
AFRL-HE-WP-TP-2005-0025 STINFO COPY

AIR FORCE RESEARCH LABORATORY

Optimal Restraint Characteristics for Minimization of
Peak Occupant Deceleration in Frontal Impact

Zhiqing Cheng

General Dynamics AIS
5200 Springfield Pike, Suite 200

Dayton OH 45431-1289

Joseph A. Pellettiere

Air Force Research Laboratory

October 2005

Interim Report for June 2004 to October 2005

20060215 210

Approved for public release; Human Effectiveness Directorate
distribution is unlimited. Biosciences and Protection Division

Biomechanics Branch
Wright-Patterson AFB OH 45433-7947



The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including
suggestions for reducing this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite
1204, Arlington VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of
information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.
1. REPORT DATE (DD-MMM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)

13-Oct-2005 Interim June 04-Oct 05
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Optimal Restraint Characteristics for Minimization of Peak Occupant FA8650-04-D-6472
Deceleration in Frontal Impact 5b. GRANT NUMBER

N/A

5c. PROGRAM ELEMENT NUMBER
62202F

6. AUTHOR(S) 5d. PROJECT NUMBER
7184

Zhiqing Cheng, AIES, General Dynamics, Joseph A. Pellettiere, 5e. TASK NUMBER

AFRL/HEPA 02

5f. WORKUNIT NUMBER
11

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Air Force Research Laboratory, Human Effectiveness Directorate REPORT NUMBER

Biosciences & Protection Division AIES, A General Dynamics Company
Biomechanics Branch 5200 Springfield Pike Suite 200
Air Force Materiel Command Dayton, OH 45431-1289 AFRL-HE -WP - TP -2005-0025
Wright-Patterson AFB OH 45433-7947
9. SPONSORING I MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR I MONITOR'S ACRONYM

AFRi/HEPA

11. SPONSOR/MONITOR'S REPORT NUMBER(S)

12. DISTRIBUTION I AVAILABILITY STATEMENT

Approved for public release; distribution is unlimited

13. SUPPLEMENTARY NOTES
Published in the 2006 SAE World Congress Proceedings AFRL/WS-06-0045, 4 Jan 06

14. ABSTRACT
In automobile frontal impact, given the vehicle motion and the interior free space for the occupant's excursion, what are the optimal
characteristics of restraint systems for the minimization of the peak occupant deceleration? In this paper, the problem is treated as the
optimal protection from impact based on a lumped-parameter model of the occupant-vehicle system. The optimal kinematics of the
occupant in frontal impact is studied. The optimal characteristics of passive restraint systems are investigated in detail for three types of
vehicle crash pulses: optimal pulse, constant deceleration pulse, and half-sine pulse. Optimization of the characteristics of active and
pre-acting restraint systems is addressed. It is found that the optimal kinematics of the occupant in frontal impact is such that the
occupant moves at a constant deceleration. Passive restraint systems are not able to provide required protection for the occupant to
attain optimal kinematics, but active and pre-acting restraint systems can achieve that if optimally designed.

15. SUBJECT TERMS

Wavelets, model validation, biodynamics, modeling, correlation analysis

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON:
a. REPORT b. ABSTRACT c. THIS PAGE ABSTRACT OFPAGES Nathan Wright

U U U SAR 9 19b. TELEPHONE NUMBER (Include area code)
937-255-2554

Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. Z39-18



06B-209

Optimal Restraint Characteristics for Minimization of Peak
Occupant Deceleration in Frontal Impact

Zhiqing Cheng
Advanced Information Engineering Services, A General Dynamics Company

5200 Springfield Pike Suite 200, Dayton, OH 45431-1289

Joseph A. Pellettiere
Human Effectiveness Directorate, Air Force Research Laboratory

2800 Q Street, Wright-Patterson AFB, OH 45433-7947

'ABSTRACT approach uses physical parameters of a restraint system
as the design variables in optimization. As the objective

