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ABSTRACT
The purpose of this study is to examine thoracic injury mechanism and to determine the tolerance in lateral
impact. The response of the thorax of the human cadaver for a total 21 sled impact tests were analyzed by using
University of Heidelberg test data. This report provides a simple mathematical description of the process of
thoracic deformation in lateral impact into a rigid wall or into a wall with padding. This analysis has shown that, ‘
in the case of impact against a rigid wall, the thorax displays a high velocity of deformation with relatively low
compression during a short crash impulse. However, in the case of impact against the wall with soft padding, the
compression becomes an important factor in the chest injury. If an injury criterion involves only one of these
two factors, it will be not complete, so that it could not correctly be connected with the injury mechanism.
Human thorax tolerance has been defined by the probability function of injury risk. A tolerance level of the
viscous response (VC)max = 1.03 m/s and of the dissipated energy response (DE)max = 1.34 m/s for the chest in
side impact were determined for a 25% probability of serious injury NFR = 4 (number of fractured ribs).
Maximum thoracic compression was similarly set at C = 35.4%.

INTRODUCTION

The analysis concerning the cause of fatal injuries in an automobile environnment have
showed that the thorax is the corporal region where injury is most serious in relation to other
regions in side impact accidents (car/car) [THOMAS et al. 1987, NHTSA 1988). The
mechanism of thoracic injuries is mainly the intrusion of the side wall of the impacted car
[CESARI et al. 1978, 1983]. The data about injury distribution of NASS and NCSS concerning
mortal accidents in lateral collisions show that appropriately 70% of cases for thoracic traumas
have been caused by the lateral structure of vehicle doors [NHTSA 1988). Hence, occupant
protection in side impact crashes has become one of the significant tasks of automotive safety
engineers. It is necessary to understand the performance of occupants and the effects of rigidity
of interior panels that cause various corporal injuries when a vehicle is struck from the side.
Our study aims to understand the mechanical performance of the human thorax in lateral
impact and the mechanisms of injury, as well as to estimate the level of thoracic tolerance.

Determination of tolerance level and prediction of risk associated injury has been
accomplished in much previous work. In 1982, a series of drop tests of human subjects onto
panels covered with different types of material (rigid or shock-absorbing) was conducted by
WALFISCH et al. [1982]). 30% compression level (half thorax) was proposed as an appropriate
tolerance level for the chest, which corresponded to seven rib fractures.
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The viscous criterion has been developed to assess injury severity of the human thorax [VIANO
et al. 1985, LAU et al. 1986]. According to this criterion, human tolerance has been defined by
the viscous response (VC), which is defined as the product of deformation velocity and
compression of the thorax. Using a series of blunt oblique-lateral impacts (60 degree),
(VC)max=1.47m/s corresponding to a 25% chance of sustaining severe thoracic injury
(AIS>=4) has been proposed by GMRL [VIANO 1989]. It should be noted that, in these tests using
the pendulum, the chest deflection was measured based on the whole thoracic deformation. In
fact, for a problem of the side impact, examining thoracic deformation characteristics based on
the deflection of the half (not whole) thorax is more significant.

On the basis of an analysis of the mathematical properties of the viscous criterion, the
Dissipated Energy Criterion (DE) was recently proposed [WANG 1989]. It has been shown that
the viscous response of the thorax is given by the integral of the velocity squared with respect to
time, instead of V*C. However, this criterion has not been validated for the assessment of
injury risk with experimental data.

In this paper, the histories of the deformation velocity and the compression of the human thorax
in side impact into a rigid wall or into a soft padding will be examined with biomechanical
data, a total of 21 sled impact tests. In this analysis of thoracic mechanical responses, we will
particularly observe the characteristics of the chest deformation at different crash stages and
estimate in which phase of deformation the injury risk increases and which one of different
mechanical factors causing traumas is principal. In addition, the Dissipated Energy Criterion
will be validated by the data of impact tests .

