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ABSTRACT 
The functional requirements (FRs) and design equation change 
in a flexible system with a continuous manner with respect to a 
variable such as time.  An event-driven flexible system is 
defined as a subcategory of the flexible system in that it 
changes in a discrete space.  The design equation for each event 
should be defined by using the axiomatic approach and the 
design equations are assembled to form a full design equation.  
The design equations are made by sensitivity analysis.  In 
conceptual design, the design order is determined based on the 
full design equation.  Design parameters (DPs) are found to 
satisfy FRs in sequence.  The occupant protection system is an 
event-driven flexible system because the design matrix and its 
elements change according to the impact speed.  Functional 
requirements (FRs) at different impact speeds, corresponding 
design parameters (DPs) are defined to satisfy the FRs.  In a 
detailed design, the full factorial design of experiments (DOE) 
is employed for the design variables of DPs to reduce the injury 
levels of the occupant.  Computer simulation is utilized for the 
evaluation of the injuries.  A detailed design is made and the 
results are discussed. 

Keywords: Axiomatic Design, Fixed System, Flexible System, 
Occupant Protection System 

 

1 INTRODUCTION 
Axiomatic design is a highly effective design framework for 
achieving functional requirements from the early 
conceptualization phase [1-8].  Axiomatic design has two 
design axioms, the Independence Axiom and the Information 
Axiom.  The Independence Axiom requires that the functional 
independence be satisfied during the mapping process between 
the functional requirements (FRs) and the design parameters 
(DPs).  The Information Axiom states that the best design is the 
one with minimum information content among all the designs 
that satisfy the Independence Axiom. 

In axiomatic design, the fixed system does not change the set of 
functional requirements at all times.  In contrast, the flexible 
system is defined as a system whose functional requirements 
are functions of time [2-4].  Time is used in a general sense and 
has continuous characteristics.  The event means instantaneous 
occurrences and conditions that change the state of a system.  
Generally, it has discrete characteristics.  In this paper, the 
event-driven flexible system is defined as a system whose 
functional requirements and design matrix change as the events.  
Therefore, the event-driven flexible system is a subcategory of 
the flexible system.  In this research, aspects for the event-
driven flexible system are investigated. 
In an event-driven flexible system, the same DP can be used for 
more than one FR.  In this case the system must be designed so 
that the Independence Axiom is always satisfied at all events.  
The design process for an event-driven flexible system can be 
developed to maintain the independence of the FRs at the given 
events [2-4].  The FRs can be shared by different events.  But it 
is difficult to identify the relationships between the shared FRs 
and manage the interactions between the elements of the design 
matrix at all events. 
A design process is proposed to solve the event-driven flexible 
system by using a full design equation for conceptual design.  
The full design equation is created by using all the FRs at entire 
events of the system.  The relationships of the shared FRs can 
be drawn and the design order of DPs can be determined.  
Detailed design can be conducted based on the design matrix as 
the design matrix indicates.  The event-driven flexible system 
has the shared FRs by using the same DP and many constraints.  
Sometimes the off-diagonal terms of the full design matrix 
strongly affect the other FRs if the off-diagonal elements of the 
full design matrix are large.  In a detailed design process, it 
may be difficult to determine the values of DPs.  Therefore, 
multiple solutions of the detailed design are obtained.  The 
multiple solutions can be acquired by using a full factorial 
design and the FRs are evaluated by the order of the design.  
The number of the design solution is reduced as the design 
proceeds. 
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The occupant protection system (OPS) is found to be an event-
driven flexible system because various FRs should be satisfied 
for multiple vehicle impact speeds.  FRs are defined by the 
safety regulations.  In order to represent the design equation of 
the OPS at each event, the sensitivity analysis is performed by 
using orthogonal arrays and analysis of variance (ANOVA) [9-
11].  The OPS is analyzed by using the full design matrix at all 
events.  As a result, the design order of DPs for the OPS is 
determined.  DPs are the knee bolster, the airbag and the seat 
belt.  In the detailed design process, safety is measured by 
computer simulation.  For computer simulation, a commercial 
occupant analysis system named MADYMO (MAthematical 
DYnamical MOdels) is utilized [12]. 
 

2 SYSTEM DESIGN IN AXIOMATIC DESIGN 

2.1 INTRODUCTION OF AXIOMATIC DESIGN 
Axiomatic Design has two design axioms as the scientific 
foundation of design [1-2].  The design axioms are defined 
from common principles for engineering activities as follows: 
 
Axiom 1: The Independence Axiom 

Maintain the independence of FRs. 
 

Axiom 2: The Information Axiom 
Minimize the information content of the design. 

 
The Independence Axiom states that an optimal design always 
maintains the independence of FRs.  The specific DP can be 
adjusted to satisfy its corresponding FR without affecting other 
functional requirements.  When the number of FRs is equal to 
the number of DPs and the Independence Axiom is satisfied, 
the design is an ideal design.  To satisfy the Independence 
Axiom, the design matrix must be diagonal (uncoupled design) 
or triangular (decoupled design).   
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where X means that there is a relationship and 0 means there is 
no relationship.  Since the design matrix is diagonal, the 
independence of FRs can be guaranteed only if the DPs are 
determined in a proper sequence.  1DP  has to be determined 
first and 2DP  should be determined next.  When the off-
diagonal term is zero, the DPs can be determined in any order.  
If 0 in Eq. (1) becomes non-zero, the design is coupled and the 
design should be changed to an uncoupled or a decoupled 
design.  One of the most significant benefits of the axiomatic 
design is a systematic approach to determine DPs.  The 
establishment of the correct design order avoids costly redesign 
efforts.  The Information Axiom states that the one with 
minimum information content is the best among multiple 
designs which satisfy the Independence Axiom.  The 
Information Axiom is not utilized in this research. 