In automobile frontal impact, given the vehicle motion function in optimization is to minimize certain injury
and the interior free space for the occupant's excursion, criteria, which in turn involve respective occupant
what are the optimal characteristics of restraint systems responses, it is necessary to establish a direct
for the minimization of the peak occupant deceleration? relationship between these physical parameters and
In this paper, the problem is treated as the optimal occupant responses. This requires efficient and accurate
protection from impact based on a lumped-parameter modeling and simulation of the problem, which, at the
model of the occupant-vehicle system. The optimal present time and for given complexity 'of automobile
kinematics of the occupant in frontal impact is studied. structures/restraint systems, occupants, and the
The optimal characteristics of passive restraint systems interaction between them, still represents a great
are investigated in detail for three types of vehicle crash challenge. The indirect approach handles the issue by a
pulses: optimal pulse, constant deceleration pulse, and two-step strategy: first, for the minimization of the
half-sine pulse. Optimization of the characteristics of occupant injuries, find the optimal characteristics for a
active and pre-acting restraint systems is addressed. It restraint system; then, either solve an inverse design
is found that the optimal kinematics of the occupant in problem for the system according to its optimal
frontal impact is such that the occupant moves at a characteristics or use the optimal characteristics as a
constant deceleration. Passive restraint systems are not guideline for the restraint system design.
able to provide required protection for the occupant to
attain optimal kinematics, but active and pre-acting The study in this paper will use the indirect approach
restraint systems can achieve that if optimally designed. and deal with the problem in -the first step for frontal

impact, i.e., the optimal restraint characteristics. The
INTRODUCTION question can be expressed as: for prescribed vehicle

motion in frontal impact (including impact speed, crash
The use of occupant restraint systems, such as seatbelts deformation, and crash pulse), what are the optimal
and airbags, has helped to reduce the severity of characteristics of restraint systems that provide the best
injuries to the head, chest, and extremities, and has led possible protection for the occupant?
to an increase in the survival rate of occupants in
automobile crashes. As restraint systems play crucial Optimal characteristics of restraint systems haveroles in the prevention and reduction of occupant produced extensive research, along with the
injuries in automobile crashes, their performance and development of seat belts, airbags, and vehicle interior
effectiveness for injury prevention and reduction padding. For example, two studies were performedbecomes an important issue in automobile design. recently by the authors on the limiting or best possibleperformance of the seat belt and toepan padding. In [21,
Engineering design of restraint systems is generally the theoretical optimal performance of seat belt systems
executed via integrated testing with analytical modeling in the prevention and reduction of thoracic injuries of
and analysis. Optimization is an effective tool for occupants in automobile frontal crashes was
improving the effectiveness of restraint systems. The investigated based on a two-mass injury model of the
optimization problem can be dealt with analytically with thorax. The results indicated that the optimal seat belt
two approaches, direct and indirect [1]. The direct force should keep the .major mass of the thorax

decelerating at a constant rate, and the optimal seat belt



force should have an initial impulse and remain constant represented by a spring and a damper in the figure, but
afterwards. In [3], potential use of toepan padding for in general, it can be described by a control force
mitigating lower limb injuries was studied u(y, j', t). For the vehicle motion,
computationally with a two-mass lower limb injury model a(t) = -i(t), (1)
developed from test data. The control force was used to
represent the characteristics of passive and active usually referred to as the vehicle crash pulse, and
padding. The results showed that the optimal control D, = max{x(t)}, (2)
force that results in the minimum tibia force should have
an impulse initially and then remain constant throughout defined as the vehicle crash deformation. The free
the impact duration; correspondingly, the major mass of space between the occupant and the vehicle interior is
the lower limb would move at a constant deceleration called the rattlespace So, which is the maximum
during impact. allowable forward excursion of the occupant with respect

to the vehicle, i.e.,
In this paper, the problem of the optimal characteristics max{y(t)} • So, (3)
of restraint systems is treated as a problem of optimal t
protection from impact.

