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Abstract 
 
Airbags are a passive safety technology, required to function with zero failure rate. Advances in 
Computer Aided Engineering have allowed vehicle manufacturers to predict material and system 
behavior in the event of a crash. The sudden and rapid nature of a vehicle frontal crash, together with 
strict requirements put on safety make this a sensitive task. This thesis focuses on the front passenger 
airbag deployment and the instrument panel’s response. Various airbag modelling techniques are 
studied and presented in this document. 
This work is part of a larger-scale attempt to model a generic-sled that is physically representative of a 
real vehicle. Various component tests are to be performed in the sled environment, as opposed to a real 
vehicle, to save costs. Various modules are added to the sled once their behavior is verified by testing 
and in simulations. Software are advanced enough to identify location and magnitude of stress 
concentrations that develop during crash. 

LS-DYNA is used for explicit finite element simulations of the instrument panel (IP) in question with 
different airbag models.  Verification has been achieved by design of experiment (DOE); with tests 
conducted to capture both the movements of the airbag housing and IP movements in response. These 
movements are broken down in various phases, facilitating implementation in the sled environment. 
Simplifications are made both to the computer models as well as the physical testing environment. The 
effects of these simplifications are quantified and discussed. Theoretical background is provided where 
fit while assumptions are justified wherever made. DYNAmore recommendations regarding cost-
effective calculations as well as result verification are followed. 

The obtained results show that the FE models replicate the real event with acceptable precision. The 
findings in this work can, by minor tweaks, be implemented on other IP models in the Volvo Cars range, 
leading to cost-saving solutions. This thesis provides the necessary information for sled 
implementations as well as future improvement suggestions. 

 

Keywords: Automotive Crash & Safety, Passenger Airbag, Corpuscular Particle Method, Volvo XC90, 
LS-DYNA, FEM, DOE     
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Sammanfattning 
 
Krockkudde är en s.k. passiv säkerhetsteknik som krävs att fungera felfritt. Framsteg inom Computer 
Aided Engineering har tillåtit biltillverkare att förutsäga material och systembeteende i samband med 
krock. Den plötsliga karaktären av krock, tillsammans med höga säkerhetskrav, gör detta till en känslig 
uppgift. Denna avhandling fokuserar på passagerarsidans krockkudde och instrumentbrädans (IP) 
respons under uppblåsning. Olika metoder för modellering av krockkuddar har studerats och presenteras 
i detta dokument. 

Arbetet är en del av en större skala försök att modellera en generisk-släde som är fysiskt representativ 
av en riktig bil; där olika komponent-tester skall utföras för att minska kostnader. När olika modulers 
beteende verifieras läggs de till släden. Denna verifiering sker genom finita element (FE) simuleringar 
så väl som fysiska tester. FE mjukvara är idag tillräckligt avancerad för att identifiera samt visualisera 
spänningskoncentrationer som uppstår i en konstruktion vid krock.  

LS-DYNA används i detta arbete för explicita FE simuleringar av en Volvo XC90 IP, lastad med olika 
krockkudde-modeller. Modell verifiering har uppnåtts genom försöksplanering (DOE); med tester 
utförda för att fånga rörelser av IP så väl som krockkudde-behållaren. Dessa rörelser är sedan uppdelade 
i olika faser för enklare genomförande i släde miljön. Förenklingar och antaganden görs både till FE 
modeller och fysiska testmiljön. Effekter av dessa har kvantifierats och relevant teoretisk bakgrund har 
inkluderats. Dokumentet innehåller även diskussion kring val av mätutrustning samt förbättringsförslag 
för fortsatt arbete. DYNAmore rekommendationer gällande kostnadseffektiva beräkningar och 
verifiering av simulerings-resultat har följts.  

Under arbetet visade sig att FE modellerna kan återskapa händelsen med hög noggrannhet; dessa trotts 
svårigheter i modellering av plast material. Möjligtvis kan man, genom mindre modifieringar, relatera 
slutsatserna i detta arbete till olika IP modeller i företagets produktkatalog vilket förmodligen leder till 
ytterligare kostnadsbesparingar. Denna avhandling ger den information som behövs för genomföranden 
i den generiska miljön. 

  

Keywords: Automotive Crash & Safety, Passenger Airbag, Corpuscular Particle Method, Volvo XC90, 
LS-DYNA, FEM, DOE 
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Nomenclature 
 

 

ALE   Arbitrary Lagrangian Eulerian   

CAE   Computer Aided Engineering  

CCB   Cross Car Beam 

CFC   Digital low pass Channel Frequency Class filter 

CPM   Corpuscular Particle Method 

CV   Control volume also known as uniform pressure 

DOE   Design of Experiment 

DOF   Degree of Freedom 

FE   Finite Element 

FSI   Fluid-Structure Interaction 

GB   Glove-box compartment 

HVAC   Heating, Ventilation, Air-Conditioning 

IP   Instrument Panel  

KEYWORD  LS-DYNA built in call function, marked with (*) 

MEL   Microelectronic  

PAB   Passenger Airbag   

OOP   Out of Position 

PDE   Partial Differential Equation 

SPC   Single Point Constraint 

VCC   Volvo Car Corporation 
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Chapter 1 

 

Introduction 
 

ehicle safety technologies are mainly divided into two major types: active; referring to crash 
preventing technology and passive; protecting occupants during crash. An airbag is a passive 

restraint system which inflates during sudden decelerations due to a collision. Simulation of airbag 
deployment has increasingly become a necessary process for all premium car manufacturers during the 
last few decades. The initial purpose of the simulations was to grasp a better understanding of the 
dummy impact on the fully inflated airbag; however, deployment kinematics, folding techniques, vent-
hole sizing, the interaction between gas and the airbag fabric structure and many more are becoming 
increasingly important. 

1.1.  Aim  

The aim of this thesis is to study and understand an instrument panel's behavior under load exerted by 
a Passenger Airbag (PAB) deployment. This study is of benefit for Volvo Cars on their way to develop 
a generic sled model. This is supposed to be done both in CAE (Computer Aided Engineering) 
environment using finite element models and real-life testing, leading to cost savings in the long run. 
Finite element analyses have been focused on as much as real life testing at Volvo Cars.  

1.2. Objective 

The objective of this project is to validate an IP model in a CAE environment. The work has constantly 
been updated with new objectives and directions, within the boundaries defined above of course. 
Fulfilling this objective will hopefully facilitate the validation of other IP models within the Volvo 
range, which of course would be a desirable output. The hope is to be able to mimic the IP’s real 
behavior and implement it on the corresponding sled model for future crash tests.  

Different parts of the IP are removed or altered to study their effects on the IP's performance during 
airbag deployment. The glove-box (GB) compartment is one example of such a part. Airbag statistics 
such as temperature, pressure, internal energy, input and output mass, are compared in order to see their 
effects on the IP as a whole.  

1.3. Scope 

Airbag deployment during a physical test has been studied in order to validate the corresponding IP 
model in the virtual environment; with the purpose to deliver useful information and take a step towards 
creating a generic sled for Volvo Cars. It will suggest improvements to the sled environment albeit 
without implementation. No considerations regarding cabin air pressure are made throughout this work. 