2.2 CLASSIFICATION OF A FLEXIBLE SYSTEM 
A system may be defined as an assemblage of sub-systems, 
hardware and software components, and people designed to 
perform a set of tasks to satisfy specified functional 
requirements and constraints [2].  It is useful to classify the 
system because a proper classification of systems helps to 
understand and focus on functional identification of the 
systems. 
One of the most basic systems is the fixed system.  The fixed 
system has a set of functional requirements at all times.  On the 
other hand, FRs varies in a flexible system.  Generally, time is 
used as a domain for FRs.  Thus, the FRs are continuous 
functions of time.  An event means a discrete circumstance or 
condition and generally has discrete characteristics.  The event-
driven flexible system is defined as a system whose functional 
requirements and design matrix may change according to the 
events.  Therefore, an event-driven flexible system is a 
subcategory of the flexible system as illustrated in Fig. 1.  If the 
FRs are different at all events, the system is regarded as a fixed 
system. 
 

Event-Driven Flexible System

Fixed System

Flexible System

 
Fig. 1 Classification of the flexible system 

2.3 EVENT-DRIVEN FLEXIBLE SYSTEM 
The event-driven flexible system has many characteristics of 
the flexible system because FRs, DPs and design matrix (DM) 
are changed according to the discrete events.  In this system, 
the DPs must be chosen at each event so that the FRs of an 
event are independently satisfied.  Some of the FRs might 
appear in several events.  Eq. (2) is a mathematical example of 
an event-driven flexible system and the vector of FRs at each 
event is composed of a set of FRs.  In Eq. (2), 2FR , 3FR  and 

5FR  are shared by multiple events. 
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All the FRs do not need to be active at each event and a DP 
may be used to satisfy multiple FRs of different events.  Some 
of the FRs may be common to multiple events.  The search 
process for DPs can be developed according to the events.  It is 
important to maintain the independence of the FRs at each 
event.  DPs have to be selected in order to make the design of 
each event be an uncoupled or a decoupled design. 
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As mentioned earlier a process is presented to solve the event-
driven flexible system by using the full design matrix.  The 
following guidelines describe the approach to make a full 
design matrix for the event-driven flexible system: 
 
(1) At the beginning, determine the DPs to satisfy the 

Independence Axiom at each event. 
(2) The FRs at each event are represented by i,jFR  where i is 

the event number and j is the FR number. i,jFR ’s can 

represent the same FR (shared FR).  For example, 1,1FR  can 
be the same as 1,2FR . 

(3) The element of the design matrix is represented by iX  
where i is the event number. 

(4) The design equation for each event is made and the design 
equations for all the events are assembled to form a full 
design equation. 

Consider the following group of events, 
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where iX ’s in Eqs. (3) and (4) can have different values.  It is 
noted that the same DP ( 2DP ) is used in different events. 
Equation (5) shows the full design equation using Eqs. (3) and 
(4).  Equation (5) is reorganized as Eq. (6).  Although a 
component of the FR vector consists of multiple FRs, the full 
design equation does not violate the Independence Axiom 
because only one FR is active for a given event. 
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When the full design equation is completed, the design order of 
DPs is determined.  Now the conceptual design process is 
accomplished.  A DP in conceptual design can have multiple 
design variables in the detailed design process.  Generally, the 
full design equation of an event-driven system can have shared 
FRs and many constraints.  Therefore, it is difficult to conduct 
a detailed design.  Sometimes off-diagonal terms in the full 
design matrix can be important.  It is the case where the off-
diagonal elements of a full design matrix indicate large X 
relationships.  So it strongly affects the other FRs.  In this 
system design problem, it is difficult to determine the value of 
DPs by applying a single solution according to the design order 

of DPs.  Therefore, multiple solutions for a detailed design are 
the most effective way of solving this system design problem.  
A full factorial design is employed to obtain multiple solutions. 
 

3 AXIOMATIC DESIGN OF THE OCCUPANT 
PROTECTION SYSTEM 

3.1 OCCUPANT PROTECTION SYSTEM AND 
REGULATIONS 

The design of an automobile occupant protection system (OPS) 
plays an important role in vehicle development.  Extensive 
government regulations for many impact conditions make the 
design and optimization of the OPS challenging work [13-15].  
When a vehicle crash occurs, the occupant moves until it is 
restrained by the OPS.  The design of the OPS is carried out 
based on the regulations for several vehicle impact speeds.  The 
design matrix of the OPS and its elements change as the vehicle 
impact speed changes.  Therefore, the OPS is an event-driven 
flexible system and the events are defined by the impact speed. 
The most important regulations for the OPS are the Federal 
Motor Vehicle Safety Standard (FMVSS) No. 208 [15], the 
Occupant Crash Protection Standard, and consumer 
information programs such as the New Car Assessment 
Program (NCAP) [16].  The National Highway Traffic Safety 
Administration (NHTSA) administrates the FMVSS and NCAP 
to reduce deaths and injuries resulting from traffic accidents.  
In FMVSS No. 208 regulation, the running vehicle crashes into 
a fixed barrier at a specified speed and all the injury values 
shall not exceed the criteria as shown in Table 1.  In NCAP, the 
vehicle crashes into a rigid concrete barrier at 35 mph (56 
km/h).  NHTSA provides consumers with star ratings as shown 
in Table 1 to help their decision for a vehicle purchase.  The 
more number of stars, the safer the vehicle is.  The methods 
and requirements for the frontal rigid impact test are illustrated 
in Table 1. 
Table 1 Methods and requirements for frontal rigid impact test 