The equation of motion of the system is
SYSTEM MODELING AND PROBLEM m( + Y) +u(y,j,t) = 0, (4)
STATEMENT with the initial conditions

Whereas automobile frontal impact can now be well x(0) = 0, !(0) = v, (5)
described by a rigid multi-body (RMB) model, a finite and
element (FE) model, or an integrated model of RMB and y(o) = 0, X'(0) = 0, (6)
FE [4], with different levels of abstraction, the where vo is the impact velocity.
description of the problem with a simple lumped-
parameter model is still advantageous and desirable, as
it could have an analytical solution and provide insight The problem to be addressed in this paper can be
into the problem. In frontal impact, the occupant can be expressed as:
subject to injuries to various regions of the body, such
as the head, thorax, upper extremities, and lower Problem-I: For prescribed crash pulse and rattlespace,
extremities. These injuries are the results of excessive find the optimal characteristics for restraint systems
stresses in respective regions induced by impact. Injury such that the peak occupant deceleration is minimized.
criteria, which are used to measure these injuries, are The problem can be formulated as: Find the optimal
usually expressed by impact responses (such as restraint characteristics. uo (Y,' J, t), such that
acceleration) in respective regions. When the
prevention and reduction of injuries to the occupant is J(o) = mn{J1 (u) 1 J 2 (u) < SO)} (7)
considered in general, the occupant can be reasonably where
treated as a point mass and its peak acceleration
(deceleration) can be used as the injury criterion. The = max{-[kt(t)+(t)]}, (8)
vehicle can then be treated as a whole body and only its the peak occupant deceleration, and
gross motion is considered. J2 = max{y(t)}, (9)

k the maximum forward excursion of the occupant in the
vehicle.

In view of the kinematics of the occupant, Problem-1
can be reduced to a more generic problem:

_ _Problem-2: For given impact velocity, crash
deformation, and rattlespace, find the optimal
kinematics of the occupant such that the peak occupant
deceleration is minimized while the maximum occupant

Figure 1. A lumped-parameter model of the system forward displacement is bounded. The problem can be
formulated as: Find the optimal kinematics of theTherefore, automobile frontal impact is described by a

lumped-parameter model shown in Fig. 1, where the occupant Wo(t) such that
occupant is represented by a point mass m, J(wo)=minn{J,(w)IJ3 (w)<Do}, (10)
x(t) describes the gross motion of the vehicle, and y(t)
is the motion of the occupant relative to the vehicle. The where
interaction between the occupant and the restraint 3 max{x(t)+y(t)}, (11)
systems such as seat belt and airbag is simply



which is the maximum forward displacement of the To should be minimized. According to the definition of
occupant, and0Do =D up So, (12) To (Eq. (15)), if the deceleration of the occupant - i(t)

the allowable maximum forward excursion for the takes the maximum allowable value Am, that is,

occupant. Unlike u(y, j, 1) in Problem-I, w(t) is not a At) = -A., (20)
control function of the system. Instead, it is controlled or To is minimized, and
produced by u(y,'V,t). iO m a

OPTIMAL OCCUPANT KINEMATICS O = A. (21)

This means that in order to minimize the peak
To find the optimal kinematics of the occupant for displacement of the occupant, the deceleration of the
Pro blem-2, according to duality or reciprocity of ocuatsulreinosatathevuefAm

optimization [5], the dual or reciprocal problem of occupant should remain constant at the value of A.

Problem-2 can be formulated as follows. This represents the optimal kinematics of the occupant
for Problem-3.

Problem-3: For given impact velocity, vehicle crash
deformation, and rattlespace, find the optimal Based on the duality or reciprocity between Problem-2
kinematics of the occupant such that the maximum and Problem-3, the optimal kinematics of the occupant
occupant displacement is minimized while the peak for Problem-2 can be stated as: In order to minimize the
occupant deceleration is bounded. The problem can be peak occupant deceleration, the deceleration of the
formulated as: Find the optimal kinematics of the occupant should remain constant at a value, which is
occupant wo(t), such that denoted as Am and is given by

J3 (wo) =mn{J3 (w) I J(w)•<_ A.}, (13) Am =vo/(2Do). (22)

r AThis is also the optimal kinematics of the occupant for
where Am is the upper bound on the peak occupant Problem-1.
deceleration.

