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The TNO Crash-Safety Research Centre started a research programme to establish sets of 
requirements for basic child dummy design characteristics. However, there is only very limited data 
available on child responses to impact loading and, therefore, most of the response corridors were 
obtained by scaling the responses of adults. In previous studies, the "Kroell thoracic response 
corridors" were scaled on the basis of the masses and the rib cage stiffness only. Scaling by this 
method assumes that the corridor shape is similar and, therefore, implicitly assumes that the 
thoracic damping of adults is equivalent to that of children. In the present paper a general scaling 
method is presented and applied to Lobdell's mathematical thoracic response model to predict the 
thoracic response of children. To derive the scaled thoracic response of a child, the parameters of 
the modal are scaled while using scaling procedures for mass, thoracic stiffness and damping. The 
thoracic response of the scaled Lobdell modal is compared with the scaled "Kroell thoracic response 
corridors". Even with uncertainties, such as the high dynamic stiffness of the Lobdell model and the 
current lack of child Post Mortem Human Subject validations, it is believed that a more realistic child 
thoracic response is derived. 

INTRODUCTION 
The evaluation of the effectiveness of child protection systems is substantially influenced by the 
biofidelity of the manikin used in crash-tests. Already in the late sixties, the TNO Crash-Safety 
Research Centre had developed a series of child manikins, also known as the TNO P-dummies, for 
the evaluation of Child Restraint Systems (CRS). The developments in crash safety research, the 
review of ECE R.44 [1]t, the potential upgrading of US Federal Standard on CRS [2] and product 
enhancements have indicated the need for a review on chifd. ·dummy design [3],[4]. A research 
programme was therefore started to establish sets of requirements for basic child dummy design 
characteristics. To obtain biofidelic child dummy characteristics, impact responses of various parts 
should be established. These responses can be derived from Post Mortem Human Subjects (PMHS) 
tests and from volunteer tests. However, at the present time there is only very limited child response 
data available [5),[6],[7]. lt was therefore decided to derive the thoracic responses of children by 
scaling average normalized adult thoracic responses. 

In biomechanics, scaling is a mathematical technique to derive response characteristics or 
tolerance levels for a specific population based on knowledge of the responses of a different 
population. Most of the scaling methods currently used, derive the differences in overall stiffness of 
a certain body part only on the basis of anthropometric differences of this part or the whole body 
[8],[9]. This approach ignores the fact that there are other ·differences between these populations 
which will influence the overall stiffness of a body region. These differences are not only caused by 
different material properties but also by different functional anatomical aspects [1 O]. Summarising the 
results of thoracic impactor tests, anthropometric studies [1 1 ]  and results from mathematical models 
studies [9],[12],[13],[14],[15], the thoracic stiffness of a human subject depends upon the integral 
effect of the following aspects: 

t Numbers in parentheses designatä references at the end of the paper. 
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the dynamic and static constitutive properties of bone and cartilage, 
the geometry of the rib cage and the spine, 
the cross-sectional properties of the bony structures, 
the connection between the rib cage and the sternum, and the rib cage and the spine, 
the dynamic and static stiffness of the internal organs (lungs and heart) and 
the mechanical skin properties. 

The objective of this paper is to define a general scaling method which includes these aspects. This 
scaling method will be applied to the parameters of Lobdell's mathematical thoracic response model 
(15] in order to predict the thoracic impact response of children at 1 8  months. This method is called 
"the model-based scaling method". For comparison with conventional scaling methods, the scaled 
model response will be compared with "Kroell thoracic response corridors", scaled with Mertz' 
scaling method (8) also to an age of 1 8  months. As a basis for both scaling methods a description of 
the mathematical thoracic response model is first provided. 

MODELLING THE THORACIC RESPONSE 
A number of ehest impact experiments have been conducted using Post Mortem Human Subjects 
(PMHS), volunteers and animals as test subjects. Kroell et al. (ref. (16),(1 7]) investigated the effects 
of impact conditions on the force skeletal-deflection relationship of the human thorax. lt was found 
that in high velocity, low impactor mass cases, the peak force occurred almost immediately after the 
initial contact of the impactor, the duration of the Impulse was relatively short and the impact 
momentum very low. In contrast, the high impactor mass, low velocity cases produced greater 
momentum and longer Impulse duration. 