DATABASE DESCRIPTION

During 1980-1984, a series of impact tests with unembalmed human cadavers were performed
on a deceleration sled at the University of Heidelberg. The basic operation of the sled has been
described by SCHMIDT (1974] and KALLIERIS et al. (1981]). 12 accelerometers were arrayed on
the thorax and a detailed description was given by MELVIN et al. [1979]. For the acceleration
resultas, certain data have been used in the NHTSA research program to develop the dummy
SID and the Thoracic Trauma Index (TTI) [EPPINGER et al. 1984]. In this paper, we examine
the thoracic dynamic responses of these subjects through the chest velocity of deformation and
through the deflection.

Table 1 includes the test conditions of 21 fresh cadavers in lateral impact, conducted against
four different impact surfaces: rigid wall, APR padding (made by open cell foam), HNCB
padding (made as a honeycomb by fiber glass) and the lateral door of a VOLVO car. The curves
of mechanic characteristics of both these padding materials could be found in the reference of
MONK et al. [1980].

Table 1 Summary of the impact velocity and type of the impact surface in deceleration sled tests.

Velocity of Rigid wali APR HNCB padding  VOLVO door
impact padding
24km/h 6 - - -
32km/h 5 4 4 -
16 or 36 km/h - - - )

HUMAN SUBJECT ANTHROPOMETRY AND THORACIC INJURY
The description of the twenty-one cadaver data is summarized in the table 2. They had an
average age of 39.0 years old and body weight of 73.0kg. Their chest breadth varied from 26cm
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to 38cm with an average value of 31cm. For each test, the detailed injury results are noted and
categorized by the code AIS85 [AAAM 1985]. Table 2 presents the anthropometric data of the
cadaver tests and the AIS value for the thorax and the number of fractured ribs (NFR,
maximum possible value is 24).

Table 2 Anthropometric data and injury data for cadaver tests
No. sex age weight  height  breadth No. sex age weight  height  breadth
Test  (M/F) (vear)  (kg) (m) (cm) NFR AIS Test  (M/F) (year) (kg) (m) (cm) NFR AIS

8011 M 27 89 1.80 30 1 1 8018 M 21 61 1.66 30 0 0
8014 F 60 84 1.69 34 3 2 8208 M 61 99 1.72 33 11 4
8017 M 38 70 1.75 30 6 3 8221 M 48 99 1.80 36 13 4
8215 M 18 69 1.82 29 2 2 8222 M 50 77 1.67 33 15 4
8218 F 28 85 1.81 29 9 3 8021 M 29 63 1.80 31 0 0
8219 F 47 67 1.65 31 7 3 8023 F 41 82 1.59 33 8 3
8024 M 24 65 1.76 29 0 0 8111 M 43 59 1.65 28 0 0
8102 M 57 65 1.65 32 14 4 8112 F 33 46 1.56 26 4 3
8104 M 56 80 1.65 32 16 4 8308 M 45 78 1.78 33 0 0
8214 F 22 61 1.78 29 12 4 8321 M 38 58 1.65 29 14 4
8220 M 41 73 1.80 32 11 4

Considering that the numerical code AIS is not linear progressive but a simple distinctive
among different injury levels, we use the number of fractured ribs as an indictor to present the
severity of chest injury. In fact, this choice allows the injury gravity of the global thorax to be
indicated by the injury severity level of the chest skeleton and does not cause an
underestimation. We have perviously confirmed this in another study [TAO et al. 1992a]. In
that paper, data were collected on thoracic injuries, taken from 116 cadaver impact tests on
lateral impact with impactor, deceleration sled, or with tests of reconstruction collision
(car/car). Thoracic injury severity has been classed by the AIS code for examining the organs
and skeletal trauma respectively.

That analysis showed a very small possibility (6%) that the severity of intrathoracic organ
lesions is larger than the severity of skeletal lesions. This result may be confirmed by the
accident data furnished by the APR [HENRY 1983]. Using the same method to class the severity
of thoracic trauma by examining the organ lesions and the skeletal lesions respectively, with
APR data, the severity of organ trauma is about 11% greater than that of skeletal trauma.
Moreover, about 60% of persons injured in the thorax carry only skeletal trauma without organs
lesions. If we examine only the results of 49 reconstruction tests [LENZ et al. 1982, KLAUS et al.
1984] in the light of the AIS code, we should see that the severity of human thorax trauma can be
wholly determined by the number of fractured ribs. No organ trauma has been observed in the
absence of fractured ribs.

