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Abstract

Although much progress has been made in developing seat belts and mandating their use, the injuries related to seat belts
during frontal crashes are still widespread. This paper proposes an approach to control the seat belt restraint system force
during a frontal crash to reduce thoracic injuries. A fuzzy logic controller based on moving the attachment point of the seat
belt is proposed, and the simulation results with this controller are presented. Also, robustness to parameter variations is
investigated. The results show that the proposed controller is very effective in reducing all critical values that lead to possible
thoracic injuries during a frontal crash. The controller is also demonstrated to be robust with respect to varying impact

conditions and parameters.
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1. Introduction

In today’s competitive market, the automotive
industry is constantly improving the vehicle design with
high speed and varied function. One of the most important
pieces of safety equipment in a vehicle is the seat belt.
However, as the modern automotive technology has
developed and produced luxury vehicles with high
performance, the one undesirable result is the high rate of
accidents and the increasing severity of injuries when
collisions do happen. According to a recent study, the
Higher Council of traffic in Kuwait reports that for every
100,000 people 37 people died from car accidents, figure
in US is 21 deaths for every 100,000 people. Therefore,
the occupant’s safety during a collision is very important.
Seat belt designed for preventing or reducing the severity
of injuries is one of the oldest and most commonly used
elements in a vehicle. When used properly, seat belts are
about 45 % effective at preventing fatal injuries, and 67 %
effective at preventing serious injuries. Despite this safety
record, and being mandated by most countries, one should
be cautioned though, that the seat belts are also blamed for
some serious injuries, themselves. Researchers [1] have
studied the seat belt injuries and found that the seat belt
injuries include abdominal, chest, or neck bruises and
abrasions at the site of the belt contact. It is estimated that
30% of people who came with seat belt injuries suffer
from some internal injuries. Seat belt injuries were studies
in numerous worksin [1- 4].

In order to reduce seat belt injuries different
studies dealt with the design of the seat and seat belt [5-7].
Also other studies [8] showed that several vehicle contact
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points including the steering wheel, door panel, armrest
panel, armrest and seat are associated with an increased
risk of severe thoracic injury when impacting the
occupant.

Redlizing the need for improving the
performance of these systems, there have been numerous
investigations on various aspects of occupant restraint
systems used in automotive vehicles in the last decade [9-
12]. These studies include the development of four-point
harnesses [13, 14], pretensioners and load limiters [15].
Some researchers suggested using active control leading to
the development of the so-called “intelligent” restraints.
They presented an optimal control of restraint forcesin an
automobile to reduce the thoracic injury caused by seat
belt. Also, authors of [9] studied and investigated ways to
reduce occupant injuries that are caused by safety systems
like the seat belt and the airbag restraints during a crash.
The success of the “intelligent” restraint systems requires a
very good understanding of the dynamics phenomena
involved during a collision, thus, requiring an adequate
model. In this study the effect of seat bdt injury is
investigated and different approaches to reduce the seat
belt injuries through controlling the seat belt force are
proposed.

2. Mathematical Model for Thoracic Injury

The dynamics of the human thorax under impact
can be described using the mechanica model shown in
Figure 1, [16]. In the model, the effective mass of the
sternum and a portion of the rib structure and thoracic
contents are represented by mass m;. The remaining
portion of the thorax and the part of the total body mass
that is coupled to the thorax by the vertebral column are
represented by mass m, The elasticity and viscous
damping of the rib cage and thoracic viscera are
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represented by the elements coupling masses m andm, .

The spring and the dashpot model the elastic compliance
and the dissipative properties of the thorax, for which the
corresponding spring and damping forces, f(x,-x,) and
h(x, — %) ae assumed to be piecewise linear. The action

of a seat belt on the thorax is represented by a force
u(t) which acts between m and the vehicle. The variables

X,» %;, X, and x, represent the displacements with respect

to an inertial reference frame (absolute displacements) of
the vehicle, massmy , massm,, and massm, , respectively.