The effect of muscle tension on the thoracic stiffness was presented by Lobdell et al. [15). 
Typical force deflection curves were obtained from volunteers under quasi-static loading conditions. 
The results showed that the thoracic stiffness was higher under tensioned conditions when 
compared with the relaxed conditions. The response curves corrected for muscle tension are 
illustrated in Figura 1 by the solid lines. The curves are based on two different combinations of 
impactor mass and velocity, see also Table 1 .  The thin solid line denotes the thoracic response 
while using an impactor mass of 19.5 kg while the thick solid line denotes the response when using 
an impactor mass of 23.1 kg. The impactor energy of the "low velocity-low mass" impact is 
approximately half the impactor energy of the "high velocity-high mass•. The dotted lines in this 
figure are the recommended "Kroell thoracic response corridors" based on these two different 
impactor conditions (15). 

Lobdell et al. [15) used a lumped mass modal to describe blunt frontal · thoracic impactor tests; 
the model is illustrated in Figure 2. Lobdell estimated a number of parameter values directly from the 
PMHS impactor tests and used arbitrary values for the remaining parameters. Depending on the 
results of the model, parameter values were modified and the response was evaluated. This iterative 
procedure was continued until the Impact response of the system satisfied the "Kroell thoracic 
response corridors". The results obtained by Neathery and Lobdell (19) illustrated that the response 
of the Lobdell modal without the visco-elastic element (kv23 and cv23) still meets the "Kroell thoracic 
response corridors•. Therefore they suggested removing the visco-elastic element. 
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Figura 1 Averaged, corrected torce-skeletal detlection curves (solid lines) and "Kroell thoracic response corridors' (dotted 
llnes). From (15). 

Table 1 The two thoracic impactor conditions used for the corrected "Kroell thoracic response corridors'. 

Condition, see also figure 1 lmpactor Velocity (m.s·
1

1 lmpactor mass [kg] lmpactor energy (J) 

Low velocity (thin line) 4.8 ± 0.2 19.5 ± 0.45 201.5 • 249.4 

High velocity (thick line) 7.1 ± 0.2 23.1 ± 0.45 539.2 • 627.5 

k 23 0 23  

m, 

x, X2 X4 X3 

Figure 2 The Lobdell model describlng blunt frontal Impacts (15]. The model parameters are shown In Table 2. 

Table 2 The modal parameters as detlned by Lobdell et al. (15). 

1 Parameters 1 Description 1 Values 

m1, V1 impactor mass, impactor velocity low velocity conditions 19.5 kg, 4.92 m.s·1 

