rib only 

23.5 26.5 2.0 23.5 

Rib module II 

2.0 

2.5 

Impact 
velocity 
[m/sl 

1 .o 

31.5 34.5 3.0 36.0 40.0 

39.5 42.5 4.0 46.0 51 .O 

values 

Maximum 
displacement 

27.5 11 

1.5 Verification Tests 

Apart from standardised lateral certification tests, verification tests can also be performed and 
provide more insight into simulation results of the proposed numerical rib modules in comparison to 
the behaviour of the rib module. The regarded verification tests comprise of lateral and oblique 
impactor drop tests with a lighter mass and different impact velocities. For oblique impacts an 
impact angle fl is defined which is measured clockwise from the axis of lateral impact as shown in 
Figure 1.2. For lateral impacts tests it of course holds that fl=Oo. 
Oblique impactor drop tests requires modifications in the test set-up (Appendix A): the rib module is 
rotated as shown in Figure 1.2 and the reference position of the table (denoted by the coordinate 
system of Figure 1.2) is moved to enable the face of the impactor to make a perpendicular impact 
with the side of the rib module. 
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Figure 1.2: Impact angle for non-lateral impacts 

1.6 MADYMO 

MADYMO is an integrated multibodyfiinite element code for crash analysis developed by the TNO 
(Netherlands organization for applied scientific research) Crash-Safety Research Centre in Delft, the 
Netherlands. in addition to multibody dynamics options, MADYMQ also offers finite element 
modelling facilities. Since only a membrane element was available, the use of the finite element 
module was in the past only feasible in the modelling of airbags and belts. A finite element mesh 
generator to create a mesh of membrane elements for the airbag was especially designed for these 
applications. A regular MADYMO pre-processor for automatic mesh generation has thus far not 
been created. 
MADYMO is designed for simulating the motions of one or more systems of rigid bodies with a tree 
structure and assemblages of finite elements. The motions of systems of bodies, interconnected by 
joints, and finite element structures are caused by applied loads (forces, accelerations) and 
prescribed motions. The generation of equations of motion for the multibody part is based on the 
principle of virtual work in combination with a recursive algorithm (MADYMO User’s Manual 3D, 
1 992). 
In this study, MADYMO 5.0 as well as prototype software with shell element modelling capabilities 
and flexible body modelling capabilities, will be used as modelling tools. 

1.7 Objective of this Study 

In this study models of the rib module of the EUROSID-1 crash dummy will be developed in which 
the rib is modelled as a finite element structure and a flexible body. The objective of this study is to 
make a comparison, in terms of properties such as computational effort and applicability, between 
finite element and flexible modelling techniques and the existing technique of modelling the rib of 
the rib module as a system of rigid bodies. 
In Chapter 2 the rib module of the current EUROSID-1 rigid body database will be evaluated. In 
Chapter 3 finite element modelling techniques will be discussed and used to model the rib as a 
structure of shell elements. Next, in Chapter 4 a finite element rib will be used as a reference to 
generate relevant data to enable modelling the rib as a flexible body. In Chapter 5, simulations of 
oblique and lateral verification impactor drop tests are described and compared to experimental 
results to provide more insight into the applicability of each modelling technique. In Chapter 6 the 
modelling techniques will be compared. In Chapter 7, a conclusion will be made concerning the 
optimal modelling technique and recommendations will be given for further research and improve- 
ments concerning the proposed modelling techniques with respect to the MAQYMO executables. 
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2. Modelling the EUROSID-1 Rib Module with Rigid Bodies 

2.1 Introduction 

At the TNO Crash-Safety Research Centre a validated database of the prototype EUROSID was 
created with MADYMO 3D in which the rib module was modelled as a single body connected to the 
spine by a Maxwell and Kelvin element (MADYMO Databases, 1992). Simulations appeared to 
correlate well with the dummy test results (de Coo, Wismans, Janssen, 1990). Deviations of the 
dummy response from the iSQ biofideiity requirement corridors were aiso indicated by the model. 
Impediments of the model were that the model could not be used for non-lateral, i.e. oblique, impact 
situations, the geometry was approximated poorly and flexibility of the rib is not taken into account. 
Since the initial EUROSID database, a prototype rigid body database of the EUROSID-1 has been 
introduced based on new parametric identification tests (de Coo, 1992). This chapter focuses on the 
development and evaluation of this database. 

2.2 EUROSID-i Database Model 

Databases are useful in simulating the impact of a dummy with it’s environment (section 1.2). The 
proces ~f specifically developing the database of a dummy can be seen as a stepwise process 
(Lupker et al., 1991): 

Step 1) The division of the dummy into functional components. 
Step 2) The determination of geometrical parameters (e.g. joint locations within the individual 

components). 
Step 3) The determination of inertia properties (e.g. mass, location of centre of gravity, principal 

moments of inertia and orientation of the principal axes). 
Step 4) The determination of joint properties (e.g. stiffness). 
Step 5) The determination of surface compliance. 

Further research mainly involves Steps 3-5: the conversion of the aforementioned different 
components of the rib module (section 1.3) and their mechanical properties into database 
characteristics. 
A 1-dimensional model of the impact side of the rib module has been developed (Figure 2.1) for this 
purpose which yields more realistic results in comparison to the previous EUROSID model. 

K5 - 
RIB 

1 NNINGCPRING 

L K3 CUP K4 

SPINE 1 
Figure 2.1: A 1-dimensional model of the impact side 
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The component characteristics were established using experiments on the basis of the model in 
Figure 2.1 and are implemented in the database as Kelvin elements (an overview of the values of 
the characteristics is given in Appendix B): 

Interaction K1 (not shown in Figure 2.1) accounts for both the spring stiffness of the rib and 
tuning spring. Because the stiffness and hysteresis of the rib will be accounted for in the defined 
joint stiffness functions, only the tuning spring needs to be accounted for. The tuning spring has a 
linear loading and unloading spring characteristic. Several different tuning springs are available of 
which the stiffmess iies within a ramge of 3000-íûûûû N/m. AdditisiPd dampimg is irieiuded te 
account for the static and dynamic friction between the piston and cylinder. 
In interaction K2 the limited piston stroke is accounted for. The contact between the rubber ring 
and metal rim of the cylinder is modelled as a Kelvin element with a nonlinear spring and 
nonlinear damping properties. K2 is only active if the displacement of the rib exceeds 55 mm. 
In interaction K3 the compression of the stiff damper spring is modelled as a nonlinear spring. 

0 In interaction K4 the return spring and the hydraulic damper are modelled as a Kelvin element 

The behaviour of the flesh simulating foam is modelled as a nonlinear elastic ellipsoid contact 
characteristic K5. 

with a bilinear spring. 

2.3 The Rigid Body Rib Module 

The 3-dimensional rigid body model of the rib module, with the contact characteristic of K5 shown 
as a spring for better visualisation, is depicted in Figure 2.2. In the prototype database, the rib 
module is attached to the spine but as in this case only the separate rib module will be analyzed, it 
is now connected to the inertial space. The 1-dimensional model can easily be retraced in this 
model. 

K5 - 
Rib 1 

K2 
/ / I  

Tuning Spring 

Rib 1 1 

Figure 2.2: The rigid body rib module 

The x- and y-axis denote the orientation of the inertial coordinate system. The z-axis lies 
perpendicular to the plane spanned by the x- and y-axis (right-handed coordinate system). The rib 
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itself comprises of a chain of eleven bodies, numbered clockwise from 1 until 11, which are joined 
by revolute joints. In this model, the revolute joints only allow relative rotation along the z-axis. The 
rib shape is represented by hyper-ellipsoids of a degree n=8. 
The attachment points of the Kelvin elements are chosen corresponding to the description in the 
assembly drawings of the rib module (EUROSID-1 User's manual, 1990). In analogy to the 
assembly drawings, K4 is attached to the cup and rib segment Rib 11. 
A translational joint between the inertial space and the impacted rib segment Rib 1 enables a 
uniaxial motion along the y-axis and disables a rotation along the z-axis. 
The displacement and rotation d ?ib segmelit Rib l i  along the x-, y- and z-axis is suppressed by 
means of two point-restraints. A rigid connection of Rib 11 to the inertial space would result in a 
closed chain of bodies, which is not yet possible in MADYMO. 
The masses of the various spring/damper components (Figure 1.1) are accounted for in the 
additional mass of rib segment Rib 1. The mass of the foam has been incorporated into the mass of 
the separate rib segments. 
The bending stiffness of the steel rib and a variation in stiffness due to a change in height along the 
perimeter, have been accounted for by prescribing certain torsion stiffnessec in the joints (Appendix 
B). The different stiffness functions have been derived using linear elastic beam theory and adjusted 
to fit the experimental curves. The stiffness functions in the joints are different for loading and 
unloading situations to account for the dissipative properkies of the foam. It must be noted that 
stiffness properties in non-lateral impact directions have not been evaluated in this model. A viscous 
damping coefficient of 0.2 Ns/rad has been specified in the joints to account for the damping of the 
rib. 

2.4 Simulations of Impactor Drop Tests 

The numerical simulation of a certification impactor drop test is modelled as follows: 

The impactor is modelled as an infinitely stiff plane connected to a body with a mass equal to that 
of the impactor. The impactor body is connected to the inertial space with a translational joint. The 

symmetry axis of the impactor coincides with the x-axis of the inertial space (Figure 2.2). The 
impactor contacts the ellipsoids of rib segments Rib 1-Rib 3 with a prescribed initial velocity. A 
gravitational field in the direction of the positive x-axis acts on the impactor. During plane-ellipsoid 
contact, the contact characteristic of the contacted ellipsoids K5 is in effect. A Coulomb friction 
coefficient of 1 is assumed in the contact between the plane and the ellipsoid. 

