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Abstract: The safety of the transport depends on the many factors. Ones of them are characteristics of the vehicle enabling to prevent the accident situation (active safety) of to restrict the severity of injuries (passive safety). The passive safety includes crush zones deformation characteristics of the vehicle and the restraint systems.

The proceeding deals with the possible control of the restraint systems of the vehicle. The control loop should consider the collision parameters, individual parameters of persons under crash and critical loadings of the biological tissues. The sensitivity analysis is used to find the parameters of restraint systems, which have main influence on the reduction of injury risk. The biomechanical criteria, used for vehicle evaluation, are discussed from the injury biomechanics point of view.

The study was supported by grant EUREKA 1871 MOHUC (OE 45/3) and by the research project of ČVUT FD no. J04/98: 210000024. 

Introduction

The airbags, safety belts and other restraint systems belong to the standard equipment of the cars. In the case of accident the airbags, belt pretensioners, etc. have the same activity after triggering, they do not consider the type of the crash, human position and human individual biological data. The intelligent car should increase the probability to survive introducing the adaptive systems to the area of passive safety, as it is quite common in the field of active safety. The modern cars are usually equipped with control unit controlling brakes, engine, suspension, etc. as declare English or German abbreviations used in vehicles description (ABS – Antilock Braking System, ASR – Antriebs-Schlupf-Regelung, EBV – Elektronische-Bremskraft-Verteiler, EDS – Elektronische-Differential-Sperre, ESP – Electronic Stabilization Program, or even Pre-Crash Sensoring). The intelligent systems in vehicles should include even passive safety measures. This paper wants to present the sensitivity study of the restraint systems on one input parameter and to open the methodological questions of the acceptable loadings of the tissue based on the correlation between histology and mechanical properties of biological material.

Active systems in safety
There must be defined for every controlled dynamic system the target function and control strategy [3]. The main problem in this case is the definition of the target function, because the ordinary used biomechanical criteria of injury are not suitable from many reasons. Some of them are evaluated after the crash, their biological relevance is not easy to proof. The target function used for feedback system must assure, that the loading conditions exposed to the human body will stay under the limits for development of dangerous injury mechanisms. 

The presented approach opens the methodological question of possibilities to control active restraint systems in the passive safety according to the loading conditions of selected tissues. The development of every injury mechanism depends on the physical characteristics of the organ or tissue under consideration. For example the head injuries are the most critical with respect to the consequences of the traffic accidents [11]. There are several mechanisms of injuries whose could develop during the vehicle crash. The active restraint system must be designed to prevent the inertia effect of the brain and the stress waves propagation in the brain mass. The same is valid for the injuries of thorax internal organs and abdominal organs [2]. Both mechanisms can be described using mechanical properties of the tissues and the restraint conditions of the vehicle.

Sensitivity analysis
On the other hand the adjustable parameters of the restraint system have the different sensitivity. The principally adjustable parameters of the restraint systems are airbags parameters (triggering time, size and shape, inflation parameters, etc.) and the seat belt parameters (length of pretension, pretension force, load limiter maximal force, etc.). 

The example of sensitivity study is based on the publication [5], on PhD thesis [4] and has been made in cooperation with the thesis author. The MADYMO [13] validated model of the crash of the middle size car has been used for the optimisation process of the adaptive restraint system with respect to the acceleration vector direction φ (Fig.1). The standard dummy was used, therefore the special cases [8] are not included into the optimisation process.

The important step is the definition of the target function for the optimisation process. The linear combination of the commonly used criteria (Head Injury Criterion -HIC, 3MS, chess compression - ccomp) has been chosen:

If ( hic >= 300 ) {

Sum = hic / 1000 * 0.4 + trims / 600 * 0.3 + ccomp / 0.075 * 0.3 }

Else { sum =  trims / 500 * 0.3 + ccomp / 0.050 * 0.3 };

The next step is the definition of parameters and their intervals for the optimisation (Chart 1):

	
	basic model
	lower limit
	upper limit

	airbag multiplication factor [1]
	1.0
	0.8
	1.5

	gas ventilation coefficient [1]
	2.5
	0.5
	4.5

	airbag stripes length [m]
	0.4
	0.1
	0.4

	triggering time [s]
	0.020
	0.016
	0.026

	belt pretension length [m]
	0.100
	0.000
	0.166

	belt load limiter [N]
	10000.0
	2500.0
	10000.0


Chart 1 – the basic data

The 1st iteration (Chart 2) had to select the more and less sensitive parameters. The less sensitive parameters have been predefined as fixed values without control feed – back loop.