These analyses have shown that: (1) the risk of intrathoracic injury is essentially linked to the
number of fractured ribs. The intrathoracic injury risk increases with the number of fractured
ribs; (2) It is feasible that the severity of skeletal injury indicates the whole severity of thorax
injury.

Hence, in current research, the number of fractured ribs could be considered as the indicator of
the severity of chest injury for estimating the thoracic injury risk and determining the impact
tolerance of the thorax without involving the organ injury.

TREATMENT SIGNALS
All dynamic responses for each test have been recorded by using a multiplexed FM type [ASG
1985]. The data is subsequently digitized at 1600 samples per second for part of the test, at 2000
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samples per second for the other part. In our process of reanalysis of the rib and spine
acceleration signals, using those data set, a digital filter has been effected using a finite
impulse response (FIR) filter with the logicial DADISP2 [DSP 1990]. This had a pass band
frequency of 100Hz, and a stop band frequency of 189Hz for data with 1600 samples per second
(209Hz for data with a 2000Hz sampling rate) and stop band attenation=-50dB, passband ripple
=0.0225dB [MARCUS 19841].

PRESENTATION OF CADAVER RESPONSES

The dynamic responses of the thorax are calculated based on the rib and spine accelerations
with the simple and double integration of the acceleration of the chest transverse deformation.
They include the accelerations of the 4th and 8th left ribs (Acc(4lr) and Acc(8Ir)) and of the 1st
and 12th spinal vertebra (T1 and T12), the velocity of chest deformation (V) and the
compression (C), normalized thoracic deflection by half chest breath. A product of V and C gives
viscous response VC. The response Dissipated Energy (DE), based on WANG proposed
criterion, is given by the integral of the velocity squared with respect to time and the value of
this response is normalized by the dimension of the half chest breadth. A detailed description of
the developed process has been reported elsewhere [TAO et al. 1992b). Table 3 includes the main
results of 21 sled tests: the maximal transverse accelerations of the ribs and spine, maximum
chest compression Cmax, maximum velocity of deformation Vmax, maximal viscous response
(VC)max and (DE)max.

Table 3 Test conditions and value of mechanic response peak

Test velocity  Surface Acc(4lr) Acc(8)r) Acc(Tl) Acc(T12) C(max) V(max) (VC)max (DE)max

(km/h) of impact (g) (g) (g) (g) (%) (m/s) {m/s) (m/s)
8011 24 rigid 116.19 - 93.74 87.32 21.06 4.34 0.547 0.706
8014 23 rigid 115.12 - 136.28 131.93 12.27 3.91 0.316 0.373
8017 24 rigid 85.20 - 10295 70.14 35.25 4.23 0.693 1.016
8215 24 rigid 80.27 128.29 91.14 96.88 15.77 3.14 0.306 0.366
8218 213 rigid 64.25 86.22 82.65 69.55 45.72 4.81 1.336 1.494
8219 23 rigid 92.14 13524 113.70 83.72 38.16 5.98 1.159 1.630
8024 33 rigid 119.05 - 112.24 135.20 9.38 2.56 0.145 0.200
8102 33 rigid 115.55 - 109.70 128.91 44.30 5.78 1.758 1.890
8104 R rigid 121.95 - 112.74 126.42 36.89 5.89 1.061 1.525
8214 32 rigid 170.53 220.25 124.28 186.09 26.25 6.19 1.040 1.407
8220 31 rigid 166.12 188.38 126.86 157.74 36.77 7.97 1.619 2.167
8018 31 APR 72.31 - 83.59 62.15 39.91 2.94 0.807 0.879
8208 31 APR 51.74 77.65 4436 80.11 66.72 4.13 1.897 2.137
8221 32 APR 53.92 115.78 59.54 73.46 67.48 5.20 1.403 1.880
8222 3R APR 103.60 108.18 83.00 106.40 54.72 6.78 1.977 2.654
8021 32 HNCB 112.20 - 6190 55.71 42.96 4.63 1.165 1.304
8023 33 HNCB 124.80 - 104.10 84.12 48.26 5.50 1.386 1.741
8111 312 HNCB 71.80 - 86.16 92.59 12.88 1.70 0.135 0.161
8112 32 HNCB 107.40 - 104.91 113.16 35.99 3.14 0.585 0.727