V 



1. Introduction 

 4  
 

1.4. Background 

1.4.1. Literature Study 

Generally, any airbag CAE model is divided into three main phases of initiation, propagation and 
opening [1].Simulation techniques for airbag inflation problems using a coupled fluid structure 
approach are explored in [2]. A multi material Arbitrary Lagrangian Eulerian (ALE) technique in the 
explicit finite element code LS-DYNA is used for the fluid and coupled to the structure using a penalty 
based fluid structure contact algorithm. In order to model the interaction between the inflated gas and 
the airbag structure, a fluid-structure coupling algorithm is used. The airbag is modeled with membrane 
shell elements as the airbag cannot support bending stresses. The inlet velocity of the airbag in this 
setup is not sonic.  
Simulation models that are used for Out Of Position (OOP) studies, comparing Control Volume (CV) 
and ALE approaches are developed [3]. A description of the process for generating the mesh for the 
folded airbag is provided as well as some strategies for resolving the penetrations and time-step issues. 
The manual mapping method was proved to be very effective way of creating a folded airbag mesh [3].  

Inadequate venting may cause poor resolution near small vent holes in the Corpuscular Particle Method 
(CPM). Olovsson [4] has presented simple and effective mathematical formulas for calculating proper 
vent hole sizes based on particle sizes used for the inflator. The mass flow rate at worst case possible, 
choked flow, can be underestimated by a large amount.  

The article by Brown et al [5] is a great study on eliminating model-based variations in results (input 
parameters are unchanged). It suggests a new mathematical method for finding sources of scattered 
results (specific time, part and contact points etc.) and gives an idea for the range of acceptable scatter. 
Variability study is an important factor in CAE models of airbags due to the subject’s sensitivity with 
regards to safety and also due to the small time-steps and the amount of data present in the results. 

1.4.2. CAE versus Physical Testing 

Physical testing of products has always been a necessary but costly step for production companies such 
as Volvo. Companies are expected to deliver functioning, safe products to a competitive market 
segment. Advances in numerical methods and computing power have allowed ever more precise 
calculations resulting in a decrease in number of tests being performed. CAE companies have grown, 
maintaining close relations with their users in order to advance the software. Companies such as 
DYNAmore, producer of LS-DYNA, have a local presence in Gothenburg where they receive feedback 
directly from engineers and respond to their demands allowing continuous updates to these software. 
The functionality of this close relation has raised a new industrial standard; namely to replace physical 
testing with CAE altogether. Computer aided simulations are easier and faster to communicate and 
modify while maintaining data security and confidentiality through encryption. The process is highly 
time saving and cuts logistic costs sharply. Some costs are shifted when compared to physical testing; 
maintaining test facilities to cluster and security maintenances, CAE engineers instead of test engineers 
to name a few.  

1.4.3. CAE Tools Utilized 

One of many powerful CAE software preferred by Volvo for explicit crash analyses as well as other 
industries, such as aerospace, construction, military, manufacturing, and bioengineering, is LS-DYNA. 
It is an advanced general purpose simulation software package developed by LSTC (Livermore 
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Software Technology Corporation). LS-DYNA is optimized for shared and distributed memory 
Windows, UNIX and Linux based platforms.  

ANSA is a multidisciplinary CAE pre-processing software which is developed by BETA CAE Systems. 
Due to wide range of features and tools, ANSA is used for model build up and preparation in this thesis 
work. µETA is a multi-purpose post-processing software developed by the same company. A user 
friendly interface, capability of post-processing 3D results and being integrated by a 2D plot post-
processing are a number of functionalities of µETA which make it preferred as the post-processing 
software in this project. 
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Chapter 2 

 

Numerical Methods  
 

umerical analysis is the study of algorithms that use methods of numerical approximations for 
solving mathematical analysis. The method is naturally applied to solve engineering problems, 

often a system of differential equations, following various and problem specific laws of physics. Solving 
these differential equations for non-linear problems such as the one in this work takes significant time 
and effort due to the great number of mathematical operations. Computer advances in the last century 
have paved the way for commercial software use for solving engineering problems. Finite element is a 
method which discretizes the geometry by using well known elements to build up the model. The simple 
equations representing these small elements are then assembled into a large system of equations that 
model the entire problem. Different variation methods are then used to approximate a solution by 
minimizing a previously defined error function.    

2.1. FE Formulation 

As mentioned previously, LS-DYNA uses an explicit time integration method to solve nonlinear 
dynamic problems. The explicit solver in LS-DYNA uses Central Differencing (CD) time marching 
scheme to solve this system of non-linear ordinary differential equations. In this method, the state 
variable are functions of already known variables. The essential idea of CD is that the dynamic 
equilibrium is written at time n so to allow the evaluation of the mid-step velocity and successively of 
the displacements [6] [7].  

The critical time-step is given by 

    ∆𝑡#$% =
'
(
                                        (1) 

where	𝑙 is the characteristic element length and 𝑐  

𝑐 = ,
-
                                        (2) 

is the speed of sound obtained for the specific material. Here 𝐸 is the Young’s modulus and 𝜌 the 
material density. 

The equation of motion for a nonlinear system discretized in space is then given as 

  𝑴𝒖 + 𝑪𝒖 + 𝒇$%5 𝒖 = 𝒇675  (3) 

where  

N 
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M  is the mass matrix, 
C the damping matrix, 
𝒇$%5 the internal force vector, 
𝒇675 the external force vector, 
u the global nodal displacement vector, 
𝒖 the global nodal velocity vector, and 
𝒖 the global nodal acceleration vector. 

Assuming at time-step ∆t, the straightforward application of the CD to equation (3) leads to the 
following procedure; 

• Compute the acceleration  𝒖% =
𝒖89

:
;<𝒖8=

:
;

∆5
 

• Evaluate internal and external forces 
• Compute the mid-step velocity by solving 

𝒖%>:;
= [2𝑴 + ∆𝑡𝑫]<C[ 2𝑴 − ∆𝑡𝑫 𝒖%<:;

+ 2∆𝑡(𝒇%675 − 𝒇%$%5(𝒖%))]  

• Compute end-of-step displacements as 𝒖%>C = 𝒖% + ∆𝑡𝒖%>:;
 

Where subscripts n and n+1 are used to indicate quantities at time t=tn or t=tn+1. Note that the inverse 
of the sum of damping D and mass matrices M is straightforward since they are both taken as diagonal. 
This method, in expense of conditional stability, avoids many convergence problems. Stability is 
partially achieved by choosing a proper time-step; which should be smaller than the time it takes for a 
sound wave to travel through an element. This rather small value for a time-step makes the explicit 
method the obvious choice for crash and high impact analysis.  

2.2. Fluid Models 

Three major discretization approaches that exist to mimic airbag behavior during inflation in LS-DYNA 
[8]; although ALE is not used in this work, a description of all three methods is provided in this section. 

2.2.1. Control Volume Method 

The Control Volume (CV) method, also called the uniform pressure model, calculates the pressure 
inside the airbag using mass flow and temperature curves from a tank test, without discretizing the fluid 
flow. The uniformly applied pressure results in a uniform force inside the airbag including the folded 
surfaces; neglecting the effects of the gas jets from the inflator especially during the initial inflation. 
This approach lacks the ability to replicate airbag behavior such as unfolding during the first short 
moments of inflation and especially for Out Of Position1 (OOP) situations. On the other hand, being 
numerically robust and less computationally demanding compared to the other methods, the CV method 
is still used in many simulations. 

Airbag inflation is a pressure driven phenomenon which in turn depends on the internal energy. The 
specific internal energy at time-step 𝑡 = 𝑡G, 𝑒G can be obtained as 

6;
6:
= I:

I;

J
= -;

-:

J
  

                                                        
1 Referring to occupants position during crash being out of the ordinary and hence closer to the airbag. 
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where 𝑉C and 𝑉G are volumes corresponding to 𝑡C and 𝑡G respectively while 𝑒C stands for internal energy 
at 𝑡C. The pressure is then calculated as  

𝑝 = 𝛾 − 1 𝜌𝑒  

in which e represents the specific internal energy and γ is the heat capacity ratio. The mass flux in the 
airbag at given inflow temperature is given by [3] [8]:  

𝑚5P5 = 𝑚$% + 𝑚PQ5,S6%5 + 𝑚PQ5,TPUPV$5W   

where 

𝑚$%   is the rate of input mass generated by inflator, 
𝑚PQ5,S6%5  the rate of output mass through venting, and 
𝑚PQ5,TPUPV$5W  the rate of output mass through fabric porosity. 