OPTIMAL RESTRAINT CHARACTERISTICS

To find the theoretical solution of Problem-3, denote

z(t) x(t) +y(t), (14) In terms of the manner in which a restraint system
which is the absolute motion of the occupant with exerts its action on the occupant, restraint systems can
respect to an inertial frame during impact. Consider the be categorized into three types: passive, active, and
motion of the system from the initial t = 0 to the instant pre-acting [6]. In this paper, a safety device is
t=To when the occupant (in) comes to a rest for the considered to be passive if it generates a force only

0t = Thethne s when it is being externally excited. It is active if it can
first time. That is, generate the force not only from the external action

TO + -exerted on it, but also from the internal power source itv,,+QI Y@)dr 0. (1) has.
The velocity of the occupant i(t) starts with vo at t =0 An example of passive systems is an ordinary knee

and decreases to 0 att =To, i.e., bolster that provides a cushion between the knee and
i(t) > 0,• t < To. (16) the front interior of the vehicle. The cushion generates a

dynamic reaction force on the occupant's knee only
Therefore, forO < t < To, the displacement of the when it is compressed. If the knee separates from the
occupant z(t), which is given by cushion, the cushion will apply no action on it. The

reaction force of a cushion depends on its deformation

Jo=) 1(')d-" (17) and deformation rate. The action of a passive restraint
system on the occupant can be expressed as

increases monotonically with respect to time and u = u(y,j'). (23)
reaches its maximum value at t = To, that is,
maxfz(t)} = z(TO) (18) An airbag is an active restraint system. The deployment

t of an airbag is controlled by an inflator that is an internal

To minimize the maximum occupant forward power source. Therefore, the reaction force of a
displacement J3 deploying airbag on the occupant is time-dependent,

although it also depends on the interaction with the
"]= max{x(t) + y(t)} =,max {z(t)} =z(TO), (19) occupant. The action of an active restraint system on

tt~J0,T0] the occupant can be expressed as

u = u(y,', t). (24)



A safety device, such as a seatbelt pre-tensioner, can Suppose the characteristics of passive restraint systems
start to act before the onset of impact and will be are linear and expressed by a linear spring and a linear
referred to as a pre-acting system. A seatbelt pre- damper, that is,
tensioner removes the slack in the belt and applies an u(y, j) = ky + cj. (33)
initial load to the occupant before the occupant moves Then, analytical solutions of the occupant responses can
forward and stretches the belt. A pre-acting mechanism be found for several particular types of crash pulses that
can be incorporated into a passive or an active restraint are described below. It can be reasonably assumed that
system. Its action on the occupant can be described as the peak occupant deceleration occurs within the
U = u(y,J', t, to), (25) duration of the vehicle crash pulse. Therefore, the

where to < 0 denotes the time instant at which the occupant responses will be considered within the time
span of the crash pulse in the following analyses. In the

device starts to exert actions. following computations, choose impact velocity

According to Eqs. (4) and (14), when the occupant vo = 15.56 m/s (35 mph) and crash deformation

deceleration remains constant at the value of A., D, = 0.71 m (28 in), to be representative of automobile

U = -mz = 'Am, (26) frontal impact [1].

