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Abstract. Frontal- and side- impact airbags are developed 
primarily to reduce occupant injuries during vehicle 
collisions. However, such safety feature has been identified 
to have caused fatal injuries to out-of-position smaller 
females and children. This paper is aimed at investigating 
the predictive capability of the response surface 
methodology (RSM) in estimating occupants’ injury levels. 
Numerical simulations are utilized in analyzing the injury 
levels of occupants from a deploying airbag when subjected 
to various design variables such as seating configurations 
and airbag parameters. It was shown from this study that 
the proposed mathematical model was accurate and 
sufficient in predicting the occupants’ injury levels. This 
prediction model can be utilized in the design process of 
future airbags prior to experimental runs. 

1. Introduction and Background 

Despite the overall effectiveness of frontal airbag in 
protecting road vehicles' occupants from excessive 
impact loadings, the increasing utilization of airbags 
on vehicles has also seen a rise in injuries caused by 
deploying airbags on out-of-position (OOP) 
occupants. An occupant is considered as an OOP 
occupant if the occupant is in the path of a deploying 
airbag by either leaning or seating too close to the 
airbag mechanism. OOP occupants are prone to 
injuries from deploying airbags due to the fact that 
they can be exposed to significant amount of impact 
force imposed by a deploying airbag. Additionally, if 
the occupant is displaced closer to the airbag during 
the course of a collision, the occupant can also be 
considered as an OOP occupant [1]. In fact, studies 
conducted by NHTSA’s SCI and TRC have shown 
that OOP children are 60% more likely to sustain 
fatal injuries from deploying airbag. The main 
objective of this work is to develop a set of injury 
prediction model using the RSM. The fitted model 
developed from this methodology is then used to 
estimate the injury levels of a 3-year old caused by a 
deploying frontal-airbag. 

2. Parametric Study, Results and Discussion 

The selection of factors for the formulation of the 
RSM is based on experimental and/or simulated 
results from various investigators. Some of the most 

influential factors identified to have cause injuries to 
OOP occupants include the airbag fabric 
permeability, friction between the occupant and 
airbag, the inflator parameters and occupant's initial 
position. 

The first factor considered in this study is the initial 
positions of the OOP occupants, which is regulated 
by the ISO DTR 10982 standard [2]. These positions 
are prescribed based on the likelihood of the 
occupant’s position during an airbag deployment. 
The second factor is the coefficient of friction 
between the test dummy and airbag. Park et al. and 
Khan et al. [3, 4] conducted a number of numerical 
simulations and experimental tests to examine the 
interaction and the injury risk of an OOP 3-year old 
test dummy when subjected to a deploying airbag. 
Their studies show that friction coefficient is among 
one of the most influential factor in analyzing OOP 
scenarios. The third and last factor considered in this 
study is the airbag’s fabric permeability. Various 
investigators have shown that the influence of fabric 
permeability in affecting the dynamic responses of 
the head and neck is significant [5, 6]. The range of 
factors considered are the friction coefficient, µ, 
ranging from 0 to 1.0; the fabric permeability, ρ, 
ranging from 0.02 to 0.10; and OOP positions 
configurations 1 and 2. In this study, the vehicle 
model setup consists of a simple representation of a 
generic vehicle interior. The facet interior 
components, as shown in Fig. 1, include a 
windshield, airbag system, dashboard, solid bench 
and floor. 

Once the simulation setup is completed, 20 
simulation runs are performed using the multi-body 
dynamic software code, MADYMO 7.4.1, to form 
the response surfaces. To avoid repetitive graphs, the 
simulated kinematics for the 3-year old OOP test 
with the µ = 0.5 and ρ = 0.06 for position 1 and 2 are 
shown in Fig. 1. It is shown that potentially fatal 
injury levels can be expected to the head and neck 
body regions of the 3-year old. In terms of the neck 
injuries, the neck combined loading, Nij, values 
decreased with higher fabric permeability for both 
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test positions. On the contrary, the Nij value increased 
steadily with increasing coefficient of friction for 
position 2 configurations while the Nij values for 
position 1 is generally lower with higher friction. 
Lastly, the primary neck axial loadings under the 
influence of fabric permeability on both positions are 
neck tension and compression respectively. Both 
neck axial loadings decreased with increasing fabric 
permeability. 

Due to the complexity in the interaction between 
factors, the D-optimal RSM is used to establish a 
relationship between multiple inputs (factors) and 
outputs (injury responses). The RSM can be 
mathematically formulated as: 

𝑦 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽3𝑥3 + 𝛽11𝑥12 + 𝛽22𝑥22 +
𝛽33𝑥32 + 𝛽12𝑥1𝑥2 + 𝛽13𝑥1𝑥3+𝛽23𝑥2𝑥3+∈)  

where y is the injury response; βi and xi (i = 1,2,3) are 
the vector of unknown coefficient and factors, 
respectively. For illustration purposes, the response 
surfaces for the neck tension for both test positions 
are illustrated in Fig. 2. In broad terms, the DoE fitted 
model allows for the optimization of the airbag 
system, where the optimal injury response can be 
obtained at low friction coefficient and high fabric 
permeability. Using the same methodology, the 
response surfaces for the head injury criteria, HIC36, 
can be formulated. Finally, the DoE fitted model, as 
shown in Table 1, can then be used to predict the four 
injury criterias for the OOP occupants. 

 

 

 

 

       

 

          
 
                  

 

3. Conclusions 

The primary goal of this study was to determine an 
injury prediction model to an OOP 3-year old 
mathematical dummy from a deploying frontal- 
airbag. For this purpose, a generic facet vehicle 
interior was developed using MADYMO multi-body 
dynamic code. The variables or factors, namely, 
fabric permeability, friction between the dummy and 
airbag, and OOP test positions, were selected based 
on extensive literature review of various studies 
reported in the preceding section. Finally, the injury 
prediction model was developed using the D-optimal 
RSM. The predictive capability of the RSM was 
shown to be sufficient in estimating various injury 
levels to the 3-year old. A more detailed description 
and implementation of the RSM for estimating injury 
levels to OOP occupants is presented by Tay et al. 
[7]. 
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a) Simulated kinematics for position 1 from this study         b) Simulated kinematics for position 1 from this study 

Fig. 1 Simulated kinematics for position 1 and position 2 with friction of 0.5 and fabric permeability of 0.06 