The parameters for thoracic injury model with a prescribed
crash deceleration profile are shown in Table 1.
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Figure 1. Frontal crash model for thoracic injury

Table 1. The parameters for thoracic injury model

Parameters Values
m, 03 kg
m, 18 kg
Ky, 10522 N/ m
Ky, 7190 N/ m
J, 003 M
C,y 4033 N.s/m
Cp, 21921 N.s/m
K, 13153 N/ m
C, 1754 N.s/'m
k 1° N/m
A 48km/ hr

The equations of motion were derived using
Newton’s second law as follows:

Forml:
mX =-U+ f (% —x)+h(X - %) +K, (X — %) @
FOI’mZZ
m,%, = —f (X, = %) —h(X, = %) = C, (X, — X3) @)

It is also required to modify the piece-wise linear
functions of the compression deformation and the rate of
the chest compression. Using Equations (9) with Equations

@):

For m,:

MyX, = C, (X, — %3) = K (% — %) €)
Then, from Equation (1), (2) and (3) the motion

of the vehicle and the occupant is obtained as:

M, =—u+ (X, —X) +h(%, —%) + K, (% — %)

m,X, = ~f (Xz - Xl)_ h(Xz - X1) _Cz(xz - Xs)

myX, = Cz(xz - Xs) - kz(xs - X1)

%, = a(t) (4)
This model assumes that the vehicle motion is

determined by a prescribed deceleration function. The
initial conditions are:

% (0)=0, %(0)=0, %(0)=0, x,(0)=0 ®)
%(0) =V, %(0)=Vy, %(0) =V, %,(0)=V,
wherey is the impact velocity anda(t)is the prescribed

crash deceleration profile of the vehicle, which is given as
follows:

.t
at) = —Asm(T—p) 0<t<T, (6)
0 t>0
where the amplitude of the deceleration profileis given as
A=Y
2T

P
The spring force developed in the chest can be
defined by the following piecewise linear function of the
compression of the chest,

_ ku(xz - X1)
f (XZ - Xi) - {klZ(XZ - X1) - Fo
where

Fo = (k, — ki) 6,

In addition, the damping force h is given by a
piecewise linear function of the rate of the chest
compression given as
o -x) =T fleTeR0 L @

Cp (%, — %) if (%, -%)<0
The state variables are defined as follows:
Z=X, =% =X, =% %=X Z=% ()

Using Equations (9) with Equations (4), the
equations of motion can be written in terms of state
variables as follows:

if 0<(x,—x%)<d, 7
if (x,—%)> 6,

2=2, (10)
22:%(—u+h[z4—zz]+ tlz-zl+klz-z) @
I 12)
2=tz ile-alola-a) 09
2=1, oy

From equation (3) m,%, =c, (X, — X;) —K,(X; — %) =0
0=0,(z,—2) k(% - 2)

_ Kz +kz +02, (15)
CZ
_ [ ku(z-2) if 0<(z,-2)<d, (16)
f(zle)‘{kn(zs—zo—a if (z,-2)> 6, }
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Where
Fo = (ky, — ki) 50
Also using Equations (9) with (8)
h(Z4—ZZ):{Cu(Z4_ZZ) iT (24_22)20 } (17)
(2, - 2,) if (z,-2)<0
In order to find the velocity and vehicle
displacement x , it is required to integrate the deceleration

(Equation (6)) asfollows:

.zt
. — Asin(=) 0<t<T
%,(t) = a(t) = T, P

0 t>0

1v, T, . &t 1
Thus, > Oﬂpsm(T—)+Ev0t 0<t<T, (18)
="
EvoTP t>0

The state equations were numericaly integrated
by using Matlab’'s ode45 solver. For these simulations a
crash velocity of 48 km/h and with impact duration of 0.1
seconds are used to determine the deceleration profile
shown in Figure 2, and the smulation was run for 0.12
seconds.

Crash deceleration of the vehicle [m/s2]

-250

. . . .
0 0.02 0.04 0.06 0.08 0.1 0.12
Time [s]

Figure 2. Crash deceleration of the vehicle for the frontal crash
with a prescribed deceleration profile (v, =48km/ h)

Extensive studies were conducted in the field of
occupant safety to find the injury thresholds that marks the
limits for an injury. According to a study of possible
prevention of fatal thoracic injuries, the critical value of
the chest acceleration is 60g, the critical value of the chest
compression is 0.046 m, and the critical value of the chest
viscous response can be calculated according which is
equal t00.229 m? /s. [17]

In order to make sure that the passenger will not
have a serious injury, these limits should not be exceeded.
Kent et a., (2007) used amost the same value for chest
viscous response but the chest acceleration is 80 g and the
chest compression is 0.045 m. Figure 3 presents the chest
compressi on[x, (t) —x (t)] - the rate of chest

compression[x, (t)— %, (t)], the excursion of the
occupant]x, (t) — x, (t)] » seat belt force, the chest viscous

response([x, (t) - , (O], () - x,()]).  the  chest
acceleration X, (t) as a function of time. It was found that