	(
	0°
	10°
	20°
	30°
	40°

	target function before optimisation
	494
	453
	496
	607
	675

	target function after optimisation
	369
	363
	384
	501
	561

	optimised parameters:
	
	
	
	
	

	airbag multiplication factor [1]
	1.3
	1.2
	1.1
	1.1
	1.1

	gas ventilation coefficient [1]
	2.0
	2.0
	2.0
	2.0
	1.5

	airbag stripes length [m]
	0.35
	0.30
	0.35
	0.35
	0.10

	triggering time [s]
	0.018
	0.018
	0.018
	0.018
	0.016

	belt pretension length [m]
	0.166
	0.166
	0.166
	0.166
	0.133

	belt load limiter [N]
	4000
	3000
	2500
	3000
	2500


Chart 2 – results of the 1st optimisation

The fixed values are the airbag multiplication factor (1.2), gas ventilation coefficient (2.0), airbag triggering time (0.020s), the other values are used for the 2nd iteration (Chart 3). The belt pretension length has the trend to incline to the upper values of the selected interval. The big pretension length decrease the target function, on the other hand the risk of the seat belt syndrome is higher. 

	
	basic model
	lower limit
	upper limit

	belt pretension length [m]
	0.100
	0.033
	0.166

	belt belt limiter [N]
	10000.0
	1000.0
	10000.0

	max. length given by belt force limiter [m]
	0.10
	0.00
	0.30

	airbag stripes length [m]
	0.4
	0.1
	0.4


Chart 3 – basic data for the 2nd optimisation

The optimization results improved the target function and selected the sensitivity of parameters in the second round (Chart 4).

	(
	0°
	10°
	20°
	30°
	40°

	target function before optimisation
	476
	443
	497
	602
	679

	target function after optimisation
	380
	358
	378
	471
	544

	optimised parameters:
	
	
	
	
	

	belt pretension length [m]
	0.166
	0.166
	0.133
	0.166
	0.133

	belt load limiter [N]
	4000.0
	3000.0
	2000.0
	2000.0
	1000.0

	max. length given by belt force limiter [m]
	0.20
	0.15
	0.20
	0.30
	0.30

	airbag stripes length [m]
	0.35
	0.35
	0.35
	0.10
	0.40


Chart 4 – results of the 2nd optimisation

On the basis of the sensitivity analysis the belt pretension length has been chosen as 0.133m with respect to the seat belt syndrome danger.

The target function is sensitive on the belt load limiter adjustment according to ( as described (Chart 5):

	Load limiter set-up:
	1000N
	4000N

	
( =   0°
	599
	380

	
( = 40°
	544
	667


Chart 5 - Target function and load limiter configuration

The maximal added length given by the belt force limiter selected as 0.3m.

Optimal values of parameters under study are described (Chart 6), the only controlled (the most sensitive parameter) is the limit force of the seat belt load limiter (Chart 7).

	airbag multiplication factor [1]
	1.2

	gas ventilation coefficient [1]
	2.5

	airbag stripes length [m]
	-

	triggering time [s]
	0.020

	belt pretension length [m]
	0.133

	belt load limiter maximal added length [m]
	0.3


Chart 6 – selected fixed data

	Seat belt load limiter 
	Crash-angle ( [deg]
	Limit force [N]

	
	0
	4000.0

	
	10
	3000.0

	
	20
	2000.0

	
	30
	2000.0

	
	40
	1000.0


Chart 7 – control strategy of the belt load limiter

The adaptive restraint system based on the seat belt load limiter configuration according to the acceleration vector direction ( gives the injury criteria and the target function (Chart 8):

	
	0°
	10°
	20°
	30°
	40°

	HIC
	152
	151
	228
	452
	552

	3ms [m/s/s]
	312
	284
	330
	456
	499

	Ccomp [m]
	0.0341
	0.0340
	0.0315
	0.0250
	0.020

	Target function
	391
	374
	386
	509
	550


Chart 8 – optimised injury criteria and target function

The presented case study is focused on the sensitivity of different restraint systems parameters on the angle φ of the crash to rigid wall. It proves, that the limit force of the seat belt load cell is the most sensitive parameter. It is quite easy to imagine the design solution of the adjustable load limiter. The advantage is, by the way, the reduced risk of the seat belt syndrome. As expected, the airbag plays the less important role the higher angle φ is.

