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Abstract: Throughout the vehicle crash event, the interactions between vehicle, occupant, restraint system (VOR) are complicated and
highly non-linear. CAE and physical tests are the most widely used in vehicle passive safety development, but they can only be done
with the detailed 3D model or physical samples. Often some design errors and imperfections are difficult to correct at that time, and a
large amount of time will be needed. A restraint system concept design approach which based on single-degree-of-freedom
occupant-vehicle model (SDOF) is proposed in this paper. The interactions between the restraint system parameters and the occupant
responses in a crash are studied from the view of mechanics and energy. The discrete input and the iterative algorithm method are
applied to the SDOF model to get the occupant responses quickly for arbitrary excitations (impact pulse) by MATLAB. By studying the
relationships between the ridedown efficiency, the restraint stiffness, and the occupant response, the design principle of the restraint
stiffness aiming to reduce occupant injury level during conceptual design is represented. Higher ridedown efficiency means more
occupant energy absorbed by the vehicle, but the research result shows that higher ridedown efficiency does not mean lower occupant
injury level. A proper restraint system design principle depends on two aspects. On one hand, the restraint system should lead to as high
ridedown efficiency as possible, and at the same time, the restraint system should maximize use of the survival space to reduce the
occupant deceleration level. As an example, an optimization of a passenger vehicle restraint system is designed by the concept design
method above, and the final results are validated by MADYMO, which is the most widely used software in restraint system design, and

the sled test. Consequently, a guideline and method for the occupant restraint system concept design is established in this paper.
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1 Introduction

Nowadays, CAE and physical sled tests are the most
widely used methods in vehicle safety developments!' 2.
Therefore, the advanced CAE method, for example,
conducting the simulation model, DOE test method and
optimization, have got considerable progress” °. However
throughout the vehicle crash event, the interactions between
vehicle, occupant, restraint system (VOR) are complicated
and the ways to dissipate the occupant’s total kinetic
energy are varied. If the design of a vehicle occupant
restraint system has an over-reliance on CAE tools, some
design errors and imperfections are difficult to correct at
that time, and a large amount of time will be needed!”’. This
is because the CAE methods can only be done with detailed
3D models or physical samples. In addition, the good
theoretical guidance and the initial values are often
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deficient in the development of occupant restraint systems,
which are required not only for the long-term accumulation
of the test statistics and design experience, but also the
in-depth understanding of the kinematics and dynamic
relationships between the vehicle, occupant, and restraint
system.

The occupant energy dissipation mechanism in the
vehicle frontal crash process was studied and the restraint
energy and the ridedown energy were analyzed by EVANS,
et al® and BONELLO", in 1992. The single freedom
vehicle-occupant model was built, and then it was used to
calculate the restraint energy and the ridedown energy from
the view of mechanism kinematics by HUANG, et al''” in
1995. The relationships between the vehicle frontal crash
pulse and the occupant response were studied in detail in
Ref. [11] in 2002. On the domestic side, the effect of
various crash pulses on occupant chest acceleration is
studied by ZHANG, et al“z], based on the law of
conservation of energy in 2008. However, these public
references mainly present the theory in the vehicle collision
event, and cannot be used to directly guide the forward
design of the vehicle in practical application.

A concept design approach based on the single freedom
vehicle-occupant model is proposed in this paper. The
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design principle of the restraint stiffness is presented by
studying the relationships between the ridedown efficiency,
the restraint stiffness, and the occupant response. An
optimization design of a passenger vehicle restraint system
is solved by the concept design and its final result is
validated by MADYMO which is the most used software in
restraint system design simulation and sled tests.