This means that restraint systems have to exert a Optimal Pulse
constant force on the occupant. How to achieve this? For a linear passive system whose characteristics are
The optimal characteristics of each type of restraint represented by a spring and a damper, the theoretically
systems will be investigated or discussed in the optimal crash pulse is given by [7]
following analyses. km -kt

Passive Restraint Systems (t[2) e C ],0•t•T, (34)

where T, is the duration of the crash pulse, and 5(t) isAs the vehicle motion (crash pulse) is prescribed and
the optimal kinematics of the occupant is determined, the Dirac delta function which is given by
the relative motion between the occupant and the f0, t= 0
vehicle is determined too, that is, 1(t) = (35)fr(t) = i,() - :i(t) 0, t • 0
y(t) = z4t)- xQ) (27) and

According to Eqs. (23) and (26), the restraint f 9(t)dt=1. (36)
characteristics need to meet the following relation: _W
u(y,.) =mA0. (28) Since the impulse at the initial of impact, which is
However, since only a limited number of parameters can represented by 6(t), cannot be produced in practice,
be chosen for a restraint system, for a given crash pulse Eq. (34) represents a theoretically optimal crash pulse.
in a general form, it is impossible for Eq. (28) to be Under this pulse, the occupant moves at a constant
satisfied every time for the entire impact duration, deceleration ofA,,, which is determined by
regardless whether a system is linear or nonlinear.

If the characteristics of restraint systems are Am = ( 21)
parameterized and represented by a set of 2m kDW (37)
parameters {ul u2 ... u}, parametric optimization can 2D 2°

be utilized to find the optimal parameters of the - 21)
systems. Denote 2D

U = [uI U 2."UN] T 
, (29) where

J, (u) =max{-(t)}, (30) co = _,k (38)

J 2 (u) = max{y(t)}. (31) which can be considered as the natural frequency of the
• restraint-occupant system.

Then this parametric optimization problem can be
formulated as In order to meet the requirement of Eq. (3)
Design Variables: u; (max{y(t)} < S,), it is required that
Objective Function: min(J 1 (u)}; (32) , 2

Constraints: J12(u) < So, and u, < u < u ; 2 > 0 (39)
where uL and uU are the lower and upper bounds on 2So(Dr +S 0 )

the parameters of restraint characteristics. If



2 Constant Deceleration Pulse
0 2 = V (40) Suppose the vehicle deceleration is constant, that is

2So (D, +So)' i(t)=-A, 0<t<T, (42)
the rattlespace will be fully used for the occupant's whtere

excursion, i.e., max{y(t)} = So, and then the V2

A V0  (43)
maximum deceleration of the occupant will be 2D,
minimized and is given by 2 and

max{-Y(t)} = Am - 0 (41) 2D(,
2(D, +S o) T1 - (44)

Vo

Equation (41) describes the relationship between the The velocity and displacement of the vehicle are

peak occupant deceleration Am and the rattlespace SO, fc(t) = vo - At, (45)

which is displayed by the blue curve in Fig. 2 for a range and2

of So. The curve indicates that as the rattlespace SO x(t)=vot---At . (46)

increases, the peak occupant deceleration A. The motion of the occupant under constant deceleration
decreases. Based on Eq. (40), the relationship between pulse can be expressed as [7]:
the natural frequency co and the rattlespace SO is z(t) = x(t)+y(t) =.x(t)+y,(t)+yP(t), (47)
displayed by the blue curve in Fig. 3, which indicates where x(t) is given by Eq. (46),
that the optimal natural frequency decreases with the
increase of the rattlespace. In other words, a restraint yJ(t) = Ye-€' sin( -- 2 aW +j6y), (48)
system needs to be softer in order for a larger and
rattlespace to be fully used. Note that under the optimal
vehicle crash pulse, the peak occupant deceleration is A, e-___,o
independent of the damping of restraint characteristics. Yp (t) =W[1 2 cos(1 4 2_ - a)]y (49)
However, certain damping in restraint systems is 1-
required, as indicated by Eq. (35). In Eq. (48),

4WC

Green-Constant Deceleration Y : (50)

350- Red-Half-sine Pulse-1 -. 2

and
300 , = -' - 2Q, (51)

* 250- _ _ __-

200 Xly "+'C2 y

o• where
150 c c
100 0.05' 0.1 0.15 0.2 0.25 0.3 035 0.4 2ctvn 2(jW52)