Test method FMVSS 208 (occupant crash protection) NCAP 

Purpose Regulation Marketing 

Test dummy 50th male dummy 5th female dummy 50th male dummy 

Safety device Airbag only Belt & airbag Airbag only Belt & airbag Belt & airbag 

Impact speed 20~25 mph 0~30 mph 20~25 mph 0~30 mph 35 mph 

Test requirement All injury values shall not exceed the criteria as 
follows. 

NCAP provides 
consumers with vehicle 
safety information 

HIC15 700 700 
Chest acceleration (g) 

(Chest G) 60 60 

Chest deflection (mm) 63 52 

Star rating system 
(from 1 to 5 star) 

combP : 

Neck injury (Nij) 1.0 1.0 

Neck peak tension (N) 4170 2620 
Neck peak 

Compression (N) 4000 2520 

Femur load (N) 10000 6800 

46% or greater 
36% to 45% 
21% to 35% 
11% to 20% 
10% or less 

: 1 star 
: 2 star 
: 3 star 
: 4 star 
: 5 star 
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( )[ ] 1
head HIC360.003515.02exp1P −×−+=  

3.2 PROBLEM DEFINITION OF THE OPS WITH 
AXIOMATIC DESIGN 

 
The OPS is evaluated from the viewpoint of the event-driven 
flexible system.  Table 1 describes the test methods for the OPS 
and its requirements.  The design purpose of the OPS is to 
minimize injuries under these test conditions.  In earlier 
development of the vehicle, the worst speeds of Table 1 are 
utilized.  Events are defined by the worst speeds.  Table 2 
shows the defined events for the OPS. 
 

Table 2 Events of the OPS 
Event 

no
Impact speed Dummy type Safety device 

Event 1 25 mph 5% female Airbag only 

Event 2 25 mph 50% male Airbag only 

Event 3 30 mph 5% female Airbag & seat 
belt

Event 4 35 mph 50% male Airbag & seat 
belt 

The functional requirements of the OPS are for occupant 
protection in a vehicle crash.  The protection of the upper body 
and lower body are chosen as the FRs of the OPS.  Detailed 
design criteria are needed because occupant protection is a 
quantitative concept.  The injury criteria as shown in Table 1 
are the physical quantity measured by the test dummy during 
the impact test.  As mentioned earlier, the injury criteria are 
evaluated by computer simulation in this research.  The injury 
criteria of the upper body include the injuries of head, neck and 
chest for a dummy.  And the injury criteria of the lower body 
include the injuries of the femur.  The sponsoring company of 
this research has constraints that all injuries are within 80% of 
the standard for sufficient safety.   Therefore, 80% of the 
criteria is utilized in this research.  It is summarized as follows. 
 
At each event, 

1FR : Protect the lower body 

2FR : Protect the upper body 
Constraints: All injuries are within 80% of the standard 
 
An existing design of the OPS is analyzed.  The OPS includes 
the knee bolster, the airbag and the seat belt and they are the 
DPs.  Each DP can have multiple design variables in a detailed 
design.  The knee bolster is for reducing femur injuries and a 
vehicle has a unique shape according to the intrusion angle and 
the contact point between the interior part and the knee bolster.  
The knee bolster absorbs the impact energy generated from 
contact between the femur and vehicle interior [17-19]. 
The airbag protects the occupant by the airbag pressure [20].  
The design variables for the airbag are the inflator pressure, the 
bag size and the vent hole to control the leakage of gas.  The 
seat belt restrains the occupant by using the webbing force, and 
the design variables to control the webbing force are webbing 

elongation and the load limiter.  The load limiter releases the 
webbing when the webbing force is larger than a certain value. 
Sensitivity analysis can be exploited to determine the elements 
of the design matrix.  Because exact mathematical 
differentiation only represents local information, it may not be 
useful.  Thus, regional sensitivity information is utilized.  
Regional sensitivity means sensitivity for a certain range of a 
design variable.  The regional sensitivity is evaluated by 
analysis of variance (ANOVA).  Orthogonal arrays are 
employed for calculation of the ANOVA [9-11].  The response 
of each row of an orthogonal array is calculated by computer 
simulation and the ANOVA is computed as the sum of squared 
deviations from the mean responses. 
For sensitivity analysis, the levels of design variables are given 
in Table 3 and Fig. 2. 18L  orthogonal array is used for events 1 
and 2 in Table 2, and 36L  orthogonal array is used for the 
events 3 and 4 [10,11].  Computer simulation is performed for 
all events.  The simulation model is illustrated in Fig. 3. 
 