The relative displacement between rib segments Rib 1 and Rib 11 can be generated as output to 
verify certification requirements. Simulation results of the rib only as well as rib module certification 
tests, are given in Appendix C. From Appendix C it can be concluded that the peak displacement 
values of the rib only and rib module configuration model lie within the specified corridors. The 
deviation from the corridor of the lowest impact velocity for the rib module configuration impactor 
drop test gives no reason for concern as the rib module is usually only tested for impact velocities 
in excess of the certification velocities. From these results, it can be concluded that the rigid body 
rib module complies with the specified requirements. 
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3. Modelling the EUROSID-1 Rib Module with Finite Elements 

3.1 introduction 

Several papers have been published concerning the modelling of the rib module of the EUROSID-1 
with finite element codes such as DYNASD (Hollamby et al., 1993) and PAM-CRASH (Rückert et 
al., 1992). Although a critical evaluation is beyond the scope of this work, Appendix D summarises 
the shortcomings and obtained results of the rib module proposed in the latter paper. The main 
difference between the rib modules which are presented in these papers and the finite element rib 
module which will be developed in this chapter is the fact that the proposed rib module combines 
finite element aspects (the mesh of the rib) as well as multibody modelling aspects (the spring cup). 
In this chapter the stepwise process of modelling the rib structure with shell elements and rib 
module will be described. A stepwise approach will offer more insight into the modelling process 
and the influences of each new step on the certification results. 
Initially, a short introduction into the capabilities of the finite element module of MADYMO and the 
implemented shell element will be given. Using Simulations of rib only impactor drop tests, an 
optimal finite element mesh of the rib will be determined, based on a minimization of computational 
effort without a decrease in accuracy. Next, the optimum values of the design variables (the 
damping of the mesh and the stiffness of the tuning spring) will be determined using global 
approximation models for the peak displacement, based on results obtained from simulations of rib 
only and rib module impactor drop tests. This process is required in order to satisfy the certification 
requirements imposed on the rib only and rib module configuration. Finally a modified rib module is 
proposed to enable oblique testing. 

3.2 The Finite Element Module in MADYMO 

The advantage of MADYMO compared to strict finite element codes, is the combination of multibody 
as well as finite element modelling options. This implies that bodies with negligible deformations, 
like for example the spring cup (Figure l . l ) ,  can be modelled as rigid bodies instead of a finite 
element structure. This results in a reduction of the computational effort. 
The finite element module which is implemented in MADYMO uses a central difference method to 
solve differential equations. This is an explicit method since for the calculation of quantities such as 
the displacement, velocity and acceleration at a new point in time, only values at previous points in 
time are required. For explicit methods there is a time step above which the numerical integration 
becomes unstable. The time step in implicit methods is on the other hand only bounded by 
accuracy requirements. An explicit method has, in comparison to implicit methods, the advantage 
that the costs per time step during the integration are much lower. A disadvantage is that the 
method is only conditionally stable. 
A criterion for a stable time step can be derived (Steenbrink, 1992), based on the following linear 1- 
dimensional differential equation: 

where (n) denotes point in time tn, and the substitution of the central difference formulas. It can be 
shown that the stable time step At depends on the highest natural frequency o of the separate 
elements and the dimensionless damping coefficient 5. In finite element computations for a mesh 
with truss elements, a criterion for a stable time step At for undamped systems, can be derived from 
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(3.1). This criterion is known as the Courant criterion: 

in which c is the dilatational wave speed and lhr is equal to the smallest element length. 
This implies an important disadvantage to the central difference method: if the material properties 
are the same in the entire mesh, then the finite element time step is determined by the smallest 
element in the mesh, 
It must be noted that for nonlinear systems a general stability criterion can not be derived but a 
reduction of the value of the time step for the linearized system by 10-20% usually maintains 
stability. In practice, the value of a stable time step is usually determined by (unstable) results of 
previous analyses. 
A connected problem arises for coupled finite element and rigid body analyses: the typical time step 
for multibody simulations is larger than the typical time step for finite element simulations. 
Subcycling of the finite element time integration with respect to the multibody integration is therefore 
implemented to reduce computational effort (MADYMQ User's Manual 3D, 1992). 
For a MADYMQ analysis with a finite element model, a fourth order Runge Kutta method with a 
fixed time step must be used for the integration of the equations of motion of the multibody module 
(MADYMO User's Manuai 3D, i9W). The finite element integration time step is determined by the 
finite element module but can be overruled by choosing a multibody time step with a smaller value. 
During the coupling of the rigid body and finite element modules several restrictive modelling 
options should be noted. The attachment of bodies to the mesh using supports is required to enable 
connection of Kelvin elements, planes or ellipsoids because the finite element module does not 
permit the attaching of Kelvin elements, planes or ellipsoids to nodes of the mesh structure. 

3.3 The Elements of the Finite Element Module 

Apart from the available membrane element (MADYMO User's Manual 3D, 1992), a shell element 
has been implemented in MADYMQ 5.0 prototype software (Steenbrink, 1992). This element, which 
will be referred to as "FACETG", is based on a shell element proposed and developed by van 
Keulen (van Keulen, 1991 & 1993). FACET6 is an initially flat triangular shell element (the thickness 
is much smaller than the other dimensions) capable of describing arbitrary displacements and 
rotations with the use of constant stress resultants. 

Figure 3.1: Topology of the FACET6 element 

FACET6 has 6 nodes and 12 degrees of freedom: displacement components (x,y,z) in the vertices 
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and rotations about the element sides. Figure 3.1 shows the topology of FACET6. 
The mass of each element is lumped in the three vertices and satisfies requirements concerning the 
conservation of the total mass and consistency of external node force distribution. Much information 
concerning the time history behaviour of each node can be generated as MADYMO output: 
displacement, linear velocity, acceleration and external forces. 

3.4 The Finite Element Rib Module 

The finite element rnoaei of me rib moauie is, in anaiogy to the rigid body modei, modeiied in a 
parallel fashion: the springs and dampers are separated into two branches. A sketch of the finite 
element rib module is given in Figure 3.2. 

Rib 

W 4 L x  
Rib end K2 Tuning Spring 

Figure 3.2: The finite element rib module 

A rigid body (Rib end) is rigidly connected to the end of the finite element rib and to the inertial 
space with a translational joint. This body is required to enable the connection of the Kelvin 
elements of the primary branch (K2 and tuning spring) to the rib and to ensure uniaxial motion 
along the global x-axis by means of the translational joint. A second rigid body (Rib middle) is 
connected to the finite element nodes of the middle of the impacted side of the rib, to erlable the 
connection of the Kelvin elements of the secondary branch (K3 and K4) to the rib. The cup is 
connected to the Rib end with a translational joint enabling a motion along the x-axis of the inertial 
space. 
The spring/damper characteristics and untensioned lengths of the Kelvin elements have been 
derived from the database of the rigid body rib module. 
The total mass of the rib is calculated by MADYMO with the properties given in Table 1.1. The 
thickness of the finite element rib is 2.5 rnm, which is in accordance with design specifications. This 
however causes a discrepancy in comparison to the rigid body rib module in which a rib with a 
thickness of 2.7 rnm is implemented. The reason for the difference in thickness is the fact that 
during the modelling process it was wrongly assumed that the thickness of the rigid body rib was 
also based on design specifications instead of an experimental determination. 
Ttie mass of the Rib end and Rib middle have both been chosen equal to half the difference in totaal 
mass of the rigid body rib amd of the fimite element rib. The mass of the finite element rib is 0.355 
kg while the rigid body rib has a total mass of 0.775 kg. The difference in mass can be attributed to 
the fact that the total rigid body mass includes the additional mass of the foam and piston and the 
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aforementioned difference in thickness. 
The nodes of the finite element structure at the rib end and rib middle with translational degrees of 
freedom are rigidly connected to the Rib end and Rib middle, respectively. The nodes with rotational 
degrees of freedom at the Rib end are connected to the inertial space in order to suppress rotation. 
The nodes in the origin are all rigidly connected to the inertial space. 
The Rib middle can be realistically connected to the Rib end with several joints: free joint, planar 
joint and a translational joint. A free joint poses no constraints on the relative motion or rotation 
between two joined bodies, while a planar joint restricts the relative motion of two bodies to 
translations anu rotations in a common piane (MADYMB user’s ivianuai 30, 5992). As impacts are 
defined in the two dimensional plane spanned by the x- and y-axis of Figure 3.2, a planar joint 
should give the same results as a free joint. Furthermore, for regular side impact simulations the 
line of displacement of the Rib middle will be approximately parallel to that of the Rib end. A 
translational joint will therefore suffice and furthermore has the advantage that it requires less CPU 
time as less degrees of freedom are involved and permits a larger multibody time step. Simulations 
of certification tests showed that the multibody time step when a planar joint is used is required to 
be at most s to maintain stability, compared to s for a translational joint. Results also show 
that the peak displacement values of the Rib end between the implementation of a planar or 
translational joint are almost exactly the same (difference of 0.1%). 

3.5 The Finite Element Rib 

The steel rib is the only component of the rib module that is modelled as a finite element structure. 
The finite element rib of the rib module will be constructed with shell elements in accordance with 
its geometry. In addition to a certain stiffness (which is computed by MADYMO using the material 
properties of the rib in Table 1.1), damping can also be defined. The value of the damping is by 
default equal to O but will in section 3.6 be optimized. In Appendix E the determination of the 
optimal finite element rib mesh using simulations of rib only impactor drop tests is described. Rib 
only tests imply testing the rib module without the secondary branch of the rib module (which 
includes the K3, K4 and the cup). 
In Appendix E, it is concluded that a very coarse mesh gives sufficient accuracy and requires the 
least CPU time during simulations. It is therefore chosen as the optimal mesh to be used in further 
simulations. This mesh (Figure 3.3) consists of 46 elements in a grid of 42 nodes with 3 
translational degrees of freedom and 87 nodes with 1 rotational degree of freedom. 