8308 16 cardoor 66.51 . 65.41 32.34 18.58 3.45 0.379 0.433
8321 36 cardoor 114.81 165.09 123.68 161.59 33.54 7.03 1.515 1.855

Table 4 contains a summary of the mechanic response average and a value of standard
deviation according to the test types. They are RW24, RW32, i.e., the impact into a rigid wall
with a striking velocity 24km/h, 32km/h respectively; APR32, HNCB32, i.e., the impact into
APR padding and HNCB padding respectively with a striking velocity 32km/h. The averages
and the standard deviations of the accelerations of rib and of spine, showed in table 4, are the
results which the accelerations are normalized by introducing a coefficient 1/u to diminish the
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individual effect of the geometric properties of each test subject for the measured response
during experimentations [EPPINGER et al. 1984]. This coefficient p is defined as

p = (Ms/Mi) ¥3

Ms: mass of standard subject (75kg), Mi: mass of test subject.

Table 4 Summary biomechanic data for sled impact

type of  no. Cmax Vmax (VC)max (DE)max Acc(dlr)  Acc(8lr)  Acc(Tl) Acc(T12) NFR
tests  test (%) (m/s) (m/s) (m/s) (8) (g) (8) (8)

Rw24 6 28.04 4.40 0.726 0.933 92.27 114.97* 102.55 90.89 4.7
+13.53 095  £0.433 +0.546  £22.88 +21.89 +16.38 +24.83 3.1

RwW32 5 30.72 5.68 1.125 1.433 134,42 196.14** 113.78 142.21 10.8
+13.55 $1.96 *0.635 +0.754  +25.73  *13.36 *+8.36 +21.87 6.5

APR32 4 57.21 4.76 1.524 1.887 7198 107.11* 68.93 83.43 9.8
+12.93 *1.63  +0.539 +0.745  $22.17 $2099  *15.55 +20.37 +6.7

HNCB 4 35.02 3.63 0.818 0.983 97.86 - 80.59 80.21 3.0
32 +15.59 +1.53 +0.569 +0.688  +25.93 - +20.33 +19.04 +3.8

Note: 1) * nomber of test = 3; ** nomber of test =2 .

ACCELERATION OF THE RIB AND THE SPINE

The data in the table 4 show that the response acceleration of the 4th rib and of the spine in group
RW32 displays a level higher than those in other groups. In particular, the responses Acc(T1)
and Acc(T12) in the case of impact into an absorbed energy material of APR padding or HNCB
padding, are evidently lower than in the case of impact into a rigid wall. This fact indicates
that the response acceleration measured from the thorax depends essentially on rigidity of the
impact surface. For the same collision velocity (ex. RW32 and APR32), the value Acc(T12)
determined from the case of impact into a rigid wall (average 142.2g) is approximately twice as
high as the one from crashing into the APR soft padding (83.4g). A similar level of acceleration
could correspond either to the case of a crash against a rigid wall with a low impact velocity or to
the case of a crash into a padded wall at a high impact velocity, for example Acc(4Ir) in the case
RW24 and HNCB32. However, in these cases, the difference of injury level is evident
(NFR=4.7£3.1 against NFR=3.0+3.8). The Acc(4lr) in the group APR32 is lowest as compared
with other data set. In the contrary case, the average of the number of fractured ribs in this group
(NFR=9.816.7) is larger than the one in the groups HNCB32 and RW24,

The influence of the rigidity of the panel on the thoracic acceleration is also evident in the cases
of impact into padding. The Acc(4lr) average in the case with HNCB padding is larger than that
obtained with APR padding, because of the rigidity difference of these two types of padding. Our
analysis show that thoracic accelerations are sensitive to the impact strength sustained by the
subject, while it has little relationship with the thoracic injury severity and the injury
mechanism.