Rattlespace (m) which is referred to as the damping ratio of the restraint-
Figure 2. Relationship between the peak occupant occupant system, and

deceleration and rattlespace A, 1
200, C =2cos ay -1

"Blue-Optimal Pulse (53)
1W Green-Constant Deceleration y = - -sin a y - cosa

Red-Half-sine Pulse C2 2  a, - c y)

S100o In Eqs. (49) and (53)

ay = tan-t (54)

o0 o5 1o.15 0.2o. 03o.5 0.4 While the velocity and acceleration of the occupant can
Radtlespace (m) be readily obtained from Eqs. (47)-(49), the maximum

Figure 3. Relationship between the natural frequency deceleration of the occupant cannot be explicitly
and rattlespace expressed by an equation, and thus the relationship

between the peak occupant deceleration and the



restraint characteristics (o),,) cannot be explicitly Blue-Occupant Red-Relative Green-Vehicle

described either. Therefore, numerical optimization is 100-
0

used to find the optimal values of the restraint -1- :-
characteristics (w, ,0 -300.

0  0.01 0.02 0.03 0.04 0.05 0.6 0.07 0.0 0.09
Time (s)

It is found that when the damping ratio 4 is bounded T2ime.s
E 16.within [0.01, 0.99], i.e.,i [0.01,099], the optimal

damping ratio is 40 = 0.728; but when 4( - [0.01,0], U 4

where K2 < 0.728, the optimal damping ratio tends to > 0 0.01 0.02 0.03 0.04 0.6O 0.06 0.07 0.08 o.09
Time (s)

reach the upper bound, i.e., 4' =f). Therefore, in - 1.2

order to seek the optimal characteristics of restraint 0.-S0.6
systems with different damping, the damping ratio is set .2 -
to be at different levels, as shown in Table 1. The 6 -02"0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
optimal natural frequency corresponding to each Time (s)
damping level is found and given in Table 1. The
relationship between A. and " is shown in Fig. 4 by (a) " = 0.01 w = 34.63

the blue curve based on the values given in Table 1. Blue-Occupant Red-Relative Green-Vehicle
Also, based on the results given in Table 1, the 2W--' ' . .

relationship between the peak occupant deceleration 0 100

and the rattlespace is displayed in Fig. 2 and the 1 . ____. - . .-- _,,_, _

6-200relationship between the optimal natural frequency and 3 ___.0__.2__03__0__05_.06_.7__0___0

the rattlespace is shown in Fig. 3, both by green curves. 0 0.01 0.2 0.0 0M4 0.0 0.06 0.07 0.8 0.09

Time (s)S20 . . ...

The motions of the vehicle and the occupant and the 16-

relative motion of the occupant with respect to the 8

vehicle are displayed in Figs. 5 (a) and (b) for two sets 0 0
of optimal parameters, respectively. > 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Time (s)
Table 1. Optimization results for constant deceleration 1

pulse 0 - - -- -
-0.4-

Co (rad/s) Am (m/s 2) So (M) C 0 .2

0.01 34.63 335.76 0.280 0 0.01 0.02 0.03 0.04 0.05 0.06 0.o7 0.08 0.09

0.10 34.83 297.37 0.243 Time (s)

0.20 .35.43 267.99 0.207
0.30 36.47 247.39 0.176 (b) 4 = 0.50 w) = 40.60
0.40 38.10 232.48 0.147 Figure 5. The motions of a system under constant
0.50 40.60 221.38 0.120 deceleration pulse
0.60 44.61 212.93 0.094
0.70 52.73 206.35 0.064 Half-sine Pulse
0.728 60.39 204.77 0.048 The vehicle impact deceleration is often expressed or

4W_ approximated by a half-sine pulse,

Blue-Constant Deceleration je(t) = -A, sin(-T-), 0 : t _ T, (55)
•" 4°IX reen-Half-sine Pulse T"

where
2.- o (56)

and T• is given by Eq. (44). The velocity and

displacement of the vehicle are

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 .Y(t) L + A T Cos _- - (57)
Damping Ratio = ; +(

Figure 4. The relationship between peak occupant
deceleration and damping ratio and



Fv-tAv, T' .;rt numerical optimization is implemented to find the
x(t) = + _2 - sin --. (58) optimal restraint characteristics.