high velocity conditions 23.1 kg, 7.15 m.s·1 

� sternal effective mass 0.45 kg 

m3 vertebral effective mass 27.2 kg 

k12 stiffness of soft tissue between stemum and impactor 281 kN.m"
1 

� rib cage stiffness primary spring stiffness 26.3 kN.m"
1 

secondary spring sliffness 78.8 kN.m"1 

transition point 31.8 mm 

� thorax damping compression 0.525 kN.s.m·
1 

deoompression 1.23 kN.s.m·1 

kv23' CV23 visco-elastic behaviour of thorax 13.2 kN.m·1, 0.18 kN.s.m·1 
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The reconstructed adult force skeletal-deflection curves of the original [15] and the simplified model 
(without the visco-elastic element kv23 and cv2� [19] are shown in Figura 3 and Figure 4 for the two 
impactor conditions given in Table 1 .  The impactor force of the model is determined by the force on 
m1, which equals the force on spring k12 • The skeletal deflection is determined by the relative 
displacement between m2 and m3 . The figures indicate that there are only small differences between 
the original and the simplified model. lt seems however that the visco-elastic element flattens the 
mid-area of the curve by introducing a non-linear stiffness. However, both models meet the "Kroell 
thoracic response corridors". Secondly, considering all four response curves, it should be taken into 
account that the Lobdell model is tuned to meet the "Kroell thoracic response corridors". This could 
imply that for different impactor velocities and/or masses the model is no langer valid. In this paper 
this aspect is evaluated by a sensitivity study with the simplified model. The simplified model is used 
here to reduce the number of parameters. 
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Figure 3 Reconstructed original and simplified force­
deflection curves with Kroell corridors (dotted lines), v1mp 
4.92 m/s and mimp 19.5 kg. 
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Figure 4 Reconstructed original and simplified force­
deflection curves with Kroell corridors (dotted lines), vlmp 
7.15 m/s and mimp 23.1 kg. 

By quantifying certain characteristic points of the impact response curves (Figure 5), the results of 
parameter permutations are summarised in Table 3; more details are provided in annex A. Table 3 
shows that the response is more or less sensitive to all parameters. This table indicates the 
sensitivity of a single parameter within an arbitrary, but realistic, range. Combinatoric permutations 
are not made as this will need complex multi-variational statistical analyses, which are beyond the 
scope of this project. lt is expected is that due to the non-linearity of the system, interaction between 
the parameters may influence the thoracic impact response. However, Lobdell chose most of his 
parameters separately from the other parameters and estimated only the linear damping coefficient 
c23' Therefore, within a small range, a linear response can be expected. The influence of the 
damping factor is large, as illustrated in Figure A.5 and Figure A.6 for compression and 
decompression respectively. 

The results confirm that the Lobdell model has been tuned by the damping coefficient to meet 
the "Kroell thoracic response corridors", even in such a way that the visco-elastic element can be 
removed without any significance and the sensitivity of the (static) elastic component is not as large 
as expected. This could imply that the dynamic stiffness caused by the damper is overestimated and 
this could also explain the large response sensitivity of the damper coefficient. However, when 
reducing the thoracic stiffness by 50 percent, it is not possible to derive a damping coefficient to 
meet the "Kroell thoracic response corridors". Thls means that the current damping coefficient 
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represents a realistic amount of intemal damping. On the other hand, considering the large 

sensitivity of the damping parameter while assuming only linear damping could mean that the model 
is indeed not valid for other impact conditions. A more detailed study of this subject will provide 

more information but is beyond the scope of this paper. 
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Figure 5 Characteristic points of the impact response curves. 

max. deflecdon time duratlon 

Table 3 Summary of the influence of Lobdell parameters on characteristic points of the Impact response curves (Flgure 5). 1 Model parameter 1 Maximum force : low deflection 
Maximum force Maximum Plateau force Oscillation Time 
high deflection deflection 

� figure A.1 + 0 0 0 

m3 figure A.2 0 + + + 

k12 figure A.3 + 0 0 0 

� flgure A.4 0 + . + 

� figure A.5-A.6. + +I· . + 

+ : increase-decrease of value model parameter causes increase-decrease of characteristic point 
increase-decrease of value model parameter causes decrease-increase of characteristic point 

+I· : increase and decrease of value model parameter causes increase of characteristic point 
0 : increase or decrease have minor or no influence 

SCALING OF THE RESPONSE REQUIREMENTS 

duralion 

+ 0 

0 + 

+ . 

0 . 

. . 

Hamilton et al. [9] determined the ratio of lateral stiffness of a six year old child's thorax by 
modelling a thorax with finite elements. The calculated stiffness ratio was used to scale the adult 
lateral thorax response (18] while using Mertz' normalisation and scaling method [8] to obtain the 
lateral thoracic response of a six year old child. However, Mertz' method ignores the differences in 
responses due to damping of the intemal organs, bony structures and muscular tissues. Regarding 

the corridors obtained by Kroell et al. (16),(17], it seems that the ratio impactor velocity/impactor 

mass has a large influence on the force-deflection curve and these large differences can only be 

caused by intemal damping of the thorax (19]. 

