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Abstract
Side airbags are time-critical restraint systems in which gas flow, fabric deformation,
and occupant contact strongly influence the predicted response. This thesis evalu-
ates the recently introduced Continuum Particle Gas (CPG) method for side-airbag
deployment simulations and compares it with the established Corpuscular Particle
Method (CPM). The aim is to assess whether CPG improves the representation of
side-airbag behaviour and occupant interaction during early deployment.

The comparison was performed through an inflator tank test, a linear impactor
setup, and simplified airbag–occupant interaction tests. Several Anthropomorphic
Test Device configurations and arm positions were investigated. The methods were
evaluated using airbag pressure response, unfolding behaviour, arm trajectory, se-
lected occupant-related response quantities, and computational time. Physical test
data and Volvo Cars reference models were used as comparison bases where available.

The results show that both CPM and CPG capture the general pressure development
and deployment response. However, CPG generally shows closer agreement with
physical tests during early deployment, particularly regarding local airbag shape,
crease formation, unfolding behaviour, and arm trajectory. CPG also shows im-
proved agreement in several numerical occupant-related response metrics. During
later pressure decay, CPM more often approaches the physical test pressure level,
while CPG tends to remain slightly higher.

The main limitation of CPG is its substantially higher computational cost com-
pared with CPM. This indicates that it is currently more suitable as a complement
to CPM rather than a direct replacement. This is especially relevant in cases where
detailed early deployment behaviour and local gas-flow effects are important.

Keywords: Side airbag, airbag deployment, occupant safety, side impact, CAE, LS-
DYNA, Continuum Particle Gas, Corpuscular Particle Method, Anthropomorphic
Test Device, airbag–occupant interaction
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Nomenclature

The following nomenclature summarizes the indices, sets, parameters, and variables
used throughout this thesis.

Indices and Sets

i Response signal index
c Test-case index
s Gas species index
m Gas method, where m ∈ {CPM, CPG}
F Response family used for grouped evaluation

Parameters

γ Heat capacity ratio
ns Number of gas species
nF Number of response signals included in response family F

nc Number of test cases included in a grouped family-level aver-
age

fs Static friction coefficient
fd Dynamic friction coefficient
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Variables

p Gas pressure
Wk Total translational kinetic energy of CPM particles
V Airbag volume
U Conservative state-variable vector used in the CPG formula-

tion
ρ Gas density
ux, uy, uz Gas velocity components in the x-, y-, and z-directions
u Gas velocity vector
E Total gas energy
Ys Mass fraction of gas species s

R Final reliability score
Rphys Physical repeatability score
RCAE CAE comparability score
x̄test,i Physical-test reference value for response signal i

xTest 1,i Signed peak response value from physical Test 1 for response
signal i

xTest 2,i Signed peak response value from physical Test 2 for response
signal i

xm,i Signed peak response value from CAE method m for response
signal i

∆m,i Signed deviation between CAE method m and the physical-
test reference for response signal i

|∆m,i| Absolute deviation between CAE method m and the physical-
test reference for response signal i

Em,F Case-level mean absolute difference for CAE method m and
response family F

Em,F,c Case-level mean absolute difference for CAE method m, re-
sponse family F , and test case c

Ēm,F Overall family-level mean absolute difference for CAE method
m and response family F

IF Relative reduction in mean absolute difference between CPM
and CPG for response family F
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1
Introduction

This chapter introduces the project by presenting its background, purpose, aim and
objectives, scientific research questions, and limitations. The background explains
the relevance of the subject, while the purpose, aim and objectives, and scientific re-
search questions define the project-specific approach. Finally, the limitations clarify
the aspects that are not investigated within the scope of the project.

1.1 Background
Airbags play a crucial role in protecting vehicle occupants and reducing the risk of
severe injuries during traffic accidents. Side Airbags (SABs) are particularly impor-
tant in side-impact collisions, where the clearance between the impacting structure
and the occupant is limited. This makes the deployment phase highly time-critical,
as the SAB must rapidly provide protection for body regions such as the thorax,
pelvis, and ribs. Consequently, small differences in early unfolding behaviour may
influence the subsequent occupant–airbag interaction.

During the development of SABs, both physical testing and virtual testing through
Computer-Aided Engineering (CAE) are used. Physical testing with Anthropomor-
phic Test Devices (ATDs) enables observation of occupant, airbag, and surrounding-
structure behaviour in controlled crash scenarios. However, such testing is time-
consuming, expensive, and limited in terms of detailed analysis. CAE is therefore
used as a complementary tool, offering improved repeatability and access to de-
tailed response quantities. A key challenge in virtual simulations is to accurately
represent the physical environment, particularly the gas flow during airbag inflation.

Airbag deployment is a fluid–structure interaction between the gas, fabric, and occu-
pant. The gas model used in the simulation affects the unfolding behaviour, pressure
response, and ultimately the predicted arm trajectory. The currently used method
is the Corpuscular Particle Method (CPM), which represents the gas motion using
a simplified particle-based approach. CPM provides a good balance between pre-
diction accuracy and computational cost, but may compromise the representation
of local gas flow, early deployment behaviour, and complex interactions. A newer
method introduced in the industry, the Continuum Particle Gas (CPG) method, uses
a more complex and realistic representation of continuous gas flow. This method is
intended to better capture local gas flows, pressure gradients, and early unfolding
behaviour. CPG is therefore expected to provide a more realistic airbag deployment

1



1. Introduction

response, but also to require a higher computational cost.

From an industrial perspective, the selection of an appropriate gas modelling method
is important because simulation accuracy must be balanced against computational
efficiency in the vehicle safety development process. A more representative gas
model may support earlier and more reliable safety-related design decisions, while
increased computational cost may limit its practical use. This provides the basis
for comparing CPM and CPG in the present work, with focus on their influence on
SAB deployment and occupant interaction.

1.2 Purpose
The purpose of the thesis is to conduct a comparison between two gas modelling
methods for SAB inflation; CPG and CPM.

1.3 Aim & Objective
The overall aim of the project is to compare the CPG with CPM and to conclude
which model better captures the real life response of SAB interaction with occupants.

The following objectives are defined:

• Validate the CPG and CPM inflator pressure response against physical refer-
ence in a tank test.

• Tune the CPG setup using a linear impactor model.
• Compare CPM and CPG in simplified rigid-seat test cases. Evaluate the

methods using pressure response, unfolding behaviour, arm trajectory, and
relevant Occupant Injury Criteria.

• Assess the computational cost of the methods and discuss the suitability of
CPG compared to CPM.

1.4 Scientific research questions
While the aim describes the overall intention of the work and the objectives outline
the practical steps taken, the research questions specify the scientific issues that the
project seeks to investigate. They translate the aim into focused and measurable
lines of inquiry that guide the analysis and evaluation of the CPG method. Based
on the project aim, the following research questions are formulated:

1. Which differences does CPG demonstrate relative to CPM in reflecting airbag
unfolding behaviour in CAE during the initial airbag deployment?

2. How does the predicted arm trajectory and loading response differ when using
CPG versus CPM?

2



1. Introduction

3. Considering computational cost and simulation fidelity, in which applications
is CPG more suitable, and in which applications does CPM remain more
appropriate?

1.5 Limitations/Demarcations
This chapter defines the boundaries of the thesis work by clarifying what aspects of
SAB modelling and gas-method evaluation are included and excluded. Regulatory
compliance, consumer-assessment scoring, and exact injury-criteria evaluation are
outside the scope of this thesis. The focus is limited to the interaction between the
SAB and occupant model during deployment, and to the comparison between the
CPM and CPG airbag simulation methods. A detailed summary of these boundaries
is provided in Table 1.1.

Table 1.1: Scope and delimitations of the thesis work.

Category In scope Out of scope

System SAB system Full-scale vehicle crash,
other airbags, seatbelt

Gas
modelling
methods

CPM & CPG UPM & ALE

Test
Environ-
ment

Rigid seat model & plexiglass wall Detailed seat structures,
cushioning, real door panel

Test
envelope Static SAB deployment setup.

Dynamic SAB crash
scenario with vehicle
motion, crash pulse, and
structural intrusion.

Occupant
Models ATD Human Body Models

Injury-
related
response
metrics

Occupant injury criteria values and response
plots are used to compare CAE results with
corresponding physical test data.

No assessment of occupant
injury risk is performed.

Resources LS-DYNA, ANSA, META, Oasys PRIMER,
D3PLOT

External software not used
at Volvo Cars

Timeline ≈ 20 weeks, full time Significantly shorter or
longer than 20 weeks
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2
Theory

This chapter presents the theoretical background required to understand the meth-
ods and analyses used in this thesis. The chapter introduces Side Airbag systems,
occupant models, finite element modelling, and the airbag inflation methods relevant
for CAE-based side-impact simulations.

2.1 Characteristics of Side Airbags
SABs are commonly integrated into the outboard side of the seat backrest, close to
the door-side occupant environment, as illustrated in Figure 2.1. Balavich et al. [5]
describe seat-mounted side-impact airbags as systems packaged in the outboard
seat bolster, which must deploy from the seat and move into position between the
occupant and the interior door surface before the available gap closes. SABs are
therefore designed for rapid deployment in a confined lateral space. Schneider et
al. [26] further describe thorax–pelvis SABs as a means of reducing thoracic and
pelvic injury levels in side-impact crashes [24].

Figure 2.1: Top-down view of a Volvo EX90 illustrating the mounting and deploy-
ment of a SAB, designed to protect the occupant’s thorax and pelvis [29].
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2. Theory

The airbag fabric structure must withstand the pressure and mechanical loading as-
sociated with rapid deployment. Airbag fabrics are commonly woven textile struc-
tures, typically made from coated or uncoated synthetic materials, where low air
permeability, flexibility, tensile strength, and durability are important material re-
quirements [21]. Due to the limited packaging space, SABs are smaller than many
frontal airbags. Porkolab and Lakatos [24] report typical SAB volumes in the range
of approximately 15–20 litres, with short time-to-fire values. Depending on the pro-
tection target, SABs may also be designed with separate regions or chamber-like
subdivisions to address different body areas. Schneider et al. [26], for example,
studied a thorax–pelvis SAB concept in which the airbag was divided into upper,
middle, and lower regions with different design parameters.

The inflation of the SAB may be driven by a hybrid inflator, which combines stored
compressed gas with a limited amount of pyrotechnic material to achieve the required
deployment performance [4]. Once deployed, the airbag should provide controlled
deceleration of the occupant rather than acting as a rigid barrier. This behaviour
is influenced by gas outflow through vent openings and leakage through the fabric.
Hirth et al. [7] describe vent-hole design, material behaviour, porosity, and gas–
fabric interaction as important aspects of airbag deployment simulation, while Lin
et al. [18] show that inflator characteristics, venting, and fabric-related heat transfer
can influence the predicted pressure response and deployment behaviour.

From a CAE perspective, SAB deployment represents a strongly transient inter-
action between gas flow, fabric deformation, venting, and contact with the occupant
model. The limited space and short deployment time make the predicted airbag
shape, pressure development, and local interaction behaviour sensitive to the se-
lected modelling approach. This is consistent with Hirth et al. [7], who describe the
need to represent the interaction between internal gas flow and the deforming airbag
structure, and with Lin et al. [18], who evaluate particle-based airbag modelling for
side-impact airbag deployment applications.

2.2 Explicit Finite Element Analysis
Finite element analysis (FEA) is a numerical method used to approximate the me-
chanical response of complex structures by dividing the physical domain into a finite
number of elements connected through nodes. Within FEA, dynamic problems may
be solved using either implicit or explicit time integration schemes. In explicit time
integration, the equations of motion are evaluated based on the known response
from the previous time step, whereas implicit methods evaluate the response at the
new time step [2]. This makes explicit integration particularly relevant for transient
dynamic problems where the response changes rapidly over time.

Explicit FEA is commonly applied in crash and restraint-system simulations be-
cause these problems involve short-duration loading, large deformation, complex
contact interactions, and nonlinear material behaviour. Khalil and Sheh [15] de-
scribe FE crash simulation as a nonlinear mechanics problem and present an inte-
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2. Theory

grated vehicle–dummy–airbag model for occupant protection analysis. In this type
of simulation, the response of the model is advanced incrementally in time, making
the method suitable for load cases where geometry, loading, and contact conditions
change rapidly.

A characteristic feature of explicit analysis is that small time steps are required
to maintain numerical stability. The Ansys Explicit Dynamics Theory Guide states
that explicit time integration uses a central-difference scheme and that the time step
is limited by the Courant–Friedrichs–Lewy stability condition [3]. The stable time
step is influenced by the characteristic element dimension and the local material
sound speed, meaning that small elements can reduce the allowable time step and
increase the number of increments required for the simulation [3]. For airbag sim-
ulations, this is relevant because the deployment process occurs over a short time
period and involves interaction between the airbag fabric, gas inflation, surrounding
structures, and occupant model.

2.3 CAE Modelling for Airbag Simulations
Airbag deployment simulations are commonly performed using explicit FE CAE
methods due to the short-duration and highly dynamic nature of the deployment
event. Hirth et al. [7] describe airbag deployment simulation as a standard appli-
cation of explicit FE codes, where the numerical model is used to represent the
interaction between the inflating gas and the deforming airbag structure. In this
context, the physical system is represented through numerical models that approxi-
mate the mechanical and physical behaviour relevant to the investigated load case.

A CAE model for airbag simulation may include several interacting parts, such as
structural vehicle components, an occupant model represented by a FE ATD model,
the airbag fabric structure, gas inflation, venting, and contact definitions. Humanet-
ics describes virtual crash-test dummy models as numerical counterparts to physical
ATDs, developed using geometry and material data from physical dummy design
and testing [11]. The LS-DYNA Keyword User’s Manual provides the corresponding
modelling framework for defining airbag inflation, fabric material behaviour, con-
tact interactions, and other model components used in explicit crash simulations [1].

Airbag deployment is a highly dynamic and nonlinear process involving gas flow,
fabric deformation, pressure development, and contact interaction. Hirth et al. [7]
describe how airbag simulation has developed from simplified pressure-based meth-
ods towards more detailed approaches that include deployment kinematics, vent-hole
design, material behaviour, porosity, and the interaction between internal gas flow
and the fabric airbag structure. Lin et al. [18] further show that modelling choices
related to inflator characteristics, venting, fabric heat transfer, and gas representa-
tion can influence the predicted pressure response and deployment behaviour. The
following sections therefore describe the element formulations and airbag inflation
methods relevant for CAE-based airbag simulations.
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2.3.1 Element Formulations
In FEA, the structure is discretised using elements with different theoretical assump-
tions and mechanical capabilities. Wai et al. [30] show that the choice of element
type should be adapted to the geometry of the structure, the desired analysis results,
and the available computational resources. Therefore, different element formulations
may be used for different parts of a model.

The element formulations relevant to this thesis include shell, membrane, solid,
beam, and discrete elements. Shell elements are commonly used for thin structural
components where bending stiffness is relevant, while membrane elements are suit-
able for thin and flexible fabric components that mainly carry tensile loads. Solid
elements can be used for components where three-dimensional stress states are im-
portant, whereas beam and discrete elements are typically applied when simplified
structural or connection behaviour is sufficient. The specific definitions and avail-
able formulations for these element types are described in the LS-DYNA Keyword
User’s Manual [1].

2.3.2 Airbag Inflation Modelling
Airbag deployment in CAE requires a gas modelling method because the structural
response of the airbag fabric is governed by the inflation process and by the interac-
tion between the gas and the surrounding fabric. The model must therefore represent
the relevant parts of the inflation sequence, including pressure build-up, gas inflow
from the inflator, venting, fabric motion, and contact with the occupant or surround-
ing structures. Hirth et al. describe airbag deployment simulation as a problem in
which both the gas dynamics and the coupling between the gas and the deform-
ing airbag structure must be represented to capture the deployment behaviour [7].
The LS-DYNA Keyword User’s Manual also describes several airbag formulations
with different levels of modelling detail, ranging from simplified pressure-based ap-
proaches to more advanced gas-flow methods [1].