Trial computations indicated that when 4' E [0.0 1,9],
The motion of the occupant under half-sine pulse is where 9 2 0.99, the optimal damping ratio tends to
found to be [7]: reach the upper bound, i.e., 4'o = 91. Therefore, the
z.t) = Zý (W + zP (t). (59) damping ratio is set to be at different levels within the

where range of [0.01, 0.99], as shown in Table 2, so that the

z, (t) = Zce-c<t sin( 1- F4' aot +,6,), (60) optimal characteristics of restraint systems with different
damping can be explored. Corresponding to each

and damping level, the optimal natural frequency, the
Z V(t) = '0t + required rattlespace, and the minimum peak occupant

2 deceleration were found and are given in Table 2. The
relationship between Am and 4" is shown in Fig. 4 by

1+ (24' -'-)2 the green' curve based on the values given in Table 2.
A sin(wt + - Also, the relationship between the peak occupant

[1 + (22'1ov)2 deceleration and the rattlespace is displayed in Fig. 2R o (1 Iand the relationship between the optimal naturalfrequency and the rattlespace is shown in Fig. 3, both by

where(61) red curves. The motions of the system under half-sine
pulse are illustrated in Fig. 6 (a) and (b) for two sets of

a " (62) optimal parameters, respectively.
.T,

In Eq. (60), Table 2. Optimization results for half-sine pulse

IC 2 4' Co (rad/s) Am (m/s 2) So (in)
42 2 +C)2 (63) 0.01 34.51 414.76 0.348( ) 0.10 33.62 365.16 0.317

and 0.20 32.78 331.12 0.289
CU 1_4-2W 0.30 32.06 310.20 0.265/3 = (tan-( "CZ- 4' (64) 0.40 31.44 297.02 0.245

C +0.50 30.91 288.46 0.228

Here 0.60 30.44 282.75 0.213
0.70 30.04 278.87 0.20

.1+(2•-)2 0.80 29.68 276.18 0.188
= [_ sin(a -q_) 0.90 29.37 274.24 0.178

Cl =- 2 2 ;( ) 2  0.99 29.11 272.96 0.169

Blue-Occupant Red-Relative Green-Vehicle
-;200

- 100

C [ , +(2W cos(a,) 200

(t2 2 2 1;M v2 z -3

0) 0) 0 0,01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

(65) 20 Time (s)
where ' ' ' '

Z-. 12-

cooaz = tan (2 4 -V ) 1 (66) 4- 00

and -4 0 0.L.01 01 04 0.05 0.06 0.07 008 0.09

24' (6)- 2. , , , Time (s)
p=tan 2 (67 1.2

. 0.6
CL0.4 .A2 0.2 F __.. /-

While Eqs. (59)--(61) provide an analytical solution of 0 0 0
the occupant motion, the relationship between the peak 0 0.01 0.02 0.6 o.04 0.0 0.6 0.07 0.08 0.0
occupant deceleration J, and the restraint Time (s)

characteristics co and4' is not apparent. Therefore, (a) 4' = 0.01 w =34.51



Blue-mOccupant Red-Relaive Green-Vehicle This means that at least in a theoretical sense, by
S..,optimally designing the active mechanism, an active100•- /

"0 orestraint system may be able to provide required
---100 - protection to the occupant so that the optimal kinematics

0.. 1 .. 03.0.04 0.0 0.06 .07 • of the occupant is attained and the peak occupant
O.0l 0.02 0.03 0,04 0.05 0.06 0.07 0.08 0.09 deceleration is minimized.