2 Analysis of Occupant Energy in Vehicle
Crash Progress

At the very beginning of the vehicle crash, the vehicle
and occupants have the same initial velocity to the absolute
coordinate (Fig. 1). During the crash event, there will be
relative displacement between the occupant and the vehicle.
The restraint forces acting on the occupant are produced by
this relative displacement. The occupant dynamic equation
is

K(ffjévdt—ffjéodt):mo)'éo, (1)

where X, and X, are the wvehicle’s and occupant’s
acceleration, which refer to the absolute coordinate, m, is
the occupant mass, and K is the restraint system stiffness.
The restraint system, including several sub-systems such as
belts, airbag and knee-bolster, can produce the resultant
force acting on the occupant, as shown in Fig. 1. The
restraint stiffness K is the slope of the restraint curve which
is defined as the resultant force with respect to the relative
displacement between the occupant and the vehicle.

Restraint
stiffness &

Relative coordinate

Fig. 1. Absolute and the moving coordinate systems

in vehicle crash

If the restraint stiffness is too low, the relative
displacement between the occupant and the vehicle will be
large, which would cause the occupant to impact the
vehicle interior. To the contrary, the restraint force acting
on the occupant will be high. Both of them will probably
bring serious injury to the occupant.

It has been found that, some of the occupant’s energy,
transforming through the restraint system to the vehicle,
would be absorbed by crushing the front structure, and the
other portion of the occupant’s energy is absorbed by
deforming the components of the restraint system. The first
part of this energy, called ridedown energy, is defined as

VVrd :fmojéodxv-

The second part of energy, called restraint energy, is
defined as

VVrs :fmoxodxo/va

where x, is the vehicle displacement, x,, is the relative
displacement. The restraint energy is mainly absorbed by
the deformation of safety airbags, safety belts and other
components such as the seat and steering system. The total
occupant energy is

W:fmojéoxvdt—’_fmoxoxovdt: rd +VVrs>

and the ridedown efficiency is defined as

This two parts of energy influence the occupant injury
directly and the mode of distribution can be changed by
optimizing the vehicle structure and the restraint system in
order to reduce the occupant injury levelt* %!

3 Discussion of the Restraint Stiffness Based
on the Single Occupant-vehicle Model

3.1 Energy distribution in vehicle crash process

One A-class car is taken as an example in this paper. The
vehicle acceleration (impact pulse) and occupant
acceleration data in 50 km/h frontal rigid barrier (FRB)
vehicle crash tests are shown in Fig. 2 and Fig. 3.
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Fig. 2. Vehicle acceleration
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Fig. 3. Occupant acceleration
The restraint curve is defined as the occupant

acceleration with respect to relative displacement and the
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ridedown curve is defined as the occupant acceleration with
respect to the vehicle displacement, as shown in Fig. 4. The
dynamic crash zone of the car is 0.425 m, and the
maximum relative displacement between occupant and
vehicle is 0.22 mm. The calculated driver restraint energy
is 68.0 J/kg and the ridedown energy is 30.4 J/kg in this
crash test. Note that the restraint energy curve, ridedown
energy curve and other results are all calculated by
MATLARB in this paper.

Occupant acceleration X, /g

1 | 1 | | | 1
0 50 100 150 200 250 300 350
Relative displacement xo/y/mm

(a) Restraint curve

Occupant acceleration ¥o / g

1 1
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Vehicle displacement x, /mm
(b) Ridedown curve

Fig. 4. Acceleration vs. displacement

3.2 Simplified restraint system mechanical model

A single-degree-of-freedom occupant-vehicle model,
including the spring and mass, was built, which is used to
understand the mechanic relationships between the restraint
stiffness and the occupant response, as shown in Fig. 5. The
vehicle and the occupant are both simplified to mass points,
and the restraint system is simplified to a spring with the
stiffness (k is spring stiffness, J is restraint slack and v, is
initial impact velocity). This SDOF reflects the interplay
between the vehicle and the occupant.

Xo Xy

.

Occupant K
Vehicle Mg —"\/\/\/\4
niy
J N
7
Fig. 5. Single freedom occupant-vehicle model

An iterative calculation equation is established to solve

the single freedom model by a MATLAB program. The
main calculation equations are shown below from equation
as follows. Note that the initial displacements of vehicle
and occupant are zero, and the initial velocities are 50
km/h. The input to this equation is the vehicle acceleration,
and the load limiter level L. The vehicle displacement x,
can be solved by integration, and then the restraint force F
based on the relative displacement [x,—x,| can be solved,
and the occupant acceleration X, could be obtained.
The dynamic equation of the SMF can be represented as

xxo=na—n+%wxo+na—DMA

xxo:ma—n+%uxo+na—DML

% ()= k|xv(i)—xo(i—1)—5|’

XJOZ%U—D+%HA0+%U—DML

x&DZ%U—D+%HJD+%U—DML

i=12,---,1000.