Different airbag modelling approaches are therefore available depending on the pur-
pose of the simulation. Uniform-pressure or control-volume-based methods represent
the gas response in a simplified internal volume and are mainly suited to cases where
the global pressure response is of primary interest [1], [19]. ALE-based airbag mod-
elling represents the gas in an Eulerian fluid domain coupled to the deforming La-
grangian airbag structure, allowing spatial gas-flow effects to be considered [7], [19].
Particle-based methods, such as CPM, instead describe the gas using particles and
have been applied to side-impact airbag deployment simulations in LS-DYNA [18].
The newer CPG method is also defined as a particle-based gas solver, but uses
a continuum-based formulation intended to improve the representation of gas-flow
behaviour during airbag deployment [1], [31]. These approaches provide different
levels of physical detail and computational demand, and the selected method should
therefore reflect the objective of the simulation.
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2.3.3 Corpuscular Particle Method
CPM is a particle-based gas modelling approach used for airbag inflation simula-
tions in LS-DYNA. In CPM, the gas is represented by numerical particles that move
within the airbag volume and interact with each other and with the surrounding
fabric structure through momentum exchange [1], [18]. This principle is schemat-
ically illustrated in Figure 2.2, where particles with mass mi and velocity vi move
within the airbag volume V . The enlarged views illustrate the two main interac-
tion mechanisms considered in this representation: particle–particle interaction and
particle–fabric interaction.

Figure 2.2: Simplified schematic illustration of CPM, where numerical particles
move within the airbag volume V . The enlarged views illustrate particle–particle
interaction and particle–fabric interaction.

This differs from uniform-pressure or control-volume-based methods, where the gas
response is represented in a simplified internal volume. Since CPM resolves the gas
through discrete particles, it can represent local gas-flow effects, such as inflator jet
directionality and non-uniform pressure loading, to a greater extent than simplified
pressure-based methods [18], [19]. This is particularly relevant during the early de-
ployment phase and during initial occupant contact, where the airbag response may
be influenced by local gas behaviour [18].

The pressure formulation used in CPM is based on the kinetic-theory relation be-
tween particle motion and gas pressure. According to the LS-DYNA Keyword User’s
Manual, the pressure can be related to the translational kinetic energy of the parti-
cles as [1]
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p = 2
3

Wk

V
, (2.1)

where Wk is the total translational kinetic energy of the particles and V is the airbag
volume. The pressure is directly related to the kinetic energy of the particle system
and inversely related to the airbag volume. This means that, for a given volume,
an increase in particle kinetic energy corresponds to an increase in the predicted
gas pressure. The CPM pressure loading is therefore generated from the motion
of the particles inside the airbag and their interaction with the surrounding fabric
structure.

2.3.4 Continuum-based Particle Gas
CPG is a particle-based airbag gas modelling approach available in LS-DYNA. Al-
though it uses a particle framework, the gas is described through continuum flow
variables rather than as independent corpuscular particles [1], [31]. This principle
is schematically illustrated in Figure 2.3, where a continuum-based particle distri-
bution is shown within the airbag volume V , together with local continuum-particle
interaction and distributed pressure loading on the airbag fabric. This formulation
enables CPG to describe local gas-flow behaviour, pressure development, inflator jet
effects, and flow through confined regions [31]. Such effects are relevant for SAB
deployment, where limited space and early interaction between the inflating airbag,
surrounding structures, and occupant model may influence the predicted response.

Figure 2.3: Simplified schematic illustration of CPG, where the gas is represented
by a continuum-based particle distribution within the airbag volume V . The en-
larged views illustrate local continuum-particle interaction and distributed pressure
loading on the airbag fabric.
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The governing gas state in CPG is described using conservative flow variables. Fol-
lowing the CPG formulation presented by Yreux et al. and the LS-DYNA docu-
mentation, the conservative state vector used to represent the gas state is given in
Equation (2.2) [1], [31]:

U = {ρ, ρux, ρuy, ρuz, E, Y1, . . . , Yns} , (2.2)

where ρ is the gas density, ρux, ρuy, and ρuz are the momentum components, E is
the total energy, and Ys are the gas species mass fractions. The state vector shows
that the gas particles in CPG carry continuum flow quantities such as density, mo-
mentum, energy, and species information. This illustrates that CPG is not only
based on particle motion, but also on a continuum description of the gas state.

The pressure is then obtained from the continuum energy relation. Using the same
formulation, the local gas pressure at CPG point i is expressed by Equation (2.3) [1],
[31]:

pi = (γ − 1)
(

Ei − 1
2ρi|ui|2

)
. (2.3)

Here, ui = (ux,i, uy,i, uz,i) is the local gas velocity vector at CPG point i, and Ei

is the corresponding local total energy density. The term 1
2ρi|ui|2 represents the

local kinetic-energy contribution. The pressure relation therefore shows that the
local pressure is calculated from the internal-energy part of the total energy density
after subtracting the kinetic-energy contribution associated with the gas velocity
field. Together, the state vector and pressure relation show how CPG represents
the gas using continuum flow variables while still operating within a particle-based
framework.

2.4 Physical and Virtual Occupant Models
In the development and evaluation of automotive restraint systems, occupant kine-
matics and injury-related responses are assessed using both physical and virtual
human surrogates. ATDs are standardized physical crash-test dummies used in
vehicle safety testing. In 49 CFR Part 572, ATDs are described as devices used
for compliance testing of motor vehicles and motor vehicle equipment, with design
and performance criteria intended to provide repetitive and correlative results un-
der similar test conditions [20]. To complement physical testing, computational
ATD models are used within CAE environments. These virtual FE dummy models
represent the geometry, mass distribution, and mechanical response of their corre-
sponding physical ATDs, allowing occupant response to be evaluated numerically
before or alongside physical testing [11]. Different ATDs are developed for different
crash configurations, such as frontal, rear, and side-impact loading.

Occupant protection must account for differences in occupant size and body shape.
Modern crash-test dummies are therefore commonly described using percentile clas-
sifications, where the dummy size is related to anthropometric dimensions in the
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population. Humanetics explains that a 50th percentile male dummy represents a
body size larger than 50% of the adult male population, while a 95th percentile
male dummy represents a body size larger than 95% of that population [6]. These
percentile classifications provide a practical way of representing different occupant
sizes in crash testing, although they cannot fully describe the complete diversity of
vehicle occupants [6].

Physical and virtual occupant models have complementary roles in vehicle safety
development. Physical testing with ATDs provides measured dummy responses
from controlled crash or sled tests, while virtual testing enables corresponding load
cases to be evaluated numerically. Euro NCAP describes validation as the process
of determining how well a model represents the real-world response for its intended
use, where model predictions are compared with physical reference data [28]. In this
context, physical testing provides a reference for assessing the predictive capability
of the CAE model, while virtual testing supports repeated analyses and parame-
ter variations before or alongside hardware testing. In this thesis, this combined
physical and virtual approach is used to compare physical ATD configurations with
corresponding virtual models in side-impact airbag loading cases.

2.4.1 The SID-IIs ATD by Humanetics
The small side-impact dummy (SID-IIs) is an ATD currently supplied by Huma-
netics. According to Humanetics, the SID-IIs was introduced in the mid-1990s for
the evaluation of advanced automotive side-impact protection systems, particularly
SABs [10], [13]. The dummy is based on the Hybrid-III 5th female ATD and repre-
sents a small occupant, corresponding approximately to a 5th percentile female or
a 12–13-year-old child, with a height of about 1.50 m and a mass of approximately
44 kg [10], [13].

The SID-IIs is specifically intended for side-impact applications and is therefore
relevant for evaluating occupant response in lateral crash scenarios. In these cases,
the interaction between the occupant, restraint system, SAB, seat, and surrounding
vehicle structures is of particular importance.

In physical testing, the SID-IIs is used to assess occupant kinematics and load-
ing for smaller occupants during side-impact events. The Insurance Institute for
Highway Safety (IIHS) side-impact rating guidelines, for example, use instrumented
SID-IIs dummies representing small 5th percentile women in both the driver and
rear passenger positions [14]. In this thesis, the SID-IIs is used as one of the occu-
pant models for comparing the physical ATD configuration with the corresponding
virtual model, as illustrated in Figure 2.4.
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(a) Front view. (b) Left-Hand Side view. (c) Angled view.

Figure 2.4: Visual representation of the SID-IIs ATD.

2.4.2 The WorldSID-50M ATD by Humanetics
The Average Male Worldwide Harmonized Side Impact Dummy (WorldSID-50M) by
Humanetics is a side-impact ATD representing a 50th percentile adult male occu-
pant. It is developed for side-impact crash testing and is used to evaluate occupant
response under lateral loading conditions. The ATD has an overall size of approxi-
mately 1100.0 × 484.3 × 1120.8 mm, a seated height of 877.4 mm, and a total mass
of 76.7 kg [12].

Compared with smaller occupant models such as the SID-IIs, the WorldSID-50M
represents an average-sized adult male occupant. Its size and mass make it suitable
for evaluating side-impact occupant response in relation to thoracic, pelvic, and
shoulder loading. A visual representation of the ATD is shown in Figure 2.5.

(a) Front view. (b) Left-Hand Side view. (c) Angled view.

Figure 2.5: Visual representation of the WorldSID-50M ATD.

2.4.3 Hybrid III ATD by Humanetics
The Hybrid III ATD by Humanetics is 5th percentile female ATD that was created
using a scaled down version of its Hybrid 50th male counterpart. The dummy has
an overall size of approximately 653.3 × 361.2 × 153.2 mm, a seated height of 787.4
mm, and a total mass of 49 kg [9]. A visual representation of the ATD is shown in
Figure 2.6.
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(a) Front view. (b) Left-Hand Side view. (c) Angled view.

Figure 2.6: Visual representation of the Hybrid III 5th female ATD.

2.4.4 Instrumentation in Side-Impact ATDs
Side-impact ATDs are equipped with instrumentation to measure occupant response
during lateral loading. In the SID-IIs user manual, Humanetics specifies that the
dummy can be equipped with several measurement channels, including accelerome-
ters, load cells, and other sensors in body regions such as the head, neck, shoulder,
thorax, spine, abdomen, pelvis, and ribs [8]. These sensors allow the physical dummy
response to be quantified during impact testing and provide measurable response
quantities that can be compared with corresponding outputs from CAE simulations.

For side-impact applications, thoracic and pelvic responses are of particular impor-
tance. The IIHS side-impact rating guidelines include several injury-related response
quantities from these regions, such as thoracic rib deflection, abdominal rib deflec-
tion, shoulder deflection, shoulder force, pelvic acceleration, and pelvic force [14].
IIHS further states that dummy injury measures in side-impact tests often reach
their peak values while the dummy is loaded by the SABs, intruding structure, or
interior trim components [14]. This supports the relevance of evaluating rib de-
flections, thoracic accelerations, pelvic accelerations, and shoulder responses when
assessing occupant interaction during side-impact loading. In virtual models, equiva-
lent response quantities can be extracted from corresponding nodal or element-based
locations, allowing comparison between physical and numerical results.

2.4.5 Dummy Pre-Positioning and Seat Squashing
Dummy pre-positioning is an important preparation step in occupant safety simu-
lations, since the initial posture, contact state, and interaction with the seat may
influence the subsequent occupant response. In simulation-based positioning proce-
dures, the occupant model is moved into the desired posture while accounting for
the geometrical constraints of the surrounding vehicle interior [16], [17].

A common approach is to use a pre-simulation in LS-DYNA, where selected dummy
or occupant regions are guided towards a target position rather than being positioned
only through rigid transformations in a pre-processor. Oasys PRIMER provides such
a dummy-positioning workflow, where an LS-DYNA positioning analysis can be gen-
erated to move the occupant model towards the intended configuration [22]. Similar
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simulation-based positioning procedures have also been described using marionette-
type methods, where selected body landmarks or regions are guided towards a de-
sired posture during the pre-simulation [16].

Seat squashing is closely related to this positioning step and refers to the adjustment
of the seat shape to represent compression caused by the occupant weight [16]. By
including seat squashing in the pre-positioning procedure, the occupant-seat contact
condition can be established before the main impact or deployment simulation.
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3
Methodology

This chapter presents the methodology used to evaluate and compare the CPM and
CPG airbag modelling approaches. It describes the verification steps performed be-
fore the complete airbag–occupant interaction simulations, followed by the physical
and virtual test setups, instrumentation, evaluation strategy, and computational-
time assessment.

3.1 Airbag Inflator Model – Tank Test
Before implementing CPM and CPG in the complete airbag–occupant interaction
setup, the inflator model was evaluated in a simplified tank test configuration. This
step was performed to verify the pressure response generated by the inflator under
controlled conditions, before introducing additional complexities such as airbag fab-
ric deformation, occupant interaction, contact conditions, and surrounding test rig
components.

The tank test consists of an airbag inflator positioned inside a closed and rigid
container, as shown in Figure 3.1. The tank volume was 28.3 L in both the CAE
model and the corresponding physical test setup. When the inflator is activated,
gas is released into the enclosed volume, resulting in a pressure build-up inside the
tank. Since the tank does not deform and no occupant interaction is present, the
pressure-time response becomes the primary quantity used to evaluate the inflator
behaviour.
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Figure 3.1: Transparent tank test model showing the inflator positioned inside the
rigid tank.

The pressure response from the CAE simulations was compared with correspond-
ing physical tank test data. The inflator input data used in the CAE simulations
were provided by VCC and were applied consistently for the CPM and CPG mod-
els. Due to confidentiality restrictions, the detailed inflator input parameters are
not presented in this report. The comparison focused on the pressure build-up,
peak response, timing of the peak, and overall shape of the pressure-time curve.
These quantities were used to assess whether CPM and CPG produced a physically
reasonable inflator response before the methods were applied to the more complex
rigid-seat test setup.

In the physical tank test, pressure was measured at different sensor locations in-
side the tank. In the CAE simulations, no specific pressure probe was modelled.
Instead, the pressure response was evaluated using the average pressure inside the
tank. This difference should be considered when comparing the physical and nu-
merical pressure responses, since the physical measurements may be influenced by
the local sensor position relative to the inflator outlet and the surrounding tank ge-
ometry, whereas the CAE response represents a spatially averaged pressure quantity.

By using the tank test as an initial verification case, differences related specifically to
the inflator and gas modelling could be evaluated separately from the full airbag de-
ployment environment. This provided a controlled basis for assessing the suitability
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of the inflator model prior to its implementation in the complete airbag–occupant
interaction simulations.

3.2 Airbag Interaction Response – Linear Impactor
Test

Following the tank test, a linear impactor setup was used to evaluate the airbag
response under mechanical loading. The setup consists of an inflator, an airbag
cushion, a rigid wall, and a linearly moving impactor, as shown in Figure 3.2. Dur-
ing the simulation, the inflator deploys the airbag while the impactor compresses
the cushion against the rigid wall. This configuration introduces airbag fabric de-
formation, venting, and contact interaction, while remaining more controlled than
the complete airbag–occupant interaction model.

Figure 3.2: CAE setup of the linear impactor test, showing the main components
and loading direction.

The compressed airbag state from the CPM simulation is shown in Figure 3.3. This
illustrates the mechanical loading condition introduced by the impactor during the
linear impactor test.
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Figure 3.3: Compressed airbag state in the CPG linear impactor simulation.

The main parameters defining the linear impactor setup are summarized in Table 3.1.
These include the venting size, impactor mass, impactor velocity, trigger distance,
and friction coefficient between the SAB and the impactor.

Table 3.1: Linear impactor setup parameters.

Vent hole
diameter [mm]

Mass
[kg]

Velocity
[m/s]

Trigger
distance [mm]

Friction coefficient
(SAB–impactor)

24 35 6 190.5 fs = 0.3
fd = 0.05

Note: fs = static friction coefficient; fd = dynamic friction coefficient.