To derive a (scaled) thoracic response of a child with the aid of the simplified Lobdell model, the 

parameters of the modal will be scaled while using scaling procedures for mass, thoracic stiffness 
and damping. In the previous paragraph it was shown that the effect of the visco-elastic element is 

small and, therefore, the simplified modal will be used instead of the original Lobdell model. This is 

because of the reduction of the number of the model parameters; besides this the scaling of visco­
elastic properties (kv23, cv23) is rather complex and not yet validated. The unknown quantities of the 
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simplified child thorax Lobdell model are the thorax and spine mass (m2, m3) ,  the impactor mass 
(m1), the thoracic stiffness (k12, k23) and the thoracic damping (c23). The scaling of these properties 
is now discussed in detail. 

Geometry 

The geometry scaling ratios of the thorax are chosen to be: 

Thorax mass 

Ax • ehest depthchlld 
ehest depth8 

ehest breadthchild 
\. • ehest breadih 

A.z • _
e
_
he
_

s
�
t _he-ig

-
h
�

tchild 

(1 ) 

The scaling of mass is based on the assumption that the thorax mass is proportional to the thorax 
volume V while assuming an equal density p for child and adult. The volume can be scaled by the 
geometrical sizes of the thorax: 

lmpactor mass 

Am • 
Pc1111dVc1111d • Vc11nd 
PadutiV adult Vadutt • � · \. · A.z (2) 

To obtain a similar impact severity, the impactor impulse needs to be scaled. Since the velocity 
scaling ratio equals one, the impactor mass scales with the same ratio as the thorax mass. 

lmpactor and sternum stlffness 

The differences of the skin and flesh elastic properties for the contact with the impactor due to aging 
are assumed to be negfigible. The spring k12 is scaled only by the impactor surface area Aimp and the 
thickness h of skin and flesh between the impactor and the stemum. 

· 

Rlb cage stlffness 

R k12 chHd RA k 12• „ 

k12 adult "Rh 
R Ajmp chMd stemum height ·ehest breathc11wd 

A • Atmp adult • stemum hetght·ehest breathadult • "-z·\ 

Rh • hc11ud 
• 

Ax 
hadult 

(3) 

The stiffness of the thorax is modelled by an elastic spring with the parameter k23 • The lumped rib 
cage stiffness depends on the presence of cartilage joints between the ribs and sternum and the 
ribs and vertebral bodies, the mechanical properties of the cartilage joints and ribs, and the 
geometrical properties (cross-section and radius) of the ribs. The scafing of the rib cage stiffness 
parameter k23 is based on the differences in cartilage properties, the rib cage curvature and the 
elastic stiffness properties of the rib itself: 

Rki:J • a � r (4) 

Here a is the scaling ratio for the differences in cartilage joint stiffness, ß is the scaling ratio for the 
curvature. r is the scaling ratio for the elastic properties of the rib itself when the properties captured 
in the ratios a and ß would be invariant. Scaling laws for a, ß and r will now be derived. 
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cartllage joint stlffness 

The rib cage stiffness ratios are approximated by taking the stiffness ratio of just a single rib of the 
child and a similar one of the adult. lt is assumed that the stiffness ratio of the entire rib cage equals 
the stiffness ratio of a single rib. The difference in stiffness caused by the anterior cartilage part is 
scaled by the ratio ex and is determined by the ratio of the static stiffness of two curved beams with 
different boundary conditions. Two extreme boundary conditions are defined: the adult rib is 
represented by a clamped (fixed) circular beam and the child rib is represented by a simply 
supported circular beam. The conditions are illustrated in Figure 6. The approximation of the ratios ex 
and ß are based on Castigliano's first theorem [20). The equations are given in annex B of this 
paper. The support ratio ex between a fixed and a simply supported beam is 0.46 and, therefore, the 
influence of rib connection can be considered large. 

p p p 

c c c 

Figure 6 A single rib modelled by a clrcular beam, upper end simply supported, lower end fixed and free body diagram. 