the chest compression exceeds the threshold value which is
0.046 m by almost one and a half times (0.11m). Clearly,
with this value the occupant will be injured. Also, it is seen
from the figure that the maximum value of the chest
compression occurred near the end of impact as expected.
It was found that the rate of chest compression is within
the injury limit (6 m/s). It was found that the occupant will
move forward around 5 cm as a result of the large seat belt
force. After the impact is finished it is seen that the
occupant moves back because there is no seat back forcein
the model that restricts the motion in this direction. It is
seen that the behavior of the response is almost the same
as the rate of chest compression with different amplitude.
Also it was found that the maximum value of the chest
viscous response is within the injury limit (0.229 m?s). In
addition, it is seen that the maximum value of chest
acceleration is within the limit (80 g). Also it can be seen
that after the impact the chest acceleration drops to zero.
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Figure 3. Passive control responses
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3. Fuzzy Logic Control

As a benchmark, the performance of an open
loop optimal control strategy as well as a feedback
controller based on optimal Linear Quadratic Regulator
(LQR) approach are investigated. Though very effective in
reducing injuries, these controllers were shown to be very
sengitive to parameter variations, and modelling
uncertainties. As it is well known, to design a control
system using a traditional approach such as optimal
control, adaptive control or predictive control, it is
necessary to have at least a nominal model describing the
behavior of the system to be controlled. However,
obtaining an adequate and accurate model is very difficult
in some cases due to the complex behavior or due to the
existence of nonlinearities. This leads to consider other
control design approaches which do not rely on any
models. One of the successful methods is the fuzzy logic
control. In this section the design of a fuzzy controller is
explained, and the simulation results when this controller
is used in the system are presented. Also, robustness to
parameter variationsis investigated.

3.1 Design of a fuzzy controller

A fuzzy logic controller can be considered as a
control expert system which simulates the occupant
thinking. It consists of input and output variables with
membership functions, a set of (IF...THEN) rules and an
inference system. The controller’s inputs are chosen to be
the outputs of the process which are x (occupant
displacement) and % (occupant speed) and output is the
seat belt force u. It should be noted that these control
variables are chosen because they facilitate design of fuzzy
rules. In a rea implementation, the seat belt force is
realized by manipulating the location of the attachment
point (i.e., by controlling the length of active portion of the
seat belt). Therefore, in effect, the fuzzy controller is
trying to control the seat belt force to prevent thoracic
injury.

Define five linguistic values denoted as BNE
(Big Negative), NE (Negative), ZE (Zero), PO (Positive)
and BPO (Big Positive) for each input variables as shown
in Figures 4 and 5. The output variable has 9 linguistic
values denoted as N; (j=1to 9). The index j represents the
strength of the linguistic values such that the higher the
index, the stronger the linguistic value as shown in Figure
6.
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Figure 5. Input X membership function
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Figure 6. Output U membership function

The Sugeno model (Wang, 1996) is used as the
basis of the proposed fuzzy controller. The rule base
consists of 25 (IF...THEN) rules derived from occupant
knowledge which is presented in Table 3.

Table 3. Rule base system

T
BNE NE ZE PO BRO
1 A N\ i
/\ /
7\
“/ \ / \\ /’
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x1

A T T W O D I
1 BPO BNE N7 14 ZE PO N7
2 BPO NE N7 15 ZE BPO N8
3 BPO ZE N7 16 NE BNE N1
4 BPO PO N8 17 NE NE N1
5 BPO BPO N9 18 NE ZE N1
6 PO BNE N7 19 NE PO N1
7 PO NE N8 20 NE BPO N1
8 PO ZE N6 21 BNE BNE N1
9 PO PO N7 22 BNE NE N1
10 PO BPO N8 23 BNE ZE N1
11 ZE BNE N1 24 BNE PO N1
12 ZE NE N1 25 BNE BPO N1
13 ZE ZE N3

Figure 4. Input X membership function
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3.2 Simulation results for the nominal case

Matlab is used to implement the fuzzy controller
with the dynamic equations in terms of state variables
which were defined in the mathematical model section.
The simulation time and integration step are chosen as 0.2s
and 0.0005s, respectively.

The seat belt force to be applied can be redlized
by using the concept of releasing and retracting the seat
belt or by moving the point of attachment of the seat belt
relative to the vehicle (smart seat belt). The motion of the
attachment point can be determined by using the control
force asfollows:

X=x% =%~ a9

From Figure 7 which presents the fuzzy control
response, it is noticed that the behavior of the chest
compression response is almost within the injury threshold
limit. On the other hand, it is concluded that using fuzzy
control improves the rate of chest compression with
respect to magnitude. As can be seen fuzzy control
approach improves the excursion of the occupant as
compared to the LQR and optimal open loop control with
respect to the magnitude (not presented in this paper due to
space limitations). Overall behavior is almost the same.
From the figure the behavior of the seat belt force is quite
different than that of the optimal control and the LQR. It
was seen that both the chest viscous response and the chest
acceleration response are under the injury thresholds and
comparing with the results obtained from the optimal

control and the LQR it is seen that fuzzy control greatly
improves the response. It is seen From Figure 8 that the
behavior of the displacement of the attachment point
response is amost the same as the excursion of the
occupant with different amplitude.