2.2.2. Arbitrary Lagrangian-Eulerian Method 

In order to achieve a better understanding of the early stages of the inflation, the fluid flow inside the 
airbag can be discretized using the Arbitrary Lagrangian Eulerian (ALE) method. In this approach, 
Eulerian elements are more suitable to model high distortions in the fluid; thus, an Euler mesh which is 
fixed in the space covers the fluid and the structural elements which are modeled by the Lagrangian 
mesh can freely move in the Eulerian domain. A penetration penalty-based contact algorithm is used to 
calculate the forces transferred between Lagrangian and Eulerian domains to provide a coupling 
between the structure and fluid. This coupling prevents any leakage of fluid through the solid boundaries 
[3] [9]. The Euler mesh can be expanded as the airbag deploys and this results in shorter computational 
time compared to a pure Euler method. Furthermore, smaller Eulerian elements give higher accuracy 
during the first stages of inflation and then expand to larger ones. In mathematical equations of 
conservation, an extra term shows the impact of the moving grid points on the discretized problem. The 
whole equation set in LS-DYNA is solved using an explicit time-stepping algorithm. Equations (4), (5) 
and (6) represent momentum, mass and energy conservations, respectively. 

𝜌𝑿 + 𝜌𝛻𝑿 𝑽 − 𝑿 = 𝜌𝒃 + 𝑑𝑖𝑣𝝈 (4) 

𝝆 + 𝜵𝝆 𝑽 − 𝑿 + 𝝆𝒅𝒊𝒗𝑽 = 𝟎 (5) 

𝝆𝒖 + 𝝆𝜵𝒖 𝑽 − 𝑿 = 𝝈:𝑫 + 𝝆𝒓 − 𝜵𝒒 (6) 

Where V is the material velocity and Ẋ denotes the velocity of the mesh nodes. 𝝈 is the Cauchy stress 
tensor, b is the external body forces, D represents the constitutive tensor while ρr and 𝛻𝒒 are heat source 
and sink, respectively. The 𝑑𝑖𝑣 operator produces the divergence of a tensor field. 

Despite the high potential to obtain very accurate results, the ALE method is computationally expensive 
and numerical difficulties occur in Fluid Structure Interaction (FSI) at airbag folds [3] [10] .  

2.2.3. Corpuscular Particle Method  

CPM is based on a kinetic molecular theory which was developed by LSTC and is naturally 
implemented in LS-DYNA. It is applicable by applying a few changes to the uniform pressure input 
file. Corpuscular method models the gas as a set of particles in which each particle represents many 
molecules. Colliding molecules with the boundaries define the pressure in the volume. The static 
pressure is a function of a total translational kinetic energy of the gas molecules. The obtained pressure 
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equals the real pressure if the total kinetic energies in both the model and reality are the same, see 
equation (7)2. Predicting both a static gas pressure and the evolution of pressure during airbag 
deployment have significant importance in this method.  

𝑾𝒌 = 𝑾𝒌
	 𝟏
𝟐

𝒎𝒊𝒗𝒊𝟐𝑵𝒑 = 𝟏
𝟐

𝒎𝒊𝒗𝒊𝟐	𝑵𝒎

𝑷 = 𝟐𝑾𝒌
𝟑𝑽

																																																							

												
𝑷 = 𝑷  (7) 

where 

𝐖𝐤  is the total translational kinetic energy of all molecules, 
𝐍𝐦  the number of molecules, 
𝐍𝐩  the number of particles, 
𝐦  the molecule mass, 
𝐯  the molecule velocity, 
𝐕  the volume, and 
𝐏  the pressure. 

 

Despite the robustness and simplicity of CPM in treatment of venting, porous leakage and gas mixing, 
it has a number of drawbacks. Due to the limited number of particles, a smooth pressure is not achieved 
which results in an increase in the noise level. Furthermore, higher mean free path among particles 
compared to the molecules 3 will overestimate the diffusion. This has a negative impact on the ability 
to resolve waves which tend to disperse very quickly [8] [11]. 

 

 

 

                                                        
2 “ 	 ” denotes a particle specific property. 
3 Free path is almost 70000 times larger compared to that of gas molecules  
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Chapter 3 

 

Model 
 

ll CAD definitions and geometry data are converted to model structure data using ANSA. CAD 
model clean up, defining boundaries among various components, meshing, solution control etc. 

are various model preparation steps which lead to the output of a ready to solve model.  

3.1. Airbag Model 

Creating an inflatable part in LS-DYNA requires a reference geometry; here the airbag cloth laid out as 
on a flat surface. In Airbags with reference geometry (*AIRBAG_REFERENCE_GEOMETRY)4, 
when the bag element in folded state is smaller or larger than the reference state, stress needs to develop. 
LS-DYNA suppresses these initial strains so no stresses develop to avoid bag distortion and to improve 
stability; which may cause the bag to deploy but its final shape may not be accurate when compared 
with the intended bag shape. This sets a target for the airbag balloon so to speak, towards which the 
airbag inflates. 

If the strains are induced quickly, then the bag geometry is altered during the early simulation cycles. 
To avoid this, it is necessary to induce the strains gradually i.e. over a certain period of time. That is 
where the Tensile Stress Reduction Factor (TSRFAC) with a load-curve comes into play. A curve 
whose x-axis is time and y-axis is a scale factor for the strain simply defined. The choice of time is user-
dependent but if the strains are induced before the bag attains fully deployed state, the bag can 
potentially deploy whose final shape may be much closer to the desired shape [12].  

The airbag fabric is the part experiencing the highest displacement as well as strain changes of all parts 
in the simulations. It is of vital importance that the material model used to create this piece behaves 
naturally and does not have non-physical attributes. The stretch in the material is caused by the pressure 
from the contact between the particles and the inside of the fabric. Leakage is based on gas volume 
outflow versus pressure load curve. A porosity parameter is defined for the fabric to allow passage of 
particles. It is possible for the airbag to be constructed of multiple fabrics in LS-DYNA, having different 
values of porosity and permeability. The leakage area may change over time due to stretching of the 
airbag fabric and blockage of venting or porous area due to contact on the outside surface is considered. 
LS-DYNA can check the interaction of the bag with the structure and split the areas into regions that 
are blocked and unblocked depending on whether the regions are in contact or not, respectively [13].  

Airbag model and housing are meshed using the element types in Table 1: 

                                                        
4 *KEYWORD is a LS-DYNA built-in. 

A 
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Table 1: CPM airbag elements 

 

 

500 000 particles are used to create the pressure needed to inflate the airbag. The inflator is modelled 
with steel while the housing is of glass fibre reinforced polypropylene material, both operating at 23°C.   