rlb curvature 

The previous ratio derivation (ratio a) assumes that A.x is equal to A.Y • The radius of the rib cage can 
be scaled by one of the cross-sectional parameters; in this case it will be scaled by A.y . To take into 
account the different cross-sectional shape, the stiffness scaling factor will be multiplied by the ratio 
ß. This ratio is approximated by comparing the static stiffness of elliptical curved beams of child and 
adult dimensions. The influence of the curvature is less than 10 percent (ß = 1.0!1) and, therefore, the 
influence will be small. More details can be found in annex B. 

elastlc rlb propertles 

The scaling ratio r for the elastic properties of the rib itself is: 

J�L · [Re·R,J 
re;-r � l�J.� 

E-modulus, bendingchUd Re• E-mödulus,beriding.� 

moment of lnertiachud R • ...... �=�n::=:zr.:--1 moment of lnertia8� 

R • (radlus rib)3 chUd • � 
R (radlus rib)3 .� 

(5) 

The moment of inertia ratio, R1 is approximately 0.09, Re=0.62 and RFF0.1 5  for an 1 8  month old child. 
More details can be found in annex B. 
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Thorax damping 

The thorax damping is caused by the damping of the bony structures, the muscular tissues and the 
intemal organs such as lungs and heart and arteries. lt is generally assumed that the damping of 
the bony structures is negligible [21] and, therefore, the internal organ damping can be qualified as 
dominant. This was also concluded by Plank and Eppinger [1 4], who performed a material 
parameter sensitivity study while using a finite element model to simulate thoracic responses of an 
adult. They also concluded that the viscosity effects of the muscular tissues were small. This low 
sensitivity can be explained; Plank and Eppinger modelled the muscles as passive structures with 
no contact between the muscles and the rib cage. However, visco-elastic properties depend on the 
rate of muscular activation and active muscles are able to "deform" the rib cage. 
As a physiological model of the thoracic damping is not available, a general scaling method was 
applied for damping. This method holds for linear scaling of the geometry with a factor A., and for the 
case where the materials and structures responsible for damping are equal for child and adult. 
Under these conditions it has been derived [1 O] that linear damping scales with: · 

R�· R '  a·A. (6) 

where R'0 is the ratio of stress strain-rate relations for child and an adult thorax. There is no current 
information on stress strain-rate relations of the adult and the child thorax. Presuming an equal 
stress strain-rate relation of child and adult thorax, R'a will be set equal to one. 

PREDICTED 1 8  MONTH OLD CHILD RESPONS.E 
The child response corridors can be obtained by scaling either the "Kroell thoracic response 
corridors" or the thoracic impact responses. The scaled Lobdell 1 8  month old child thoracic 
response is compared with the sealed "Kroell Thoracic response corridors". Similar to the method 
used by Hamilton et al. [9], the "Kroell thoracic response corridors" are scaled while using Mertz' 
normalisation and scaling method, without scaling the damping, while the thoracic responses are 
scaled by the model-based scaling method, as is presented in this paper. 

Mertz' method 

The "Kroell thoracic response corridors" have been scaled by Mertz' scaling method for force, time 
and deflection. The force and deflection scaling ratios are: 

Ft • VRk Rm • 0.179 

IRm Rd • � 7fk • 0.780 

(7) 

where RJFR1<2:t=0.23 and the thorax and impactor mass will be scaled by Rm=0.14. These ratios are 
based on the data as shown in Table 4. The child data is obtained from [22] while the material 
properties are obtained from [23]. The depth and height are obtained from Hamilton [9] by 
interpolation from a six year old child and a seventy-seven year old female, while using the ehest 
breadth as the interpolation parameter. No values were found on the lower sternum height. The 
scaled 1 8  month child "Kroell thoracic response corridors" are shown in Figure 7 by the dotted lines. 
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Tsbls 4 Scaling parameters and ratios for frontal impact. 

Parameter adult 
torso depth axilla 230.0 
torso breadth axilla 305.5 
suprastemal height 590.9 
rib depth 1.48 
rib height 1.48 
rib E·modulus (kN.mm-2) 13 
mass mimp = 19.5; 23.1 

m2 = 0.45 
m3 = 27.2 

impactor area (mm�) 1 .8E+4 
sliffness skin and flesh (Kn.m"1) 281 
rib moment of inertia (mm4) . 

damping (kN.s.m·1) compression c23 = 0.525 
decompession c23 = 1 .23 

ex . 