Time (s)
"1- Pr-acting Restraint Systems

S12

S8-

4 A pre-acting mechanism exerts an action on the
00 . occupant before the onset of impact. It can be designed

0 0.01 0.02 0.03 0.040.05 o.06 0.07 0.08 0.09 to move the occupant in the opposite direction of
Time (s) impact. If a free space is available for the occupant to

'0.- move backward, after pre-action, the space for the
0.6-.--- occupant to move forward during impact will become

0 .2 - larger. This means that additional rattlespace is created.
5 ,0.2 This additional rattlespace will reduce the peak occupant

0 0.01 0.02 0.03 0.i 0.05 0.06 0.07 0.08 0.09 deceleration for either passive or active restraint
Time (s) systems.

(b) " = 0.50 w = 30.91 It has been shown that a pre-acting system is superior to
Figure 6. The motions of a system under half-sine pulse an active system, which in tum is superior to a passive

system, in terms of their limiting or optimal performance
Discussion in the impact isolation or attenuation [9].
As shown in Figs. 5 and 6, when the vehicle crash pulse
is in constant-deceleration form or in half-sine form, the CONCLUDING REMARKS
occupant deceleration cannot remain constant, even
with the optimized restraint characteristics. The In automobile frontal impact, the optimal kinematics of
influence of different crash pulses on the peak occupant the occupant is such that the occupant moves at a
deceleration can be seen from Fig. 2. For the same constant deceleration, which is independent of crash
rattlespace, the peak occupant deceleration resulting pulses and restraint characteristics. In order to minimize
from the optimal crash pulse is much lower than those the peak occupant deceleration, the restraint systems
produced by the other two pulses. should be designed to provide such protection to the

occupant that the optimal occupant kinematics is
In general, the damping in restraint systems is attained.
beneficial. For constant-deceleration pulse and half-sine
pulse, the peak occupant deceleration decreases with In general, passive restraint systems are not able to
the increase of the damping in a certain range, as provide the required protection to the occupant for it to
shown in Fig. 4. For the optimal crash pulse, certain attain optimal kinematics, except when the vehicle
damping is necessary, and large damping can reduce deceleration follows the optimal crash pulse. However,
the amplitude of the initial impulse. the characteristics of passive restraint systems can still

be optimized to minimize the peak occupant
Active Restraint Systems deceleration as much as possible. Theoretically, active

and pre-acting restraint systems can be designed to
As described above, when the vehicle crash pulse is in provide required protection so that the optimal occupant
general forms, it is impossible for a passive restraint kinematics is attained. In terms of their limiting or
system to exert an action on the occupant so that the optimal performance, a pre-acting system is superior to
optimal occupant kinematics is attained. What about an an active system, which in turn is superior to a passive
active restraint system? system.

For active restraint systems, Eq. (24) becomes Different crash pulses have different Influences on the
u(y,,t) = mA=. (68) occupant motion and the restraint system design.

Among the three crash pulses considered, the optimal
Suppose the passive part and the active mechanism are crash pulse, which basically is a constant deceleration
separable, i.e., with an impulse at the initial of impact, is the best,
u(y, j', t)= g(y, y) + h(t), (69) followed by constant-deceleration pulse, whereas half-

where g(y4,..) corresponds to the passive sine pulse is the worst, in terms of the resulting peak
occupant deceleration.

characteristics and h(t) represents the active
mechanism. Then, The use of a lumped-parameter model for the occupant-
h(t) = mA, - g(y, ). (70) vehicle modeling may impose certain limitations on the

analyses in the paper. Also, linear characteristics may



be a major assumption and simplification for most Frontal Impact, submitted to 2006 SAE World
passive restraint systems. However, the results and Congress.
conclusions derived can still be used as general 8. Balandin, D.V., Bolotnik, N.N., and Pileky, W.D.,
guidelines for the restraint system design. Optimal Protection From Impact, Shock, and

Vibration, Gordon and Breach Science Publishers,
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