Table 3 Design variables and levels for the OPS 
Design 
group Airbag Knee bolster Seat belt 

Level Inflator 
Vent 
hole 
size 

Bag 
diameter Shape Thicknes

s 
Load 

limiter 
Elongatio

n 

Level 1 190 kPa 20 mm 690 mm Type 1 1.0 mm 3500 N 7 % 

Level 2 200 kPa 25 mm 710 mm Type 2 1.5 mm 4500 N 11 % 

Level 3 210 kPa 30 mm ─ Type 3 2.0 mm ─ ─ 

 

 
(a) Type 1            (b) Type 2           (c) Type 3 

Fig. 2 Design variables for the knee bolster bracket 
 
 

 
Fig. 3 Simulation model for the OPS 
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Tables 4 and 5 show the simulation results for all events.  The 
analysis results are expressed as the percentage with respect to 
injury criteria in Table 1.  The sums of squares of all events are 
obtained from the ANOVA as shown in Tables 6-9 and Tables 
10-13 represent the relative magnitude. 
 
 

Table 4 18L  orthogonal arrays and results  
for event 1 and event 2 

DOE 
no. 

Bag 
diameter Shape Thickness Inflator Vent 

hole 1,1FR  2,1FR  1,2FR  2,2FR  

1 1 1 1 1 1 57.6 78.2 119.2 78.2 
2 1 1 2 2 2 59.5 75.3 134.4 77.4 
3 1 1 3 3 3 61.5 72.5 127.6 72.8 
4 1 2 1 1 2 59.8 79.6 71.4 78.3 
5 1 2 2 2 3 67.6 77.8 109.9 81.9 
6 1 2 3 3 1 68.0 80.0 128.0 82.6 
7 1 3 1 2 1 72.4 80.8 71.3 74.0 
8 1 3 2 3 2 78.4 77.9 100.8 75.0 
9 1 3 3 1 3 77.5 78.2 119.3 78.4 

10 2 1 1 3 3 56.8 73.1 137.3 73.8 
11 2 1 2 1 1 57.4 80.1 136.8 77.9 
12 2 1 3 2 2 57.2 76.1 142.1 75.7 
13 2 2 1 2 3 61.8 77.9 71.8 76.9 
14 2 2 2 3 1 67.7 80.3 112.0 82.7 
15 2 2 3 1 2 66.0 83.4 129.2 85.5 
16 2 3 1 3 2 71.4 77.0 71.1 73.4 
17 2 3 2 1 3 76.8 80.8 97.1 78.1 
18 2 3 3 2 1 77.7 80.2 121.8 78.1 

 
Table 5 36L  orthogonal arrays and results 

for event 3 and event 4 
DOE 
no. 

Load 
limiter 

Elong 
ation 

Bag 
diameter 

Vent 
hole Inflator Shape Thick 

ness 1,3FR  2,3FR  1,4FR  2,4FR  

1 1 1 1 1 1 1 1 32.6 79.4 19.8 70.0 
2 1 1 1 1 2 2 2 41.9 79.7 56.9 74.4 
3 1 1 1 1 3 3 3 42.3 78.8 72.8 77.4 
4 1 2 2 1 1 1 1 29.8 82.0 19.7 70.2 
5 1 2 2 1 2 2 2 40.6 83.9 52.4 74.5 
6 1 2 2 1 3 3 3 40.5 83.1 71.7 77.2 
7 2 1 2 1 1 1 2 37.2 79.4 23.2 71.5 
8 2 1 2 1 2 2 3 43.3 80.0 81.7 79.7 
9 2 1 2 1 3 3 1 38.4 77.9 40.6 78.6 

10 2 2 1 1 1 1 3 36.1 82.9 25.7 75.2 
11 2 2 1 1 2 2 1 37.9 81.8 43.9 79.6 
12 2 2 1 1 3 3 2 39.6 81.8 58.3 83.0 
13 1 1 1 2 1 2 3 42.3 79.8 76.8 72.7 
14 1 1 1 2 2 3 1 39.0 77.2 38.8 71.9 
15 1 1 1 2 3 1 2 37.3 77.5 21.3 70.0 
16 1 2 2 2 1 2 3 42.2 82.5 76.8 71.7 
17 1 2 2 2 2 3 1 34.5 82.2 36.7 71.9 
18 1 2 2 2 3 1 2 34.0 81.4 22.8 70.3 
19 2 1 2 2 1 2 1 39.5 79.3 43.7 72.7 
20 2 1 2 2 2 3 2 40.1 78.4 59.4 77.4 
21 2 1 2 2 3 1 3 38.8 77.4 24.7 74.6 
22 2 2 1 2 1 2 2 40.6 81.9 57.6 78.2 
23 2 2 1 2 2 3 3 40.3 82.3 68.8 81.3 
24 2 2 1 2 3 1 1 31.3 79.9 21.8 75.5 
25 1 1 1 3 1 3 2 39.6 77.8 58.5 71.5 
26 1 1 1 3 2 1 3 38.7 77.4 23.9 67.7 
27 1 1 1 3 3 2 1 38.6 76.4 44.2 71.3 
28 1 2 2 3 1 3 2 39.9 80.6 59.6 70.2 
29 1 2 2 3 2 1 3 37.2 81.0 24.5 68.3 
30 1 2 2 3 3 2 1 38.2 80.8 43.6 71.9 
31 2 1 2 3 1 3 3 41.0 79.1 71.4 74.9 
32 2 1 2 3 2 1 1 32.3 76.9 21.3 70.5 
33 2 1 2 3 3 2 2 42.3 77.2 57.9 76.9 
34 2 2 1 3 1 3 1 34.9 80.2 37.3 75.3 
35 2 2 1 3 2 1 2 34.1 80.1 23.6 73.2 
36 2 2 1 3 3 2 3 42.1 80.3 79.4 80.4 