The CPM model was provided by VCC and had previously been correlated against
an internally conducted linear impactor test. Since no additional physical linear im-
pactor data were available within this project, the correlated CPM model was used
as the reference configuration. The CPG model was therefore evaluated relative to
the CPM response under the same linear impactor setup and boundary conditions.

The evaluation was based on airbag pressure, impactor displacement, impactor ve-
locity, impactor acceleration, force–displacement response, and energy–displacement
response. The comparison focused primarily on curve shape, timing, and overall re-
sponse trend, while peak values were used as supporting indicators. If notable devia-
tions were observed between CPG and the CPM reference, relevant CPG modelling
parameters, contact definitions, or airbag setup parameters were adjusted before
applying the method to the rigid-seat dummy interaction simulations.

The initial CPG model was implemented using the same input definitions as the
CPM reference model. This included the same inflator input, two vent definitions
with identical venting size, and the same module leakage part, denoted as infla-
tor_out. However, the CPM airbag card included a scaling factor parameter for
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the module leakage, whereas the corresponding CPG keycard did not include this
scaling parameter yet. As a result, the initial configuration did not provide fully
equivalent leakage conditions between the two gas methods, even though the same
leakage part was used.

During the CPG tuning procedure, the module leakage definition was therefore
modified to obtain more comparable leakage conditions. The original module leak-
age part, inflator_out (green), was replaced by a smaller part, denoted as infla-
tor_wall (gold). The original and adjusted module leakage definitions are shown in
Figure 3.4. The adjusted CPG configuration was then used for the continued evalu-
ation against the correlated CPM reference and was carried forward to the rigid-seat
dummy interaction simulations.

Figure 3.4: Comparison of the original module leakage part, inflator_out, and
the adjusted module leakage part, inflator_wall, used in the CPG linear impactor
model.

3.3 Airbag–Occupant Interaction
Following the tank test and the linear impactor test, the airbag model was eval-
uated in a more representative airbag–occupant interaction setup. This step was
introduced to assess how the CPM and CPG airbag models behaved when applied
to a configuration including more interacting components than the linear impactor
test. The setup consisted of a simplified rigid-seat, a plexiglass wall, a SAB, and an
ATD occupant model. Two testcases also featured a steering-wheel.

This setup introduced a more complex interaction between the airbag fabric, the
occupant model, the seat environment, and the surrounding structure. Physical
tests were conducted to provide a reference for the CAE models, enabling an as-
sessment of whether the two airbag modelling approaches could reproduce the main
response trends observed experimentally.

The evaluation focused on the airbag unfolding behaviour, airbag pressure response,
arm trajectory, and overall dummy response. These quantities were selected because
they describe both the behaviour of the airbag during deployment and its interaction
with the occupant model.
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A test matrix was defined by varying the occupant model, arm configuration, arm
position, and distance between the seat and the plexiglass. The investigated con-
figurations are summarized in Table 3.2. In total, eight test configurations were
considered, where each configuration was physically tested twice, resulting in a to-
tal of 16 physical tests. The y-displacement denotes the lateral distance between
the seat and the plexiglass structure.

Table 3.2: Test matrix with physical test coverage.

# ATD category Arm
configuration

Arm
position y-displacement [mm]

1 50th percentile male Half-arm – 80
2 50th percentile male Half-arm – 120

3 5th percentile female
or 13-year-old child Half-arm – 80

4 5th percentile female
or 13-year-old child Half-arm – 120

5 5th percentile female
or 13-year-old child Full arm Driver 80

6 5th percentile female
or 13-year-old child Full arm Driver 120

7 5th percentile female
or 13-year-old child Full arm Passenger 80

8 5th percentile female
or 13-year-old child Full arm Passenger 120

During the setup definition, several initial distances between the seat and the plex-
iglass were considered. The distances of 80 mm and 120 mm were selected for
further investigation because they provided a suitable balance between arm inter-
action, loading response on occupant model, and available clearance on the test rig.
These distances were therefore used in the physical tests and in the corresponding
CAE simulations.

3.3.1 Physical test setup
The physical tests were conducted using an existing test rig at VCC. The rig was
lightly adapted for the present study in order to provide a controlled and repeatable
environment for evaluating the interaction between the SAB and the occupant. The
objective was not to reproduce a complete vehicle interior, but to isolate the main
interaction between the deployed airbag and the ATD. Consequently, vehicle interior
components such as trim panels, dashboard geometry, seat cushioning, and other
surrounding structures were excluded from the setup.

The test configuration was planned together with the VCC test team. The ex-
isting rig was modified by reinforcing the plexiglass frame structure with additional
bracing and by adding a steering wheel assembly to enable driver-position arm con-
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figurations. The final physical setup consisted of a rigid seat structure, a plexiglass
wall, the ATD, the SAB, and a steering wheel for the driver-position cases. The
main parts of the physical test setup are visualized in Figure 3.5.

Figure 3.5: Simplified parts list for the physical tests.

The main components of the physical test setup are summarized in Table 3.3. These
components define the boundary conditions of the simplified test environment and
were selected to support repeatable positioning of the ATD, SAB, plexiglass bound-
ary, and steering wheel assembly.

23



3. Methodology

Table 3.3: Overview of the main components in the physical test setup.

Component Material Position Function
Rigid seat
pan

Stainless
steel

Lower part of the seat
structure

Provides a rigid seating surface
for the ATD.

Rigid
seatback

Stainless
steel

Rear part of the seat
structure Supports the ATD torso.

Plexiglass
wall Plexiglass Lateral side of the seat

and airbag
Represents the lateral
boundary surface.

Wall frame Stainless
steel

Around the plexiglass
wall

Supports and positions the
plexiglass wall.

Slotted
mountings

Stainless
steel

Between the frame and
plexiglass mounting
points

Enables adjustment of the
seat-to-plexiglass distance.

Countersunk
screws Steel Between plexiglass and

frame Clamp plexiglass to frame

Additional
bracing

Stainless
steel

Around the plexiglass
frame

Reduces unwanted deformation
of the plexiglass support
structure.

Steering rack
mount Steel In front of the ATD Supports the steering wheel

assembly.
Steering
wheel

Vehicle
component

In front of the ATD
upper body

Enables driver-position arm
configurations.

Relevant distances and positioning references were measured in the CAE environ-
ment and then provided to the VCC test team as setup instructions for the physical
tests. Examples of the dimensional references used during this process are shown in
Figure 3.6. During test preparation, these measurements were used to position the
ATD, plexiglass wall and steering wheel consistently between each physical test.

(a) Example of measurements in X–Z
view.

(b) Example of measurements in Y–Z
view.

Figure 3.6: Examples of measurement references provided to the VCC test team.

Table 3.4 provides an example of the dimensional setup information supplied to the
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VCC test team. The values correspond to testcase 8 described in Table 3.5 . The
elbow and hand joint coordinates, denoted P1 and P2, are expressed relative to the
H-point. In this context, the H-point was used as the reference measurement point
between the ATD hip joints, and the reported coordinates were adjusted accordingly.

Table 3.4: Example of dimensional setup references for the full-arm SID-IIs 120 mm
relaxed-position test case.

Annotation Measured
plane Description Value

L0 X Plexiglass distance to seat 120 mm

L1 X–Z
Left shoulder joint to upper
SAB rig mount distance (X, Z) = (146.6, 3.4) mm

L2 X–Z
Left hip joint to lower SAB rig
mount distance

(X, Z) =
(173.6, 48.3) mm

L3 Y
Left shoulder joint to plexiglass
distance 90.2 mm

L4 Y
Left hip joint to plexiglass
distance 128.6 mm

AANG X–Z Arm angle relative to torso 35◦

P1 X–Y –Z
Elbow joint coordinate relative
to H-point

(X, Y, Z) =
(17.6, −170.0, 170.0) mm

P2 X–Y –Z
Hand joint coordinate relative
to H-point

(X, Y, Z) =
(−183.4, −78.0, 142.0) mm

3.3.1.1 ATD Setup

For the physical testing the ATD setup is provided in Table 3.5. Note that the
safety team at VCC was able to provide a custom SID-IIs setup with a full arm
attatchment mounted on the left arm.

Table 3.5: ATD setup for physical tests.

# ATD model Arm configuration Posture y-displacement
[mm]

1 WorldSID-50 Half arm – 80
2 WorldSID-50 Half arm – 120
3 SID-IIs Half arm – 80
4 SID-IIs Half arm – 120

5 Custom SID-IIs Left full arm, right no
arm Driver 80

6 Custom SID-IIs Left full arm, right no
arm Driver 120

7 Custom SID-IIs Left full arm, right no
arm Passenger 80

8 Custom SID-IIs Left full arm, right no
arm Passenger 120
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3.3.1.2 Pressure Measurement

The physical test evaluation included custom-fitted airbag pressure probes, which
were used to capture the temporal pressure response inside the SAB during deploy-
ment. The probes were installed with the intention of minimising their influence
on the airbag deployment behaviour. For this reason, the airbag was not opened
during installation. The external placement of the pressure probe on a deployed
airbag is shown in Figure 3.7a. The corresponding internal placement is shown in
Figure 3.7b, where the probe tip was positioned below the nozzle to reduce the
influence of ignition pressure vibration effects on the measurement.

(a) External placement of the SAB pres-
sure probe, coloured in blue.

(b) Internal placement of the SAB pres-
sure probe.

Figure 3.7: Pressure probe placement for the SAB, shown from the external and
internal view.

3.3.2 Virtual Test Setup
The CAE environment was configured to represent the physical test setup as closely
as possible, while selected simplifications were introduced to balance computational
cost and model complexity. The simplified assembly names used throughout this
work are shown in Figure 3.8. It should be noted that each assembly consists of
several individual parts, often with different materials, boundary conditions, and
assigned attributes. A detailed description of every individual component is there-
fore considered unnecessary for the scope of this report. Instead, this subsection
provides an overview of the main assemblies included in the CAE model.
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Figure 3.8: Simplified assembly list for the CAE model.

Table 3.6 summarises the main assemblies included in the CAE model, together
with representative example parts and a brief description of their use in the CAE
context.

Table 3.6: Model components and example parts included in each assembly.

Assembly Example parts Description

ATD Left hand, right hand, left
foot, pelvis accelerometer, etc.

Humanetics dummy model consisting
of several elements and components.

Seat
Seat bottom, seat back, ghost
seat bottom, ghost seat back,
etc.

Rigid seat assembly consisting of
several components used to represent
the seat configuration and seat-squash
technique.

Steering
wheel Rim, bezel, foam, etc.

Steering wheel model provided by
VCC for hand interaction, including a
rigidified hub. This assembly is
included only in full-arm
driver-position test cases.

SAB Inflator, bracket, fabric, etc.
SAB assembly provided by VCC and
mounted to the seat model using
boundary constraints.

Plexiglass rig Plexiglass, frame, leg post, etc.

Rig assembly consisting of the
plexiglass panel and supporting frame
structure used for mounting and test
representation.
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3.3.2.1 ATD Setup

For the virtual simulations the ATD setup is provided in Table 3.7. Considering
the time and resource constraints on this project VCC weren’t able to provide a
virtual SID-IIs ATD with a full-arm configuration. Therefore a compromise was
made and the Hybrid III ATD emerged as the closest match as it represents a 5th
percentile female. This ATD already has 2 full arms in standard configuration.
Further comparison between the ATDs can be reviewed in Section 2.4.

Table 3.7: ATD setup for virtual tests.

# ATD model Arm
configuration Posture

y-displacement
[mm]

1 WorldSID-50m Half arm – 80
2 WorldSID-50m Half arm – 120
3 SID-IIs 05 f Half arm – 80
4 SID-IIs 05 f Half arm – 120
5 Hybrid III 05 f Full arm Driver 80
6 Hybrid III 05 f Full arm Driver 120
7 Hybrid III 05 f Full arm Passenger 80
8 Hybrid III 05 f Full arm Passenger 120

3.3.2.2 Meshing Strategy

The meshing criteria applied in this study are provided by VCC and are based on the
company’s internally developed meshing standards. In terms of model fidelity, the
FE discretization is classified as a medium-sized mesh according to VCC guidelines.
A nominal target element size of 5 mm is adopted for the majority of the model.
The overall model is predominantly discretized using shell elements to represent the
structural components. In addition, selected interior regions of the dummy model
are represented using beam elements and other discrete element formulations, pro-
vided by Humanetics to appropriately capture the mechanical behaviour of internal
components.

3.3.2.3 Material Models

The material models used in the CAE model were mainly provided by VCC and are
representative of production-oriented vehicle CAE modelling. Material cards from
VCC and Humanetics are confidential and are therefore not presented in detail. In
Table 3.8 there is a summary of the main material model sources and representations
used for the different assemblies in the CAE model.
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Table 3.8: Overview of project-defined material representations used in the CAE
model.

Assembly Material Density
[kg/mm3]

Young’s
modulus

[GPa]

Poisson’s
ratio [-]

Plasticity
definition

Plexiglass PMMA
plexiglass 1.18 × 10−6 3.0 0.35 Yield stress of

0.065 GPa.

Steel
frame

DX54 mild
steel 7.8 × 10−6 205.0 0.3

Plastic response
defined through
the referenced
load curve in the
material card.

3.3.2.4 Boundary Conditions and Constraints

The boundary conditions and constraints in the CAE model consist primarily of the
*BOUNDARY_SPC keyword to replicate the plexiglass fram anchoring to the ground,
and the *CONSTRAINED_NODAL_RIGID_BODY keyword to replicate the screw connec-
tions between different components. In the developed model, these definitions are
used to represent selected physical constraints and simplified fastening connections
in the test rig.

Figure 3.9a shows the boundary-constrained nodes, marked with red dots. These
constraints are used at selected locations where translational and rotational degrees
of freedom are restricted. In the plexiglass rig, constrained nodes are defined around
each mounting hole of the leg posts. In addition, the steering wheel has one con-
strained master node located at the centre of the hub.

Figure 3.9b shows the nodal rigid body definitions, marked with blue dots. These
definitions are used at locations where groups of nodes are connected through the
*CONSTRAINED_NODAL_RIGID_BODY keyword. In the present model, they are ap-
plied to fasten the plexiglass to the plexiglass frame, with the placement distributed
throughout the frame to represent the original countersunk screws. They are also
applied at the plexiglass legs, where they connect to the upper part of the rear
frame, and at the three mounting holes of the SAB bracket, where they fasten the
SAB to the seat.
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(a) Boundary-constrained nodes
marked with red dots.

(b) Constrained Nodal rigid bodies marked
with blue dots.

Figure 3.9: Overview of the main boundary-constrained nodes and nodal rigid
bodies used in the CAE model.

Together, these constraint definitions provide a simplified representation of the phys-
ical test rig.

3.3.2.5 Seat Geometry Adaptation for ATD Positioning

The seat-squashing procedure used in this thesis was implemented as a simplified
rigid-body pre-loading step in LS-DYNA. A duplicated seat geometry, referred to
here as a “moving rigid ghost”, was defined using *MAT_RIGID. Its motion was
prescribed with *DEFINE_TRANSFORMATION and parameterised displacement expres-
sions, allowing the rigid ghost to move towards the seat reference position during the
first 4 ms of the simulation. The purpose of the moving rigid ghost was to establish
initial contact with the dummy pelvis and back regions, as shown in Figure 3.10,
a more detailed technical explanation is presented in Section 2.4.5. The reference
seat itself was not contacted by the rigid ghost; instead, the ghost was used only as
a displacement-controlled loading body to position the dummy relative to the seat
reference. This generated a pre-loaded dummy–seat configuration before the main
side-airbag deployment simulation.

(a) Initial configuration at 0 ms. (b) Pre-loaded configuration at 4 ms.

Figure 3.10: Seat-squashing procedure for the WSID50 configuration, showing the
initial state and the pre-loaded dummy position relative to the seat reference.
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The effect of the seat-squashing procedure is visible at 4 ms, where the lower dummy
region has developed a locally flattened contact area against the seat reference.