                
Figure 1: Model of airbag housing 

 
      Figure 2: Model of fully inflated airbag 

 
User-defined airbag parameters are presented in Table 2: 

Table 2: User-defined airbag parameters 

BAGTRIG TdAbEv2  PABvenN PABvenD  
1.0  0.0 1.0 47.0 

 

Another important airbag parameter is PAB_TTF representing time to fire. PAB_TTF is defined as the 
sum of airbag triggering time (BAGTRIG) and inflator time-delay (TdAbEv2). PABvenN and 
PABvenD refer to number of airbag vents and vent diameter, respectively. In reality, a parameter for 
crash identification time is also added; but since this is a static case, it is set to 0.0 s. Active venting 
area for this model is 3000 mm2. Additional vents that open at a certain pressure are present at the sides 
of the airbag. These vents function as a regulator for maintaining a fully deployed state for a certain 
period as well as gas outlets due to any external compression; such as a passenger impact. These effects 
can be observed through studying the late phases in Figure 15. The airbag tether5 is an internal 

                                                        
5 Fully stretched and visible through the cut-away view, right image in Figure 2. 

4 Node-quads 3 Node-trias Total 
78201 4643 82844 
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restraining component which limits the inflation in certain directions; this way, the airbag develops to 
its predefined shape.   

3.2. Instrument Panel Model 

The FE model of the IP provided by Volvo also contains the entire Heating, Venting and Air 
Conditioning (HVAC) components which are excluded in this study. The reason for this decision is the 
minimal force exerted on these components during the airbag deployment. This decision has also 
resulted in decreased model size with regards to computational expenses. The IP model is also mostly 
made of polymer materials which are very tricky to model. Table 3 represents the element types the FE 
model is made of. Please note that the following numbers correspond to the model shown in Figure 3 
excluding the PAB parts. The constructing elements of the complete IP model without airbag are 
presented in Table 3. 

Table 3: Instrument panel elements 

Shell Elements Volume Elements Total 
4 node-quads 3 node-trias 4 node-tetras 

842814 
401048 75172 396594 

 
 

 
Figure 3: Model of instrument panel 
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3.3. Sled Model 

The FE model of the sled provided by Volvo is shown in Figure 4. Constructing elements are presented 
in Table 4. The sled is modelled with relatively rigid materials in the structure for mount and testing of 
different components. The PAB is one such component, mounted on a frame representing the instrument 
panel discussed in section 3.2.  

 

 

 

 
Figure 4: Model of sled 

 

 

Table 4: Elements of sled model 

Shell Elements Volume Elements Total 
4 node-quads 3 node-trias 6 node-pentas 8 node-hexas 

841074 
759297 10305 1749 69723 
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3.4. Boundary, Contacts and Initial Conditions 

Boundary Conditions 

As in any finite element problem, the boundaries of the structure should be well defined. Figure 5 shows 
the rear view of the IP model where all these boundaries are in sight. The red dots highlight the areas 
where displacement and rotation are locked in all the six Degrees OF Freedom (DOF) throughout the 
simulation; representative of attachment points in the real vehicle. The two blue dots highlight the areas 
where prescribed motion is locked in only two DOFs, namely translations and rotations in the z-
direction.  

Equations (8) and (9) present the boundary conditions. The prescribed displacements in equation (8) 
show the rigid Single Point Constraints (SPC) on the IP.  

𝑢$ 𝑥, 𝑡 = 𝑢$
| 𝑥, 𝑡 									𝑎𝑡		𝑥 ∈ 𝜕𝛺Q�						∀	𝑡	 ∈ 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛	𝑡𝑖𝑚𝑒   (8) 

where 

𝑢$  is the Displacement, 
𝑥  the Position vector, 
𝑢$
|  the Given function, 
𝑡  the Time, and 
Ω  the Spatial domain. 

 

 
Figure 5: Single Point Constraints (SPC) on IP 

Neumann boundary conditions which also define the internal contacts between the IP parts are covered 
by equation (9). 
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𝜎$�𝑛 = 𝑡$ 𝑥, 𝑡 							𝑎𝑡		𝑥 ∈ 𝜕𝛺5�  (9) 

where 

𝜎$�  is the Stress components, 
𝑡$  the Traction function, and 
𝑛  the Outward normal. 

Contacts 

In LS-DYNA contacts are penalty based functions introduced as constraints on the object. When a 
penetration is found a force proportional to the penetration depth is applied to resist and ultimately 
eliminate the penetration. Different types of contact are available to choose from the software’s library 
depending on the situation. LS-DYNA recommends automatic contacts for most explicit analysis. Non-
automatic contacts in which contact orientation is important are generally recommended for implicit 
simulations. The software allows the user to define contact thickness, initial penetrations as well as 
influencing the contact stiffness by changing time-step size. Table 5 below is a summarized list of 
contacts used in the FE model. 

Table 5: Contacts used in FE models 

Contact Type Comments 
*TIED_SHELL_EDGE_TO_SURFACE Contact between spot welds and the IP shell, acting as glue 
*AUTOMATIC_SURFACE_TO_SURFACE Contact between PAB and its neighboring environment 
*AIRBAG_SINGLE_SURFACE Defined to prevent PAB fabric self-penetration 
*AUTOMATIC_GENERAL Contact between all other parts, governed by their material properties 

 
*AUTOMATIC_GENERAL is for instance used between the polymers of the IP and the windscreen glass, 
an important contact situation since the windscreen is inserting the pressure on the IP as soon as contact 
with PAB is initialized. LS-DYNA is rather excellent at solving contact problems where the necessary 
data such as dynamic and static friction coefficients are provided in the material cards. The software 
also provides the user with contact forces in all states, as long as they are predefined before the 
simulation. 

Initial Condition 

The prescribed initial conditions define the displacements and velocities at 𝑡 = 0. 

𝑢$ 𝑥, 0 = 𝑢$� 𝑥 									∀𝑥 ∈ 𝜕𝛺
𝑢$ 𝑥, 0 = 𝑣$� 𝑥 									∀𝑥 ∈ 𝜕𝛺

                                        (10a-b) 

The RHS values above represent the initial displacement and velocity distribution, respectively. 
Equation (10a-b) contains the information about the initial position of all elements in space. In the same 
manner, equation (10a-b) contains all the initial velocities.   

The Partial Differential Equations (PDE) together with initial and boundary conditions govern the 
Strong formulation of the problem as follows: 

𝜌 �
;Q�
�5;

= 𝜎$�,� + 𝑓$								𝑖𝑛			𝛺× 0, 𝑇 			𝑎𝑛𝑑		𝜎$� = 𝜎�$			𝑓𝑜𝑟				𝑖 ≠ 𝑗		                                          (11) 

Where 𝜌 is the density and 𝑓$ the external force. This equation set is also known as dynamic 
equilibrium [14].
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Chapter 4 

 

FE Simulations 
 

dvantages of Finite Element Analysis (FEA), such as versatility and physical appeal, over most 
other numerical analysis methods have made it applicable to any field problem [15]. Use of mesh 

generation techniques to break down a complex problem into small elements using the FEM algorithm 
enables the user to apply the underlying physics to the complex physical system. FE simulations are 
numerical methods to approximate the solutions of a mathematical problem which represents some 
properties of a physical reality.  

4.1. Hardware  

The following two systems of hardware are used for all simulations carried out during this thesis: 

Volvo cluster  
3000 CPUs of which 996 are simultaneously used for the simulations in this work.  
VCC laptop used to access the UNIX based server thinlinc. 

Alten AB laptop 
Intel® Core™ i7-2630QM CPU @ 2.00 GHz 2.00 GHz  
64-bit OS 
32 GB RAM 

4.2. Solver Settings 

Simulation outputs are controlled via a control card7 where termination criteria, sampling rate and 
output frequency, among others, are defined. Output frequency is set to 1 dump-file8 for each state. 
State variables such as stresses and displacements are stored in these files. A separate sampling rate of 
0.1 for each state is applied to the monitored nodes in order to have a finer resolution of outputs in areas 
of interest, in this case the airbag housing. These monitor points are added in order to define a higher 
output frequency in points of interest for comparison purposes for instance, without increasing the 
output data size for the entire model and all its nodes. 