It was noticed from the simulation results that
using fuzzy logic control improves the response with
respect to magnitudes as compared to the LQR and open
loop optimal control results. This is remarkable
considering that fuzzy logic control does not depend on the
system model, and therefore, will not suffer from the
inaccuracies of in the model. Indeed, it was found that the
responses obtained using fuzzy logic control were less
sensitive to parameter variations as compared to the
responses obtained from the LQR. Therefore, fuzzy logic
control has great potential for implementation since al it
requires is the measurement of the output variables. In this
work the design of actuator dynamic is not included. In a
real implementation, the actuator design and dynamics is
very important and should be included in the model.
Furthermore, in a real implementation, with current
instrumentation it is difficult to measure the occupant
motion. In this case, the occupant position and velocity can
be obtained from the measurement of vehicle motion and
the seat belt force. Clearly, this will make the control
somewhat model-based, and care should be teken to
investigate the effects of modeling errors. However, due to
the robust nature of the fuzzy controller, it is expected that
the performance degradation due to state estimation will be
acceptable.
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Figure 7. Fuzzy control responses
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Figure 8. Displacement of the attachment point

4. CONCLUSIONS

A study has been carried out to find ways of
reducing thoracic injuries that are caused by seat belt
restraint system in a frontal crash. A comprehensive
literature review was carried out and a mathematical model
with the equation of motion was presented in details. A
fuzzy control logic approach was investigated. It was
found that using fuzzy logic approach improves the
response as compared to the LQR and open loop optimal
control. Also it was noticed that the responses obtained
using fuzzy logic control is less sensitive to parameter
variation. Although this control is non-model based, the
implementation may require state estimation by using the
model, and this will destroy this attractive property.

Although most of the objectives of the work
were achieved for controlling the seat belt system in order
to prevent thoracic injury, a number of issues require
further work: The frontal crash model was adequate for the
purpose of the study. However, for future investigations a
more detailed model with the back force of the seat is
required to obtain better understanding and more accurate
results. Also the number of degrees of freedom could be
increased for amore realistic representation.

The design of fuzzy logic controller can aso be
improved. More sophisticated methods for developing the
rule base can be employed [Wang, 1996]. Different
combinations with various robust controllers can be
applied to improve the robustness (e.g., Neuro-fuzzy logic
controllers, fuzzy diding mode controllers, etc.). In this
work, the actuator dynamics is not considered. In a real
implementation, the actuator design and dynamics is very
important and should be included in the model. One of the
available crash simulation software packages can be used
to test the performance of the proposed controllers.
Experimental work is needed for the frontal crash scenario
to validate the results obtained from simulations. The
experimental work is needed also for model refinement.

References

[1] Hayes, C. W., Conway, W. F., Walsh, J. W., Coppage,
L. & Gervin, A. S., “Seat Belt Injuries: Radiologic Finding

and Clinical Correlation”, RadioGraphics, Vol. 11, 1991,
23-36.

[2] snyder, R. G., Young, J. W., Snow, C. C., Crosby, W.
M. & Hanson, P., “Seat Belt Injuries In Impact”, Federa
Aviation Administration Washington DC office of
Aviation Medicine, 1967.

[3] Carneiro, J., De Melo, F., Pereira, J. & Teixeira, V.,
“Pseudo-dynamic Method for Structural Analysis of
Automobile Seats’, Proceedings of the Ingtitution of
Mechanical Engineers Part K-Journa of Multi-Body
Dynamics, Vol. 219, No. 4, 2005, 337-344.

[4] Kent, R. W. & Crandall, J. R., “A hybrid Technique for
Determining Optimal Restraint System Characteristics’,
International Journal of Crashworthiness, Vol. 11, No. 4,
2006, 379-385.

[5] Blaisdell, D. M., Levitt, A. E. & Varat, M. S,
“Automotive Seat Design Concepts for Occupant
Protection”, Progress in Technology, Vol. 106, 2003, 329-
339

[6] Martin, P. G., Crandall, J. R. & Pilkey, W. D., “Injury
Trends of Passenger Car Drivers in Frontal Crashes in the
USA”, Accident Analysis and Prevention, Vol. 32, 1999,
541-557.