Figure 3.3: The finite element mesh of the rib 
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3.6 Optimization of the Damping and Tuning Spring Stiffness 

The response of the finite element rib module can be altered by changing the stiffness of the tuning 
spring k and/or the addition of damping a to the mesh structure. Kelvin elements K2, K3 and K4 are 
chosen as independent design parameters, based on the assumption that the experimentally 
derived characteristics are accurate. Because the damping of the rib has not been measured and 
the tuning spring is a replaceable spring (when certification requirements are not met, it can be 
replaced by a spring with a higher or lower stiffness), k and a can be defined as design variables. 
From the figures in Appendix E it can be seen that for each impact veiocity the peak displacement 
values of each mesh exceeds the prescribed corridor values. It can furthermore be noted that in 
comparison to experimental curves, the peak value occurs at a later time during the simulation time 
span. The addition of damping and a stiffening of the tuning spring will theoretically result in a lower 
peak displacement value and an earlier peak time. 
The optimum values of the design variables imply by definition the values which enable the peak 
displacement of the rib only and rib module configuration, resulting from an impactor drop test, to lie 
within the ïequired ceïtification corridor and as dose to the mean corïidor value as possible. 
In Appendix F an algorithm to determine these optimum values is described. The algorithm is based 
on the minimization of the sum of the objective functions of the rib only and rib module 
configuration, F,, and F,, An Objective function is defined as the sum o? the squared 
difference between the actual displacement resulting from MADYMO computations and the mean 
corridor value for each of the four impact velocities of the certification tests. Minimization of the 
objective functions is restricted by the corridor displacement constraints. 
A 2-dimensional design space of the design variables is constructed in which the range of the 
stiffness of the tuning spring is limited by a negative and positive variation of 10% around the 
reference value (the stiffness of the tuning spring of the rigid body rib module: 9090 N/m). This 
range has been chosen in order to approximate the behaviour of the rigid body rib module. 
increasing the range to lower stiffness values leads to difficulties: further reduction of the stiffness 
requires an increasingly larger value of the damping to meet the corridor requirements which 
however leads to unrealistically small peak times. The upper boundary of the range of damping is 
only physically bounded by the assumption that the damping in the rib module is restricted. 
Approximation models of the peak displacement as a function of the design variables are 
determined using regression techniques. With these models approximate objective functions and 
constraints can be formulated and visualized in a response surface diagram. 
Feasible areas, which are bounded by certification corridor constraints, should theoretically be found 
in which different combinations of the design variables can be determined which minimize each 
objective function. 
For the rib only configuration a feasible area is found which is bounded by the corridor constraints 
of the highest impact velocity 2.5 m/s. For the rib module configuration, the upper constraint of the 
lowest impact velocity 1 m/s does not permit a feasible area. If this upper corridor value was 
increased a feasible area bounded by this upper constraint and the lower constraint of the 3 m/s 
impact velocity could be identified. If the upper constraint of the 1 m/s impact velocity was not 
considered then a feasible area bounded by the upper constraint of the 4 m/s impact velocity and 
lower Constraint ~á the 3 m/s impact velocity is seen. Previously in Section 2.4 it was noted thzt the 
rigid body rib module did not comply with the corridor requirements of the lowest impact velocity 
either. It was seen that the peak displacement exceeds the prescribed corridor. Specific steps 
concerning the modification of the Kelvin element characteristics to comply with the corridors, like 
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for example increasing of the stiffness of K4, will not be taken at the moment. Constraints 
concerning the lowest impact velocity will thus be neglected. 
The following optimum values of the design variables are determined: 

cx = 420 N k = 8200 - 
m 

From the algorithm it follows that a certain amount of damping is added to the mesh and that the 
stiffness sf the tuning spring ia reduced. it must be emphasized t!wt for this particular ~ptimization 
problem the optimal stiffness is equal to the lower bound of the stiffness range. Extension of the 
range to lower stiffness values will result in a different optimal combination. 
A possible explanation for the required reduction of the stiffness of the tuning spring is the fact that 
this can be seen as compensation for the extra stiffness of the rib obtained by the rigid connection 
of the non-impact side to the inertial space. figures 3.4 and Figure 3.5 show the results of 
certification tests of the finite element rib only rib module configuration respectively with the 
implemented optimum values of the design variables. 
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Figure 3.4: Simulation results of rib only certification tests 
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Figure 3.5: Simulation results of rib module certification tests 
k 

3.7 Modifications of the Finite Element Rib Module to enable Oblique Testing 

The previously described finite element rib module is only suitable for lateral impacts and requires 
several modifications to enable simulations of oblique impactor drop tests (section 1.5). In this 
section modifications will be described which enable testing the rib module under impact angles of 
10' and 20" (Figure 1.2). 
For oblique impacts of which the impact angle is loo, an additional body (the "Impact facelo") with 
a negligible mass needs to be connected to translational nodes of the mesh for which the slope of 
the perimeter of the mesh is 10". This enables the impactor to impact this specific part of the rib. 
The ellipsoid of Impact face10 enables plane-ellipsoid contact between the rib and the impactor. 
The dimensions of the ellipsoid are chosen such that they do not overlap the ellipsoid of the Rib 
middle. 
For oblique impacts of which the impact angle is 20", modification of the finite element mesh is 
required because there are no translational nodes present on the perimeter of the mesh which has 
a slope of 20". The addition of 2 elements and 4 nodes enables the connection of a body with a 
negligible mass (the "Impact face20") of the rib, to the mesh. This modification of the mesh results 
in a slight increase of required computational effort during simulations but has no noticeable 
influence on the stiffness of the rib in lateral impact directions and earlier obtained certification test 
results. Further modifications are identical to those previously described for an impact angle of 10". 
The respective bodies are connected to the mesh using suppork and to the Rib end with a planar 
joint. 
During simulations of oblique impactor drop tests instability occurs. The instability is most probably 
caused by the function of the subcycling algorithm during the coupling of the finite element and 
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multibody modules. Development of a new executable in which the forces generated by the finite 
element module during subcycling are not held constant during a multibody time step only leads to 
a minor improvement of the stability. 
Reduction of the value of the multibody time step (the value of the finite element time step will 
hereby eventually equal the multibody time step) improves the stability. This reduction will of course 
result in an increase of the required computational effort. 
Simulation results showed that after initial impact, the ellipsoids of the respective Impact face10 and 
Impact face20 bodies rotate along an axis perpendicular to the plane of impact. This is caused by 
&+e fâct &kit the iotation is not suppressed bemuse an impact face body is only attached with 
supports to two nodes of the mesh. Additional mesh refinement to enable the connection of the 
impact face to more elements, thus disabling a rotation, requires an even smaller multibody 
integration time step 
A new finite element rib module is proposed in section 3.8 which is more suitable for oblique testing 
but shows less conformity to the rigid body rib module. 

s) to maintain stability. 

3.8 The Revised Finite Element Rib Module dor Qbliqoe Testing 

In this section a revised finite element rib module will be described which is more useful, i.e. does 
not require reduction of the integration time step to remain stable during simulations, for oblique 
impacts. The finite element rib module which is described in this section will be used for oblique 
impactor drop test simulations in Chapter 5. The major difference in comparison to the finite 
element rib module described in section 3.4 is in the definition of the impactor-foam contact. The 
function of the impact body representing the foam in the previous rib module will be implemented in 
a revised impactor configuration. 
The impactor configuration (Figure 3.6) is modelled as follows: the impactor (whose properties and 
dimensions remain the same) is connected with a translational joint to the inertial space. A dummy 
impactor with a negligible mass is connected to the impactor with a translational joint. The 
displacement degree of freedom of both translational joints coincides. An initial impact velocity and 
a gravitational field are prescribed for both bodies. Ellipsoids and parallel planes are attached to the 
bodies as shown in Figure 3.5. 

Idummy impactor 

Figure 3.6: Impactor configuration of the revised finite element rib module 

During an impactor drop test simulation the plane of the impactor contacts the ellipsoid of the 
dummy impactor. The contact characteristic K5 is used dor the ellipsoid characteristic during this 
plane-ellipsoid contact. Contact interactions between the plane of the dummy impactor and the 
translational nodes of the mesh are also defined. 
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4. Modelling the EUROSID-1 Rib Module with Flexible Bodies 

4.1 Introduction 

During the process of modelling the rib of the rib module as a system of rigid bodies the actual 
geometry of the rib and the impact can only be approximated. In this chapter the deformation of the 
rib will also be taken into account to acquire results which correspond more to real life deformations 
in comparison to rigid body modelling. In Comparison to finite element approximations, it is expected 
that the advantage of a reduction in computational effort will be combined with only a marginal loss 
of accuracy in the solution. 
Firstly the theory concerning the approximation of the deformation of a body by displacement shape 
functions will be reviewed and a short introduction will be given to the flexible body module which 
has been implemented in MADYMO prototype software. A displacement shape function will be 
required to enable description of the displacement of nodes which form the flexible body. A flexible 
body rib module in which the deformation of the rib is based on the superimposing of modes, which 
have been generated by finite element computations, is then developed in a stepwise process. 
Certification tests are done to enable analysis of the behaviour of the flexible rib. The rib module is 
finally revised to compensate for the absence of damping and to enable oblique impactor drop tests. 

4.2 The Theory of Modes 

The displacement of a point p of a body: u,, as a result of deformation, can be approximated by a 
linear combination of N continuous displacement shape functions ai(x): 

where a,(t) are called the modal coordinates. For static situations the modal coordinates are time- 
independent. 
Displacement shape functions, otherwise referred to as modes, should be chosen such that they 
are able to accurately describe the deformation of the body as a result of the forces applied to it. It 
is only possible to describe large rigid body motions if the displacement is resolved into a 
displacement due to deformation and a displacement due to rigid body motion. A possible 
contribution of the latter to the N-sized displacement space of (4.1) can be prevented by requiring 
that the modes Gi(x) cannot describe rigid body motions. In the flexible body model of the rib 
module (section 4.5), this condition is satisfied by the rigid connection of the non-impact side of the 
rib to the inertial space. 
There are a variety of numerical methods which can be used to generate modes for approximating 
the displacement due to deformation of a body. Commonly used methods are: 

1) The method of assumed modes 
2) The finite element method 
3) Modal synthesis method 

The disadvantages and advantages of each method are extensively discussed in literature 
(Koppens, 1988). In this report the modal synthesis method will be applied in the process of 
approximating the rib with a deformable flexible body. The modal synthesis method will be briefly 
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discussed. 
In practice, the modal synthesis method is only useful when the geometry of the body is relatively 
simple to describe. The modes are functions of the material coordinates and are defined for the 
entire body. For lateral impacts, a properly chosen mode (N=l) can accurately describe the 
deformation of the entire body. The accuracy of the approximation when the pattern of the 
deformation of the body is previously unknown mainly depends on the proper choice and accuracy 
of the superimposed modes. 
The method of assumed modes approximates the modal synthesis method in the way in which the 
modes sïe now descïibsd by ai?aly%cal funciieiic. An iiiüsbtive exampie of the method of assumea 
modes is the approximation of the deflection of a beam, due to prescribed boundary loads, by 
superimposing modes (Appendix G). The modes are dimensionless polynomials of the axis 
coordinates of the beam. The static deflection of the end of a cantilever beam as a result of a static 
force and static moment respectively, are chosen as modal coordinates. 

4.3 Modelling Strategy 

If a flexible body with a complex geometry is considered, it is often not possible to determine 
continuous modes Qi(x). The deformation is therefore approximated by a number of discrete modes: 

where i denotes a discrete node j. For this purpose, the geometry is divided in a finite number of 
nodes. A mass distribution over the discrete points of the body is required to account for inertia 
effects. The mass is hereby lumped in the nodes and inertia effects are neglected. 
The flexibility of the rib module is, in analogy to the finite element rib module, restricted to the steel 
rib as it is the only part which shows significant deformation. There is no experimental data 
available, which describes the deformation of the rib. Results of finite element computations are 
considered to be the most accurate in terms of being able to simulate the deformations as a result 
of an impact. A finite element model will therefore be used for the generate all relevant data to 
enable modelling the rib as a single flexible body. 
For lateral impact situations, the deformation of the rib can be described by one mode, which is 
contructed from displacements in the plane spanned by the x- and y-axis of the inertial space. A 
contribution to the mode of displacements perpendicular to this plane is neglected. The translational 
nodes of the finite element rib are chosen as the nodes describing the flexible body. The mode 
describing the deformation of the flexible rib is the displacement of the nodes of the finite element 
rib module as a result of an acceleration test (section 4.6). 