The total simulation time is set to 100.99 ms, yielding 100 state files as output. The calculated time-step 
for these simulations, from equation (1) is 0.54 ms; this indicates that each output state contains 
approximately 2 time-steps in simulation time.  

                                                        
6 One single run with 240 CPUs is performed to compare computational costs.  
7 Refers to the interface enabling user inputs in LS-DYNA. 
8 Each dump-file contains all scalar and vector results for each particular state. 

A 
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LS-DYNA with the above mentioned hardware takes 6:35’:20’’ and 2:00’:04’’ to solve for the CPM 
and CV models respectively.   

4.2.1. Mass Scaling 

LS-DYNA uses mass scaling which is adding nonphysical mass to a structure in order to calculate a 
larger explicit time-step. Mass scaling can be done by two methods [16] [12]: 

• Mass is added to the elements whose time-step is to meet the Courant time-step size criterion. 
This actually corresponds to the minimum permissible time-step size in equation (1). 

• Mass is added or taken away from elements in order to make the time-step of every element 
equal. 

According to equation (2), there is an inverse relation between material density and speed of sound 
through its medium. The software adds mass to the nodes where the smallest time-steps are found. The 
added mass increases the density which yields a decreased speed of sound. This, in turn, increases the 
critical time-step size in order to achieve stability in the simulation, equation (1). One must take notice 
of this phenomena since the mass could be added to areas where they may affect the simulation results 
[16]. Figure 6 plots the added mass as a function of time for all states.   

 

Figure 6: Added mass for determining time-step 

The corrected time-step as a result of mass scaling is calculated to be 0.48 ms. 

4.2.2. Unit System 

LS-DYNA has several different unit systems for better compatibility with different kinds of problems 
the software is used for. The following unit system, Table 6, is chosen for this work since it is the most 
suitable unit system for crash analysis: 

Table 6: Unit system used in simulations by LS-DYNA 

Mass Length Time Force Stress Energy Gravity 
kg mm ms kN GPa kN-mm 9.806e-03 
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4.3. Energy Data 

The energy data based on equation (12) is always held at all time-steps and is printed in the output files 
[16]:  

𝐸�$% + 𝐸$%5 + 𝐸V$ + 𝐸U� + 𝐸��#T + 𝐸�|
,�����	

= 𝐸�$%� + 𝐸$%5� + 𝑊675  (12) 

Where 𝐸�$%, 𝐸$%5, 𝐸V$, 𝐸U�, 𝐸��#T	𝑎𝑛𝑑	𝐸�|  are current kinetic, internal, sliding interface, rigid wall, 
damping and hourglass energies, respectively. 

𝐸�$%� 	𝑎𝑛𝑑	𝐸$%5�  are initial kinetic and internal energies. Internal energy includes elastic strain energy and 
work done in permanent deformation. 𝑊675 is the external work done by applied forces and pressure. 
A plot of the total energy and its composing components are shown in Figure 7. 

 

Figure 7: Energy data 

A description of these components is given in what follows. 

4.3.1. Energy Ratio 

The energy ratio is defined as 

𝑒𝑟𝑎𝑡𝑖𝑜 = ,�����
,�����
� >����

                                         

The energy balance is perfect if total energy = initial total energy + external work, or in other words if 
the energy ratio in the output is equal to 1.0 before and after the deployment.  
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Figure 8: Energy ratio of CPM model 

This can be seen as a measure of the models health indicating that no other sources of either input or 
output energy exist in the model.  

4.3.2. Internal Energy 

LS-DYNA uses the tensorial values of stress and strain to incrementally calculate the internal energy 
for each element [16], represented in equation (13).  

𝐼𝐸%6� = 𝐼𝐸P'� + 𝑉𝜎$�𝑑𝜀$�                                         (13) 

Where the sum is over all six directions, 𝐼𝐸 is the internal energy, 𝜎$�	and	𝑑𝜀$� are stress and incremental 
strain in an element and 𝑉 the volume. 

The total internal energy is obtained by summation of the internal energies of all elements. 

4.3.3. Sliding Energy 

Sliding interface energy, or contact energy, is in LS-DYNA the sum of three different values: 

• Slave energy 
• Master energy 
• Frictional energy 

Frictional energy is defined by specific dynamic and\or static frictional coefficients in contact cards. In 
absence of friction, the slave and master energies are close in magnitude but opposite in sign and their 
sum equals the stored energy.  

4.3.4. Hourglass Energy 

Hourglass modes are nonphysical, zero-energy modes of deformation. Hourglassing is an undesirable 
phenomenon where zero strain and no stress are produced in under-integrated solid, shell and thick shell 
elements. This issue is improved either by increasing the number of integration points, but also with the 
help of a viscous damping or small elastic stiffness capable of stopping the formation of the anomalous 
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modes. These should have negligible effects on the stable global modes [16]. A schematic illustration 
of hourglassing of one element is shown in Figure 9. In this figure, neither the length nor the angle 
between the two dotted lines have changed. This bending mode of deformation is thus a zero-energy 
mode because no strain energy is generated by this element distortion. In coarse meshes this zero-energy 
mode can propagate through the mesh, producing meaningless results [17].     

 

Figure 9: Deformation of a linear element subjected to bending moment M 

Since the hourglass deformation modes are orthogonal to the strain calculations, work done by the 
hourglass resistance is neglected in the energy equation. This may lead to a slight loss of energy; 
however, hourglass control is always recommended for the under integrated solid elements in LS-
DYNA. The dissipated energy by the hourglass forces reacting against the formations of the modes is 
tracked and reported in the output files by the solver [13]. A fully integrated element, in which strains 
as well as stresses are felt, will deform differently [17].  

Generally in crash worthiness analyses, a rule of thumb is to maintain the hourglass energy less than 
5% of the internal energy. If the energy exceeds this value, specific parameters can be utilized to keep 
this threshold. Hourglass energy for the whole system is shown in Figure 7 while the same for each part 
can be obtained from output files9. 

 

                                                        
9 Refer to the output files glstat for whole system and matsum for each part. 
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Chapter 5 

 

Design of Experiment 
 

he study case, namely XC90’s IP with surrounding components such as the windscreen, A-pillars 
and Cross Car Beam (CCB), as well as unused airbags are set up for physical testing. The purpose 

of these tests is to gather data to be used for CAE model verifications. Physical tests are performed with 
close supervision from the Volvo test team.   

5.1. Measurement Instruments 

Below is a list of measurement devices used during testing: 

• 4 GX-5 high speed cameras with shutter speeds up to 0.001 ms  
• 3 light projectors to aid cameras in capturing the rapid event 
• 4 transducer accelerometers in each corner with frequency of 1kHz and a capture range of up 

to 1600G 
• 2 WenglorMEL laser detectors for high-performance distance measurements  

5.2. Test Set-up 

In order to independently evaluate the IP performance, all HVAC components are removed while the 
CCB is present. Two IPs are used for all four recorded tests. The Microelectronic (MEL) sensors were 
positioned on the CCB during the first test, but were moved to a more stable position, after showing 
sensitivity to vibrations of the CCB after deployment. A lose cable in Test 2 blocked the way for the 
laser detectors during 4 ms; raising the need to run Test 3. Table 7 shows a summary of the performed 
tests. 