3.3.3 ATD Instrumentation
The SID-IIs and WSID50 ATDs use different test-channel configurations. There-
fore, this project selected instrumentation channels that were available in both ATD
configurations, allowing the physical tests and CAE results to be compared using a
consistent set of response quantities and plotting layouts.

For the SID-IIs and WSID50 configurations, the comparison was based on thoracic
and pelvic accelerations, rib deflections, shoulder and rib deflection. The corre-
sponding measurement locations are shown in Figure 3.11, and the channels used in
the post-processing are summarised in Table 3.9.

(a) X–Z plane. (b) Y–Z plane.

Figure 3.11: Measurement locations used for the SID-IIs and WSID50 configura-
tions, shown in the X–Z and Y–Z planes on the WSID50 dummy.
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Table 3.9: Instrumentation channels used for half-arm physical test and CAE
comparison.

Instrumentation Measurement
T1 upper thorax accelerometer Acceleration in x-, y-, and z-directions
T4 middle thorax accelerometer Acceleration in x-, y-, and z-directions
T12 lower thorax accelerometer Acceleration in x-, y-, and z-directions
Pelvis accelerometer Acceleration in x-, y-, and z-directions
Rib 1–5 Rib deflection
Shoulder rib Shoulder rib response
Shoulder load cell Shoulder force response
Pelvis load cell Pelvis force response
Pubic symphysis load cell Pelvis force response
Lumbar spine load cell Lumbar spine force and moment response
Neck load cell Neck force and moment response

For the full-arm ATD configurations, a separate channel selection was used due to
differences in instrumentation of the SID-IIs and Hybrid III. The evaluated responses
consisted of upper-arm and forearm moments, pelvis accelerations and pelvis accel-
eration magnitude. The relevant measurement locations are shown in Figure 3.12,
and the corresponding channels are summarised in Table 3.10.

Figure 3.12: Measurement locations used for the full-arm dummy configurations.

Table 3.10: Instrumentation channels used for the full-arm test cases.

Instrumentation Measurement
Upper arm load cell Moment in X and Y direction
Forearm load cell Moment in X and Y direction
Pelvis accelerometer Acceleration in X, Y and Z direction
Pelvis acceleration
magnitude

Resultant acceleration magnitude calculated from X, Y
and Z acceleration components
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3.3.4 Assumptions and Simplifications
Several simplifications were introduced in the LS-DYNA model to maintain com-
putational feasibility and robust simulation execution. These simplifications define
the level of physical detail included in the CAE model and should therefore be con-
sidered when interpreting the results.

• Airbag representation: The airbag geometry, folding representation, pres-
sure evolution, and internal characteristics were treated as predefined model
inputs rather than independently validated physical parameters.

• Material representation: Several components were described using simpli-
fied constitutive material models. Component-specific calibration, advanced
strain-rate effects, thermal effects, and anisotropic behaviour were therefore
not included for all materials.

• Damage and failure: Failure behaviour, where included, was represented
using simplified threshold-based criteria. Progressive damage evolution and
detailed crack propagation were not explicitly resolved.

• Contact and friction: Contact interactions were modelled using penalty-
based contact definitions with prescribed parameters. Friction coefficients were
with the exception of a few highly friction dependent airbag cases treated as
constant, while effects such as adhesion, wear, surface roughness, pressure
dependence, and temperature dependence were neglected.

• Rigid components: Selected components of the test environment were mod-
elled as rigid bodies. These components were therefore assumed not to deform
or absorb energy through structural compliance.

• Mesh and geometry: The model geometry was discretised using a FE mesh,
where small geometric details were simplified or omitted. Local stress con-
centrations and highly detailed geometric effects may therefore not be fully
resolved.

• Numerical controls: Explicit time integration, timestep control, hourglass
control, and numerical damping were used to maintain stable simulations.
These numerical settings improve robustness but may introduce non-physical
contributions to the response. These parameters were defined by VCC.

• Neglected physical effects: Thermal effects, heat transfer, material ageing,
and environmental influences were outside the scope of the model.

Overall, the model should be interpreted as a representative CAE approximation of
the physical test setup rather than a complete representation of all physical phenom-
ena. The simplifications were considered acceptable for the comparative evaluation
performed in this thesis.

3.4 Evaluation Strategy
To enable a meaningful comparison between the two CAE methods, the reliability of
the investigated test cases were assessed. Several factors may influence the fairness
and robustness of the comparison, including the variation between repeated physi-
cal tests and the extent to which the CAE simulations represent the corresponding
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physical test conditions.

The reliability assessment is based on two metrics: physical repeatability and CAE
comparability to Physical Tests. Physical repeatability evaluates the consistency
between the two repeated physical tests for each test case. CAE comparability to
Physical Tests evaluates whether the CAE simulations are sufficiently representa-
tive of the corresponding physical test conditions, including aspects such as initial
positioning, test setup, ATD configuration and physically plausible simulation be-
haviour.

Since the objective of this study is to compare the CPM and CPG methods in rela-
tion to physical test behavior, CAE comparability was assigned a higher weight than
physical repeatability. Physical repeatability was assigned a lower weight because
only two physical tests were conducted for each test case, making the repeatability
assessment less robust as a physical reference.

The weight division was based on a engineering judgement. The final reliability
score was therefore calculated using a weighted assessment, where physical repeata-
bility accounts for 25% and CAE comparability accounts for 75% of the final score,
see Equation (3.1).

R = 0.25Rphys + 0.75RCAE (3.1)

where R is the final reliability score, Rphys is the physical repeatability score, and
RCAE is the CAE comparability score. Both metrics are evaluated on a scale from
1 to 5, where the scale definitions are presented in Table 3.11.
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Table 3.11: Assessment scale used for physical repeatability and CAE compara-
bility.

Score Reliability Physical repeatability CAE comparability to
Physical Test

1 Very low
The physical tests show clear
differences in ATD positioning
or overall response behavior.

The simulations show major
deviations from the physical
tests, with limited similarity
in the relevant response
characteristics.

2 Low

The physical tests show some
similarities, but deviate in
important response
parameters.

The simulations show major
differences compared to the
physical tests, although some
similarities are still present.

3 Moderate

The physical tests show
similar general kinematics,
but noticeable differences are
observed in some important
response parameters.

The simulations have
comparable initial conditions,
but deviate from the physical
tests after trigger time.

4 High

The physical tests show good
agreement in the important
response parameters. Minor
differences are observed, but
these do not significantly
affect the overall
interpretation.

The simulations have nearly
identical conditions compared
to the physical tests, with
only minor differences
affecting the comparison.

5 Very high
The physical tests are almost
identical in the evaluated
response.

The simulations and physical
tests are almost identical in
the evaluated response.

All test cases were included in the subsequent qualitative and quantitative assess-
ment. However, the reliability score was used as contextual information when inter-
preting the results, since test cases with lower reliability provide a less robust basis
for drawing conclusions regarding the relative performance of CPM and CPG.

3.4.1 Qualitative and Quantitative Assessment
A combined qualitative and quantitative assessment procedure was applied to eval-
uate the correlation between the CAE simulations and the corresponding physical
tests. The purpose of this assessment was to provide a structured basis for compar-
ing the behaviour predicted by the two airbag gas modelling methods, CPM and
CPG, against the physical test responses.

The qualitative assessment was based on visual evaluation of snapshots generated
at selected timesteps and from predefined viewing directions. The main views used
in the assessment were the front view, Left-Hand Side (LHS) view and the detailed
LHS view. In the front view, the evaluation focused primarily on the arm trajec-
tory and the overall motion of the ATD during the airbag–occupant interaction,
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while the LHS view provided further perspective outside of the plexiglass. In the
detailed LHS view, emphasis was placed on the early deployment phase of the SAB,
including the airbag geometrical shape, creasing behaviour and the general unfold-
ing sequence. The qualitative comparison was performed by visually comparing the
CAE simulations with the physical test recordings in order to assess whether the
main deployment and interaction phenomena were represented in a physically plau-
sible manner.

The numerical comparison between the physical tests and the CAE simulations was
based on post-processed peak response quantities collected from the result curves.
For each investigated response signal, the peak event was identified from the max-
imum absolute amplitude within the evaluated time window. The signed response
value at this peak was then retained for Test 1, Test 2, CPM, and CPG. This al-
lowed the individual signal tables to show whether the CAE response had the same
polarity as the corresponding physical test response. The extracted quantities in-
cluded accelerations, rib deflections, arm moments, pelvis response quantities, and
side airbag pressure. The pressure response was retained as a reference quantity in
the summary tables but was excluded from the grouped mean-difference calculations.

For each response signal, the two physical tests were first combined into a single
physical reference value. This was done by calculating the arithmetic mean of the
signed peak values from Test 1 and Test 2 for each response signal, as shown in
Equation 3.2.

x̄test,i = xTest 1,i + xTest 2,i

2 (3.2)

where xTest 1,i and xTest 2,i are the signed peak response values for response signal
i. After the physical reference value had been defined, the deviation between each
CAE method and the physical-test mean was calculated. This signed difference was
calculated separately for CPM and CPG according to Equation 3.3.

∆m,i = xm,i − x̄test,i (3.3)

where m denotes the gas method, either CPM or CPG. The signed difference in-
dicates whether the simulation response was higher or lower than the physical-test
reference for the extracted signed peak value. Since the signed peak value was re-
tained, the sign of the individual response values can also be used to assess whether
the CAE response had the same polarity as the physical tests.

To compare CPM and CPG at a grouped response level, the magnitude of the
deviation was used. This prevented positive and negative deviations from cancelling
each other when several response signals were combined. The absolute difference
used for this comparison is given in Equation 3.4.

|∆m,i| = |xm,i − x̄test,i| (3.4)

The grouped values were therefore calculated as mean absolute differences in the
original physical units of each response family.
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For the half-arm dummy cases, the response quantities were grouped into thoracic,
rib, and pelvic response families. The thoracic response family consisted of the T1,
T4, and T12 accelerations in the x- and y-directions. The rib response family con-
sisted of shoulder rib deflection and Rib 1–Rib 5 deflections. The pelvic response
family consisted of pelvis accelerations in the x-, y-, and z-directions. These grouped
responses were evaluated for the WSID-50M and SID-IIs cases at both 80 mm and
120 mm positions.

For the full-arm dummy cases, the response quantities were grouped into arm mo-
ment and pelvic response families. The arm moment family consisted of the upper
arm and forearm moments in the x- and y-directions. The pelvic response fam-
ily consisted of pelvis accelerations in the x-, y-, and z-directions, together with
the pelvis acceleration magnitude. These grouped responses were evaluated for the
driver and relaxed arm positions at both 80 mm and 120 mm.

For each response family, the grouped case-level difference was calculated by av-
eraging the absolute differences of the response signals included in that family. This
calculation is shown in Equation 3.5.

Em,F = 1
nF

∑
i∈F

|∆m,i| (3.5)

where F denotes the response family and nF is the number of response signals
included in that family. The total value reported for each response family was then
calculated by averaging the grouped case-level differences across the relevant test
cases. This overall family-level mean difference is given in Equation 3.6.

Ēm,F = 1
nc

nc∑
c=1

Em,F,c (3.6)

where nc is the number of cases included in the group. The gas method with the
lower overall mean absolute difference was considered closer to the physical tests for
that response family.

Finally, the relative difference between the two gas methods was calculated to ex-
press how much lower the mean absolute difference was for the closer method. This
relative reduction was calculated according to Equation 3.7.

IF = 1 −
min

(
ĒCPM,F , ĒCPG,F

)
max

(
ĒCPM,F , ĒCPG,F

) (3.7)

The resulting percentage was only used to express the relative reduction in mean
absolute difference between CPM and CPG within the same response family. It
was not used as a general injury score or as a weighted performance index across
different physical units.
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3.4.2 Computational Time
Computational time was included as an evaluation metric in the comparison be-
tween the CPM and CPG gas methods. The evaluation was performed at two
levels. First, a stand-alone airbag-only setup was used to isolate the computational
cost associated with the airbag gas formulation. Second, the same timing quantities
were extracted from the simplified rig simulations to evaluate how the computational
cost translated to complete airbag–occupant interaction test cases.

The stand-alone comparison was performed using a simplified simulation setup con-
sisting only of the SAB and its corresponding bracket. The airbag–bracket assembly
was fixed in free space, as shown in Figure 3.13. This setup was selected to reduce
the influence of occupant contact, seat interaction, and other structural compo-
nents, thereby allowing the computational performance of the two gas methods to
be assessed more directly.

(a) Folded configuration. (b) Unfolded configuration.

Figure 3.13: Simplified airbag–bracket setup used for the computational-time com-
parison between CPM and CPG.

Both CPM and CPG simulations were performed using the same airbag input defini-
tions as those applied in the airbag–occupant interaction simulations. This ensured
that the stand-alone comparison was based on equivalent inflator characteristics,
airbag definition, and model settings.

The computational performance was evaluated from the solver output files after
completion of each simulation. Total wall-clock time was used as the primary run-
time measure. In addition, the clock time per zone cycle was extracted as a solver-
reported normalized timing measure, describing the elapsed clock time relative to
the number of calculated zone cycles. This value was used to compare the compu-
tational cost of advancing the CPM and CPG simulations within the same model
setup. The relative gas Central Processing Unit (CPU) share was also extracted
from the solver timing output to identify how much of the CPU usage was associ-
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ated with the gas-method contribution.

The stand-alone airbag-only simulations were run using 192 Massively Parallel Pro-
cessing (MPP) cores, while the simplified rig simulations were run using 128 MPP
cores. The computational-time factors were therefore interpreted within each com-
parison level, where CPM and CPG were evaluated using the same setup and core
count. Direct comparison of absolute runtime between the stand-alone and simpli-
fied rig levels was not used as the main basis for interpretation, since the model size
and core allocation differed between the two evaluation levels.
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4
Results

This chapter presents the results from the evaluation of the CPM and CPG airbag
gas modelling methods. The results are structured according to the main phases of
the study. First, the CPG tuning process is evaluated using the inflator tank test
and the linear impactor setup. The airbag–occupant interaction results are then
presented, including test-case reliability, side-airbag pressure response, airbag un-
folding behaviour, arm trajectory, and occupant-related injury metrics. The chapter
concludes with a computational-time comparison, where the two gas methods are
assessed using both a standalone airbag-only setup and the applied simplified rig
simulations.

4.1 CPG Model Tuning and Response Evaluation
The following section describes the tuning procedure used to adapt the CPG model
for the simplified rig test setup. The evaluation is based on the tank test pressure
response and the impactor response obtained from the linear impactor test. The
purpose is to present the main characteristic differences between CPM and CPG
that are relevant for the subsequent simplified rig simulations.

4.1.1 Tank Test
The purpose of the tank test was to evaluate whether the CAE inflator models
were able to reproduce the pressure response observed in the physical test. The
pressure histories obtained from the physical test, CPM, and CPG are presented in
Figure 4.1.
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Figure 4.1: Tank test pressure response for the physical test, CPM, and CPG.

Several aspects can be evaluated from Figure 4.1, including the pressure build-up,
the converged pressure level, and the overall shape of the pressure curve. A summary
of the main observations is provided in Table 4.1.

Table 4.1: Summary of the main observations from the tank test pressure response.

Evaluation
aspect Physical test CPM CPG

Pressure
build-up

Gradual pressure
increase during the
initial phase.

Faster pressure
increase than the
physical test.

Faster pressure
increase than the
physical test.

Converged
pressure level

Stabilizes at
approximately 180 kPa.

Stabilizes at
approximately
170 kPa.

Stabilizes at
approximately
175 kPa.

Overall curve
shape

Similar general trend,
with a slower initial
rise.

Similar overall
pressure
development, but
with a lower final
pressure level.

Similar overall
pressure
development, with
a final pressure
level closer to the
physical test.

Agreement with
physical test Reference response.

Captures the
general pressure
trend, but
underestimates the
converged pressure
level.

Captures the
general pressure
trend and shows
closer agreement in
converged pressure
level.