4.4 The Flexible Body Module in Madymo Prototype Software 

The intermediate version of MADYMO 5.0, which is based on simulating the motion of a system of 
rigid bodies, has been modified in order to be able to account for the deformability of the bodies in 
the system (Schoenmakers, 1992). 
The regarded system can be divided into several bodies. On each body a finite number of nodes 
are defined. Modes are needed to describe the deformation of the body. In literature (Koppens, 
1988 and Schoenmakers, 1992), modes for a beam shaped body are usually written analytically as 
a polynomial of the axis cooïdinates. 
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If two deformable bodies are joined then connectivity requirements involve the definition of 
translational and rotational mode values at the joint node. The rotational mode is defined as the 
material coordinate derivative of the translational mode. Specification of rotational mode values for a 
deformable body is not needed as long as no local points of inertia or unusual kinematic 
connections are part of the regarded body. 
The number of modes and the number of nodes per body can be chosen by the user. A lumped 
mass technique can be used to assign a certain mass to every node. The required user input for a 
flexible body j, attached to the corresponding lower numbered rigidbiexible body j-1 in the tree, is as 
fo I! ow§: 

In general: 

For each body: 
- the number of modes per body 

- number of nodes [-I 
- mass of each node Fg] 
- position of each node in the local body coordinate system of body j [m] 
- values of the translational mode and rotational mode for each node defined in the local body 

- values of the translational mode and rotational mode of body j-1 in the node sf the joint 

- values of the translational mode and rotational mode of body j in the node of the joint 

- stiffness EI [Nm? 

coordinate system [-] 

connecting body j and body j-1 defined in the local body coordinate system of body j-1 [-I 

connecting body j and body j-1 defined in the local body coordinate system of body j [-I 

It should be noted that a form of modal damping has not yet been implemented in the flexible body 
module. Initially the modification led only to the possibility of modelling rigid bodies as beam-shaped 
flexible elements. New modifications however enable the modelling of rigid bodies as flexible 
elements with an arbitrarily chosen shape. This modification however requires knowledge of the 
modal stiffness of each mode and assumes a constant value for the stiffness. 

4.5 The Flexible Body Rib Module 

The flexible body rib module is based on the configuration of the finite element rib module as 
described in section 3.4 and is shown in Figure 4.1. The flexible rib is rigidly connected to the 
inertial space with a bracket joint at the non impact side. 
The inclusion of the Rib middle and Rib end in this model is essential. Although the mass of these 
bodies could just as well be assigned to the translational nodes, connection of the Kelvin elements 
to the flexible rib is not possible as these don’t take deformation into account. 
A body, the Rib end, is attached to the end of the flexible rib with a bracket joint, to enable the 
attachment of the Kelvin elements of the primary branch. The Rib end is not connected to the 
inertial space as this would result in a closed chain. A uniaxial displacement of the Rib end along 
the x-axis is ensured by a properly chosen displacement field. The Rib middle is connected to the 
flexible rib with a bracket joint. 
The total mass of the flexible rib equals the sum of the lumped masses in the translational nodes of 
the finite element rib. The other properties of the flexible body rib module concerning the Rib end, 
Rib middle, cup and Kelvin elements have been adopted from the finite element rib module. 
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It should be noted that, as the Rib middle and Rib end are connected to the flexible rib, both the 
modal displacements and rotations are needed at these interfaces (section 4.3). 

Flexible rib 

Rits middle I I Ka I 

Rib - e4 end K2 Tuning Spring s x  

Figure 4.1: Flexible body rib module 

4.6 Determination of a Lateral Impact Mode and the Modal Stiffness 

In this section a mode: describing the deformation resulting from a lateral impactor drop test, and 
the accompanying modal stiffness of the flexible rib are determined. For this purpose the 
assumption is made and verified that linear deformation takes place. A mode which describes the 
deformation of the flexible body as part of the rib module, can be determined using an acceleration 
test. A constant acceleration field in x-direction (Figure 4.1) is prescribed on the Rib end and Rib 
middle of the rib module configuration. After a constant displacement is reached, the displacement 
of the translational nodes of the finite element rib are used to construct the mode. The mode is 
normalized by dividing the displacements in x- and y-direction by the maximum displacement in x- 
direction of the rib at the connection with the Rib end body. Figure 4.2 shows the undeformed 
reference geometry of the rib (solid line) and the deformed geometry (dashed line) as a result of a 
lateral impact. 

6 
'C 
u> 
.- 

x position (m) 

Figure 4.2: Undeformed geometry and lateral mode 
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The modal stiffness implies the stiffness of the finite element rib and depends on the mode, which is 
in turn a function of the loading conditions: the stiffness resulting from side impacts differs from the 
stiffness in non-lateral impacts. Verification of the linearity of deformation should take place to be 
able to assign a certain value to the modal stiffness. In other words: a deformation, resulting from 
an applied force to the impact side of the rib, should be proportional to this force. This is verified by 
prescribing a linearly increasing acceleration field to the Rib end and Rib middle (resulting in a force 
on the rib) of the rib only configuration, of which the tuning spring is extracted, which furthermore 
consists of the finite element rib with damping a. The damping is required to damp the response but 
nas no influence on the stiffness of the rib. If the force-dispiacement characteristic is linear and the 
displacement is within realistic deformation limits, then linearity of deformation is ensured. Results 
showed that the deformation of the rib is linear after initial irregularities. 
The accompanying modal stiffness can be determined using: 

m *a k = -  
U 

(4.3) 

where 
- m is the combined mass of the Rib end and Rib middle m=0.42 [kg] 
- a is the prescribed acceleration field 
- u is the displacement of the Rib end 

[m/s’l 
[ml - 

A constant acceleration field of 600 m/s2 is prescribed on the Rib end and Rib middle and a 
constant displacement of the Rib end of 27.85 mm is reached within 100 ms. Using (4.3), a stiffness 
of 9050 N/m results. 

4.7 Addition of a Linear Damper 

If simulations of certification tests are performed, the peak displacement for each impact velocity will 
exceed the prescribed corridor values. The deviation from the prescribed corridor is caused by the 
absence of damping in the flexible body. A linear damper is therefore attached between the Rib end 
and the origin of the inertial space to approximate the damping. An optimal damping coefficient is 
determined with a simplified l-dimensional version of the algorithm described in appendix F. Two 
different objective functions can be defined: 

1) Corridor: The sum of the squared differences between the approximated peak displacement pi 
and the mean corridor value ci for each impact velocity vi. 

2) FEM curve fit: The sum of the squared differences between the approximated peak displacement 
pi and the peak displacement value of finite element computations ci for each impact velocity vi. 

The latter objective function is the most appropriate, in view of future developments in which the 
finite element and flexible body rib module will be compared using oblique impactor drop tests. But 
it is not ensured that corridor requirements are satisfied for an optimal damper coefficient value. 
The lowest impact velocity 1 m/s is not considered in the optimization algorithm as the corridor for 
this impact velocity cannot be satisfied. Simulation results require that quadratic approximation 
models of the peak displacement for each impact velocity as a function of the damping coefficient 
need to be determined using a design space of 10 impactor drop test simulations. It can be 
determined that minimization of the objective functions leads to different optimum values: 22.9 Ns/m 
and 26.8 Ns/m respectively. Using the FEM curve fit objective function, a linear damper with a 
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damping coefficient of 26.8 Ns/m will be used in the flexible body rib module. 

4.8 Impactor Drop Test Simulation Results of the Flexible Rib Body Module 

Simulations of certification impactor drop tests will now be done to verify the altered simulation 
results due to the addition of the damper. Results of rib only configuration are not given because a 
mode describing the deformation of the rib only configuration is not implemented in the current 
flexible body rib module. Satisfactory certification results have however been obtained using the rib 
module dsfoïmatioii to descïibe the UeformaUon of the rib only ceniiguraiion. From figure 4.3 it can 
be concluded that the flexible rib module complies with corridor requirements and is equal in 
performance to the finite element rib module. 

Flexible Bodv Rib Module 
- Impact velocity = i mls - Rib Distance (m) 
- -  Impact velocity = 2 mls - Rib Distance (m) 
._..__ Impact velocity = 3 mls - Rib Distance (in) 
-.. Impact velocity = 4 mls - Rib Distance (m) 
- Corridor values 1 mls - peak displacemnt 1 O 0-14 OE-3 (m) 
- -  Corridor values 2 mls - peak dicplacernnt 23 5-27 5E-3 (rn) 
._..__ Corridor values 3 mls - peak displacemnt 36 0-40 OE-3 (in) 

Corridor values 4 mls - peak displacemnt 46 0-51 OE-3 (m) 

Time (mc) 

Impactor Tests 

Figure 4.3: Simulations of certification impactor drop tests of the flexible body rib module 

4.9 Addition of Oblique Modes 

In this section, flexible body rib modules will be developed to enable oblique testing of the flexible 
body rib module. In analogy to section 3.7, bodies with a negligible mass representing the impact 
faces of the rib are connected to the flexible rib with a bracket joint. The ellipsoid of the respective 
impact face enables plane-ellipsoid contact. Modes, which approximate the deformation for oblique 
impacts for impact angles of !Oo and 20", are separately constructed using the same techniques as 
described in section 4.6. Determination of the modal stiffness and verification of the linearity of 
deformation for each impact angle does however require finite element computations with excessive 
computational effort. This can be avoided if the modal stiffness and deformation mode are 
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determined using the revised finite element rib module (section 3.8). The modes are normalized by 
dividing the the x- and y-displacement values by the resultant displacement of the nodes to which 
the impact faces are connected. 
Linear dampers, whose coefficients have been determined as described in section 4.7, are also 
specified in the model and are placed between the respective impact face bodies and origin of the 
inertial space. The modal stiffness and the value of the linear damper for each mode are 
summarised in Table 4.1. 