 

Table 6 Sum of squares for event 1 
DP Knee bolster Airbag 

1,1FR  1000.1 21.3 

2,1FR  56.1 67.0 
 

Table 7 Sum of squares for event 2 
DP Knee bolster Airbag 

1,2FR  8789.8 277.5 

2,2FR  147.4 36.7 
 

Table 8 Sum of squares for event 3 
DP Knee bolster Airbag Seat belt 

1,3FR  365.4 2.6 27.4 

2,3FR  7.6 30.0 98.9 
 

Table 9 Sum of squares for event 4 
DP Knee bolster Airbag Seat belt 

1,4FR  13398.3 86.9 15.1 

2,4FR  162.3 128.0 220.6 
 

Table 10 Relative magnitude of the sum of squares  
for event 1 

DP Knee bolster Airbag 

1,1FR  1.0 0.021 

2,1FR  0.837 1.0 
 

Table 11 Relative magnitude of the sum of squares  
for event 2 

DP Knee bolster Airbag 

1,2FR  1.0 0.032 

2,2FR  1.0 0.249 
 

Table 12 Relative magnitude of the sum of squares  
for event 3 

DP Knee bolster Airbag Seat belt 

1,3FR  1.0 0.007 0.075 

2,3FR  0.077 0.303 1.0 
 

Table 13 Relative magnitude of the sum of squares  
for event 4 

DP Knee bolster Airbag Seat belt 

1,4FR  1.0 0.006 0.001 

2,4FR  0.736 0.580 1.0 
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An element of the design matrix is assumed to be zero if the 
relative magnitude is below the allowable tolerance.  In this 
study, the allowable tolerance is defined as 0.1.  From the 
sensitivity analysis, the design equation of the OPS at each 
event is defined as follows: 
 
@event 1: 5% dummy, 25mph, unbelted 
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@event 2: 50% dummy, 25mph, unbelted 

⎭
⎬
⎫

⎩
⎨
⎧
⎥
⎦

⎤
⎢
⎣

⎡
=

⎭
⎬
⎫

⎩
⎨
⎧

Airbag
rKneeBolste

XX
X

FR
FR

22

2

2,2

2,1 0
 

 
@event 3: 5% dummy, 30mph, belted                                  (7) 
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@event 4: 50% dummy, 35mph, belted 
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Some FRs exist in different events and these FRs have to be 
distinguished.  Therefore the FRs at each event are represented 
by jiFR ,  where i is the event number and j is the FR number.  

Actually, jmFR ,  and jnFR ,  ( nm ≠ ) are the same (shared FR). 
From Eq. (7), the full design equation is made as  
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From Eq. (8), the order of determination for DPs is defined.  A 
detailed design for DPs will be made based on the order in the 
next section. 
 

4 DETAILED DESIGN OF THE OCCUPANT 
PROTECTION SYSTEM 

The OPS has many constraints and shared FRs as shown in Eq. 
(8).  Because the effect of the off-diagonal terms is large, a 
predetermined DP can considerably affect the FRs in the next 
process.  Also, the constraints of the next process may not be 
satisfied if a DP of the previous process is fixed.  Therefore, 
multiple solutions for each DP are obtained in the detailed 
design process.  The multiple solutions can be acquired by 
using a full factorial design at each step of the design order.  As 
mentioned earlier, a full factorial design is performed for 
computer simulation [21,22]. 
 

4.1 ANALYSIS OF THE KNEE BOLSTER 
Figure 2 and Table 3 show the design variables and the levels 
for the knee bolster.  The knee bolster protects the lower body 
and the corresponding injury is the femur load.  The femur load 
is measured in two places of the left femur and the right femur.  
Based on Eq. (8), four events are involved for the knee bolster. 
Table 14 shows the results of a full factorial simulation and the 
number of simulations is 36.  The results are normalized 
percentages by the criteria in Table 1.  Two feasible design 
conditions are selected based on the maximum femur load 
among the eight femur loads.  In Table 14, the shadowed space 
represents the case when the femur load is above 80%, which 
means the constraint is violated.  The two feasible designs are 
transmitted to the next process.  Max(FR) in Table 14 is the 
maximum value of 1,iFR  (i=1,…,4). 
 

Table 14 Simulation results for the knee bolster 
DOE 
no. Shape Thickness 

(mm) 1,1FR  1,2FR  1,3FR 1,4FR Max(FR) 

1 type 1 1.0 60.9 118.7 22.3 19.9 118.7 

2 type 1 1.5 59.5 134.4 25.3 21.0 134.4 

3 type 1 2.0 59.7 125.3 26.4 24.1 125.3 

4 type 2 1.0 61.1 71.5 26.2 45.3 71.5 

5 type 2 1.5 68.5 111.0 28.3 56.8 111.0 

6 type 2 2.0 68.0 126.6 29.1 77.0 126.6 

7 type 3 1.0 69.5 70.7 26.5 38.8 70.7 

8 type 3 1.5 77.0 101.7 26.8 58.4 101.7 

9 type 3 2.0 78.8 122.7 28.9 72.0 122.7 

 
 