THORACIC COMPRESSION AND ITS DEFORMATION VELOCITY

Figure 1 gives two representative examples of the history of the compression and of the velocity
of deformation in function of time during thoracic impact into a rigid wall or a padding. When
we examine the peak of dynamic responses, it is found that the thorax sustains a large
compression at the time of impact into a surface with padding (57.2% for APR32 and 35.0% for
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HNCB32) with a relatively low velocity of deformation (3.63m/s for HNCB32 and 4.76m/s for
APR32). These two deformation velocities are obviously lower than one obtained from the case
of impact into a rigid wall with a same impact velocity (5.68m/s for RW32). In the case of
impact into a rigid wall, it is found that the impulse of deformation velocity happens during a
short duration with a high peak. On the other hand, in the case of impact into a wall with
padding (both APR and HNCB), the thoracic deformation lasts over a long period with a
relatively low maximal value. For example, in the case of impact against a rigid wall with an
impact velocity of 32km/h, the impulse of the deformation velocity lasts 14.8ms with the average
of Vmax 5.68m/s and Cmax 30.7% respectively. In the case of the impact against the APR soft
padding, the impulse of deformation velocity lasts 41ms with the average of Vmax 4.76m/s and
Cmax 57.2% respectively.

(a) Test N°8220 (rigid wall) (b) Test N°8021 (HNCB padding)
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Figure 1 History of the velocity of thoracic deformation and of compression
as a function of time, a) impact into a rigid wall, b) impact into a padding.

DYNAMIC RESPONSE CHARACTERISTIC OF THE THORACIC DEFORMATION

The difference of the dynamic responses of the chest in lateral impact is observed not only on its
maximum but also in the process of the crash that leads to the injury of the thoracic skeleton and
interior organs with a difference mechanism. In particular, when we attempt to estimate the
moment at which the injury occurs, it is necessary to examine the whole process of chest crash.

Figure 2 shows a representative example of a number of dynamic curves. It includes the
response of the acceleration, the velocity of deformation and the chest deflection in an impact.
Our observation will be limited to the phase of thoracic deformation from 0 to maximum in the
case of the impact against a rigid wall or against a padding, and will not touch upon the
recovery phase of thoracic deformation.

These processes can be expressed approximately by a trigonometry function as following:

y = (t-0.5sin2t)/2
y = (1-cos2t)/2

y= sin2t

and are illustrated in the Figure 3. If we examine only an interval of time from 0 to =, for the
case of impact into a rigid wall, we could see that the mathematical expressions above represent
the mechanical response of the test subjects more realistically, so that it is possible to study the
thorax compression process from this simple mathematical description. For the thoracic

- 232 -



response in the case of impact into a padding, the progress of the deformation have two stages,
separated by a landing and the deformation velocity shows two peaks. This process could be
expressed similarly by the trigonometric equation with an interval of time 0 to 2.

acc. (g) ace.(g)
200 .cl_ ...... SRR e ! ’ K ; ;i ; ¢
IR L0, 0 e ebe e dren et i
3 A e AN DA i
D P s e S ;o PN .
l'. , . E»L.‘to-‘“\/".'r"""'.'f'lf"\"'.'
\\: SO
= TS . PO R o 1 TS o I i
Q.0 ; \ - D0 = EERRR fl‘l ......
i i 4 ;i i "1? N I .
100 G e 5‘,‘4.../’ - 1-"‘-"':"~1R~--Jf“':":".'"‘F-I'-
: -E0., 0 R N
RSN O (. & RV - s S100 0 etk T e )
2,000 Q0,040 D.EEO O, EES 0,280
velocity of B e e T
defo. (m/s) defo. (m/s) : 2 N . g d )
k0 .
TP B S .
Y., C B B .
G R ) i et Bl A
2.0 K W :
/ <y g
1, 0 0,0 Gt oon s honemcei gk Ay \
-z.0 L Lo O e ..
. |
-4.0 4 ! : o
Ulney(asc) -4 .64 N © - time (sec)
0,500 0.010 0.28%  D,285 D, B8N
defl.(mm) : i defl.(mm) T : S e A e R
"*0 '0 L R | . . " . " . .
: ,.o” [V -'-.l...'....x.4.-....:A...:.n-‘f.:-.
30 Ot Fakl = 5
A . L -
SI0m )i :....-/c ....... Ho. o : : RS .
- ;
10 . 0= e ;..',-" .......... Il ' ..................
olo__._.n—l"?.-.....: ...... DI ,..4" .....................
time (sec) : . i ! . time (sec) |
0,000 0,010 0L EEN 0LEEE 0L, EEN
a) N° 8214, rigid wall, b) N° 8021, HNCB padding.