By comparing the responses with that of a physical test
and the solution from a MADYMO model (Fig. 6 and Fig.
7), the effectiveness of the SDOF program could be
validated.

Fig. 6. MADYMO simulation model

Sled test

Fig. 7.

3.3 Relationship between restraint system stiffness
and ridedown efficiency

There are three kinds of curve shapes (line 1 to 3),
including a straight curve, convex curve and concave curve,
representing the most common shapes of restraint stiffness
(Fig. 8). By the calculation of the SDOF, the ridedown
efficiencies are 30%, 40%, and 13%, respectively. These
results indicate the fact that the restraint stiffness with the
convex shape can lead to higher ridedown efficiency than
other kinds of restraint stiffness curve.
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Fig. 8. Restraint stiffness curves

So the convex restraint stiffness curve will be discussed
next. Defining the base point as the point of inflexion in
convex curves, the segment before the base point is called
the front segment and the other segment is called the rear
segment. Two kinds of convex curve are considered in this
paper. The first type, with the same slope in the front
segment, leads to similar ridedown efficiency of from 30%
as the result of MATLAB program in Fig. 9. The second
type curve, with the same slope in the rear segment, has the
different result that could be up to 45% (Line 1) in Fig. 10.
Consequently, the ridedown efficiency increases as the
stiffness of the front segment increases, which means that the
front segment slope affects the ridedown efficiency mostly.
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Fig. 9. The first types of curves
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Fig. 10. The second types of curves

3.4 Relationships between the ridedown efficiency
and the occupant’s injury
The more ridedown efficiency, the more energy which is
absorbed by the vehicle structure. As a result, the energy
which needs to be dissipated by the restraint system is less.
It is due to the fact that the summation of these two parts of
energy is equal to the occupant’s initial kinetic energy.

Even though, that does not mean the higher the ridedown
efficiency the lower the occupant’s injury levels. As shown
in Fig. 11, the broken curves lead to higher ridedown
efficiency than the real curve but it has a higher occupant
acceleration level. These curves show that higher ridedown
efficiency may lead to serious occupant injury.
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Fig. 11. Ridedown curves from physical test

The response curve shown in Fig. 12, has the highest
ridedown efficiency, which is the result of the curve Line 1
shown in Fig. 10. The design principle of the restraint
system should aim for maximum ridedown efficiency and
reducing the restraint force level through maximizing the
use of the survival space (the maximum distance from the
occupant chest to the steering wheel) as shown in Fig. 13.
If the remaining ridedown efficiency is unchanged, the
maximum magnitude approaches a 0.22 m “maximum
survival space”, and the peak occupant acceleration can be
decreased.
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Fig. 12. Ridedown curves from simplified model

Fig. 13. The maximum survival space

4 Optimization of Restraint System Based
on the SMF

The optimal design based on SDOF of the A-class car



ZHANG Junyuan, et al: Design and Optimization for the Occupant Restraint System of Vehicle Based

- 496 -

on a Single Freedom Model

was assessed by C-NCAP (China-NCAP) in this paper.
The C-NCAP contains three tests: 50 km/h FRB test, 56
km/h frontal ODB test and the side impact test. The
objective of the optimization is to reduce occupant chest
acceleration and to get a rating point higher than 10 in the
50 km/h FRB test.

Given the maximum survival space of 0.22 m for this
vehicle, shown in Fig. 13 (D,.) and the frontal impact
pulse is shown in Fig. 2. The rating point of driver chest is
0.27 m by CNCAP before optimization.