Tâble 4.Ì: Required input data fur aPe fiexiisle body ' rib moa'uie 

Impact Modal Damper 

11785 

20" 12640 28.4 

Previously, the mode and the modal stiffness were determined and implemented sepatately for each 
oblique impact angle. In crash simulations, it is in general not possible to predict under which 
impact angle an impact will take place. A model needs to be derived which automatically decides 
which mode is initiated to describe the deformation. 
The superimposing of the three deformation modes to form a displacement field (function 4.2) is 
made difficult by the fact that the modes are not independent. The definition of a modal stiffness 
matrix which properly accounts for the coupling of modes is theoretically not possible and the 
respective impact modes are therefore considered independent. 
Impacts of O", 10" and 20" can be accurately described. The applicability of the flexible body rib 
module can however be increased, if a limited number of modes can describe the deformation of 
the rib module for a wide range of impact angles. As an example it can be determined if a 
displacement field of modes describing a O" and 20" impact can describe the deformation of a 10" 
impact. Appendix I describes the results of an approach which has been applied to determine a 
filled stiffness matrix to describe the deformation of an impact under 10" with modes describing 
impacts of O" and 20". Results show that implementation of non-diagonal terms of approximately the 
same magnitude as the modal stiffness in the stiffness matrix leads to satisfactory results. 
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5. Verificational Testing of the Different Rib Modules 

5.1 Introduction 

In this chapter simulations of verification tests will be done with all three previously described 
models: the rigid body rib module, the finite element rib module and the flexible body rib module. 
The regarded tests consist of lateral and oblique impactor drop tests with a smaller mass and 
higher impact velocities. Differences in simulation results between the rib modules and comparison 
to experimental resuits shsuici provide more insight into the aifierences between tne modelied rib 
modules in terms of accuracy and computational effort (measured in terms of CPU time). 
Table 5.1 gives an overview of the verification tests. The tests can be distinguished by codes given 
to the original experiments which were conducted at the TNO Crash-Safety Research Centre in 
Delft. 

In this chapter simulations of verification tests will be done with all three previously described 
models: the rigid body rib module, the finite element rib module and the flexible body rib module. 
The regarded tests consist of lateral and oblique impactor drop tests with a smaller mass and 
higher impact velocities. Differences in simulation results between the rib modules and comparison 
to experimental resuits shsuici provide more insight into the aifierences between tne modelied rib 
modules in terms of accuracy and computational effort (measured in terms of CPU time). 
Table 5.1 gives an overview of the verification tests. The tests can be distinguished by codes given 
to the original experiments which were conducted at the TNO Crash-Safety Research Centre in 
Delft. 

Table 5.1 : Verification tests 

The experimental results must be interpreted with caution as the tests are done with a rib module 
which does not satisfy all the corridor requirements for the rib only configuration certification tests. 
The results are furthermore not statistically validated by frequent retesting. 
As mentioned earlier (section lS), the experimental set-up needs to be modified to enable oblique 
impactor drop tests, The different rib modules have previously been certified for lateral impacts, 
oblique testing however requires modification of the rib modules. These modifications will firstly be 
focused on. The influence of Coulomb friction during verification tests is quite important and will 
shortly be addressed. Finally the results of certification and verification tests will be discussed. 

5.2 Analysis of the Applicability of Oblique Impactor Drop Tests 

Simulations of oblique impactor drop tests require several modifications of the previously described 
rib modules. Modifications of the finite element rib module and flexible body rib module have 
previously been discussed in sections 3.8 and 4.9 respectively. The possibility of correctly 
simulating oblique impactor drop tests with the rigid body rib module has however not been 
discussed yet. 
For a correct simulation of the experimental set up of the oblique tests, rib segments of the rigid 
body rib module are required of which the ellipsoids are rotated 10" and 20" about the axis 
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perpendicular to the plane spanned by the x- and y-axis (Figure 2.2). The orientation of the ellipsoid 
coordinate system is by default identical to the orientation of the body local coordinate system, but 
can easily be modified. Table 5.2 lists the rotation angles of the successive rib segments which can 
be impacted during the simulations. From Table 5.2 it can be concluded that it is impossible for the 
impactor to make the required perpendicular impact. The exact impact location can therefore only 
be approximated by using the coordinates of the position of impact from the design drawings. 

Table 5.2: Rotation angles of the rib segments 

1 Rib segment 11 Rotation angle I 

Rib 3 30" 

5.3 The influence of the Coulomb Friction Coefficient 

The Coulomb friction in the contact plane between the foam and the impactor during impact does 
not play a significant role during lateral impacts, because the velocity of the impactor perpendicular 
to the line of impact is equal to zero. For increasing impact angles however, the impactor slides 
along the perimeter of the rib and the definition of a Coulomb friction coefficient becomes more 
significant. It is difficult to determine analytically the friction coeftïcient for the friction in the contact 
between the steel face of the impactor and the foam. In the numerical models, the friction coefficient 
can therefore be interpreted as a kind of tuning parameter. A reduction of the friction coefficient 
results in higher peak displacement values and different peak times. In the rigid body rib module, 
the friction coefficient was initially chosen equal to 1.0 (section 2.4). This value is probably 
overestimated as the friction coefficient can be considered negligible. In forthcoming simulations, the 
value of the Coulomb friction coefficient for all numerical rib modules is chosen equal to O. 

5.4 Discussion of the Results of the Different Rib Modules 

The results of rib module certification tests are given in Appendix H (Figures H.1-H.4) to give a 
primary indication of the performance of the numerical rib modules compared to experimental 
results. In order to remain conform to previous discussions of certification test results, the results of 
the 1 m/s certification test are not considered in the comparison of the stiffness and damping of the 
respective rib modules. 
For lateral impacts it can be concluded that the experimental and finite element rib module are 
nearly critically damped, while the flexible body and rigid body rib modules are under-critically 
damped. The damping of the experimental rib module is larger while the total stiffness is lower than 
the numerical rib modules. 
The stiffness of the rigid body rib module is larger than the other numerical rib modules. The flexible 
body rib module has by definition the same stiffness as the finite element rib module but is less 
damped because the linear damper can only partly equal the damping in the mesh. 
The rib displacements of the verification tests are also graphically presented in Appendix H. Lateral 
verification tests 8930832 and El930833 can roughly be compared to 1 m/s and 2 m/s certification 
tests in terms of peak displacement. The peak time is however much smaller than the certification 
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test peak times. This may be caused by the fact that more kinetic energy is involved during primary 
impact. The peak displacement of the flexible body rib module is alternatively higher and lower than 
the peak displacement of the finite element rib module. 
Several properties of the curves for oblique impacts will be focused on to enable a proper 
comparison between the performance of the numerical rib modules and the experimental results: 
the peak displacement, the peak time, the cycle time, loading slope and convergence time. 
It must be noted, that finite element rib module and flexible body rib module simulation results of 
Test # D930845 are not given as for the finite element rib module only unsatisfactory results were 
ûbtaained düe to instâsbilities ca~sed û j  the execuiabies (section 3.ï). 
For increasing impact angle p the peak displacement of the experiments changes from an initial 
lower value than the numerical models to a peak value of more equal value. The peak displacement 
of the flexible body rib module is alternatively slightly larger and smaller than the peak displacement 
of the finite element rib module. The peak displacement of the rigid body rib module is always 
higher than the flexible body and finite element rib module. 
No real trends can be distinguished for the specific value of the peak time except for the fact that 
for both impact angles the peak time of the experiment is larger. 
The cycle time, which is closely related to the damping and stiffness of the rib module, is defined as 
the time span between initial rib displacement and the first time point when the rib displacement 
attains a zero value. The cycle time of the experiments is larger than the numerical models and 
increases for increasing impact angle. The cycle time of the flexible body and finite element rib 
modules show good agreement while the cycle time of the rigid body rib module is higher for 
increasing impact angles. 
The loading slope of the curves of the different rib modules is approximately identical for each rib 
module and slightly higher for IO" and noticeably higher for 20" impacts than the experimental 
curves. 
The convergence time, which is defined as the time needed for the rib displacement to reach a 
constant end value (within a certain tolerance level), is generally much smaller for the experiments 
and finite element rib module. 
It can furthermore be seen that for an impact angle of 20" for the highest impact velocity the finite 
element rib module shows unexplainable irregularities in the curves. 
Several reasons can be given for the differences between simulation results and experimental 
results. As mentioned earlier the simulation of oblique tests can only be approximated, because 
measurement errors occur during the transition of the exact position of impact and impact angles 
from assembly drawings, to input for the numerical models. 
The deviation of the experimental results for oblique impacts can also partly be explained by the 
fact that in the experimental set-up the impactor is free to rotate after initial impact to the rib 
module. During simulations, the impactor is attached to the inertial space with a translational joint 
thus disabling any rotations. This difference in verification test set-up was noticed, after extensive 
simulations had been done, during analysis of film material of the experiments. The difference 
mostly influences the cycle time and convergence time of the experimental rib displacement curves. 
Another difference in the set-up which is not taken into account, is the friction in the guiding cables. 
The fact that no exact value can be assigned to the Coulomb friction coefficient also has an 
influence on the simulation results. In Figure H.ll foor a 8930848 Verification test, it can be seen 
that the difference in friction coefficient can result in a difference of 40% in peak value. 
Deviations of simulation results in comparison to experimental results are also caused by the 
statistical spread in experimental results. 

I 
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6. Comparison of the Modelling Techniques 

6.1 Introduction 

In this chapter, the modelling techniques which have been used to model the rib module of the 
EUROSID-1 will be compared. The comparison will be done on the basis of several properties. 
These are: geometrical accuracy, stiffness, damping, deformation, computational effort and 
applicability. To enable a proper comparison, concerning the accuracy, a standard needs to be set 
to which ine other moaeiiing techniques can be compared. The finite element modelling technique is 
considered the most accurate in terms of the approximation of the geometry, deformation and 
applicability. 

6.2 Geometrical Accuracy 

The geometry of the rib of the rigid body rib module can only be approximated by the ellipsoids of 
the 11 rib segments. The dimensions of the ellipsoids are chosen such that the layer of foam is also 
physically modelled. A restriction of the division of the rib into a limited number of bodies is for 
example the fact that oblique impacts cannot be accurately simulated. 
Finite element modelling allows the discretization of the geometry into finite number of elements. AR 
accurate approximation is ensured if the approximated geometry is in accordance with design 
specifications. The layer of foam is not separately modelled as a finite element structure. Rigid 
bodies are required to enable connection of the Kelvin elements to the rib. 
The initial geometry of the flexible body rib is identical to the finite element rib in its reference 
position. The deformed geometry is the result of superimposed displacement fields if more than one 
mode is considered. Visual representation of the flexible body with the MADYMO post-processor 
Mappk during simulations has however not been implemented yet. 