Both CPM and CPG show a faster initial pressure increase compared with the
physical test, whereas the physical test exhibits a more gradual pressure rise. The
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physical test stabilizes at approximately 180 kPa, while CPM and CPG converge
at approximately 170 kPa and 175 kPa, respectively. Despite these differences, the
overall pressure development is similar for all three curves, indicating that both CAE
models capture the general inflator pressure response.

4.1.2 Linear Impactor Test
The linear impactor response was evaluated to assess how the tuned CPG model
compares with the correlated CPM reference model under controlled mechanical
loading. The comparison was based on the impactor displacement, velocity, accel-
eration, and force–displacement response, as shown in Figure 4.2. These quantities
describe the global motion of the impactor and the resistance generated by the
airbag during compression. The acceleration response was filtered using CFC180
and scaled by −1 to improve comparability between the two methods.

Figure 4.2: Linear impactor response for the correlated CPM reference model and
the tuned CPG model.

The results show that CPM and CPG follow the same overall response trend dur-
ing the early part of the impactor motion. As the airbag loading becomes more
pronounced, the two methods begin to deviate. The tuned CPG model generally
produces an earlier deceleration of the impactor, which is reflected by a lower dis-
placement response and an earlier acceleration peak. This is also supported by the
force–displacement response, where CPG develops a higher force at a lower dis-
placement during the main loading phase. CPM, in contrast, shows a smoother and
slightly delayed response, resulting in a higher maximum displacement and a later
force build-up.

The main observations from the linear impactor response are summarized in Ta-
ble 4.2. The table presents the key differences between CPM and CPG for each
evaluated response quantity.
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Table 4.2: Summary of the linear impactor response comparison between CPM
and CPG.

Response
quantity CPM CPG Overall observation

Impactor
displacement

Peak displacement
of approximately
160 mm. Final
displacement of
approximately
137 mm.

Peak displacement
of approximately
150 mm. Final
displacement of
approximately
130 mm.

Good agreement up to
approximately 25 ms. CPG
gives a lower peak and final
displacement, while both
curves show similar
curvature.

Impactor
velocity

Velocity decreases
more gradually and
converges at
approximately
−1.5 m/s around
50 ms.

Velocity decreases
earlier and
converges at
approximately
−1 m/s around
43 ms.

Good agreement up to
approximately 20 ms. CPG
decelerates the impactor
earlier than CPM.

Impactor
acceleration

Peak acceleration of
approximately
0.305 m/s2 at
around 32 ms.

Peak acceleration of
approximately
0.32 m/s2 at
around 28–29 ms.

Good agreement up to
approximately 15 ms. CPG
reaches a slightly higher and
earlier peak, while CPM
shows a delayed response.

Force–
displacement
response

Force builds up
more gradually and
reaches its
maximum at a
larger displacement.

Force builds up
earlier and reaches
a slightly higher
maximum force at a
lower displacement.

CPG shows a stiffer loading
response during the main
compression phase, while
CPM allows a larger
displacement before
reaching its maximum force.

Overall, the tuned CPG model shows good agreement with the correlated CPM
reference during the initial impactor response. The main deviation occurs during
the stronger loading phase, where CPG predicts a slightly earlier and stronger resis-
tance from the airbag compared with CPM. This is reflected by the earlier velocity
reduction, earlier acceleration peak, lower maximum displacement, and higher force
level for a given displacement in the force–displacement response.

4.2 Airbag–Occupant Interaction
This subsection presents the results related to airbag–occupant interaction. First,
an assessment of the test-case reliability is presented, followed by the SAB pressure
response, airbag unfolding behaviour, arm trajectory, and occupant-related injury
metrics.

For each result type, dedicated post-processing was performed to enable a con-
sistent comparison between physical tests and CAE. For the snapshot comparisons,
a 5 ms time shift was applied to account for the seat-squash phase in CAE and to
ensure equal time-to-fire between the CAE and physical test snapshots. Image and
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video synchronization was then used to match the frame rate of the physical test
videos with the output frequency of the CAE results.

The occupant injury and arm trajectory plots were processed using the same over-
all post-processing workflow. The physical test signals and corresponding CAE
responses were aligned in time, filtered where required, and scaled to account for
differences in unit systems and signal conventions. Acceleration channels were con-
verted to gravitational acceleration using source-specific scaling factors, where the
CAE acceleration responses were scaled by 102 and the physical test responses by
0.102. For the SAB pressure response, the CAE pressure was shifted by 100 kPa to
account for ambient pressure and enable comparison with the physical test pressure
signal. Polarity corrections were applied only for channels where the physical and
numerical responses had clearly opposite orientations.

Plot trimming was applied where required to focus the comparison on the rele-
vant response phase. For the SAB pressure plots, the displayed range was selected
to emphasize the pressure development associated with the airbag deployment char-
acteristics. Consequently, the initial ignition-pressure phase was not used as the
primary basis for the visual comparison. Similar trimming was applied to the oc-
cupant injury and arm trajectory plots to focus the evaluation on the time interval
where the main occupant–airbag interaction occurred.

For the arm-moment plots, an additional scaling factor of 10 was applied in the
Y direction. This was introduced to bring the curve amplitudes into a comparable
visual range and to support assessment of the relative timing, shape, and dynamic
response trends. The CAE arm-moment curves should therefore primarily be inter-
preted in relation to their dynamic agreement with the physical tests, rather than
as direct quantitative output values.

Furthermore, for visual comparison purposes, the right arm of the Hybrid III ATD
was hidden in the CAE model. This was done because the arm was not relevant to
the evaluated interaction and to provide more consistent visual conditions between
the CAE results and the physical tests.

4.2.1 Test Case Reliability
In general, the physical repeatability is high, as most test cases show limited vari-
ation between the repeated physical tests. However, the reliability assessment is
primarily influenced by the CAE comparability, since this metric determines how
representative the simulations are of the corresponding physical test conditions. Ta-
ble 3.2 presents the eight testcases assessed below.

Test no. 1, corresponding to WorldSID-50M with an initial clearance of 80 mm,
is assessed as moderately reliable. This is because a small part of the arm pene-
trates the plexiglass in the CPM simulation. However, this occurs at a later stage
than the primary time interval of interest, meaning that relevant evaluations can
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still be performed during the early deployment phase. Test no. 2–4 are assessed as
highly reliable, as no major issues or deviations are observed between the physical
tests and the virtual simulations. The full-arm test cases are assigned lower relia-
bility, primarily because the physical tests and the CAE simulations use different
ATDs. For test no. 5 and 6, additional differences related to arm angle and steering-
wheel boundary conditions further reduce the CAE comparability.

All test cases are included in the subsequent qualitative and quantitative assess-
ment. A summary of the reliability evaluation is presented in Table 4.3.

Table 4.3: Reliability assessment of the investigated test cases.

Test
no.

Physical
repeatability

CAE
comparability

Reliability
score

Comment

1 4 – High 3 – Moderate 3.25/5 Arm penetrates the plexiglass
in the CPM simulation at a
later stage.

2 5 – Very high 5 – Very high 5/5 –
3 5 – Very high 5 – Very high 5/5 –
4 4 – High 5 – Very high 4.75/5 Minor deviation in the arm

trajectory is observed towards
the end of the physical test.

5 4 – High 1 – Very low 1.75/5 Different ATD, arm angle,
and steering-wheel boundary
conditions.

6 4 – High 1 – Very low 1.75/5 Different ATD, arm angle,
and steering-wheel boundary
conditions.

7 4 – High 2 – Low 2.50/5 Different ATD used in CAE
and physical testing.

8 5 – Very high 2 – Low 2.75/5 Different ATD used in CAE
and physical testing.

The assessed test cases are therefore carried forward in the report together with their
individual reliability scores, allowing the subsequent discussion and conclusions to
be interpreted in relation to the assessed reliability of each case.

4.2.2 Side-Airbag Pressure
The SAB pressure response was evaluated to assess how the two CAE gas methods
reproduce the pressure development inside the airbag during deployment. An initial
observation was that CPG generally produced a higher initial pressure peak than
CPM and the physical tests. However, the initial peak pressure should be inter-
preted with caution and was therefore not used as the primary basis for comparing
the gas methods.

The main reason for this is that the initial pressure peak is strongly influenced
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by the inflator characteristics, ignition phase, and the numerical representation of
the gas injection. Small differences in these input conditions can have a large influ-
ence on the peak magnitude, even if the subsequent pressure development follows
a physically reasonable trend. In addition, the pressure response is not obtained
in an identical manner in the physical tests and in CAE. In the physical tests, the
pressure is measured locally using a pressure probe, while the CAE pressure rep-
resents an averaged pressure quantity in the airbag. As a result, differences in the
initial peak may be affected by both the gas method and the measurement approach.

For this reason, the evaluation focuses primarily on the pressure response after
the initial peak. This part of the response is considered more relevant for assessing
how the gas method represents the pressure development during airbag expansion
and occupant interaction. The pressure plots were therefore evaluated with empha-
sis on the initial post-peak response (10-20 [ms]), the subsequent pressure decay
(20-40 [ms]), and the late-stage pressure level (40-60 [ms]). The SAB pressure plots
generated in this project are presented in Figure 4.3.
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(a) Test Case 1: WorldSID-50M, 80 mm (b) Test Case 2: WorldSID-50M, 120 mm

(c) Test Case 3: SID-IIs, 80 mm (d) Test Case 4: SID-IIs, 120 mm

(e) Test Case 5: SID-IIs, full arm, driver
position, 80 mm

(f) Test Case 6: SID-IIs, full arm, driver
position, 120 mm

(g) Test Case 7: SID-IIs, full arm, re-
laxed position, 80 mm

(h) Test Case 8: SID-IIs, full arm, re-
laxed position, 120 mm

Figure 4.3: SAB pressure response for the investigated test cases.

After the initial pressure peak, the repeated physical tests show some variation in
the early post-peak response. This is particularly visible in the pressure recovery
immediately after deployment, where the two physical tests may differ in both tim-
ing and magnitude. However, during the subsequent pressure decay and late-stage
response, the physical tests generally show good agreement. This indicates that the
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physical pressure response is more consistent during the later part of the evaluated
time window. The main pressure-response observations are summarized in Table 4.4.

Table 4.4: Summary of the main observations from the SAB pressure response.

Test
no.

Early post-peak Pressure decay Late-stage level

1 CPG closer; CPM
overpredicts.

CPM approaches tests;
CPG remains higher.

CPM converges; CPG
remains higher.

2 CPG closer; CPM
slightly higher.

CPM closer; CPG
remains higher.

CPM converges; CPG
remains higher.

3 CPG closer than CPM. Similar trends; CPM
lower, CPG higher.

CPM converges; CPG
remains higher.

4 CPG closer; CPM
slightly higher.

CPM closer; CPG
slightly higher.

CPM correlates well;
CPG remains slightly
higher.

5 Both overpredict; CPG
slightly closer.

CPM closer; CPG
remains higher.

CPM approaches tests;
CPG remains higher.

6 CPG closer; CPM
higher.

Similar decay trend;
CPG remains higher.

CPM closer; CPG
remains higher.

7 Both overpredict; CPM
deviates most.

Both follow the decay
reasonably well.

Both converge with
minor differences.

8 Both overpredict; CPG
closer.

CPG closer; CPM
becomes lower.

CPM converges; CPG
remains higher.

Overall, the pressure results show a consistent difference between the two gas meth-
ods after the initial peak. CPG generally captures the early post-peak response
more closely than CPM, particularly during the first part of the pressure recovery
after deployment. However, during the subsequent decay phase, CPM more often
follows the physical pressure trend and converges towards the physical tests at later
times. CPG tends to maintain a higher pressure level during the late-stage response
in several test cases. These observations indicate that CPG provides a stronger rep-
resentation of the early pressure development, while CPM generally shows better
agreement during the later pressure decay.

4.2.3 Airbag Unfolding Behavior
This section presents the unfolding behavior of the simulated airbag in comparison
with the corresponding physical tests. The evaluation is limited to the SID-IIs
120 mm test case, since the focus is on the early deployment phase before substantial
interaction with the ATD occurs. The comparison is performed at selected time
steps after the airbag time to fire (TTF), chosen to capture the main stages of the
unfolding sequence from initial deployment to a more developed airbag shape. The
full unfolding sequence from 0 to 5.5 ms after TTF is shown in Figure 4.4. The
remaining unfolding sequences for the other test cases are presented in Appendix C.
Since the initial airbag deployment conditions are equivalent across the test cases,
no separate qualitative observations are provided for these cases.
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0 ms

2.5 ms

3.5 ms

4.5 ms

5.5 ms

Figure 4.4: Unfolding behavior of the airbag for test case 4: SID-IIs - 120 mm.
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The qualitative observations are summarized in Table 4.5. At 2.5 ms after TTF,
both CAE methods capture the initial protrusion of the airbag from the housing.
CPM shows a slightly larger visible deployed volume than CPG, while the physical
tests appear to fall between the two simulations. At this stage, CPM shows closer
similarity to Test 1, whereas CPG shows closer similarity to Test 2.

At 3.5 ms after TTF, differences in global airbag shape become more visible. CPM
develops a more rounded geometry, while CPG shows a more elongated and elliptical
profile. The physical tests show a similar elongated external expansion, indicating
that CPG is visually closer in terms of protrusion direction and global shape. The
bracket deformation also suggests that both CAE methods are slightly advanced in
time relative to the physical tests, with this effect being more pronounced for CPM.

At 4.5 and 5.5 ms after TTF, the later unfolding behavior is characterized by larger
differences in fabric shape and crease formation. CPG captures more local folding
and lower-region development, while CPM remains smoother and more spherical.
At 5.5 ms, CPG shows closer qualitative agreement with the physical tests regarding
crease formation and fabric deformation. However, CPM captures the unfolding of
the upper airbag region more clearly at the final evaluated time step.

Table 4.5: Qualitative observations of the airbag unfolding behavior for the SID-IIs
120 mm test case.

Time CPM CPG Physical test Overall assessment

2.5 ms
Earlier and
slightly larger
protrusion.

Slightly smaller
initial
protrusion.

Early protrusion
between CPM and
CPG.

Both methods
capture the initial
deployment.

3.5 ms More rounded
airbag shape.

More elongated
and elliptical
profile.

Similar elongated
external
expansion.

CPG is closer in
global shape and
protrusion direction.

4.5 ms
Larger and more
spherical
expansion.

More distinct
folds and
lower-region
development.

Continued
expansion with
visible fabric
deformation.

CPG better
represents local
folding, while CPM
remains more
rounded.

5.5 ms

Smoother global
contour, but
clearer
upper-region
unfolding.

More visible
creases and
irregular fabric
surface.

Developed airbag
shape with visible
folding.

CPG better captures
crease formation,
while CPM better
captures the upper
unfolding.

Overall, CPG shows closer visual agreement with the physical tests during the later
stages of the unfolding process, particularly regarding local folding, lower-region
development, and crease formation. CPM captures the general deployment sequence,
but tends to produce a smoother and more rounded airbag shape.
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4.2.4 Arm Trajectory
This section presents selected arm-trajectory results for the half-arm and full-arm
dummy configurations. The half-arm cases are evaluated visually from snapshot
comparisons, with focus on the observed arm motion relative to the physical tests.
For the full-arm cases, the visual comparison is complemented by arm-moment plots
and numerical peak-amplitude summaries, since these provide additional informa-
tion about the dynamic arm response. The remaining test results are provided in
Appendices A, B, D and E

4.2.4.1 Test Case 2

For this test case, selected snapshots are presented at 0, 15, 45, and 60 ms, as shown
in Figure 4.5 and Figure 4.6. The physical test repeatability is very good, with
Test 1 and Test 2 showing closely matching arm motion at all presented timesteps.
Consequently, this test case was assigned a reliability score of 5/5, as presented in
Table 4.3.

0 ms

15 ms

45 ms

Figure 4.5: Arm trajectory snapshots for the WSID50 120 mm test case.
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60 ms

Figure 4.6: LHS view of the WSID50 120 mm test case at 60 ms.