4.2 ANALYSIS OF THE AIRBAG 
The airbag protects the upper body and the corresponding 
injury is HIC15, the chest acceleration (chest G) and the neck 
injury in Table 1.  In Eq. (8), two events are involved in the 
airbag.  In the previous step, two feasible designs of the knee 
bolster are selected.  The full factorial cases are defined 
including the two feasible designs.  Therefore, the total number 
of cases is 72 as shown in Table 15. 
The design variables and levels of the airbag are shown in 
Table 3.  Table 15 shows the results of a full factorial 
simulation for the airbag.  2,iFR  is the maximum of HIC15, 
chest G and neck injury, and Max (FR) is the larger one of 

2,1FR  and 2,2FR .  The shadowed spaces represent the cases 
where the constraint is violated.  From Table 15, 9 feasible 
design designs are selected and these include the design of the 
knee bolster and the airbag. 
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Table 15 Simulation results for the airbag 
DOE 
no. Shape Thickness 

(mm) 
Bag 

diameter 
Inflator 
(kPa) 

Vent 
hole 

(mm) 
2,1FR  2,2FR  Max(FR) 

1 type 2 1.0 680 190 20 81.4 78.8 81.4 

2 type 2 1.0 680 190 25 79.6 78.3 79.6 

3 type 2 1.0 680 190 30 77.0 77.1 77.1 

4 type 2 1.0 680 200 20 80.1 76.7 80.1 

5 type 2 1.0 680 200 25 78.6 77.3 78.6 

6 type 2 1.0 680 200 30 77.2 76.9 77.2 

7 type 2 1.0 680 210 20 77.2 75.0 77.2 

8 type 2 1.0 680 210 25 77.0 74.7 77.0 

9 type 2 1.0 680 210 30 75.0 74.6 75.0 

10 type 2 1.0 710 190 20 83.0 78.1 83.0 

11 type 2 1.0 710 190 25 81.2 79.0 81.2 

12 type 2 1.0 710 190 30 80.6 78.1 80.6 

13 type 2 1.0 710 200 20 79.4 78.0 79.4 

14 type 2 1.0 710 200 25 77.6 77.1 77.6 

15 type 2 1.0 710 200 30 77.9 76.9 77.9 

16 type 2 1.0 710 210 20 78.6 77.1 78.6 

17 type 2 1.0 710 210 25 77.9 76.4 77.9 

18 type 2 1.0 710 210 30 77.4 75.5 77.4 

19 type 3 1.0 680 190 20 80.7 75.8 80.7 

20 type 3 1.0 680 190 25 79.2 75.7 79.2 

21 type 3 1.0 680 190 30 77.9 74.4 77.9 

22 type 3 1.0 680 200 20 80.8 74.0 80.8 

23 type 3 1.0 680 200 25 78.8 74.1 78.8 

24 type 3 1.0 680 200 30 77.4 73.9 77.4 

25 type 3 1.0 680 210 20 77.7 72.8 77.7 

26 type 3 1.0 680 210 25 77.3 71.9 77.3 

27 type 3 1.0 680 210 30 75.7 71.6 75.7 

28 type 3 1.0 710 190 20 83.2 73.6 83.2 

29 type 3 1.0 710 190 25 81.8 77.3 81.8 

30 type 3 1.0 710 190 30 80.2 76.2 80.2 

31 type 3 1.0 710 200 20 79.1 74.7 79.1 

32 type 3 1.0 710 200 25 78.2 74.2 78.2 

33 type 3 1.0 710 200 30 77.3 74.1 77.3 

34 type 3 1.0 710 210 20 78.2 74.2 78.2 

35 type 3 1.0 710 210 25 77.0 73.4 77.0 

36 type 3 1.0 710 210 30 77.9 72.7 77.9 

 

4.3 ANALYSIS OF THE SEAT BELT 
In the previous step, 9 feasible designs are selected.  Full 
factorial cases are made including the 9 designs.  Thus the total 
number of the cases is 36.  The seat belt design variables and 
levels are shown in Table 3.  The seat protects the upper body 
and the corresponding injury is HIC15, Chest G and neck 
injury.  In Eq. (8), two events are involved in the seat belt. 
Table 16 shows the results of full factorial cases for the seat 
belt. 2,iFR  is the maximum of HIC15, chest G and neck injury, 
and Max (FR) is the larger one of 2,3FR  and 2,4FR .  The 
shadowed spaces represent the cases where the constraint is 
violated.  Therefore, multiple solutions are obtained.  The final 
design will be selected in the next section by the NCAP test. 
 
 

Table 16 Simulation results for the seat belt 
DOE 
no. Shape Thickness 

(mm) 
Bag 

diameter
Inflator 
(kPa) 

Vent 
hole 
(mm) 

Load 
limiter 

(N) 

Elongation 
(%) 2,3FR 2,4FR  Max(FR)