Table 7: Testing log  

Test  IP PAB Lid Comments 
1 New Present Laser-detector measurement inaccuracy due to vibration of the CCB 
2 Used Absent Some broken parts in the IP after the first test, affecting performance 
3 Used10 Absent More broken parts in the IP, affecting performance 
4 New Present Probable noise to detectors due to generated heat from projectors 

 

 

                                                        
10 Refers to the same IP as in Tests 1 and 2 where the IP was used for a third time 

T 
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The airbag is deployed in Tests 1 and 4 to break the hatch-lid to match the CAE model. Measurement 
devices and cameras are positioned according to Figure 10. 

 

  

  

  
Figure 10: Test environment and set up 

5.3. Obstacles for Measurements 

The airbag is rather hidden from sight and is difficult to capture both for this reason and the fact that 
airbag deployment is a rapid event. This puts limits on capturing information either by cameras or laser 
measurement devices. Furthermore, the accelerometers are sensitive to the heat generated from the 
projectors used during filming and need to be considered accordingly. The MEL sensors are also 
sensitive to the light noise coming from the same source, namely the projectors. Both cameras and MEL 
sensors must be detached from the environment and set on a fixed reference, preferably independent of 
the IP parts.  
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A possible fault in the measurements could have been initiated due to a mismatch between the global 
and local coordinate system of the accelerometers. Note that the local z-axis for the devices shown in 
Figure 11 is upwards towards the windshield as in Figure 3.  

 

 

 
 

 

Figure 11: Sensors’ only axis of detection11 

The accelerometers can only sense force in their own line of reference that needs to be aligned along 
the direction of movement. The position where the sensors were attached were not straight surfaces, 
having influenced the output with unknown magnitude. Even if the sensors were attached in the only 
correct direction shown in Figure 11, rotations of the airbag housing during deployment would lead to 
the same outcome since the apparatus is only capturing in its own reference; which may not coincide 
with the global direction at all times.  

5.4. Test Set-up Correlation with CAE 

As just described, the test group experienced some limitations regarding positioning of cameras and 
measurement devices due to location of the airbag inside the IP. For this reason, and since the computer 
model is easier to maneuver, the test team were allowed to place the devices and make modifications to 
the test set-up as they wished. These modifications were later added to the computer models to resemble 
the real physical tests performed.  

The IP condition was inspected after each test and weak spots, as well as broken bits where located to 
be added to the FEM simulations. This was done by removing certain spot welds acting as glue between 
the IP shell and the reinforcement beam. Both of these parts are made of composite materials. The failed 
glue between the IP shell and the reinforcement causes separation between them; as shown in Figure 
12. These spot welds significantly affect the performance of the IP during the airbag deployment and 
are discussed in detail later on in this thesis.  

                                                        
11  Figure taken from www.wenglor.com - July 2016 
     Figure taken from www.metrolog.net  - July 2016 
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Figure 12: Damaged IP after PAB deployment 

 

Figure 13 shows the location of the spot welds used, acting as constraints in the model. These dots 
represent the glue used for attachment of the IP shell and the reinforcement parts underneath, and are 
modeled using beam elements. The separation is shown in Figure 12 illustrating where the failure 
occurred. The red dots represent the location of the spot welds that are programmed to fail at a certain 
time in the CAE model, in order to mimic the effects of failure on the response of the IP in the model. 
The yellow dots show the spot welds still intact after deployment.   

 
Figure 13: Correlating test damage in CAE model 

Moreover, the nodes corresponding exactly with location of the two laser beams and the attachment 
points for the accelerometers were monitored. See figures in section 5.2. The uneven geometry of the 
housing made this a challenging task which could lead to errors later on in the work. 

5.5. Channel Frequency Class Filters 

The output signal obtained for the accelerations contained a great many oscillations toggling between 
under and overshoots during time spans of 1/10ths of a millisecond. These signals are filtered to provide 
a useful range of values for comparison with the accelerations obtained in the models. The Channel 
Frequency Class (CFC) is designated by a number (CFC values of 60, 180, 600 or 1000) indicating that 
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the channel frequency response lies within limits specified by SAE J211 Standard [17] for CFCs of 
1000 and 600, or is filtered using an algorithm described in the same reference for CFCs of 60 and 180. 
The minimum sampling frequency for each of these filters is ten times the CFC number, in Hertz. CFC 
60 has a damping limit at -30 dB. Figure 14 compares the raw signal to the one with an applied filter. 

 
Figure 14: Acceleration in the z-direction before and after the applied CFC filter 

Both the number of peaks and the range of acceleration values have decreased significantly after 
filtration compared to the raw data; making analysis and comparison possible.  
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Chapter 6 

 

Results 
 

his section presents all the results obtained from simulations and the physical tests; including 
comparisons between different airbag models, identifying decisive components as well as CAE 

correlation with tests in order to perceive the IP behavior. Test results are post processed and filtered as 
mentioned in the previous chapter for easier, more convenient comparisons in this chapter.   

6.1. CV versus CPM Airbag  

Plots comparing different airbag parameters between a CV and a CPM model are presented in Figure 
15. As can be observed, the rate of input mass graphs for both methods perfectly overlap, allowing 
comparisons between the two. Please note that the airbag is deployed at 6 ms elapsed time. This is easily 
shown by the extreme peak in the pressure graph. One can figure out the time when the airbag is fully 
deployed by studying the surface area, volume and total mass. These parameters reach their maximum 
between 40-50 ms, corresponding to a fully inflated airbag.  

 

Figure 15: Statistics of CPM and CV airbag models 

 

T 
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Output mass, during the early phase of deployment, in CV is noticeably higher than CPM. This trend 
however is reversed towards the end of simulation. It is interesting to compare these parameters for a 
longer simulated time than the airbag deployment; which is why 100 ms is simulated for this case to see 
if the pressure and volume curves go towards the same final value.     

The largest difference is seen in surface area between the two. This offset is due to different reference 
geometries which determines the airbags final shape. Generally the curves agree in pattern despite minor 
deviations in the peaks or offsets caused by differences in the set-up.  

6.2. CAE-Test Compatibility  

Some test results are inconclusive by themselves due to slight inconsistencies in the tests. Different tests 
are picked to show different attributes of the system and even compared to each other to reveal other 
characteristics that were not expected beforehand.  

Note that measurements from Test 2 are used for the plot in Figure 16 which depicts the z-displacement 
of the housing as a function of time obtained by both simulations and the physical test. One can see that 
the range of accelerations obtained by the simulations follow that of the physical test. On the other hand, 
the magnitudes of the first under and overshoots agree despite some translations in the x-direction, even 
though they correspond to the same instance of pressure peak. The sharp undershoot observed at ~43 
ms on the test curve is due to a disturbance caused by a loose wire in front of the laser beam detector 
and should be ignored. The graphs in this figure suggest that CAE models are stiffer than the real IP. 

 

Figure 16: z-displacement in simulation and physical test 

The plots in Figure 17 below seem to follow the same trend: namely simulations having roughly the 
same range of accelerations and displacements as the physical tests. The acceleration curves oscillate 
significantly when the rapid timing of the event is considered. This range capture can in turn be seen as 
a validation of the simulation models still leaving room for improvement; even more so if the negative 
effects of test errors are removed from the test results. Difficulties in matching the accelerometers’ 
coordinate system exactly is one of these errors having direct effect on the read out. A discussion of 
this issue is included in the next chapter.  
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Figure 17: Acceleration comparison between CPM and physical test 

Since the same IP shell is used for the first three tests, material loosening may have been introduced 
due to wear after each deployment. Figure 18 draws a comparison of z-displacement between Tests 2 
and 3 which share similar set-up. Differences observed are due to this loosening effect. 