The qualitative observations from the arm-trajectory comparison are summarized
in Table 4.6. The assessment focuses on airbag alignment, arm position in the
XZ-plane, and arm motion in the YZ-plane.

Table 4.6: Qualitative observations of the arm trajectory for the WorldSID-50M
120 mm test case compared to the physical tests.

Time CPM CPG Overall assessment

15 ms

The airbag appears to
deploy between the
thorax and the arm,
resulting in an arm
angle directed toward
the plexiglass. This
behavior is not
observed to the same
extent in the physical
tests.

The airbag appears to
deploy more laterally
beside the arm, which
is more consistent
with both physical
tests.

CPG provides a closer
representation of the early
arm–airbag interaction, while
CPM shows a less
representative initial arm
displacement.

45 ms

The arm position is
higher in the
XZ-plane compared
to the physical tests,
while the inward arm
motion in the
YZ-plane is smaller
than observed in the
physical tests.

The arm position is
also higher in the
XZ-plane compared
to the physical tests,
while the inward arm
motion in the
YZ-plane is larger
than observed in the
physical tests.

Both methods show
deviations from the physical
tests, but CPG provides
better overall agreement in
the global arm trajectory.

60 ms

The arm remains
higher in the
XZ-plane compared
to the physical tests.
However, the inward
arm angle in the
YZ-plane is similar to
the physical response.

The arm is also
positioned higher in
the XZ-plane, but the
final arm position is
closer to the physical
tests. The inward
arm angle in the
YZ-plane is also
similar to the
physical response.

CPG provides a better final
arm position compared to
CPM. However, both CPM
and CPG capture a similar
inward arm angle in the
YZ-plane.

Overall, CPG provides a closer representation of the arm trajectory compared to
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CPM. Although deviations remain between CPG and the physical tests, the devia-
tions are generally larger for CPM.

4.2.4.2 Test case 4

This test case was assigned a reliability score of 4.75/5. The physical test repeata-
bility is good; however, some variation is observed between Test 1 and Test 2, as
shown in Figure 4.7. In Test 1, the arm appears to be subjected to a stronger in-
ward interaction, resulting in a more pronounced inward angle in the YZ-plane. In
Test 2, the inward angle is less pronounced. Due to this variation, the physical test
repeatability was assigned a score of 4/5, as presented in Table 4.3.

0 ms

15 ms

45 ms

Figure 4.7: Arm trajectory snapshots for the SID-IIs 120 mm test case.

60 ms

Figure 4.8: LHS view of the SID-IIs 120 mm test case at 60 ms.
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The main qualitative observations from the presented snapshots are summarized in
Table 4.7.

Table 4.7: Qualitative observations of the arm trajectory for the SID-IIs – 120 mm
test case compared to the physical tests.

Time CPM CPG Overall assessment

15 ms

The airbag deploys
laterally beside the
arm and produces an
early outward arm
displacement. The
arm–airbag
interaction appears
closer to Test 1.

The airbag also
deploys laterally
beside the arm,
although with a
slightly different
alignment relative to
the arm. The
response appears
closer to Test 2.

Both methods capture the
early lateral airbag expansion
and the initial arm
displacement. Due to the
observed differences between
the physical tests, no clear
preference between CPM and
CPG can be established at
this stage.

45 ms

The arm position and
rotation are visually
closer to Test 1,
particularly with
respect to the
outward arm position
in the front view.

The arm position and
rotation are visually
closer to Test 2, with
a slightly different
arm angle and airbag
alignment.

CPM and CPG each show
reasonable agreement with
one of the physical tests. The
variation between Test 1 and
Test 2 limits the possibility of
identifying either method as
clearly more representative.

60 ms

The final arm
position remains close
to the trend observed
in Test 1, including
the arm angle in the
LHS view.

The final arm
position remains close
to the trend observed
in Test 2, including
the arm angle in the
LHS view.

Both methods capture the
general final arm position and
inward arm angle. Since CPM
aligns more closely with Test
1 and CPG aligns more closely
with Test 2, the comparison
does not indicate a clear
advantage for either method.

Overall, both CPM and CPG provide a reasonable representation of the arm trajec-
tory for this test case. However, the physical tests show noticeable variation, with
CPM corresponding more closely to Test 1 and CPG corresponding more closely to
Test 2. Therefore, this test case does not provide sufficient basis to conclude that
either gas method gives a clearly better prediction of the arm trajectory.

4.2.4.3 Test Case 5

For the full-arm driver-position 80 mm case, it is difficult to identify clear differences
from the front-view trajectory comparison shown in Figure 4.9, apart from the elbow
bending further inward in CAE compared with the physical tests. The steering wheel
also shows more deformation in the physical tests than in the CAE simulations. The
LHS view shown in Figure 4.10 at 60 ms provides additional information, where the
same inward arm motion remains visible relative to the physical tests.
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0 ms

15 ms

45 ms

Figure 4.9: Arm trajectory snapshots for the full-arm driver-position 80 mm test
case.

60 ms

Figure 4.10: LHS view of the full-arm driver-position 80 mm test case at 60 ms.

The arm-moment plots provide additional information for the full-arm driver-position
80 mm case. As shown in Figure 4.11, a large deviation from the physical tests is
observed for both CAE methods. A spread between the physical tests is also present,
especially for the forearm X moment. The corresponding numerical comparison is
provided in Table 4.8.
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(a) Upper-arm X moment (b) Upper-arm Y moment

(c) Forearm X moment (d) Forearm Y moment
Figure 4.11: Arm moment responses for the full-arm driver-position 80 mm test
case.

Table 4.8: Numerical arm-moment results for the full-arm driver-position 80 mm
case.

Metric [Nm] x̄test xCPM xCPG |∆CPM| |∆CPG| Closest
Upper-arm X
moment -1.2 12.8 15.8 14.0 16.9 CPM

Upper-arm Y
moment -24.2 -17.8 -21.2 6.3 3.0 CPG

Forearm X
moment -8.3 -5.3 5.8 2.9 14.0 CPM

Forearm Y
moment -9.5 3.0 -2.0 12.5 7.5 CPG

Em,F – – – 8.9 10.4 CPM
IF : CPM mean improvement over CPG = 13.8%

4.2.4.4 Test Case 7

For the 80 mm relaxed-position test case, the visual differences between CAE and
the physical tests are clearer. Both CPG and CPM show the elbow region becoming
wrapped inside the airbag fabric, which is not observed in the physical tests, as
shown in Figure 4.12. Towards the end of the sequence, CPM appears closer to
the physical tests, while CPG reaches further forward. Both CAE methods show
yaw-dominated neck and head motion, whereas the physical tests appear mainly
influenced by roll motion. The LHS view at 60 ms is shown in Figure 4.13.
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0 ms

15 ms

45 ms

Figure 4.12: Arm trajectory snapshots for the full-arm relaxed-position 80 mm
test case.

60 ms

Figure 4.13: LHS view of the full-arm relaxed-position 80 mm test case at 60 ms.

Regarding the arm-moment plots for the relaxed-position dummy, the CAE results
align more closely with the physical tests than in the driver-position configuration.
In particular, the upper-arm Y moment aligns closely with the physical tests. An-
other observed trend is that the CPG results appear to capture the dynamics of the
physical tests more closely than CPM, as shown in Figure 4.14. The corresponding
numerical comparison is provided in Table 4.9.
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(a) Upper-arm X moment (b) Upper-arm Y moment

(c) Forearm X moment (d) Forearm Y moment
Figure 4.14: Arm moment responses for the full-arm relaxed-position 80 mm test
case.

Table 4.9: Numerical arm-moment results for the full-arm relaxed-position 80 mm
case.

Metric [Nm] x̄test xCPM xCPG |∆CPM| |∆CPG| Closest
Upper-arm X
moment 15.5 -23.0 17.2 38.5 1.7 CPG

Upper-arm Y
moment -32.3 -37.9 -41.6 5.6 9.4 CPM

Forearm X
moment -10.4 -13.7 -6.1 3.3 4.3 CPM

Forearm Y
moment -14.8 -9.9 -6.1 4.8 8.6 CPM

Em,F – – – 13.0 6.0 CPG
IF : CPG mean improvement over CPM = 54.0%

4.2.5 Occupant-Related Injury Metrics
Table 4.10 summarizes the grouped mean absolute differences between the CAE
simulations and the physical-test averages. The values therefore represent the aver-
age deviation from the physical tests within each response family, rather than the
response magnitudes themselves. Lower values indicate closer agreement with the
physical tests.

For the thoracic and rib response families, CPG showed the lowest grouped mean
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absolute differences, with relative improvements of 34.1% and 38.9%, respectively.
This indicates that CPG provided closer agreement with the physical tests for these
response families. The pelvic response families also showed lower grouped mean
absolute differences for CPG; however, the corresponding improvements were small,
with 3.0% for the half-arm pelvic responses and 1.4% for the full-arm pelvic re-
sponses. These pelvic differences should therefore be interpreted as marginal in
comparison with the thoracic and rib response differences.

Since the grouped values are reported in different physical units, the response fam-
ilies should not be compared directly against each other. Instead, the table is in-
tended to compare CPM and CPG within each response family.

Table 4.10: Magnitude-based grouped average-difference summary.

Response family Unit ĒCPM,F ĒCPG,F Closest IF

Thoracic g 3.27 2.16 CPG 34.1%
Rib mm 2.79 1.70 CPG 38.9%
Half-arm pelvic g 3.93 3.81 CPG 3.0%
Full-arm pelvic g 25.17 24.82 CPG 1.4%

4.2.5.1 Test Case 3: Rib Responses

The SID-IIs 80 mm rib responses indicate agreement between the CAE simulations
and the physical tests when reviewing the visual response in Figure 4.15. The
extracted maximum absolute amplitudes in Table 4.11 show that CPG gives the
lower mean absolute difference for the rib response family, although CPM is closest
for Rib 1.
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(a) Shoulder rib (b) Rib 1

(c) Rib 2 (d) Rib 3

(e) Rib 4 (f) Rib 5
Figure 4.15: SIDIIS 80 mm rib responses for CPM, CPG and physical testing.

Table 4.11: Signed peak rib-deflection results for the SIDIIS 80 mm case.

Metric [mm] x̄test xCPM xCPG |∆CPM| |∆CPG| Closest
Shoulder rib -9.56 -14.59 -13.80 5.03 4.24 CPG
Rib 1 -2.95 -3.46 -8.05 0.51 5.10 CPM
Rib 2 -3.64 -9.27 -5.29 5.63 1.65 CPG
Rib 3 -5.40 -12.91 -5.17 7.51 0.22 CPG
Rib 4 -2.99 -9.74 -3.63 6.75 0.64 CPG
Rib 5 -2.18 -9.27 -3.40 7.09 1.22 CPG
Em,F – – – 5.42 2.18 CPG

IF : CPG mean improvement over CPM = 59.8%

4.2.5.2 Test Case 2: Thoracic Responses

The WorldSID-50M 120 mm thoracic acceleration responses show a distinct spiking
tendency in the physical test data for the X-direction channels. This behaviour
is not represented to the same extent by the CAE simulations. The numerical
comparison in Table 4.12 indicates that the closest method varies between individual
channels, while CPG gives the lower mean absolute difference for the complete
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thoracic response.

(a) T1 X acceleration (b) T1 Y acceleration

(c) T4 X acceleration (d) T4 Y acceleration

(e) T12 X acceleration (f) T12 Y acceleration
Figure 4.16: WorldSID-50M 120 mm thoracic acceleration responses

Table 4.12: Numerical thoracic acceleration results for the WorldSID-50M 120 mm
case.

Metric [g] x̄test xCPM xCPG |∆CPM| |∆CPG| Closest
T1 X acc. 4.01 2.32 1.58 1.69 2.43 CPM
T1 Y acc. 6.14 4.55 6.41 1.60 0.27 CPG
T4 X acc. 3.40 1.55 1.27 1.86 2.14 CPM
T4 Y acc. 5.02 4.96 6.20 0.06 1.18 CPM
T12 X acc. 3.21 3.59 3.59 0.38 0.38 Equal
T12 Y acc. 4.08 6.77 3.84 2.69 0.24 CPG
Em,F – – – 1.38 1.11 CPG

IF : CPG mean improvement over CPM = 19.7%

4.2.5.3 Test Case 6: Pelvic Responses

The pelvic acceleration responses for the SID-IIs full-arm driver-position 120 mm
case do not show converging agreement in the X- and Z-directions. However, the

62



4. Results

Y-direction response shows partial agreement, where the transition from negative to
positive acceleration is captured to some extent when disregarding the oscillatory
behaviour observed in the physical tests.

The pelvic X- and Z-direction accelerations also appear to include the influence of
the seat-squash phase at approximately 4 ms. This is reflected in Table 4.13, where
the X-, Z- and magnitude responses dominate the mean absolute difference. CPM
gives the slightly lower mean absolute difference for the evaluated pelvic response
family in this case.

(a) Pelvis X acceleration (b) Pelvis Y acceleration

(c) Pelvis Z acceleration (d) Pelvis acceleration magnitude

Figure 4.17: Pelvic acceleration responses for the SID-IIs full-arm driver-position
120 mm case.

Table 4.13: Signed peak pelvic acceleration results for the SID-IIs full-arm driver-
position 120 mm case.

Metric [g] x̄test xCPM xCPG |∆CPM| |∆CPG| Closest
Pelvis X acc. 0.78 37.27 37.22 36.49 36.43 CPG
Pelvis Y acc. 2.26 1.65 1.20 0.62 1.06 CPM
Pelvis Z acc. -0.11 -28.38 -28.40 28.27 28.29 CPM
Pelvis acc.
magnitude 2.27 38.64 38.56 36.37 36.29 CPG

Em,F – – – 25.43 25.52 CPM
IF : CPM mean improvement over CPG = 0.3%
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4.3 Computational Time Comparison
The computational-time comparison was performed to evaluate the additional solver
cost introduced by CPG relative to CPM. The results are presented at two levels.
First, a standalone airbag-only comparison was used to isolate the computational
cost associated with the gas formulation itself. Second, the applied simplified rig
simulations were evaluated to assess how this increased cost translates to complete
airbag–occupant interaction test cases.

4.3.1 Stand-alone Airbag-Only Comparison
The computational-time metrics from the standalone airbag-only comparison are
presented in Table 4.14. This comparison was based on the simplified airbag-only
setup described in Section 3.4.2, where both simulations were run using the same
airbag definition and simulation time.

Table 4.14: Computational-time comparison between CPM and CPG for the
airbag-only setup.

Wall-clock time Clock zone-cycle [ns] Gas CPU share [%]Setup CPM CPG Factor CPM CPG CPM CPG
Airbag

only 00:18:35 05:49:43 18.8 127.117 2406.371 56.63 97.18

Wall-clock time is reported as h:min:s. The factor is calculated as CPG wall-clock time divided
by CPM wall-clock time. Both standalone simulations were run using 192 MPP cores.

The standalone airbag-only results show that CPG requires substantially higher
computational time than CPM. The wall-clock time increases from 1115 s for CPM
to 20983 s for CPG, corresponding to an increase by approximately a factor of 19.
A similar increase is observed for the clock zone-cycle time, where CPG requires ap-
proximately 2406 ns compared with approximately 127 ns for CPM. This indicates
that each solver iteration at the zone-cycle level is considerably more computation-
ally expensive when using CPG. The solver timing output also shows that the gas
formulation accounts for 97.18% of the CPU usage for CPG, whereas the correspond-
ing contribution for CPM is approximately 57%. Thus, the increased computational
cost in the standalone airbag-only setup is primarily associated with the CPG gas
formulation.

4.3.2 Simplified Rig Comparison
The computational-time results from the applied simplified rig simulations are pre-
sented in Table 4.15. These simulations include the complete airbag–occupant inter-
action setup for the evaluated test cases and therefore represent the computational
cost of the methods in the applied validation environment.
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Table 4.15: Computational-time comparison between CPM and CPG for the eval-
uated simplified rig simulations.