1 type 2 1.0 680 210 30 3500 7 76.4 71.3 76.4 

2 type 2 1.0 680 210 30 3500 11 79.4 72.1 79.4 

3 type 2 1.0 680 210 30 4500 7 75.7 75.6 75.7 

4 type 2 1.0 680 210 30 4500 11 79.7 77.7 79.7 

5 type 3 1.0 680 210 30 3500 7 76.2 71.3 76.2 

6 type 3 1.0 680 210 30 3500 11 79.2 72.1 79.2 

7 type 3 1.0 680 210 30 4500 7 75.5 75.8 75.8 

8 type 3 1.0 680 210 30 4500 11 79.3 78.1 79.3 

9 type 2 1.0 680 210 25 3500 7 77.5 73.2 77.5 

10 type 2 1.0 680 210 25 3500 11 80.5 74.2 80.5 

11 type 2 1.0 680 210 25 4500 7 76.9 77.1 77.1 

12 type 2 1.0 680 210 25 4500 11 80.9 79.1 80.9 

13 type 3 1.0 710 210 25 3500 7 78.3 72.6 78.3 

14 type 3 1.0 710 210 25 3500 11 81.5 73.8 81.5 

15 type 3 1.0 710 210 25 4500 7 77.1 76.7 77.1 

16 type 3 1.0 710 210 25 4500 11 81.5 79.3 81.5 

17 type 2 1.0 680 190 30 3500 7 77.7 69.0 77.7 

18 type 2 1.0 680 190 30 3500 11 81.0 70.1 81.0 

19 type 2 1.0 680 190 30 4500 7 77.2 72.2 77.2 

20 type 2 1.0 680 190 30 4500 11 80.3 75.0 80.3 

21 type 2 1.0 680 210 20 3500 7 78.2 74.8 78.2 

22 type 2 1.0 680 210 20 3500 11 81.6 75.7 81.6 

23 type 2 1.0 680 210 20 4500 7 78.0 79.3 79.3 

24 type 2 1.0 680 210 20 4500 11 81.8 80.7 81.8 

25 type 2 1.0 680 200 30 3500 7 77.2 70.2 77.2 

26 type 2 1.0 680 200 30 3500 11 81.1 71.0 81.1 

27 type 2 1.0 680 200 30 4500 7 76.6 74.5 76.6 

28 type 2 1.0 680 200 30 4500 11 80.2 76.6 80.2 

29 type 3 1.0 680 210 25 3500 7 77.3 73.2 77.3 

30 type 3 1.0 680 210 25 3500 11 80.4 74.6 80.4 

31 type 3 1.0 680 210 25 4500 7 76.8 77.4 77.4 

32 type 3 1.0 680 210 25 4500 11 80.5 79.5 80.5 

33 type 3 1.0 710 200 30 3500 7 77.3 69.6 77.3 

34 type 3 1.0 710 200 30 3500 11 80.8 70.8 80.8 

35 type 3 1.0 710 200 30 4500 7 77.3 72.8 77.3 

36 type 3 1.0 710 200 30 4500 11 79.7 76.0 79.7 

 

4.4 DISCUSSION 
The occupant protection system (OPS) is an event-driven 
flexible system and has to be designed to satisfy the FRs at all 
events.  The OPS is evaluated by using the full design equation 
for the conceptual design and a full factorial design for the 
detailed design.  The design order of DPs for the OPS is 
determined from the full design equation.  The knee bolster is 
designed first, the airbag is designed second and the seat belt is 
designed last. 
180 simulations are performed for a full factorial design.  The 
design is carried out based on the full factorial design.  In Table 
14, the femur load of type 1 is high because the deformation of 
type 1 is very large and contact occurs between the femur and 
the cowl cross member.  Thus, the knee bolster becomes stiffer.  
From Tables 15 and 16, multiple solutions are obtained. 
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In early development of the vehicle, it is advantageous to have 
multiple solutions.  But sometimes the designers may want to 
obtain a single solution.  In this case, new evaluation criterion 
can be used.  In this study, the priority list is determined by 
using the NCAP star rating as shown in Table 1.  The priority 
list is shown in Table 17 and the first row is the best.  In the 
final design, the airbag inflator has low pressure and the vent 
hole becomes large.  The seat belt is designed to have 
properties of 7% elongation and 3500N load limiter. 
 

Table 17 Priority list based on the NCAP star rating 
Shape Thickness 

(mm) 
Bag diameter 

(mm) 
Inflator 
(kPa) 

Vent hole
(mm) 

Load limiter 
(N) 

Elongation 
(%) 

NCAP star rate 
(%) 

type 2 1.0 680 190 30 3500 7 8.23 

type 3 1.0 710 200 30 3500 7 8.42 

type 2 1.0 680 200 30 3500 7 8.61 

type 2 1.0 680 210 30 3500 7 8.96 

type 3 1.0 680 210 30 3500 7 8.98 

type 2 1.0 680 190 30 4500 7 9.15 

type 2 1.0 680 210 30 3500 11 9.21 

type 3 1.0 680 210 30 3500 11 9.22 

type 3 1.0 710 200 30 4500 7 9.40 

type 3 1.0 710 210 25 3500 7 9.78 

type 2 1.0 680 200 30 4500 7 9.94 

type 3 1.0 680 210 25 3500 7 10.07 

type 2 1.0 680 210 25 3500 7 10.07 

type 2 1.0 680 210 30 4500 7 10.35 

type 3 1.0 680 210 30 4500 7 10.39 

type 3 1.0 710 200 30 4500 11 10.40 

type 2 1.0 680 210 30 4500 11 11.09 

type 3 1.0 710 210 25 4500 7 11.20 

type 3 1.0 680 210 30 4500 11 11.21 

type 2 1.0 680 210 20 3500 7 11.25 

type 2 1.0 680 210 25 4500 7 11.43 

type 3 1.0 680 210 25 4500 7 11.50 

type 2 1.0 680 210 20 4500 7 12.92 

 
 

5 CONCLUSIONS 
The event-driven flexible system is defined as a system whose 
functional requirements and design equation change according 
to events.  This system is a subcategory of the flexible system.  
When the full design equation is established, the relationships 
of the shared FRs can be drawn and the design order of DPs 
can be determined. 
The Occupant Protection System (OPS) is an event-driven 
flexible system and it is investigated by using a full design 
equation for conceptual design.  For a detailed design, the full 
factorial design is utilized for all the cases.  Each case is 
evaluated by computer simulation and a design is determined 
based on the order of the conceptual design.  From the full 
factorial simulation, multiple solutions can be acquired.  The 
final solution is determined to have the best value in the NCAP 
test.  In future work, the OPS for side impact will be studied. 
 