Mechanical properties of biological materials
The second aim of the article in to discuss the possibility of the estimation of the mechanical data of the tissues and, consequently, to assess the limits of loading conditions to prevent the injury mechanisms development.

The mechanical data of biological material are published [12]. The measurements designed for special purposes are very complicated task and some “stiffness” is more or less the question of stability of the specimen, the results are influenced by the conditions of fixing it in the jaws or simply the conditions of the fresh or fixed cadaverous material for testing. The fixed specimens are available from the anatomical dissections therefore the study [6] has been made to compare the mechanical data of fresh and embalmed specimens. The conclusion is that the shift of the results is predictable and that the fixed material can be used for the definition of basic statistical data. Nevertheless the research continues to be more specific in the definition from the statistics point of view. The special attention is given to the following problems: the anchorage of the specimen in the tearing machine, the influence of the size of the specimen, influence of the speed of loading and the direct connection with the histological analysis.

The other well-know description of the tissue is its histology. The microscopic analysis is done from all organs and there is deep knowledge of the internal structure of the tissue in medical science. Some substructures of the material are responsible for the mechanical properties (stiffness) like collagen fibres. The method called morphometry or stereology [9], [10] can quantify the volume portion of these structures. The simultaneous measurement of mechanical and histological data gives optimistic result of correlation of these phenomena [1]. Then the rich histological databases can be used for prediction of mechanical properties of the biological structures. 

Comparison of mechanical properties and injury criteria
The mechanical data can predict both simple static stiffness of the tissues and the sensitivity to the propagation of the stress wave from the theory of the continuum vibrations.  

The impact during car crash can trigger the viscous wave propagation in the tissue. The injuries are predicted by the threshold values of biomechanical criteria. The empirical criteria HIC and V*C can be used for evaluation of kinetic energy of the impact during the crash.

Kinetic energy: 
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Criterion HIC:
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Criterion V*C:
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Using: 
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we obtain:
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(1) (2)

Expression (1) a (2) have form of criteria above:
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(1) is 
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(2) is equivalent to the HIC calculation. 

Mechanism of the wave propagation can be described as combination of V*C and HIC.

The mechanical data describing the vibrations using partial differential equation are ρ (material density) and E (Young modulus). Then the variable cf the phase speed for the wave propagation can be determined.

Let us imagine, that impact on the tissue has the simple shape:
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Fig. 3. The simplification of the impact on the tissue 

where a0 is critical acceleration measured on the surface of the organ under impact.

The project aimed to the measurement of mechanical data of biological structures was opened in cooperation with the 3rd. Medical School of Charles University [6]. The target of the project was experimental determination of selected mechanical properties of the human liver and spleen, their comparison with the morphological structure and definition of the impact parameters threshold for the development of injury mechanism. The mechanical properties were assessed from the data set of cadaverous material (10 males, 18 females), i.e. density, elasticity modulus and critical tension.

The values of critical tension, measured on both organs, were compared with the results of morphometrical analysis. The reason was to prove the correlation between mechanical properties and histological structure numerical characteristics.

 From the experiments aimed to the determination of the mentioned organs loadings during traffic accident (loading of upper abdomen of driver and passenger during modified frontal crash) were derived the loading conditions (fig.3). The threshold of acceleration for development of the viscous wave was determined from the measured biomechanical properties of the liver 55g to 120g and spleen on the level of 70g to 150g.

[image: image16.jpg]



Fig.3 Testing of the loadings in the abdominal region

From the biomechanics of injury point of view we can expect, that over this level the viscous wave will propagate during the organs under research. It can consequently cause the injuries of the mentioned organs, according to the transferred energy the contusion or rupture.

Conclusion
The adjustable restraint systems of the vehicles requires lot of activities to be introduced in the really efficient way and to be able to protect real human body during the crash. There is clear, that different subsystems are more or less sensitive to the resulting loading of the human body during the crash. The question under study is to use efficient target function for the real-time control of those systems. The criteria tailored for the crash test dummies protect globally the passengers on the acceptable level. Anyhow it is difficult to use them for the direct control, in spite of the fact that sensitivity study can be based on them. The future research should offer the direct biologically - oriented approach to enable the efficient control or simply adjustment of the restraint systems parameters. The in-depth study of biological material properties can be the way, how to get this target.
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