Wall-clock time Clock zone-cycle [ns] Gas CPU share [%]Test
no. CPM CPG Factor CPM CPG CPM CPG
1 11:59:59 69:37:01 5.80 74.549 326.804 9.23 75.63
2 09:45:52 35:36:19 3.65 74.123 304.927 9.24 75.89
3 02:57:43 29:42:33 10.03 47.500 477.178 23.86 91.58
4 02:52:47 29:38:51 10.30 46.180 476.185 23.95 91.97
5 03:33:34 24:25:17 6.86 39.090 268.610 23.58 90.59
6 03:30:25 29:54:01 8.53 38.509 328.861 23.63 90.44
7 02:52:12 30:20:05 10.57 35.967 389.240 21.96 90.14
8 02:44:43 30:54:58 11.26 35.302 398.060 22.04 90.33
Wall-clock time is reported as h:min:s. The factor is calculated as CPG wall-clock time divided
by CPM wall-clock time. All simplified rig simulations were run using 128 MPP cores. The
CPG simulation for Test 1 was run with TSSFAC=0.5.

The applied simplified rig simulations show the same overall trend as the standalone
airbag-only comparison. CPG requires longer runtime than CPM for all evaluated
test cases. However, the direct comparison for Test 1 should be interpreted with cau-
tion, since the CPG simulation was run with TSSFAC=0.5 instead of TSSFAC=0.67.
This reduced the timestep and therefore increased the computational time for that
specific simulation. Since this setting was only applied to CPG and not to CPM,
the Test 1 runtime factor is less suitable for direct CPM–CPG comparison than the
remaining test cases.

The average values reported here are calculated using all eight simulations for each
gas method, including Test 1. The average CPM runtime is 18129.4 s, corresponding
to approximately 5 h 2 min 9 s, while the average CPG runtime is 126068.1 s, corre-
sponding to approximately 35 h 1 min 8 s. Based on the full set of simulations, CPG
therefore requires 3-11 times longer wall-clock runtime than CPM on average. Since
the average includes the non-identical timestep setting used for the CPG simulation
in Test 1, this value should be regarded as an aggregate result for the evaluated
simulation set rather than a fully balanced method-to-method comparison.
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Discussion

This chapter discusses the main findings from the results chapter and the factors
that may have influenced their interpretation. The discussion addresses deviations
between physical tests and CAE simulations, differences between CPM and CPG,
the trade-off between computational time and model fidelity, and the main limita-
tions and uncertainties of the study.

5.1 Physical Tests Compared with CAE Simula-
tions

A possible cause of the deviations between the two physical tests conducted for each
test case is the manual modification of the airbag during pressure probe installation
and natural variation in the airbag production. As described in Section 3.3.1.2,
pressure probes were inserted into each SAB. This procedure may have introduced
variation, since the installation was performed on a limited number of components
and was partly dependent on manual handling. Possible sources of variation include
the insertion depth of the probe, changes to the airbag folding, and damage to the
tape during installation.

Another factor that may have affected repeatability is the limited level of detail in
the test instructions provided to the VCC test team, as described in Section 3.3.1.
For example, no angular measurements were specified for the neck or head orienta-
tion, including the head angle relative to the shoulder or upper torso. In addition,
no detailed information was provided for leg placement, and only basic measure-
ments were used for ATD positioning. These limitations may have allowed small
differences in the initial test setup, which can also be observed in the visual results
through variations in dummy position and motion sequence.

The observed spread between the repeated physical tests also affects how the CAE
results should be interpreted. If the two physical tests show noticeable differences,
the physical average should not be interpreted as a single deterministic reference
response. Instead, it should be regarded as an indication of the expected experi-
mental variation. In such cases, it is more relevant to evaluate whether the CAE
response follows the same general trend and remains within a reasonable range of the
physical tests, rather than requiring an exact match to one individual test curve.
This is especially important for qualitative assessments, where deployment path,
arm motion, and local airbag deformation may be influenced by small variations in
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the initial setup.

A further difference between physical testing and CAE is related to the airbag
pressure response. As shown in Section 4.2.2, the virtual simulations generally show
higher airbag pressure peaks compared with the physical tests. One possible ex-
planation is that pressure is obtained differently in the two environments. In the
physical tests, pressure is measured locally using a pressure probe positioned close
to the inflator nozzle, as described in Section 3.3.1.2. In CAE, the pressure rep-
resents an averaged numerical pressure quantity based on the gas method used in
the simulation, as described in Sections 2.3.3 and 2.3.4. The physical and numerical
pressure signals therefore do not represent identical measurement conditions. This
is particularly relevant during the early deployment phase, where local flow effects
near the inflator may influence the physical sensor response more strongly than the
averaged numerical pressure response. If the same measurement conditions were ap-
plied on both CAE models as for the physical test, a more correlating result could
possibly have been obtained.

Another deviation between the physical tests and the CAE simulations is related
to the full-arm ATD configuration. In CAE, the Humanetics Hybrid III 05f ATD
was used for the full-arm analysis, while the physical tests used a SID-IIs ATD with
a full-arm attachment, as described in Sections 3.3.2.1 and 3.3.1.1. This difference
is believed to have contributed to the deviations observed in the full-arm moment
results. This is especially evident in Figure 4.11, where the upper arm X moment
shows opposite polarity. The same behaviour is reflected in the visual snapshot re-
sults presented in Figure 4.9, where the elbow rotation in CAE is clockwise, while
the corresponding physical test shows counter-clockwise elbow rotation. The Hybrid
III ATD also included a right arm, whereas the SID-IIs ATD did not have an arm
on the right side. This difference affects the centre of gravity of the Hybrid III ATD
relative to the SID-IIs ATD. The differences in proportions and mass properties
described in Section 2.4 are therefore likely to have affected the test conditions and
the resulting arm response.

A further numerical deviation is related to the lower body response. The dummy po-
sitioning and preloading procedure using seat-squashing, described in Section 2.4.5,
appears to influence the initial response of the lower thorax and pelvic region. Initial
spikes in X and Y accelerations can be observed for both T12 and pelvis at approx-
imately 4 ms. This is visible in Sections 4.2.5.2 and 4.2.5.3, and is also a recurring
trend in the combined plots in Appendix D. These initial spikes likely influenced the
absolute amplitude peaks and should therefore be considered when interpreting the
numerical results.

5.2 Comparison Between CPG and CPM
The pressure response suggests that the relative performance of CPM and CPG
depends on the deployment phase rather than one method being consistently more
accurate. CPG appears to provide a more representative post-peak response, while

68



5. Discussion

CPM better follows the later pressure decay. Since the early deployment phase is
where a large part of the airbag loading is developed, the improved post-peak pres-
sure behaviour of CPG may also help explain its closer qualitative agreement in
arm trajectory. Therefore, the pressure response should be interpreted in relation to
specific phases of the deployment, rather than as a single overall measure of method
performance.

The unfolding behaviour represents one of the clearest qualitative differences be-
tween CPG and CPM in this project. In the evaluated early deployment sequence,
CPG showed closer visual agreement with the physical tests in terms of local fold-
ing, crease formation, lower-region development, and overall deployment path. CPM
captured the general deployment sequence, but the airbag shape appeared smoother
and more rounded in several of the evaluated time steps. This suggests that CPG
may provide a more representative description of the early deployment phase, where
local gas transport and fabric motion have a strong influence on the resulting airbag
geometry.

This observation is consistent with previous CPG studies. Usta et al. [27] reported
that CPG improved the unfolding kinematics and filling behaviour compared with
CPM in generic airbag configurations with internal chambers and tethers. Simi-
larly, Ohira et al. [23] showed that CPG was able to reproduce gas flow behaviour
in narrow regions and capture gas rebound effects that were less apparent in CPM.
These findings support the interpretation that the continuum-based formulation of
CPG can be beneficial in the early deployment phase, particularly when the airbag
behaviour is governed by local flow paths, chamber filling, and interaction between
the gas and fabric.

The arm response also shows differences between the two gas methods. Based on the
conducted testing, the majority of the CPM simulations show excessive arm move-
ment compared with CPG and the physical tests. This is particularly visible for the
half-arm cases, for example when reviewing the final arm angle of the WorldSID-
50M ATD in Figure 4.5. Although CPG also shows excessive behaviour in some
cases compared to CPM, such as in Test Case 5 presented in Section 4.2.4.3. One
possible reason could be the difference in initial airbag pressure during the critical
deployment phase.

For the full-arm dummy cases, it is less valid to determine which method is closer to
the physical tests based only on the upper-arm and forearm moment metrics, since
different dummy configurations were used in physical testing and CAE. However,
the mean absolute arm moment difference indicates that CPM provides a 14 percent
improvement over CPG when comparing both upper-arm and forearm moment for
all cases against the physical test average.
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5.3 Computational Time Versus Added Model Fi-
delity

Based on the computational resources presented in Section 4.3, CPG should not be
described as the superior model solely because it shows comparatively better results
in arm trajectory, airbag pressure, and occupant injury metrics. These improve-
ments must be weighed against the increased computational time. The numerical
results indicate an improvement in accuracy for CPG compared to CPM, while the
computational cost of the simplified test case simulations was between 3–11 times
higher for CPG and around 19 times higher in the stand-alone comparison. This
creates a clear trade-off between accuracy and cost, since cost is directly influenced
by computational time. The suitability of CPG must therefore be evaluated based
on the intended application and the level of accuracy required.

A similar trade-off has previously been discussed for airbag simulations in Out-
of-Position (OoP) cases. Ruff et al. [25] compared the Uniform Pressure Method
with the ALE method and highlighted that simplified pressure-based approaches
are less suitable for the first milliseconds of deployment, when the occupant may
already interact with the airbag before it is fully inflated. Although the ALE ap-
proach increased the runtime from approximately 6 hours to 90 hours, it was still
considered relevant because it provided a more accurate representation of the early
deployment phase.

This supports the interpretation that a more computationally expensive gas mod-
elling method may be justified when the early deployment behaviour is critical for
the safety assessment. In the context of the present study, CPG should therefore not
necessarily replace CPM in all airbag simulations. Instead, the two methods should
be viewed as complementary. CPM remains advantageous for computationally effi-
cient simulations and larger parameter studies, whereas CPG may be more suitable
for selected cases where higher modelling fidelity is required, such as early airbag de-
velopment or OoP scenarios where local gas-flow effects and early airbag–occupant
interaction have a stronger influence on the response.

5.4 Limitations and Uncertainties
Several limitations of this study are related to the physical test setup, the CAE
setup, and the comparison between them. One important limitation is that only
two physical tests were conducted for each test case. This limited the statistical
basis for evaluating repeatability and defining a representative physical reference.
In cases where noticeable test spread was present between the two physical tests, it
became difficult to determine what the CAE model should be expected to match.

Another limitation is the lack of detailed measurements, camera rig settings, and
other specifications linking the physical testing and CAE setup. More accurate
measurements of the physical test setup would likely have improved the comparison
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and reduced the test spread. Better knowledge of the exact camera positions, FOV
settings, and lighting conditions would also have improved the visual comparison
between the physical tests and CAE simulations.

The simplified static rigid-seat test setup also limits how directly the results can
be transferred to a full vehicle environment. The setup is not representative of a
complete vehicle cabin or a moving vehicle structure during a real crash. However,
for the purpose of this thesis, where the focus is on airbag–arm interaction and the
comparison between CPM and CPG, the rigid-seat static test rig provides an indi-
cation of the relevant interaction behaviour.

The CPG tuning procedure also introduces uncertainty. The CPM model used in
this project was provided by VCC as an already correlated reference model, meaning
that several modelling parameters and assumptions had previously been adjusted
to reproduce relevant physical test behaviour. In contrast, the CPG model was
implemented and tuned within the scope of this project using the linear impactor
setup. The objective was to obtain reasonable agreement with the correlated CPM
reference model, rather than to directly correlate CPG against physical test data.

Consequently, tuning CPG towards a correlated CPM through the linear impactor
setup does not imply that the CPG model is fully correlated with physical testing.
Under more ideal conditions, the CPG model should have been correlated directly
against physical test data in the same way as the CPM model. Therefore, the com-
parison in this project should be interpreted as a comparison between an established
and correlated CPM model and a newly implemented CPG model with limited tun-
ing, rather than as a fully equivalent comparison between two independently val-
idated gas modelling methods. CPG is still at an early stage of development in
LS-DYNA, with limited possibilities for parameter tuning. However, the relatively
high accuracy observed for the lightly tuned CPG model from several evaluation
perspectives indicates that further development and more method-specific tuning
could potentially improve its accuracy even further.

71



5. Discussion

72



6
Conclusion

The CPG model used in this study was, due to project-related constraints, only
lightly tuned. Nevertheless, CPG generally showed improved agreement compared
with CPM. For example, CPG predicted the arm trajectory more accurately in the
investigated simplified test-rig cases and showed better agreement with the physical
tests in the numerical occupant injury results. In addition, CPG showed stronger
predictive capability during the critical early deployment phase, where local gas
dynamics strongly influence the airbag response. In this phase, CPG was able to
reproduce the geometrical shape, creasing, and unfolding behaviour of the physical
tests more closely than CPM, which showed larger deviations in some aspects.

However, this improvement is associated with a clear computational trade-off. CPG
required substantially longer computational time than CPM, which raises the ques-
tion of whether the increased computational cost is justified for all applications.
Instead, CPG may be most suitable for selected cases, such as detailed SAB de-
velopment phases where early deployment behaviour is of particular importance.
Another potential approach could be to combine the two methods, using CPG dur-
ing the critical early deployment phase and CPM during less critical stages of the
simulation. OoP testing represents one potential application area where these as-
pects may be of particular relevance, where the early interaction between airbag and
occupant is difficult to predict.

In conclusion, CPG should currently be regarded as a complement to CPM for
selected applications rather than as a direct replacement. CPM remains a viable
alternative when runtime and computational efficiency are prioritized, such as in
standardized virtual simulations. In contrast, CPG may be more suitable for ap-
plications where detailed early deployment behaviour and local gas dynamics are
important.
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7
Future Work

Several areas for future work were identified based on the limitations and findings of
this study. A first recommendation is to perform future full-arm ATD comparisons
using equivalent arm setups in both physical testing and CAE. In this project, the
physical tests were conducted using a SID-IIs ATD with a custom full-arm attach-
ment, while the CAE model used a Hybrid III dummy with a full-arm representa-
tion. This introduced differences in arm proportions, mass distribution, and joint
behaviour, which complicated the interpretation of the arm moment and arm tra-
jectory results. Using equivalent physical and virtual full-arm configurations would
provide a more robust basis for comparing CPM and CPG in terms of occupant
interaction.

Further work should also focus on direct calibration of the CPG model against
physical test data. This would make it possible to evaluate the method under more
equivalent conditions and reduce the uncertainty associated with tuning CPG to-
wards a CPM-based reference response.

Future investigations should evaluate strategies for reducing the computational cost
of CPG. This could include improvements in solver efficiency, optimization of CPG
parameter settings, or alternative simulation strategies such as, model switching,
which is not currently available. In such an approach, CPG could potentially be
used during the critical early unfolding and airbag–occupant interaction phase, while
CPM or a simpler constant pressure model could be used during less critical parts
of the simulation. This may improve the balance between model fidelity and com-
putational cost, although further validation would be required.

Future studies should also improve the correspondence between the physical test
setup and the CAE model. More detailed documentation of the physical test con-
ditions, including ATD positioning, angular measurements, camera positions, field-
of-view settings, lighting conditions, and boundary conditions, would improve the
repeatability of the physical tests and the comparability with CAE. One potential
improvement is the plexiglass wall. Although the project used deformable material
behaviour and realistic boundary conditions, differences in deformation behaviour
remained between the physical tests and CAE. Further refinement of the plexiglass
model, including its deformation pattern and dynamic response, could improve the
agreement between simulations and physical tests.