6.3 Stiffness 

The accuracy of the rigid body rib module, concerning the stiffness of the rib is restricted by the 
approximatory nature of determining the stiffness with linear elastic beam theory and subsequent 
implementation as torsional springs in the joints. The stiffness of the rib module is furthermore 
influenced by the fact that the non-impact side of the rib is not rigidly connected to the inertial 
space. The motion and rotation are only partly suppressed by point-restraints. The stiffness has only 
been validated for lateral impacts and results of verification tests give no specific insight into the 
correctness of the stiffness for oblique impacts. 
Due to the difference between design specified and manufacturement thickness and due to the fact 
that the stiffness depends cubed on the thickness of the rib, the value of the stiffness of the finite 
element rib is not correct. The difference in simulation results, resulting from a difference in 
stiffness, is partly compensated by means of a different tuning spring. Assuming the geometry is 
accurately described then after exact measurement of the thickness, an accurate approximation of 
the stiffness of the rib should result. 
The stiffness ob the flexible body rib is equal in accuracy to the stiffness of the finite element rib. 
The contribution of the foam to the stiffness of the rib module is considered negligible and is 
therefore is not modelled in the finite element and flexible body rib modules. 
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6.4 Damping 

30 

It is difficult to define a certain value to the damping in the rib module which results from other 
factors than the hydraulic damper. Two types of damping can be distinguished during impacts: 
damping in the contact between the foam and the steel impactor, which is not accounted for in the 
numerical models, and damping due to (structural) deformation of the rib module. 
In the rigid body rib module, the damping is accounted for by prescribing viscous damping in the 
revolute joints. This implies that the relative rotation of two joined rib segments is damped. 
-rp I 

well but the exact value needs to experimentally determined. A restriction of the current definition of 
the damping is the fact that a rigid body motion of the rib is also damped. 
The damping in the flexible body rib module cannot equal the damping of the finite element rib 
because modal damping has not been implemented in the flexible body module of MADYMO 
(section 4.3). The damping of the rib module for lateral impacts can be approximated quite well by a 
linear damper, which is attached between the Rib end and the inertial space. For oblique impacts, 
however the damping is difficult to account for because the damper is impacted under am angle 
instead of in the line of displacement of the impactor due to the modified test set-up of the impactor. 

f.... u i l ~ t i ~ í ì  of the damping in îhe finiie eielssent mesh approximates the damping oi  the rib quite 

6.5 Deformation 

The main drawback of rigid body modelling is the fact that deformability cannot be taken into 
account. The deformation of the finite element rib is the most accurate. The flexible body modelling 
technique is an approximation of the finite element modelling technique and can never exceed its 
accuracy. The determination of the stiffness, verification of the linearity of deformation and 
generation of a displacement field is a strenuous task but only needs to be done once. 

6.6 Computational Effort 

An accurate comparison between the modelling techniques with reference to computational effort 
cannot be made directly, because MADYMO does not give the CPU time of simulations as standard 
output. The CPU time of a simulation can be determined indirectly by adding the User Time 
(MADYMO computation time) and System Time (time required for system administrative 
procedures) but depends on the load factor of the used hardware (Silicon Graphics Personal Iris 
4D30 with a main memory size of 32 Mbytes). The dimension of the CPU time is given in seconds. 
An important decrease in computational effort can be obtained with the flexible body modelling 
technique in comparison to the finite element modelling technique. The decrease is caused by the 
fact that a (fixed) larger integration time step of s is allowed before instabiliy occurs while the 
finite element time step of approximately lO-'s is determined by size of the smallest element in the 
mesh. The larger CPU time of finite element computations is also caused by the involvement of a 
larger number of bodieshodes (degrees of freedom) in the simulations. Conventional rigid body 
modelling techniques require less computational effort than the finite element modelling technique 
but the time step of lo4 s is bounded by the inertia of the bodies in the rib module. The inclusion 
of more bodies results in larger CPU times than the flexible body modelling technique. The ratio of 
the average CPU times for the rigid body, finite element and flexible body modelling techniques is 
approximately 3:14:1. The average CPU times of simulations of 100 ms of certification impactor 
drop tests are: 

1 



Rigid body: 
Finite element: 
Flexible: 

6.7 Applicability 

The simulation results 

590 s 
2330 s 
170 s 

for lateral impactor drop tests of the three numerical 
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models satisfy 
certification requiremerd except for the lowest impact velocity of the rib modL,e configuration 
(sections 2.4, 3.6 and 4.8). As mentioned earlier, one of the goais oi  tnis report nowever is to 
determine whether oblique impacts can also be accurately simulated. 
The applicability of the rigid body rib module is limited to lateral impactor drop tests as oblique 
impactor drop tests cannot be accurately simulated due to the inaccurate geometry and test set-up. 
Finite element modelling enables the modelling of a wider range of occupanVstructure interactions 
but the current finite element executable does not permit simulations of oblique impactor drop tests 
due to the required limited computational effort. There is the possibility of modifying the proposed 
finite element rib module to enable simulations of oblique impactor drop tests. This however leads 
to instabilities for higher impact velocities. 
The applicability of the flexible body rib module for oblique impacts is merely restricted by the 
proper definition sf the modal stiffness matrix in order to account f ~ t -  the dependency of the modes, 
and because modal damping cannot be specified. Primary research indicates that a limited number 
of modes, which construct the displacement field, can sufficiently describe a wide range of 
deformations resulting from oblique impacts. 
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7. Conclusions and Recommendations 

7.1 The Optimal Modelling Technique 

From the comparisons in the previous chapter it can be concluded that the choice for an optimal 
modelling technique is not trivial. Although good agreement can be found between experimental 
and numerical results, there is no modelling technique without drawbacks and limitations. 
The current rigid body database performs quite well for certification tests but the disadvantages are 
the inabiiity to account for the deformability and to accurately simulate oblique impactor drop tests. 
The finite element modelling technique is the most accurate but the drawbacks concerning instability 
for oblique testing and the required computational effort are definitely present. 
The flexible body modelling technique is therefore considered the most appropriate for future 
development of a rib module for the EUROSID-1 database because for certification tests, the 
accuracy of the finite element modelling technique is maintained in combination with a reduction in 
the required computational effort. The applicability for oblique impactor drop tests can also be 
improved if modal damping is impiemented in the present flexible body module in MABYMB. 

7.2 Recommendations for further Research 

Several recommendations can be done for further research. The most important concentrate on the 
proposed development of the finite element and flexible body executables in MADYMO. In this 
report prototype executables have been used as modelling tools but these executables are 
restricted in their applications. In order to properly compare the modelling techniques, it is essential 
that faultless and applicable executables are available. Research should be done into the 
subcycling algorithm during the coupling of the multibody and finite element modules in MADYMO. 
The main restriction of the flexible body executable in MADYMO is that modal damping in flexible 
bodies cannot be specified. 
The determination of required input for the flexible body module such as the displacement shape 
functions and modal stiffnesses should be done more systematically. For instance, the exact value 
for the stiffness can be defined using quasi-static tests, the effects of the contact stiffness and 
damping are hereby disclosed, and compared to experiments. Another topic that requires further 
investigation is the determination of the modal stiffness matrix with respect to the non-diagonal 
terms to properly account for the coupling of modes. 
In this report, the stiffness of the tuning spring is considered as a continuous variable. The tuning 
spring is however a discrete variable with 5 possible values ranging from roughly 3000 N/m to 
10000 N/m. This fact and the minimization of the difference between the peak time during 
simulations and experimental peak time could be implemented in the optimization algorithm to 
determine the optimum values of the design variables. 
An accurate comparison of simulation results with experimental results is only possible if the 
experiments are statistically validated. It is recommended that frequent retesting of the same rib 
module and testing of different certified rib modules, is done. This will provide knowledge of mean 
displacement values and standard deviations of the rib displacement. 
The inability to comply with the certification requirement of the lowest impact veiocity of the rib 
module configuration for all proposed rib modules is disturbing and requires further investigation, 
It was concluded that Coulomb friction is important during oblique tests (sections 5.3 and 5.4). The 
friction coefficient in the contact between the foam and steel during impacts should therefore be 
experimentally derived and specified in the numerical rib modules. 
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Appendix A: Impactor Drop Test Experiments 

Figure A.l shows the set-up for the impactor drop test which is used to certify the rib module. The 
test rig consists of a mild steel impactor, a release system, drop weight guiding cables and a 
displacement measuring system. The regular spine attachment point of the rib module is rigidly 
connected to a support table with two mounting brackets. The impactor has the following properties: 

mass: 7-78 Bgl 
ciiameter: 150 [mm] 

Due to the gravitational forces (air friction is neglected) the impactor attains a maximum impact 
velocity of 4.2 m/s when the impact distance or drop height is approximately 0.9 m. A range of 
impact velocities can be obtained by varying the initial impactor height. 
The displacement of the rib is measured with a displacement transducer. The test-rig can also be 
modified to certify the damper characteristics. This can be done by increasing the required free fall 
drop height and using am impactor with a smaller mass (EUROSIDI User’s Manual, 1990). 

Release system v 
Mild steel 
rib impactor 

Dispiacsment tmsdocer 

Picton 8 cylinder assembly 

Figure A.1: Set-up for rib module certification tests 
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Appendix B: Rigid Body Rib Module Component Characteristics 

B.l Joint Characteristics 

The notation of the joints is defined as follows: "joint j" is the name of the joint connecting rib 
segment j and rib segment jtl. 

Joint #1 & #10 Joint #2 & #9 

-1 -0.5 O 0.5 1 -1 -0.5 O 0.5 1 
Rotation [rad] Rotation [rad] 

Joint #3 & #8 

-1 -0.5 O 0.5 1 

Joint #4 & #7 

-1 -0.5 O 0.5 1 

Joint #4 & #7 200, 1 

-200 I I I I 
-1 -0.5 O 0.5 1 

Rotation [rad] Rotation [rad] 

Joint #5 & #6 

-1 -0.5 O 0.5 1 

Rotation [rad] Rotation [rad] 
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B.2: Kelvin Element Characteristics 

36 
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- z 

xí OK4 Spring Characteristic 
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Appendix C: Rigid Body Rib Module Impactor Drop Test Simulation Results 

This appendix gives the results of the rib only and rib module impactor certification tests. 