 

 

Figure 18: Effects of IP loosening 

The displacement curves illustrated above indicate that the IP in Test 3 undergoes slightly larger 
displacements, approximately 8.02% compared to Test 2. Note that this is measured at ~12 ms where 
the first undershoot occurs. Details regarding this issue are discussed in the next chapter. 

Furthermore, Figure 19 compares the IP’s performance from two CAE models; with and without the 
existence of the spot welds to Test 2, showing the effects of spot weld failure.  
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Figure 19: Effects of spot welds on z-displacement  

Note that the removal of spot welds shown in Figure 13 has provided closer simulation results by 15.1% 
to the real test. This difference is measured at ~12 ms.  

The axial and shear forces in the beam elements are studied to track local effects, where the spot weld 
failures occurred in the physical test. This can act as a guideline for choosing the instant when these 
elements should fail in the model. These forces are plotted in Figure 20.   

 

Figure 20: Axial and shear forces in a beam element 

As can be observed, the extremum values for both shear and axial forces appear at ~20 ms; it is therefore 
hypothesized that failure occurs at this instant.  

Four instances of the airbag opening are captured and compared in Figure 21; namely 7th, 8th, 9th and 
the 13th ms, in order to showcase the accuracy of the CAE model.  
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Figure 21: PAB deployment test vs. CAE 

 

6.3. Decisive Components 

Since the effects of loosening and spot welds are known, one can study the effects of the two missing 
components; namely a PAB lid and the glove-box compartment. Firstly, the effects of the PAB lid are 
investigated. Tests 2 and 4 used to depict the effects of the PAB lid in Figure 22 also have dissimilarities 

7 ms 

8 ms 

9 ms 

13 ms 
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regarding spot weld as well as material loosening. The physical testing regarding this issue is 
inconclusive, without the assumption that the effects of material loosening and spot weld failures are 
independent; i.e. their effects are non-accumulative. This assumption allows the quantification of these 
effects independently. See Figure 26. 

 
Figure 22: Effects of PAB lid on IP performance 

The glove-box compartment is one of the first components hypothesized to have a direct effect on the 
IP’s performance. The compartment cage contains a rib along the y axis acting as a shelf, but also a 
support for the structure. The removal of the entire glove-box compartment was a necessary action to 
take during testing in order to observe the movements of the housing. In order to see the effects of this 
modification, the corresponding y rotation and z displacements are shown in Figure 23. Note that the 
values plotted are simulation results. 

  
Figure 23: Effects of glove-box removal on IP performance 

The IP model with the glove-box’s support experiences smaller movements as can be observed in the 
figure above. It is clear that the removal of the glove-box compartment has had a negative effect on the 
IP’s stiffness. Furthermore, the elongation of the beam elements shown in Figure 13 have been 
monitored to show any increase in exerted force with and without the glove-box compartment. Both 
models however, show maximum elongations of ~8% in these elements; indicating little influence from 



6. Results 

 32  
 

the removal of the glove-box in this area. Hence, only the results without the presence of the glove-box 
compartment are used from here on. 

6.4. Instrument Panel Analysis 

Forces that result in IP deformation during PAB deployment are exerted from two sources; initially the 
attachment screws of the airbag housing to the IP shell (dragging the IP due to reaction forces) and once 
deployed, the pressure created between the windscreen and IP. The six attachment points of the airbag 
housing were considered in order to scale the IP’s performance and deformational behavior during PAB 
deployment. The housing is assumed to be a rigid component; its deformations are in other words 
neglected. An arbitrary reference point is chosen in the center, marked with its own local coordinate 
system in Figure 24 relative to which both translations and rotations are calculated. This way, the 
movement of any other point can also be mapped, through the same reference point, simply by rotational 
scaling with regards to its distance to the reference point.   

 

Figure 24: Local system of coordinates  

The total movement of airbag housing can be divided into translations and rotations. Figure 25 shows 
translation as well as rotation of the specified point throughout the simulated time. 

  
Figure 25: Tri-axes translation and rotation of the airbag housing  

 

The largest rotation is observed around the y-axis while the z-axis rotation is negligible. Breaking the 
problem down into different phases as follows would help understand the movements presented above 
better. 
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Phase I 0  –  8 ms Initial phase where the inflator activates after 5 ms and the airbag hatches. 
No significant displacements are observed during this phase. 
 

Phase II 8  – 13 ms The airbag starts to unfold immediately and inflates until in contact with 
the windscreen at 11 ms. Undershoots in z and x-translations are observed 
during this phase.  
 

Phase III 13 – 45 ms Full airbag deployment is achieved towards the end of this phase. Largest 
undershoot in x-translation followed by slightly smaller, yet still the 
largest z-translation are observed during this phase. A sharp increase in 
positive y-rotation occurs at the start of this phase.    
 

Phase IV 45 – 100 ms System response to the fully deployed airbag. Damping continues without 
any external factors. 

 

Please compare these phases with Figure 25. Moreover, some behaviors are present throughout the 
entire simulation which do not belong to any specific phase. These general behaviors are listed below: 

• Rotation around y-axis is always positive despite fluctuations. 
• Rotation around x-axis is mostly negative despite two initial peaks in the positive region. 
• A constant increase in mean value of x-translation is observed.  
• Translations in the z-direction are always negative.  

This short list of general movements is a significant step for any attempt in modelling the sled. 
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Chapter 7 

 

Discussion 
 

mong the earliest methods used to model airbags in LS-DYNA is CV. This later evolved to behave 
more naturally by adding particle interactions giving rise to the internal pressure. CPM is usually 

treated as a more sophisticated airbag model due to the many ingoing parameters to compensate the 
unrealistic uniform pressure assumption in CV. This leads to the difference in simulation duration; 
approximately 3 times higher which is also a downside of CPM.   

Since most studied parameters yield different system responses as the simulation goes on, it is natural 
to only focus on the initial 20 ms. It becomes increasingly difficult to isolate the effects of a particular 
variable after this period; the wave propagation in the IP shell can superpose with responses from the 
fixed points at the clamps where the IP is attached to the body. This period is also interesting since the 
IP lead hatches as the airbag unfolds and how the pressure is devised differs in airbag models during 
the early phases of inflation. 

Unphysical air venting in CV compared to the active venting area in CPM is the reason for the difference 
in output mass even though the input mass is equal in both, seen in Figure 15. This increases the total 
mass of the airbag which in turn increases both pressure and volume even though they are inversely 
proportional parameters. Airbag deployment is a pressure driven phenomenon. The smaller first 
undershoot of the CV curve in Figure 16 is a testimony of its lower pressure. The insertion of particles 
between the airbag layers in fold state builds up the pressure until the peak is reached, forcing the fabric 
to unfold. The pressure curve drops sharply as soon as the airbag starts unfolding outside of the housing; 
this is also the instance when the volume increases freely until fully stretched. Following the same logic, 
adding a PAB lid should increase this peak even further.    

Material loosening is one of the contributing factors to IP’s performance studied in this work. This 
effect is shown by z-displacement in Tests 2 and 3. Only the first undershoot is studied in Figure 18 
since interference from the neighboring components is still minimal at this stage. This difference is 
always present between repetitive tests on the same IP, however the magnitude may differ than the one 
calculated i.e. this effect may not be linearly accumulative. Figure 18 in other words, only shows this 
loosening effect between Tests 2 and 3.  

Largest rotation is observed around the y-axis due to the installment orientation of the housing; with its 
longest edge along the y-direction. A smaller rotation around the x-axis is observed following the same 
logic. Rotation around z is insignificant in comparison since the housing movement is restricted in the 
xy plane by the IP material. In other words, the IP shell acts as a support in the x and y direction.  