Figure 2. Two examples of thoracic mechanic responses: acceleration, velocity of deformation
and compression, a)impact into a rigid wall, b) impact into a padding.

ESTIMATION OF INJURY RISK
--Impact into a rigid wall

In order to facilitate our examination, the thoracic deformation in impact could be described as
three phases in the theoretical model presented above (Figure 3). In the first phase, the velocity of
deformation increases from 0 (initial stat) to a maximal value, and the chest compression is
kept at a low level with a monotone and progressive increase and, even at the moment where the
velocity of deformation grows to the maximum, the deformation is only about half of the
maximum. Based on experimental data quoted above, the average of C (compression) at this
moment is 12.05% from RW24 and 14.87% for RW32 (these correspond respectively to 43.0% and
48.4% of the maximal value of chest compression). Hence, in the first phase of deformation the
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chest sustains a lower level of compression which gradually increases. In the this stage, we
could think that the thoracic injury risk is low. The tests with human volunteers (KROELL
1976] showed that the chest compression up to 20% in quasi-static loading produced no injury
and was fully reversible. As the compression grew to greater than 20%, the tests with human
cadaver at impact velocity between 5 and 7m/s, the risk of skeletal fractures in the rib cage
increased. In experimental data used in this paper, among 11 tests with impact against a rigid
wall, two subjects only arrive at more than 20% compression when V rises up to the maximum
(23.46% to the test N0.8218 and 26.97% to the test N0.8102). On the other hand, when the
deformation velocity reaches its maximum, the compression is less than 20% in 9 of 11 cases. So
we would foresee that the chest injury risk is low when the compression velocity does not reach

its maximum in the situation of impact.
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Figure 3 . Similar mathematical description of the process of chest deformation,
a) impact into a rigid wall, b) impact into a padding.

0 |Time

At the point of departure of the second phase, the chest is in a state where the deformation is fast
and the compression increases continuously. After reaching maximum velocity, the
deformation velocity decreases as a result of resistance of the cage thorax. This reduction
becomes faster and faster with time until the maximum deceleration appears (last point of the
second phase). In this moment, the chest compression is near to its extreme and could reach 60-
75% of its maximum, according to the test data. At this stage, intrathoracic organs sustained a
compression that became progressively heavier. Hence, we would consider that, in this stage,
the thorax has a larger injury risk as the velocity of deformation and compression, two
essential mechanic factors, both maintain a higher level. The result of these two factors acting
together is that the possibility of occurrence of trauma of the chest cage and of the organs is
larger than in the first phase. We notice that the peak of viscous response takes place in the
second deformation phase defined above and, moreover, it has been observed that, in a blunt
impact to a cadaver thorax, the moment corresponding to the peak of viscous response is very
close to occurrence of rib fractures [LAU et al. 1988). In the 3rd phase of chest deformation, the
thoracic compression approaches its maximum with a low velocity. The deformation process

will stop and the return stage will start. If a trauma has been produced in the second phase of
deformation, in this phase, the impact leads to an aggravation of thorax injury.

--Impact into a padding

In the case of the impact into a soft padding (both APR and HNCB), the crash process of the chest
is longer and, moreover, two peaks of the deformation velocity appear. In our observation,

seven subjects present this typical dynamic response (figure 3b).
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Because the human and the padding are both deformable objects, they were deformed by a
mutual crash during impact. At first, the body sustains a lower level of deformation under the
effect of padding. At the first peak of velocity, corresponding chest deformation is at a low level
(11.64% on average) with an average 3.8m/s of velocity of deformation. Afterwards, the effect of
padding reduces thoracic deformation velocity and then a deformation plateau appears. If we
accept that the chest deformation process may be divided into three stages, this landing could be
considered as the border between the first two stages (phase I and II). Examining the whole
process of deformation, we notice that the chest deformation velocity is generally low in
relation to the case of impact against a rigid wall. The maximal velocity of deformation is
generally reached at its first peak and the value of deformation is low at this moment. So it
could be foreseen that, if the injury risk estimated is only based on the criterion of velocity, it
will result in certain error when a padding is used. For an impact process with a large thoracic
deflection but a low velocity, the compression must be consisted as an important factor.