ß . 

torso stiffness (kN.m"1) primary !<:!3 = 26.3 
secondary !<:!3 = 78.8 
transilion point = 31.8 mm 

The model-based scaling method 

The impact response of the 1 8  month old child 
was calculated by scaling the simplified Lobdell 
model masses (m2 and m:Y, stemum stiffness 
parameter (k12), the rib cage stiffness parameter 
(k2:Y and the damping parameter (c2:Y by equation 
(2), (3), (3) and (6) respectively while using the 
data as denoted in Table 4. The scaled model 
force skeletal-deflection response (v;np=4.92 m.s·1, 
m;np= 2.7 kg) is shown in Figure 7 while using 
different scaling ratios for damping. The figure 
indicates a highly overdamped characteristic of 
the system. The results obtained show that there 
are large differences between the method of 
Mertz (scaling mass and elastic properties) and 

the response scaling method (scaling mass, 
elastic properties and damping). The figure 
indicates that the scaled "Kroell thoracic response 
corridors" can only be met if the damping scaling 
ratio is <0.2. 

18 month old child Ratio 
1 12.8 Äx 0.49 

162.2 "" 0.53 

309.1 '-z 0.52 
0.81 'Yx 0.55 
0.81 'Yz 0.55 
8 RE 0.62 

mimp = 2.7; 3.2 Am 0.14 
m2 = 0.063 
m3 = 3.8 
5.1E+3 RA 0.28 
157 Rk12 0.56 
. R1 0.09 
compression �3 = 0.3 Rc23 0.50 
decompression �3 = 0.6 
. ex 0.46 
. ß 1 .09 
primary 1<:i3 = 6.05 Rk23=Rk 0.23 
secondary !<:!3 = 18.1 
transition point = 15.6 mm 

1500.0 ...-------.------.-------, 

g 1000.0 

j 
1 
1 500.0 

(\ ; \ I \ ! 1 1 ' . 1 ! /- ...... \ ! / ', \ l 1 oJ 1 1 , ·-·,_ � 
, , .  ' 1\ jl/ - · '\.\ 1�.: · .. ·. \ '.\ i[. ·., ' '· ,...._ i · - -� 

- Rc23·0.3 - - - Rc23-0.3 
- - - Rc:23 ·  0.4 
-- Ac23·0.5 
- · Ac:23 • 1  

\ ,\-. � 
\ 1 \ \ \_/i-, ----+--t--t- ' / 1 , • •  1 1 1 1 ' 1 i i / 1 ' ' 1 1 ! ,' 1. 1 ! : 
/ 

0·8.ooo 
! . I _I ,' 0.020 0.040 

Dllplacement X3-X2 (m) 
0.060 

Figuf'8 7 Scaled child thoracic response of Lobdell for 
different values of R1:23 and the Mertz' scaled 
"Kroell thoracic response corridors• (dotted lines). 
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DISCUSSION AND CONCLUSIONS 
In this paper, the "Kroell thoracic response corridors" were scaled using Mertz' method (8] to obtain 
corridors for an 1 8  month old child. This is similar to the scaling performed by Hamilton et al. [9] to 
establish the lateral thoracic response of a six year old child. Scaling the "Kroell thoracic response 
corridors" however assumes that the child thoracic damping is equivalent to those of adults while the 
model-based scaling method scales the adult Lobdell model responses, including the thoracic 
damping. The simulations show that the scaled "Kroell thoracic response corridors" can only be met 
by the scaled Lobdell response when the damping scaling ratio small (<0.2), which does not seem 
very realistic. 