This restriction in x together with the lack of any external support in z leads the larger undershoot in z 
translation compared to x observed in phase II. The orientation of the inflator is such that the exiting 

A 
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gas exerts a reactive momentum on the housing in the zx plane at the inflator hole; causing negative 
translations in both x and z directions. The stored elastic potential energy during the first undershoot is 
added to this reactive momentum causing the even larger, 2nd undershoot observed in the beginning of 
phase III. This phase also contains the largest y rotation due to contact initiation with the windscreen, 
where the contact forces are transferred to the housing via the inflated airbag.  

The airbag has reached its maximum volume and no more gas is inserted from the inflator at ~70 ms.   
Phase IV is the final phase of PAB deployment, representative of the system response to the exerted 
forces up to this point i.e. damping. Airbag pressure and hence inflation flatten out after this point until 
static. The airbag tether, once fully stretched, stops the fabric from further inflation in the x direction, 
dragging the housing with it. This effect is best seen in the ever increasing mean value of the x-
translation in Figure 25.  

Spot welds are removed from the CAE models to better resemble the broken IP’s condition in Test 2. 
The same spot welds are deactivated to achieve the same goal in Test 4. The method is prone to 
inaccuracies since the exact instant of failure and their corresponding location are unknown. It is also 
difficult to track the crack propagation during testing. The force exerted on the IP shell are not 
transferred to the reinforcement underneath in the absence of spot welds. This results in larger 
displacements of the housing which is directly assembled on the IP shell, see Section 5.4 and Figure 19.     

Test results give an approximate location of the failed spot welds, as per Figure 13. This acts as a guide 
in choosing which beam elements to monitor during simulation. The beam forces are plotted throughout 
the simulation to identify critical instances up to which the failure occurs, Figure 20. Accordingly, these 
beams are assumed to fail at ~20 ms. Even if uncertainties mentioned above are accounted for, the 
implementation of this assumption raises a different problem; namely substituting deformable beams 
with rigid spot welds in order to introduce failure at the desired instance. This is a limitation of LS-
DYNA.  

Since the IP model provided by Volvo does not include a PAB lid, this component is also removed from 
the Tests 2 and 3. The comparison of Tests 2 and 4 contains the effects of the lid on the IP’s 
performance. This comparison also contains the effects of spot weld failure and material loosening. 
These are assumed to be independent factors, i.e. can be added or removed in order to account for their 
effect. Figure 26 is a schematic representation of how these factors accumulate to express the 
differences between the tests.   
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Figure 26: Identified factors affecting IP performance 

Multiplying the calculated factors with the results from Test 2 leaves a difference of 21%.  Energy 
considerations are as expected according to Figure 7, indicating a healthy model. 

 

7.1. Sled Implementation 

A test run of the sled model is performed to compare the magnitude of housing displacement to the IP. 
Figure 27 shows the displacements in all three directions. Note that these measurements are obtained 
for the same monitor points as previously selected for the IP, see section 5.2. Comparing this result to 
Figure 25, the difference in magnitude is obvious; indicating a much more rigid sled model. The sled 
model is expected to behave in the same manner as the IP, i.e. the sled-modelling task can be considered 
done once these two figures are more alike.    

 

Figure 27: Housing displacement on the sled model 
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The behavior of the IP can be modelled using three separate but connected springs representing xyz 
directions. The rigid frame supporting the passenger side IP12 can be replaced with these springs. Forces 
can be obtained by forward differentiating of the displacement twice; yielding the acceleration at each 
state which therefor rapidly oscillates making the momentarily implementation difficult. A less accurate 
measurement is provided by the physical test results, giving a comparable range for the exerted force. 
The latter is recommended since it is more feasible for actual implementation in the sled environment.  

The total movement of the housing is divided in pure translations and rotations in all three directions as 
shown in Figure 25. Fine adjustments to the structure’s stiffness is possible since one spring is used for 
each direction. This allows movement control of the housing in each direction separately where in fact 
they are interdependent. One can by calculated attempts, approach the target movements in Figure 25. 

The same procedure can also be performed by anisotropic material modelling of the rigid frame; 
allowing control of various directional behavior. The user can define direction-specific stiffness in the 
material section of LS-DYNA. Note that material modifications might alter the behavior elsewhere13. 

The above mentioned methods approximate an average stiffness value. The error in this estimation 
proportionally increases with larger deformations. Variable stiffness springs can be introduced to 
counter-act this problem where large deformations occur. Redesigning the frame structure is yet another 
approach, although difficult, for solving this problem.  

Finally, one thorough test in order to identify the effects of the PAB lid as the only variable should be 
performed. The IP shell for this test must be unused where the PAB lid is carefully sawn off beforehand. 
Comparing results from this test with Test 4 features effects of the lid. This way, the contribution of 
material loosening and spot welds can also be computed more accurately; capturing the housing 
movements more realistically. This in turn will aid sled implementation.  

 

                                                        
12 The generic sled includes simplified modules representative of the vehicle interior. Passenger side IP is one 
such module.  
13 Vibration modes are for instance dependent on the structure stiffness. 
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Chapter 8 

 

Conclusion 
 

he automotive industry is putting increasing effort in investigating crash worthiness in real testing 
as well as in the virtual world using software. CAE is replacing real testing following an industry 

trend. This tendency is a driving force for FEM code developers working towards explicit analysis. The 
models used are impeccable when checked according to LS-DYNA recommendations, see section 4.3. 
Despite this fact, there always remain differences due to difficulties in exactly replicating every detail 
such as material and contact modelling. In addition, measurement errors increase the gap between 
reality and the model response in CAE.   

As for computational costs, simulations with the CV airbag, despite less accuracy, take less than one 
third of the time it takes the solver to sort out CPM. As mentioned in section 4.1, all simulations are run 
utilizing 99 CPUs except a test run where 240 CPUs are assigned for computational cost comparisons. 
It is found that the extra computational power does very little in reducing the clock time, 15 minutes 
(3.8%) to be exact. It is therefore concluded that no more than 99 CPUs are necessary for these 
simulations.  

Since this study is conducted on a component level, special attention is given to the PAB and its 
immediate physical surrounding. In other words, other surrounding components have insignificant 
contribution to this study. The glove-box compartment is removed from the assembly during testing to 
allow inspection of movements. In CAE, the elongation in the most stressed beam elements is ~8% at 
its peak14, independent of the glove-box presence. 

Physical testing, being the only method of verification, needs to be accurate. Accurate capturing of a 
PAB deployment, measurement of a rapid event prone to external noises, is highly dependent on choice 
of measurement instruments. One may by thorough investigations on available instruments, choose 
robust devices less sensitive to noise and placement.  

Sled implementation is the step after the IP model in question is verified since it is the IP’s performance 
that is to be replicated in the sled environment. In addition to what has been done in this work, one more 
test should be performed as stated previously to minimize uncertainties which arose in Tests 1-4; i.e. 
the more accurate movements recorded, the closer to reality the sled can be.  

In reality, a PAB lid is always present which is a short coming in today’s models. This will always 
generate mismatch between what happens in CAE environment and real crash situation. Adding this 
part will eliminate this divergence between environments.     

                                                        
14 These beam elements are introduced in section 5.4. 
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Since the entire vehicle on a system level has not been the case study, the presented methods in this 
thesis can be implemented on all Volvo passenger vehicles. Various structural modules surrounding the 
PAB area such as roof, A-pillars, rear view mirror etc. can be altered without affecting the inflation 
process of the PAB and the corresponding IP response. This way, quantitative measures will differ 
while all qualitative findings in this document should be the same.    
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