[7] Paulitz, T. J., Blackketter, D. M. & Rink, K. K.,
“Constant Force Restraint for Frontal Collisions’,
Proceedings of the Institution of Mechanical Engineers
Part D-Journal of Automobile Engineering, Vol. 220, No.
D9, 2006, 1177-1189.

[8] Nirula, R. & Pintar, F. A., “Identification of Vehicle
Components Associated with Severe Thoracic Injury in
Motor Vehicle Crashes: A CIREN and NASS analysis’,
Accident Analysis and Prevention, VVol. 40, 2008, 137-141.

[9] Hesseling, R. J.,, Steinbuch, M., Veldpaus, F. E. &
Klisch, T., “ldentification and Control of a Vehicle
Restraint System”, Proceedings of the Institution of
Mechanical Engineers Part D-Journal of Automobile
Engineering , Vol. 220 No. D4, 2006, 401-413.

[10] Kent, R., Crandali, J, Bolton, J. & Duma, S,
“Comparison and Evaluation of Contemporary Restraint
Systems in the Driver and Front Passenger Enviroments”,



© 2011 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved — Volume 5, Number 1 (I1SSN 1995-6665) 45

Proceedings of the Institution of Mechanical Engineers
Part D-Journal of Automobile Engineering, Vol. 215 No.
D11, 2001, 1147-1159.

[11] Kent, R. W., Bdandin, D. V., Bolotnik, N. N., Pilkey,
W. D. & Purtsezov, S. V., “Optima Control of Restraint
Forces in an Automobile Impact”, Journal of Dynamic
Systems Measurement and Control — Transactions of the
ASME, Vol. 129, No. 4, 2007, 415-424.

[12] Kent, R. W., Purtsezov, S. V. & Pilkey, W. D.,
“Limiting Performance Analysis of A seat Belt System
with Slack”, International Journal of Impact Engineering,
Vol. 34, No. 8, 2007, 1382-1395.

[13] Bostrom, O. & Haland, Y., “Benefits of a 3+2 Point
Belt System and an Inboard torso Side Support in Frontal ,
Far-Side and Rollover Crashes’, 18" Technical
Conference on the Enhanced Safety of Vehicles (ESV),
2003, Nagoya, Japan, Paper 451

[14] Rouhana, S., Bedewi, O., Kankanaa, S., Prasad, P.,
Zwolinski, J., Meduvsky, A., Rupp, J., Jeffreys, T. &
Schneider, L., “Biomechanics of 4-point Seat Belt Systems
in Frontal Impact”, Proc. Stapp Car Crash Conf, Vol. 47,
2003, 367-400.

[15] Viano, D., “Lap-shoulder Belts. Some Historical
Aspect In Seat Belts: The development of an Essentia
Safety Fracture”, Society of Automotive Engineering,
Warrendale, PA, 2003, PT-92.

[16] Lobdell, T. E., Kroell, C. K., Schneider, D. C,
Hering, W. E. &Nahum, A. M., “Impact response of the
Human Thorax”, Human Impact Response Measurment
and Simulation, 1973, 201-245.

[17] Balandin, D. V, Bolotnik, N. N. & Pilkey, W. D.,
“Optimal Protection From Impact, Shock, and Vibration”,
Netherlands, 2001, The Gorden and Breach Science.



NOMENCLATURE

A Amplitude of the crash deceleration half-sine pulse
a Deceleration of the base (crash deceleration)
C, damping coefficient of the dashpot

damping coefficients of the thorax when being compressed and when the shape is being restored,
Cu1: G respectively

f elastic characteristic of therib cage
g accel eration due to gravit
gravity
h thoracic damping characteristic
k coefficient of stiffness of the restraint
Kk stiffness coefficient of the spring in the series connected spring-dashpot component in the thoracic
2 injury model
kll, k12 coefficients of the rib cage stiffness for small and large strains, respectively
m The effective mass of the sternum and a portion of the rib structure and thoracic contents

The remaining portion of the thorax and the part of the total body mass that is coupled to the

m, thorax by the vertebral column

Tp duration of the crash deceleration half-sine pulse

u control force acting on the object to be protected(a car occupant)

X absol ute displacement of the sternum in the two-mass thorax injury model

X, absol ute displacement of the rear portion of the thorax in the two-mass thorax injury model

absol ute displacement of the point at which the spring and the dashpot connected in series are

X3 joined in the two-mass thorax injury model
X, absol ute displacement of the vehicle
50 threshold deformation of the rib cage at which the stiffness coefficient ky; changesto ki,

Vo impact velocity
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