Besides the dominant damping behaviour (69 percent and 66 percent energy dissipation for the 
adult and the 1 8  month child) respectively, the influence of the type of rib support modelled by the 
joint cartilage stiffness scaling ratio a seems to be an important phenomenon because it reduces the 
child rib cage stiffness by more than 50 percent. When having the same impact conditions and the 
same material properties but using different anatomical configurations (rib-connections), the maximal 
compression of the child sternum relative to the thorax depth is considerably larger than the adult 
sternum displacement. This is in contrast to the results derived by Plank and Eppinger (14] with their 
finite element thorax modal. The reason for this is that their material properties variations of the 
cartilage joints were not as extreme as in this study and as in reality. The curved beam modal is not 
yet validated with the response of PMHS or volunteers but the results indicate that the 
supports/connection between the ribs and the spine or sternum must be modelled accurately while 
the influence of the difference in adulVchild curvatu.re is small. 

The following conclusion can be drawn from this and previous studies: thoracic damping is an 
important phenomenon. Therefore, besides the scaling methods for mass and elastic structures, 
scaling of damping must be applied to scale a thoracic response. The model-based scaling method 
presented in this paper is not validated but it is useful to obtain an approximate thoracic response 
for children. The validity of the predicted thoracic responses will be studied in detail during future 
research projects. 

FUTURE RESEARCH 
In the near future the rib cage of an average (50 percentile) adult will be three dimensionally 
modelled with MADYMO using finite elements (FE) and including intemal organs, such as lungs and 
haart, and active Hill type muscle models [24]. The response of this modal will be omni-directionally 
validated with the normalised results as published in the literature [16],[17],[1 8]. The response of the 
child thorax will be obtained using detailed anthropometric data [22) and material properties [10). 
The validity of this child model can only be assessed from an impact child thoracic response. In 
absence of this response the adult to child scaling parameters that will be selected will be based on 
sensitivity studies with the FE child thorax. 
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Annex A The parameter sensltlvlty of the Lobdell model 

A sansitivity analysis using a Lobdall modal implamantad in MADYMO was conductad in ordar to obsarva tha 

influanca of aach modal paramatar on tha impact rasponsa. In tha currant analysis, the 1971 Kroell PMHS initial 

impactor tasts conditions (16) wara usad (Tabla 1).  The "Kroall thoracic responsa corridors", a boundad araa to 

which tha responsa of tha modal is restrictad, will ba usad as parformanca raquirament of the model. 

The parmutations are parformad for both impactor conditions, howavar for presantation raasons, tha figuras 
shown in this section only show the permutations from the low valocity impact condition. 

lncraasing tha mass m2 causas a phanomanon callad backfiring, becausa the thorax system becomes 

ovardamped, Figura A.1 .  The mass m2 affacts tha whole rasponse wheraas the mass m3 mainly affects the high 

daflection part of tha forca-deflaction curve as illustrated in Figura A.2. The influanca of tha rib stiffness factor 

k12 and tha internal organ stiffnass factor k23 is illustratad by Figura A.3 and Figure A.4 respectivaly. 
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Figurs A. 1 The force-deflection curves while permuteting m2. 
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Figure A.2 Force-deflection curves while permuteting m3. 
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Varying the value of k23 is done by replacing the bi-linear spring with an approximately corresponding 
exponential function: 

F(ß.X) • a(e MX - 1 )  

a•700 , b•25 
(A.1) 

In the sensitivity analysis the parameter b is permutated. 
The influence of the damping factor is large, as illustrated in Figure A.5 and Figura A.6 for compression and 
decompression respectively. The figures illustrate how the model can tuned with these damping parameters. 
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compression. 