DETERMINATION OF THE HUMAN THORAX TOLERANCE IN SIDE IMPACT

--Injury risk function
Human thorax tolerance is determined by means of statistical methods using the Weibull
function. It is a exponential function with a variable (x) and three parameters (6, B, 8). This
function relates the probability of injury occurrence W(x) to the magnitude of a mechanic
parameter x (for example, compression C, viscous response VC, etc.) based on a statistical fit to
a sigmoid function.

W (x; 6,8,8)= 1 —exp (- (’;7‘%)3)

The Weibull function is chosen in our research because it shows a more reasonable distribution
of probability than normal distribution within the interpretation of biomechanical data [RAN et
al. 1984, MORGAN 1984]. Moreover, for a series of identical biomechanical data, the weibull
distribution could give a higher value of likelihood than a normal distribution. In this paper,
the method of numerical estimation is used to find these parameters [KAPUR et al. 1977].

--Tolerance of the human thorax
Tolerance of the human thorax in side impact would be estimated according to the injury
severity of chest skeleton, expressed in NFR. Because four ribs fractured corresponds to a
inferior limit value of serious lesions (AIS=3), therefore NFR=4 could be considered as an
acceptable injury level. Because the cumulative frequency of 50% probability of thoracic lesions
with flail chest (AIS=4) corresponds to about nine ribs fractured, NFR=9 is chosen as the other
limit for estimating the risk of thoracic injury corresponding to a severe lesion level.

The injury probabilities are plotted in Figure 4 for the probability of serious injury as a function
of the viscous response (VC) or of the dissipated energy response (DE) of the chest. Table 5 gives
the value of three parameters of the Weibull function and the thorax tolerance level with 25%
probability of serious or severe injury for each mechanical response.

A tolerance level of VC=1.03m/s for the chest was determined for a 25% probability of serious
injury (AIS=3). Maximum compression was similarly set at C=35.4% and maximum velocity
of thoracic deformation was set at V=4.73m/s. With maximum DE response, DE=1.32m/s may
be used as a threshold value for human tolerance in blunt lateral impact to the chest.
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Table 5. Tolerance levels of the chest injury and parameters of the Weibull
function based on 25% probability of injury (n=21).

(a) for gravity of the injury NFR> 4

response o B 5 tolerance
Vmax 6.166 4.713 0.0 4.731 (m/s)
Cmax 49.15 1.864 21.0 3542 (%)
(VC)max 1.543 3.083 0.0 1.030(m/s)
(ED)max 1.925 3.325 0.0 1.323 (m/s)
(b) for gravity of the injury NFR> 9
response ") B 5 tolerance
Vmax 6.239 5.747 0.0 5.349 (m/s)
Cmax 55.786 3.683 0.0 39.78 (%)
(VC)max 1.692 4.842 0.0 1.308(m/s)
(ED)max 2.053 1.952 1.126 1.616 (m/s)
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Figure 5. Risk of serious injury as a function of the maximum viscous response or the
maximal dissipated energy response for lateral chest impact of human cadavers.

CONCLUSIONS

-Chest deformation mechanisms in side impact are different in an impact against a rigid wall
and against a padding. The human thorax sustains a large deformation in the last case. For
the same impact velocity, the deformation velocity in the last case is clearly lower than that in
the process with a rigid wall. On the other hand, in the case of impact against a rigid wall, the
peak of the deformation velocity is higher and the impulse of the deformation velocity is of short
duration. Moreover, the thorax compression is relatively larger.

-In the process of chest deformation, mechanical responses present different characteristics.
The risk of injury occurrence arises when the deformation velocity and the compression are
both situated at a higher level. A criteria developed based on only one of these factors - velocity
and deflection could not be correctly connected with the injury risk and could not correctly
describe the injury mechanism. The estimation of injury risk must be viewed from the angle of
the crash process of the body and from the effects of the divers mechanical factors, but we can not
merely consider the maximum of certain responses.
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-The tolerance level of (VC)max=1.03m/s and of (DE)max=1.34m/s for the chest in side impact
were determined for a 25% probability of grave injury NFR=4 (number of fractured ribs).
Maximum half thoracic compression was similarly set at C=35.4%.
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