Minimum Maximum displacement 
displacement displacement [mml 

C.l Rib Only Certification Tests 

Table C.l: Peak displacements for rib only certification tests 

1.0 (1 15.5 I 18.5 )I 17.79 

42.5 42.20 
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- Impact Velocity= 1 mls - Rib Distance (m) - -  Impact Velocity = 1 5 mls - Rib Distance (m) 
....__ Impact Velocity = 2 mls - Rib Distance (m) 

Impact Velocity = 2 5 mis - Rib Distance (m) 
- Corridorvalues 1 mls ~ peakdisplacement 15 518 5E-3(m) 
- -  Corridor values 1 5 mls - peak displacement 23 526 5E-3(m) 
.___._ Corridor values 2 mls - peak displacement 31 5 3 4  5E-3(m) 

Corridor values 2 5 mls - peak displacement 39 5 4 2  5E3(m) 

Time (ms) 

Figure C.l: Simulations of rib only certification tests 
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C.2 Rib Module Certification Tests 

Table C.2: Peak displacements for rib module certification tests 

4.0 

Corridor values 

Minimum I Maximum 

Peak 

[mm] 
dispiacement 

+ 
36.0 

15.03 

25.98 

37.43 

Riaid Bodv Rib Module 

""1 

Impact velocity = 1 mls - RIB Distance (m) 
Impact velocity = 2 mls ~ RIB Distance (m) 
impact velocity = 3 mls ~ RIB Distance (m) 
Impact velocity= 4 mls - RIB Distance (m) 

- 
--  
...... 

- Corridor values 1 mis - peak displacement 10 0-1 4 OE-3 (m) 
- -  Corridor values 2 mis - peak displacement 23 5 2 7  5E-3 (m) 
_.___. Corridor values 3 mis - peak displacement 36 0-40 OE-3 (m) 

Corridor values 4 mis - peak displacement 46 0-51 OE-3 (m) 

Time (ms) 

Impactor Tests 

Figure C.2: Simulations of rib module certification tests 
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Appendix D: A Finite Element Model of EUROSID-1 using PAM-CRASH 

In a recent paper (Rückert et al., 1992), presented at the 36th Stapp Car Crash Conference, a finite 
element model of the thorax of the EUROSID-1 was described. The modelling was done with the 
aid of the nonlinear explicit finite element code PAM-CRASH. 
A finite element discretization of the rib module using linear elastic shell elements was made, which 
led to a regular mesh of 74 elements for the rib. The other components were also modelled with 
finite elements. Figure D.1 shows the finite element rib module. 
Tine rib mociuie component cnaracteristics were experimeniaiiy deierminea ana resuiiea in linear 
spring characteristics and a constant damping of the piston/cylinder assembly and damper. A 
difference in comparison with the MADYMO model is therefore present because the characteristics 
of the MADYMO database do not disclose nonlinearity in certain characteristics. The visco-elastic 
behaviour of the foam was taken into account by moditying the linear elastic material of PAM- 
CRASH with the addition of a damping term in the stress evaluation. 
Simulations of impactor tests of the rib module showed good correlation with experimental results. 
Differences in the low velocity range were assigned to the fact that on the contrary to earlier 
assumptions, the damping coefficient of the damper is in fact velocity dependent. 
Simulations of thorax pendulum impact tests were also conducted and the results also showed good 
agreement with experimental recu!k. The value of !he peak deace w2s almost identical but it 
occurred at an earlier point in time in comparison to the experiments. This was presumably caused 
by the purely linear foam model: the bulk modulus is hereby overestimated. 
No information was provided concerning the convergence of the simulations as a function of the 
coarseness of the mesh. It is of course possible that a mesh with more elements would give a more 
accurate solution. 

Figure D.l: The finite element model of the rib module of the EUROSID-1 (Rückert et al., 1992) 
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Appendix E: Determination of the Optimal Finite Element Rib Mesh 

Global element 
length [m] 

0.05 

0.025 

0.018 

0.014 

Number of Elements Denotation CPU Time 

El 

46 very coarse 2079 

66 coarse 2883 

134 medium 4069 

21 o fine 7852 

The present mesh processor restricts the coarseness of the mesh: the generation of a mesh with 
less than 46 elements is not possible. Upper restrictions on the fineness are mainly caused by a 
non-proportional increase in CPU time during simulations as well as the generation of elements 
which no longer satisfy the requirements of the shell theory: the shell is thin, i.e. h/R<<1 and 
h2/L2<c1, where h is the thickness of the shell, R is the smallest principal radius of curvature of the 
undeformed middle surface and L is the wave length of the deformation pattern. 
The rib only impactor drop tests will be done on a model which differs from the reference rib 
module configuration described in section 3.4. This model is shown in Figure E.l. Because the 
second branch is not implemented in rib only tests, the Rib middle body is superfluous and it’s 
mass has been accounted for by adding the mass to the Rib end. The stiffness and damping 
characteristics of the tuning spring have been adopted from the rigid body database. The value of 
the damping in the mesh structures has been set to O. The simulation of impactor drop tests is done 
as described in section 2.4. 
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Rib 

i w Tuning Spring 

L5=- 
Rib end 

Y 

Figure E.l: Rib only model for impactor drop test simulations 

The simulation results of the impactor drop tests for different impact velocities of the different 
meshes are shown in Figures E.2-E.5. From the figures it can be seen that the results of the 
meshes do not really show any convergence for increasing fineness. The curves all fall inside a sort 
of bandwidth which could be caused by tolerance and measurement errors if the results had bees; 
contrived from experiments. The CPU times for each mesh can be seen in Table E.l. As the very 
coarse mesh shows sufficient accuracy and requires the least CPU time during simulations, it is 
chosen as the optimal mesh to be experimented with in further stages. 

Cornoarison of meshes 

'10e-3 

verycoarse - Rib end displacement (m) 
coarse - Rib end displacement (m) 

fine - Rib end displacement (m) 
corridor maximum-peak displacement 18 5E-3 (m) 
corridor minimum-peak displacement 15 5E-3 (m) 

...__. medium - Rib end displacement (m) 

-5 
O 20 40 60 80 1 O0 120 

Time (ms) 

Impactor test 1 .Q m/s 
Figure E.l: Simulation results of a i m/s impactor drop test 
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CornParison of meshes 

'10e-3 
30 -I 

- verycoarse - Rib end displacement (m) - -  coarse - Rib end displacement (m) 
.__..- medium - Rib end displacement (m) 

- corridor maximum-peak displacement 26.5E-3 (m) - corridor minimum-peak displacement 23.5E-3 (m) 

fine - Rib end displacement (m) 

-5 f I I I I 1 I 
o 20 40 60 80 io0 120 

Time (mc) 

ImrJactor test 1.5 m/s k. 
Figure E.2: Simulation results of a 1.5 m/s impactor drop test 

CornParison of meshes 

*10e-3 
A07 

verycoarse - Rib end displacement (m) 
coarse - Rib end displacement (m) 

fine - Rib end displacement (m) 
corridor maximum-peak displacement 34 5E-3 (m) 
corridor minimum-peak displacement 31 5E-3 (m) 

.-.... medium - Rib end displacement (m) 

-10 1 I 1 I 1 I I 
O 20 40 60 80 1 O0 120 

Time (ms) 

ImDactor test 2.0 m/s 
Figure E.3: Simulation resuits of a 2 m/s impactor drop test 
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~ ~ 

CornParison of meshes 

'1 Oe-3 
501 

- verycoarse - Rib end displacement (m) - -  coarse ~ Rib end displacement (m) 

-.. fine - Rib end displacement (m) 
- corridor maximum-peak displacement 41 5E-3 (m) - corridor minimumpeak displacement 39 5E-3 (m) 

medium - Rib end displacement (m) .__.__ 

-10 I I I I I I I 
O 20 40 60 80 1 O0 120 

Time (ms) 

Impactor test 2.5 m/s 

Figure E.4: Simulation results of a 2.5 m/s impactor drop test 

I 
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Appendix F: Optimization Algorithm for the Design Variables cx and k 

In this appendix, an algorithm is described which yields the optimum values of the damping a of the 
mesh structure of the rib and stiffness of the tuning spring k for the rib only and rib module 
configurations. 
The optimum values of the design variables a and k imply the values which enable the peak 
displacement of the rib only and rib module configuration, resulting from an impactor test, to lie 
within the required certification corridor and as close to the mean corridor value as possible. The 
design variabies are pui in a coiumn matrix: -[a klT. K2, K3 and K4 are considered as independent 
design parameters because they have been experimentally derived. The aim will be to minimize the 
following objective functions: 

Fribonly = w1(P1-c1)2 + w15(P15-c15)2 w2(P2-c2)2 w25(P25-c25)2 F.1) 
Fribmdule = w1 (PI + w2(p2-cJ2 + w3(p3-cJ3 + w4(p4-cJ2 

F is referred to as the objective function. The peak value of the rib end displacement for four 
different velocities pi (the subscript i denotes the impact velocity of the impactor) depends on the 
design variables and results from MADYMO computations. wi are weighing factors which will be 
chosen equal to unity. ci are the mean corridor values between which pi should lie. 
(F.1) is subject to the following upper and lower corridor displacement constraints (dimension is 
rm ml) : 

rib only: 15.5 s pi s 18.5 , 23.5 5 p,5 s 26.5 , 31.5 s p2 s 34.5 , 39.5 s p25 5 42.5 
rib module: 10.0 s pi s 14.0 , 23.5 s pa s 27.5 , 36.0 s p3 s 40.0 , 46.0 s p4 5 51.0 

For each impact velocity i, these constraints can be rewritten as follows: 

UP Pi s Ci + pi - ciup s o Pi 
-+ --1 s o  

CUP 

IOW Pi c p  s pi -+ -pi + ci s o  -+ --+1 s o 
C F W  

Global regression models (Etman, 1993) can be introduced to approximate the peak displacement 
pi at a certain design point (a,k). For every numerical experiment at 5 it holds that: 

with ei the error and K the number of parameters in a. Very simple models are for example first 
degree (K=3) and second degree (K=6) polynomials: 
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a0 

First degree: pi = f'(xJg, = ao+ala+%k = [l a k] a, 

a2j 

Second degree: pi = f'(xJa, = ao+ala+%k +a3a2+a4k2+a,ak= [l a k a2 k2 ak] 
-1 

a2 (F-7) 
a3 

a4 

a5 - i 

If n experiments are done for a certain impact velocity i, resulting in n computed peak values, then 
the previous approximation can be written as: 

- [.o- 
alk1 a, 

a2 

a3 

a4 
ank, 

- 

1 a, k, a: k: 

. . . . .  