For the sake of cost, the belt pretentioner is not
implemented in this restraint system, so ¢ is added in the
example. The main optimal parameters are the safety belt
stiffness and the load limiter level.

Applying the main Eq. (1), the factor K is the restraint
stiffness and it can be achieved from the belt stiffness k.
Given the constraint conditions shown in Eq. (2), the force
produced by the relative displacement should be limited by
the load limiter level L, and the relative displacement
should be smaller than D,,,.

f f %,dr— f f $.df < Dy )

Note that the belt stiffness varies from 3% to 15% and
the load limiter levels are 3 000 N, 3 500 N, 4 000 N, 4 500
N. A program is worked out by MATLAB to do the
circular calculation to find out the appropriate results.

Based on the results from the whole combination of load
limiter level and belt stiffness (Fig. 14), the appropriate
ones can be determined, as shown in Table 1.
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—+— 4 500N
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Belt stiffness k/%

Maximum relative displacement Dy, /mm
[+
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=
T

Fig. 14. Calculation results

Table 1. Optimization results
Load limiter level L/N SRS stiffness k/%
3500 5
4000 8
4500 10

Considering the real production of the belt, the best
combination is 4 kN load limit and 8% belt stiffness. Under
this situation, the ridedown efficiency is high and the
relative distance calculated by the SDOF is very close to
Diax.

It can lead to the lowest level of chest acceleration. The

chest acceleration calculated by the SDOF is the broken
curve, as shown in Fig. 15. Then the validation with
MADYMO and sled test was done.
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Fig. 15. Three chest acceleration curves

A simulation model with the same restraint system
parameter combination which was illustrated before is
established by MADYMO and its result is shown in Fig. 15.
The sled test result is shown in the same figure. All the
curves have high coherence with each other. The dummy
injuries are shown in Table 2, and C-NCAP rating points
are shown in Table 3.

Table 2. Dummy injury level
Body . Before After
. Injury level s S
region optimization  optimization
HIC36 318 412
Head
Resultant acc. 3 ms a/g 50.75 54.3
Sheer level Ly/kN 0.54 0418
Neck Tension level L;/kN 2.02 1.805
Extension £/(N * m) 27.02 359
Chest Compression ¢/mm 38 35.1
Resultant acc. 3 ms a/g 58.82 44.33
Axial compression F,/kN 2.77 2.75
Femur . .
Slider compression s/mm 0.23 0.16
Table 3. C-NCAP rating points
Body region Before optimization After optimization
Head 5 5
Neck 2 2
Chest 0.27 2.66
Femur 2 2
Total 9.27 11.25

The appropriate design of restraint system can reduce the
occupant injury. The most important design parameters can
be calculated quickly by the single degree freedom model
in concept design. It is an effective and efficient method for
ensuring system performance.

The SDOF still cannot predict the dynamic responses of
other parts of the occupant body. In addition, the restraint
stiffness, as the key design parameter, is not correlated to
the belt stiffness directly. How to optimize the design of the
airbag, steering column and knee-bolster is going to be
investigated in a further study.



CHINESE JOURNAL OF MECHANICAL ENGINEERING

- 497

5 Conclusions

(1) The relationships between ridedown efficiency, the
restraint stiffness and occupant injury are discussed based
on the simplified vehicle-occupant model. Also, a
conceptual design and optimization for the occupant
restraint system of an A-Class car is conducted with the
simplified model. The conclusions are:

(2) The “occupant-vehicle” model is a simplified model
built from the mechanics relationship between the occupant,
restraint system and the vehicle. The main characteristics of
the occupant response can be reflected by this model.

(3) The shape of restraint stiffness curve can lead to
different ridedown efficiency and the convex curve can
lead to higher ridedown efficiency than other shaped curve
in the same vehicle crash event.

(4) The higher ridedown efficiency means more occupant
energy absorbed by the vehicle, but does not mean a lower
occupant injury level. A proper restraint system design in
protecting the occupant depends on two aspects. On one
hand the restraint system can lead to high ridedown
efficiency, on the other hand, and the restraint system
should use the survival space effectively.
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