 

ACKNOWLEDGEMENTS 
This research was supported by the Delphi Korea Corporation 
and the Center of Innovative Design Optimization Technology, 
which was funded by the Korea Science and Engineering 
Foundation.  The authors are thankful to Mrs. MiSun Park for 
her correction of the manuscript. 
 
 

6 REFERENCES 

[1] Suh, N.P., The Principles of Design, New York: Oxford 
University Press, 1990. 

[2] Suh, N.P., Axiomatic Design: Advances and Applications, 
New York: Oxford University Press, 2001. 

[3] Suh, N.P., “Axiomatic Design Theory for Systems,” 
Research in Engineering Design, (1998)10:189-209, 1998. 

[4] Lee, T.S., Complexity Theory in Axiomatic Design, MIT 
Doctorial Thesis, 2003. 

[5] Shin, G.S., Yi, J.W. and Park, G.J., “Axiomatic Design 
of a Beam Adjuster for a Laser Marker,” Transactions of 
the KSME (A), Vol. 26, No. 9, pp. 1727~1735, 2002. (In 
Korean) 

[6] Yi, J.W., Ha, D.Y., Lee, S.W., Lim, J.M. and Park, G.J., 
“Development of Design System for EPS Cushioning 
Package of Monitor Using Axiomatic Design,” 
Transactions of the KSME (A), Vol. 27, No. 10, 2003. (In 
Korean) 

[7] Hwang, K.H., Lee, K.W., Park, G.J., Lee, B.L., Cho, 
Y.C. and Lee, S.H., “Robust Design of the Vibratory 
Gyroscope with Unbalanced Inner Torsion Gimbal Using 
Axiomatic Design,” Journal of Micromechanics and 
Microengineering, Vol. 13, No. 1, 2003. 

[8] Shin, M.K., Kim, Y.I., Kang, B.S. and Park, G.J., 
“Design of Automobile Seat with Regulations Using 
Axiomatic Design,” Proceedings of the Institution of 
Mechanical Engineerings, Part D, Journal of Automobile 
Engineering, 2005. 

[9] Lee, K.W., Optimization of Structures Using 
Independence Design Axiom, Hanyang University 
Doctorial Thesis, 1998. (In Korean) 

[10] Hedayat, A.S., Sloane, N.J.A. and Stufken, J., 
Orthogonal Arrays, Springer, New York, NY, 1999. 

[11] Minitab Inc., Minitab Users Manual, 2004. 

[12] TNO Road Vehicles Research Institute, MADYMO 
Users Manual, 2004. 

[13] NHTSA (National highway traffic safety 
administration), 49 CFR Parts 571, 585, 587, and 595 : 
Proposed Rule, RIN 2127-AG70, 1998. 



“Axiomatic design of the occupant protection system” 
4th International Conference on Axiomatic Design 

Firenze  – June 13-16, 2006 

Copyright © 2006 by ICAD2006  Page: 9/9 

[14] Youn, Y.H. and Hong S.J., “Evaluation of Airbag 
Effectiveness and Reliability by the Frontal Sled Test,” 
Journal of the Korean Society of Automotive Engineers, 
Vol. 25, No. 2, pp. 23-28, 2003. (In Korean) 

[15] NHTSA (National Highway Traffic Safety 
Administration), U.S. Code of Federal Regulations (CFR), 
Title 49 (Transportation), Part 571.208 Occupant Crash 
Protection, 2004. 

[16] NHTSA (National Highway Traffic Safety 
Administration), http://www.nhtsa.dot.gov/cars/testing/ 
ncap/Info.htm 

[17] Ko, C.S., Lee, K.W. and Yeo, T.J., “Stablishment of 
Knee Impact Analysis Model and Design of Knee Bolster 
Bracket,” HanPAM Conference, 2004. (In Korean) 

[18] Woodman D., “High Efficiency Energy Absorber for 
Knee Impact,” SAE2003-01-1170, 2003. 

[19] Krishnaraj, S., Kulkarni, K.B., Nrayanasamy, V. and 
Thyagarajan, R., “Occupant Knee Impact Simulations: a 
Parametric Study,” SAE-2003-01-1168, 2004. 

[20] Funabashi, S., Kuzumaki, S. and Chiba, M., 
“Improvement of a Dummy Structure Preventing Contact 
between the AM50 (50th-percentile adult male) Dummy 
Chest and Hip Sections,” SAE-2004-01-0318, 2004. 

[21] Jeon, S.K., “A Stochastic Approach to Occupant Behavior 
Analysis using ST-ORM and MADYMO,” 4th Korean 
MADYMO Conference, 2003. (In Korean) 

[22] Jeon, S.K. and Park, G.J., “Design of Occupant 
Protection Systems Using Global Optimization,” Journal 
of the Korean Society of Automotive Engineers, Vol. 12, 
No. 6, pp. 135-142, 2004. (In Korean) 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