The physical test reference should also be expanded in future work. Since only
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two physical tests were conducted for each test case, it was sometimes difficult to
determine whether deviations were caused by the CAE model or by test variation.
Additional repetitions would provide a clearer estimate of physical test spread, ex-
pected behaviour and make it possible to define a more robust validation reference
for the CAE results.

Future work should consider applying the CPG method in more realistic vehicle-
related environments. The present study was conducted using a simplified static
rigid-seat test setup, which was suitable for isolating the airbag–occupant inter-
action but does not fully represent the complexity of a vehicle interior. Further
investigations using a more detailed component-based seat model, including foam,
fabric, seams, and more realistic seat deformation, would provide a better under-
standing of CPG performance in more representative side-impact applications. Such
a model would also enable further evaluation of how CPM and CPG behave during
seam tear and the subsequent airbag deployment through the seat structure. Fi-
nally, the comparison should also be extended to a dynamic full-scale vehicle model
to evaluate how the gas modelling methods are affected under more realistic crash
conditions.
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Appendix A I – WSID50 – 80 mm and 120 mm test cases.

Time WSID50 – 80 mm WSID50 – 120 mm
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A. Front view snapshots & Arm Trajectory observations

Table A.1: Summary of qualitative arm-trajectory observations for the WSID50
80 mm and 120 mm test cases.

Time Main observation CPM–CPG comparison
Test Case 1: WorldSID-50 – 80 mm

20 ms
Both tests show the airbag
below the arm; Test 2 has a
slightly larger inward arm angle.

CPM shows more airbag intrusion
between body and arm than
CPG.

30 ms
Similar arm height in both tests;
Test 2 shows a larger inward
arm angle.

Both methods place the arm
higher than the physical tests.

40 ms
Similar inward arm angle in
both tests; Test 1 has a lower
XZ-plane arm angle.

CPG captures the inward angle
better, but both methods place
the arm too high.

50 ms
Test 1 reaches shoulder level;
Test 2 reaches neck level. Both
show inward rotation.

Both methods show a higher arm
trajectory than the physical tests.

60 ms
Test 1 is near neck level; Test 2
is near chin level. Both retain
inward rotation.

Both methods capture inward
rotation, but the arm trajectory
remains too high.

Test Case 2: WorldSID-50 – 120 mm

20 ms
Continued lateral expansion
with similar arm motion in both
tests.

CPG remains closer to the
physical arm–airbag alignment.

30 ms
Increasing arm rotation with
consistent behaviour between
the tests.

Both methods capture the trend,
but CPM shows a larger
arm-angle deviation.

40 ms Continued arm rotation with
consistent global trajectory.

Both methods place the arm too
high; CPG shows closer overall
agreement.

50 ms
The arm reaches a higher
position with inward motion
toward the body.

Both methods deviate in arm
height, but CPG follows the
trajectory trend better.

60 ms Similar final inward arm angle
and arm position in both tests.

Both capture inward rotation;
CPG gives a closer final arm
position.
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Appendix A II – SID-IIs – 80 mm and 120 mm test cases.

Time SID-IIs – 80 mm SID-IIs – 120 mm

0 ms

10 ms
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A. Front view snapshots & Arm Trajectory observations

Table A.2: Summary of qualitative arm-trajectory observations for the SID-IIs
80 mm and 120 mm test cases.

Time Main observation CPM–CPG comparison
Test Case 3: SID-IIs – 80 mm

20 ms
Similar early arm motion in
both tests, with an initial
upward component.

CPM shows a more outward
response; CPG shows a more
inward response.

30 ms
Similar arm height in both tests;
Test 2 has a larger inward arm
angle.

CPM is closer to Test 1; CPG is
closer to Test 2.

40 ms
Similar arm height in both tests;
Test 2 shows a stronger inward
angle.

CPG agrees better, especially
with Test 2. CPM places the arm
higher.

50 ms Both tests show an upward and
inward arm trajectory.

CPG captures the inward angle
well but is slightly lower; CPM is
higher.

60 ms
Good repeatability with an
upward and inward final arm
trajectory.

CPM is closer at this timestep;
CPG remains slightly lower.

Test Case 4: SID-IIs – 120 mm

20 ms
Early outward arm
displacement, with variation
between the tests.

CPM is closer to Test 1; CPG is
closer to Test 2.

30 ms Continued outward arm rotation
as the airbag expands.

Both methods capture the trend
but follow different physical-test
responses.

40 ms
Continued arm rotation, with
Test 1 and Test 2 differing in
arm angle.

CPM is closer to Test 1; CPG is
closer to Test 2.

50 ms Variation remains in the final
arm position and angle.

Both methods show reasonable
agreement, with no clear
preference.

60 ms
Final arm position differs
between the tests, but both
show inward arm angle.

CPM is closer to Test 1; CPG is
closer to Test 2.

V



Appendix A III – SID-IIs full arm driver position 80 mm and 120
mm test cases.

Time SID-IIs driver – 80 mm SID-IIs driver – 120 mm

0 ms
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A. Front view snapshots & Arm Trajectory observations

Table A.3: Summary of qualitative arm-trajectory observations for the SID-IIs full
arm driver position 80 mm and 120 mm test cases.

Time Main visual observation CPM–CPG comparison
Test Case 5: SID-IIs, full arm, driver position – 80 mm

20 ms

Different steering wheel grip
positions and arm alignment
relative to the SAB are observed
between the physical tests.

Both CAE methods show similar
positioning.

30 ms
The physical tests are similar,
with the palm pushed into the
steering wheel.

Both CAE methods are similar,
but the thumb is pushed into the
steering wheel.

40 ms
The palm is pushed into the
steering wheel, while the fingers
begin to release.

The hand begins to release in
both CAE methods.

50 ms
The hand is released, with Test
1 showing a lower position than
Test 2.

Both CAE methods are similar,
but the hand release differs from
the physical tests.

60 ms The hand is pushed away from
the steering wheel.

Both methods are similar,
although an unnatural hand angle
is observed.

Test Case 6: SID-IIs, full arm, driver position – 120 mm

20 ms
Different hand positions are
observed, while the arm
alignment is similar.

Identical initial conditions make
both CAE methods identical.

30 ms No distinct change from the
previous timestep is observed.

No distinct change from the
previous timestep is observed.

40 ms

The elbow moves inward, while
the hand moves away from the
steering wheel with a clockwise
moment.

Both CAE methods show similar
motion, but with opposite hand
moment compared to the physical
tests.

50 ms The elbow moves inward, while
the hand moves outward.

The elbow motion is captured,
but the hand also moves inward.

60 ms
The elbow moves further
inward, and the hand is released
from the steering wheel.

The elbow motion is captured,
but the hand also rotates inward.
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Appendix A IV – SID-IIs full arm relaxed position 80 mm and
120 mm test cases.

Time SID-IIs relaxed – 80 mm SID-IIs relaxed – 120 mm

0 ms
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A. Front view snapshots & Arm Trajectory observations

Table A.4: Summary of qualitative arm-trajectory observations for the SID-IIs full
arm relaxed position 80 mm and 120 mm test cases.

Time Main visual observation CPM–CPG comparison
Test Case 7: SID-IIs, full arm, relaxed position – 80 mm

20 ms Test 1 and test 2 show different
initial airbag–arm positioning.

Both CAE methods are visually
closer to test 2, with the airbag
behind the arm.

30 ms
Test 1 shows mainly lateral
motion, while test 2 shows
initial arm lift.

Both CAE methods follow the
upward arm motion observed in
test 2.

40 ms
Test 2 shows clearer arm lift,
while test 1 remains more
laterally displaced.

Both CAE methods reproduce
the arm lift, but the motion
appears slightly advanced.

50 ms Test 2 shows the arm moving
upward and slightly inward.

Both CAE methods overpredict
the arm lift and outward rotation.

60 ms
Test 1 shows moderate lift,
while test 2 reaches
approximately chest height.

Both CAE methods show larger
arm motion than the physical
tests.

Test Case 8: SID-IIs, full arm, relaxed position – 120 mm

20 ms Both physical tests show similar
initial airbag–arm contact.

Both CAE methods show
comparable initial interaction,
with slight positioning differences.

30 ms The physical tests show initial
lateral arm loading.

Both CAE methods show lateral
loading, with additional upward
motion.

40 ms The arm is lifted diagonally in
both physical tests.

Both CAE methods capture the
diagonal motion, but appear
slightly ahead.

50 ms The physical tests show
continued diagonal arm lift.

Both CAE methods show a higher
and more extended arm position.

60 ms The arm remains partly flexed
in the physical tests.

Both CAE methods overpredict
the final arm displacement and
extension.

IX



A. Front view snapshots & Arm Trajectory observations

X



B
Left-hand-side view snapshots

XI



Appendix B I – WSID50 80 mm and 120 mm test cases.
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Appendix B II – SID-IIs 80 mm and 120 mm test cases.
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Appendix B III – SID-IIs full arm driver position 80 mm and 120
mm test cases.

Time SID-IIs driver – 80 mm SID-IIs driver – 120 mm
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Appendix B IV – SID-IIs full arm relaxed position 80 mm and
120 mm test cases.

Time SID-IIs relaxed – 80 mm SID-IIs relaxed – 120 mm
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B. Left-hand-side view snapshots
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Appendix C I – WSID50 80 mm and 120 mm test cases.
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Appendix C II – SIDIIS 80 mm and 120 mm test cases.
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Appendix C III – SIDIIS full arm driver position 80 mm and 120
mm test cases.

Time SIDIIS Driver – 80 mm SIDIIS Driver – 120 mm
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Appendix C IV – SIDIIS full arm relaxed position 80 mm and 120
mm test cases.
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C. Detailed Unfolding Snapshots
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D
Occupant Injury Criteria Plots
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Appendix D I – WSID50 120 mm
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Appendix D II – WSID50 80 mm
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Appendix D III – SID-IIs 80 mm
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Appendix D IV – SID-IIs 120 mm
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Appendix D V – SID-IIs Full Arm DP 120 mm

X
X

V
III



Appendix D VI – SID-IIs Full Arm DP 80 mm
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Appendix D VII – SID-IIs Full Arm RP 80 mm
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Appendix D VIII – SID-IIs Full Arm RP 120 mm
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D. Occupant Injury Criteria Plots
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E
Signed Peak Response Summary

The following appendix page summarises the signed peak response values extracted
from the final scaled and filtered comparison curves. The peak event was identi-
fied from the maximum absolute amplitude of each signal, while the sign of the
corresponding response value was retained.
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Appendix E I – Signed Peak Response Summary
Signed peak response values for the half-arm test cases.

WSID50 80 mm WSID50 120 mm SID-IIs 80 mm SID-IIs 120 mm
Quantity Unit Test 1 Test 2 CPM CPG Test 1 Test 2 CPM CPG Test 1 Test 2 CPM CPG Test 1 Test 2 CPM CPG
T1 X acceleration g 3.68 3.71 8.06 6.24 4.05 3.97 2.32 1.58 10.52 8.59 10.30 6.59 4.72 1.96 6.40 3.82
T1 Y acceleration g 8.15 7.54 8.13 9.91 5.87 6.42 4.55 6.41 17.07 11.33 22.61 16.28 5.94 5.79 11.01 9.89
T4 X acceleration g 3.00 3.30 5.62 4.50 3.50 3.31 1.55 1.27 -7.22 -6.11 -9.97 -6.85 -3.19 -2.34 -6.18 -3.96
T4 Y acceleration g 6.84 5.06 10.43 10.73 4.81 5.23 4.96 6.20 11.78 7.00 16.26 12.11 4.03 3.88 6.95 7.08
T12 X acceleration g 2.39 2.47 3.88 3.59 3.09 3.32 3.59 3.59 9.85 -8.49 -13.70 -7.24 -3.57 -2.57 -9.33 -4.89
T12 Y acceleration g 8.56 9.34 13.65 15.18 3.84 4.32 6.77 3.84 5.78 4.78 11.15 8.98 3.11 2.65 4.76 5.59
Shoulder rib deflection mm 5.26 6.94 7.56 6.66 3.14 3.07 4.34 4.88 -9.54 -9.58 -14.59 -13.80 -4.38 -3.08 -7.79 -7.61
Rib 1 deflection mm 4.67 4.79 1.83 1.39 3.83 3.83 1.01 2.79 -2.65 -3.25 -3.46 -8.05 -3.86 -5.76 -3.02 -8.26
Rib 2 deflection mm 1.26 1.18 7.31 4.14 0.99 0.62 2.21 1.30 -4.77 -2.51 -9.27 -5.29 -1.48 -3.34 -1.54 -6.62
Rib 3 deflection mm 4.46 5.25 8.50 6.39 2.72 2.14 3.39 1.91 -6.46 -4.33 -12.91 -5.17 -1.70 -0.81 -1.40 -2.77
Rib 4 deflection mm 4.18 5.51 6.93 5.88 2.25 1.73 2.65 1.78 -3.48 -2.51 -9.74 -3.63 -1.01 0.42 1.41 0.56
Rib 5 deflection mm 5.25 5.40 6.90 5.57 2.63 2.20 3.07 2.09 -3.28 -1.09 -9.27 -3.40 0.31 0.25 1.55 0.83
Pelvis X acceleration g 1.69 1.63 2.63 2.85 0.91 0.74 2.98 2.98 1.52 1.67 8.65 8.02 0.81 1.08 8.96 9.38
Pelvis Y acceleration g 6.26 5.42 6.75 6.61 1.87 1.42 3.82 2.39 1.98 -1.98 -3.86 4.02 -2.36 -2.33 2.99 2.01
Pelvis Z acceleration g -2.86 -2.88 4.09 3.97 -1.43 -1.95 -3.06 -3.05 1.58 -1.26 -11.74 -11.91 1.39 -1.67 -11.98 -12.21
Side airbag pressure kPa 513.77 403.62 371.99 737.87 409.03 263.13 367.84 756.39 463.07 489.68 371.66 762.86 430.02 504.67 364.66 740.76

Signed peak response values for the full-arm test cases.
Driver 80 mm Driver 120 mm Relaxed 80 mm Relaxed 120 mm

Quantity Unit Test 1 Test 2 CPM CPG Test 1 Test 2 CPM CPG Test 1 Test 2 CPM CPG Test 1 Test 2 CPM CPG
Upper arm left X moment Nm 14.66 -16.99 12.83 15.77 18.41 17.88 8.89 9.61 16.92 14.06 -23.00 17.16 14.08 18.03 17.42 -19.55
Upper arm left Y moment Nm -23.71 -24.61 -17.83 -21.16 -15.90 -17.07 -11.49 -12.99 -27.92 -36.66 -37.86 -41.64 -27.18 -19.07 -26.42 -41.01
Forearm left X moment Nm -10.25 -6.26 -5.34 5.78 7.08 -6.18 3.73 2.86 -9.28 -11.47 -13.68 -6.05 -10.25 -8.67 4.58 6.08
Forearm left Y moment Nm -7.13 -11.91 2.96 -2.05 -3.82 -7.58 -1.49 1.33 -10.51 -19.01 -9.93 -6.11 -8.28 -8.11 -5.99 -5.40
Pelvis X acceleration g 1.48 1.30 37.44 37.23 0.80 0.77 37.27 37.22 1.97 1.98 37.27 37.30 1.04 0.99 37.37 37.29
Pelvis Y acceleration g 1.99 1.95 2.97 2.01 2.11 2.41 1.65 1.20 5.13 2.87 9.28 5.09 5.09 3.68 -2.47 -2.84
Pelvis Z acceleration g -1.45 1.06 -28.40 -28.38 0.91 -1.14 -28.38 -28.40 -2.04 2.16 -28.32 -28.34 1.38 -1.04 -28.31 -28.34
Pelvis acceleration
magnitude

g 2.00 1.95 38.76 38.59 2.12 2.42 38.64 38.56 5.25 2.94 38.61 38.65 5.09 3.75 38.70 38.65

Side airbag pressure kPa 323.68 510.49 379.13 763.75 345.54 464.59 361.95 762.92 411.30 482.70 376.22 750.07 366.01 337.16 368.64 745.12

X
X

X
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