. . . . .  
a . . . .  

ei = xsi 

An estimation of the parameters a,,..aK-, can be found by solving the well known least squares 
equation: 

For a certain input of a and k the approximated peak displacement can be easily obtained using: 

pi 0 = !'@)ai (F.10) 

A measure for the correctness of the approximated peak displacement can be seen in the variance: 

1 
n -K 

02i = --cr)i-Q'@i-Q (F. 1 1) 

To estimate the regression model for the peak displacement as a function of the variables a and k, 
an experimental design of n measurement points needs to be constructed. Adjustment of the 
stiffness of the tuning spring will be within a certain margin because the addition of modal damping 
will already result in a lower value of the peak displacement. The addition of damping and stiffening 
of the tuning spring causes the peak displacement to take place at an increasingly earlier time 
during the simulation. The upper and lower boundaries for a and k have been chosen on basis of 
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knowledge obtained during earlier analyses. For computational efficiency (leading to a better 
conditioned problem), a 2-dimensional normalized design space is constructed by dividing the 
variables by the chosen refence values of the tuning spring of the rigid body rib module (k,=9090 
N/m) and damping (aref=360). 

a 2 aref = 360 - O s - = a*s  2- 
arei 3 

k k,& = 9090 - 0.9 5 - = k ' s  1.1 
kr& 

(F.12) 

(F. 13) 

The peak displacement is computed by MADYMO after entering the values of the design variables. 
The following matrices of peak displacement values as a function of the normalized variables can 
then be constructed: 

0 Rib only configuration: 

impact velocity 1 .O m/s: 

a 

O 0.666 1.333 2 

k* 

Impact velocity 1.5 m/s: 

k* 

a 
I I I I 

O 0.666 1.333 2 

impact velocity 2 m/s: 

a 

O 0.666 1.333 2 

I 
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Impact velocity 2.5 m/s: 
t 

a 

O 0.666 1.333 2 

Rib module configuration: 

Impact velocity 1 m/s: 

l a 

O 0.666 1.333 

38.94 37.22 35.51 

O 0.666 1.333 2 2.666 

2 2.666 

34.00 32.65 

Impact velocity 2 m/s: 

a l 

~ _ _  

39.55 

40.20 

O 0.666 1.333 2 2.666 

~ 

37.74 35.98 34.43 33.03 

38.29 36.46 34.87 33.44 

O 0.666 1.333 2 2.666 

I 1.1 I 26.99 25.77 24.65 23.58 22.63 I 

I 1-1 

I II 

O 0.666 1.333 2 2.666 

I 51.05 48.68 46.42 44.44 42.65 1 

I kt I 1.0 11 27.45 I 26.19 I 25.02 I 23.92 I 22.95 11 

k* 

I II 

1.0 51.80 49.34 47.00 44.97 43.13 

0.9 52.61 50.02 47.62 45.53 43.64 

0.9 27.94 26.63 25.39 24.27 23.28 

Impact velocity 3 m/s: 

0.9 

Impact velocity 4 m/s: 
I I 

a 

I -1 II 

! 
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From the matrices it can be verified that the maximum peak displacement occurs when the modal 
damping equals zero and the stiffness of the tuning spring is minimal. Approximations of the peak 
displacement can now be constructed by using global regression models. All models are linear 
polynomials. This results in the following approximation models for the peak displacement: 

Rib only configuratiom: 

~,=21.9893-1.3052~*-3.2130k* O:= 0.1105 (F. 14) 

p, =31 .O734 -2.0935~~' -4.1 087 k * U:,= O. 1 97 1 (F.15) 

p2=41 .O033 -2.961 5a*-5.1913k * U:= 0.3520 (F.16) 

p25=51 S730 -3.8726a*-6.4565k * &= 0.5608 (F.17) 

Rib module configuration: 

6, =17.1080-0.9776a'-1.39861 k' U:= 0.0461 (F.18) 

~,=30.2741-1.5477~t'-3.2290k* O:= 0.0767 (F.19) 

p,=43.2080-2.2654a2-4.201 4k2 O:= O. 1280 (F.20) 

p, =56.387 1 -3 .O 1 99a' -5.3 1 30k * U:= O. 2085 (F.21) 

The variance is sufficiently small to conclude that the approximations are accurate. By substituting 
the approximated peak displacement models in the objective function and constraints, an 
approximative optimization problem which is explicitly known can be found. The values of the 
objective function F generate a response surface (Chatíield, 1983). It is often convenient to 
represent this response surface by a contour plot where on each contour the value of the response 
variable is a constant. These contours can be identified in Figures F.l and F.2 as dotted closed 
contours. A decrease of the contour perimeter implies a lower value of F. 
In Figure F.l the rewritten constraints (F.3 and F.4 equal O) can be drawn as solid lines with 
notations "ciup/low", in which c stands for "corridor", i stands for impact velocity and upjow denotes 
upper or lower corridor constraints. The dashed-dotted lines, which lie parallel to each constraint, 
denote the area in which the constraint is no longer satisfied. A feasible corridor can be identified: 
between the lines c25up and c251ow. Any combination of a and k in this corridor yields us peak 
displacements which lie in the specified displacement corridor and meet the constraint 
requirements. 
In Figure F.2 the same technique can be applied to the rib module configuration. In this case 
however, a feasible corridor cannot be identified because the clup constraint lies to the right of the 
c3low constraint. This means that no combination of a and k will comply with corridor requirements. 
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1.1 

1 .oe 

1 .OE 

1 .O4 
rn rn 

. n m  
I.UL .- c rn 

m 
N 
0 1  
.- - 

0.98 

0.96 
O c 

0.94 

0.92 

normalized modal damping 

Figure F.l: Rib only configuration response surface diagram 

I ! !  
! !  

1.1 I !  I 

normalized modal damping 

Figure F.2: Rib module configuration response surface diagram 
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If the corridor constraint concerning the lowest impact velocity is neglected then the next step is to 
determine the optimum values of the design variables which satisfy the corridor constraints of each 
configuration. Both objective functions are hereby combined: 

(F.22) 

This objective function must satisfy all the corridor constraints. Superimposing the response surface 
diagrams of the rib only and rib module configuration (Figure F.3) reveals that a feasible area is 
formed by the upper corridor constraint of the highest impact ve!ocity for the rib only configmticm 
(c25up in Figure F.3) and lower corridor constraint of the 3 m/s impact velocity for the rib module 
configuration (c3low in Figure F.3). Any combination of design variables in this corridor will result in 
peak displacements which satisfy corridor requirements for the rib only and rib module configuration 
(with the exception of the corridor of the lowest impact velocity). 

1 '""r .O6 

1 .o4 
rn 
8 g 1.02 .- c rn 
N .- e 

o 
K 

0.96 

O 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

normalized modal damping 

Figure F.3: Combined objective function and constraints 

Minimization of (3.3) leads to the following optimum values of the design variables: 

a - = 1.165 k - = 0.9 
krei arei 

and the approximated optimum values: 

a = 420 N k = 8200 - 
m 
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Appendix G: The Superimposing of Modes 

In this appendix the generation of a displacement field to describe the deformation of a body as a 
result of certain boundary conditions is described. An illustrative example, which can be seen in the 
following figure, is the static deformation of a beam due to a constant force, constant moment and 
the combination of both. A beam is considered with a constant bending stiffness EI (multiplication of 
the area moment of inertia I and the Young's modulus E) and a length L. 

F 

The deflection of the beam as result of a force F applied at the coordinate x=L, can be found by 
solving the differential equation: 

with boundary conditions: 

w(0) = - = o , - = o  LW (0) 
ax ax2 

The deflection is: 

w(x) = -(3Lx2-x3) F = -(---) 2 ~ ~ 3  3x2 ~3 = al@l(x) 
6EI  EI 2 ~ 2  2 ~ 3  

The deflection of the beam as result of a moment M applied at the coordinate x=L, can similarly be 
found by solving the differential equation: 

with boundary conditions: 

The deflection is: 

M ML2 x2 
2EI 2EI L w(x) = Y2 = -( 2) = a2Q2(x) 

The deflection of the beam as a result of a combination of a force and a moment can be found by 
superpositioning the two previous results (G.3) and (G.6): 

2 

W(X) = ala1 (x) +C(~@~(X) = aiai 
i=l 
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H.l: Results of Rib Module Certification Tests 

54 
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H.2: Results of Verification Tests 
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Rib Module Comr>arison- Influence of Friction 
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Appendix I: Determination of the Modal Stiffness Matrix 

! 

I 

In this appendix, an approach will be described in which the modal stiffness matrix of the flexible 
body rib module will be determined. The aim is to describe the deformation of the flexible body rib 
module as a result of an oblique impactor drop test under an angle of IO", using a combination of 
modes which describe a lateral and a 20" oblique impact. If these modes can describe the 
deformation, it requires less computational effort, in comparison to a model in which all three modes 
are encorporated, and increases the applicability of the flexible body modelling technique. 
From graphical representations of the modes (Figure hl), it can be concluded that the deformation 
modes are almost dependent. 

Flexible Bodv Rib Module 

0.16 

0.04 

0.02 

-0.3 

Reference position 
Lateral mode O degrees 
Oblique mode 10 degrees 
Oblique mode 20 degrees 

x position (m) 

Graphical Mode Rewecentation 

Figure 1.1: Deformation modes 

This implies that the modal stiffness matrix, which is required as input for the flexible body rib 
module (section 4.4), contains non-diagonal terms. If two deformation modes are considered then 
the modal stiffness matrix is a symmetrical 2x2 matrix (equation 1.1). 

modal stiffness matrix = ia"" "I 

The values on the diagonal denote the modal stiffnesses for the O" and 20" deformation mode. The 
non-diagonal terms give an indication of the independence of the modes: if the modal stiffness 
matrii is singular, the determinant of the matrix equals O, then the modes are dependent. 
It can be expected that a is of the same magnitude as the modal stiffnesses. In Figure 1.2, the 
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results are given for an oblique impactor drop test with an impact velocity of 4 m/s. It must be noted 
that during simulations the damper which has been determined for 10" oblique impacts is 
implemented in the model. The fluctuations in the curves can be explained by the introduction of 
higher frequencies in the rib module and the higher peak displacement values are caused by 
increased flexibility. 
Increasing a leads to a reduction of the peak displacement, a fluctuation in the peak time and less 
fluctuation in the curves. A value of 8500 for a results in an approximately identical peak 
displacement and a slightly later peak time. 

Flexible Bodv Rib Module 
Single mode flexible rib module 
2 mode -filled ctiffness matrix 
2 mode -diagonal stiffness matrix 

*1 Oe-3 

Time (ms) 

Impactor Test D930844 P 

Figure 1.2: Impactor drop test simulation results 
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