The lnfluence of cartllage Joints 
Having flexible cartilage joints between the ribs and the 
spine (instead of a rigid connection) reduces the overall 
rib cage stiffness. Thls raduces tha non-linear spring 
k23' by 50 percant. The influenca of this raduction ls 
shown in Figura A.7 by tha solid line (compare with tha 
solid lines in figure A6). Figura A.7 also denotas tha 

influance of different damping coafficiants c2:t lt seems 
that the original "Kroell thoracic rasponse corridors• 
cannot be mat by changing the damping coefficient. 
This illustrates that the choica of Lobdell model 
parametars is unique and that the damplng coefficiant 

c23 is a raalistic raprasantation of the intamal damping 
and does not incorporata an unrecognizad part of the 
alastic (static) rib caga stiffnass. Tha intamal damping 
disslpatas 69 percant of tha total Impact enargy. 
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Annex B Scallng of the rib cage stlffness 

Moment of lnertla ratio 
To derive a scaling ratio for the moment of inertia of the rib an elliptical cross-section is assumed as shown in 
Figura B. 1 .  The moment of inertia for an elliptical cross-section equals: 

lz • iab3 
The geometric scaling ratios of the rib are chosen to be: 

Yx• bc1111d 
badult 

„ • ac1111d •Z --aadutt 

Subsequentially the moment of inertia scaling ratio is: 

..:� „,,z�,_,_ "� 
'\\ 

R1z • Yx3'Yz 

Figurs B.1 A rib (left) and the simplified cross-section of a single rib (right). 

Cartllage Joint stlffness ratio 

(B.1 )  

(B.2) 

(B.3) 

1 

X 

First the influence of the cartilage joint stiffness denoted by the factor a, is approximated. The derivation is 
based on Castigliano's first theorem and stiffness will be calculated using F=kDv. The loaded rib, as shown in 
Figura 6, is statically undetennined. However, the reaction forces can be detennined from the equations of 
equilibrium and one known displacement: 

E FH ·  o � HA+ He•  o 
E Fv •  o � V8 • P 
E Me· o � M8 • HA2R 

au, Mx• -PRsinx + HRcosx ; d'Fr• 0 

au, 1 flll dFr • "EI' HR(1-cosx)-PRsinx]R(1-cosx)Rdx 
0 

• [H(.?-2sinx+{sin2x)-P(-cosx+�cos2x)J: � 

3 ll 

• � flH(1 -2cosx+cos2x)-P(sinx-sinxcosx)]dx 
0 

31t H • 2P c:> H • 4 P T � 

M(x) • �PR(1 -cosx)-PRsinx 

au 1 ll [ 4 ] dV • "EI' [ �PR(1-cosx)-PRsinx RsinxRdx 

PR3 [ 4 1 1 1 ]ll • � �(-cosx+�cos2x)-(r-rin2x) 0 

• PR3 4 . 1 1 ll [ � [ �(smx-cosxsinx)-(�-�cos2x)] dx 

-� [-:n-; ] - -0.7� 
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Using the equation F=kDv, the adult rib cage stiffness becomes: 
EI 

kadutt• 1 .39 � R 

The child rib cage stiffness is obtained, with a thorax radius of 0.081 1 m, Table 4: 
EI 

kchild - 0.637 � R 

This leads to a cartilage stiffness ratio: 
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Ha 
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Flgure B.2 Single rib modelled by an elliptical beam, both ends simply supported and free body diagram. 

Curvature stlffness ratio 

(B.9) 

(B.10) 

(B.1 1) 

The curvature stiffness ratio (ß), which takes into account the different elliptical cross-sections, is approximated 
in this paragraph (see Figura 82). The approximation is also based on Castigliano's theorem and stiffness will 
be approximated by using F=kDv. The reaction forces can be obtained from equations (B.4) if the stiffness ratio 
is determined directly from equation: 

R(x) • ab 

Jb 2sln2x + a 2cos2x 
" 
"2' 

u1- 2 pPR(x)slnx]2R(x)dx 
0 2Ei 

M(x) • - PR(x)sin x 

" 

o - au, - au, 2P "2' 
v dV - 7 · - "ET" JR3(x)sln2xdx 

0 

(B.12) 

The radius of the rib cage will be scaled twice, see also equation (B. 1 1  ). In order to exclude the radius of the 
elliptical beam, the stiffness of the elliptical beam of the adult must be divided by the stiffness of the elliptical 
beam of the adult with adapted child dimensions. Since the radius is scaled by t.y. the y-direction (lateral) 
parameter a must be kept constant the x·direction (A-P) parameter b will be adapted. The stiffness of the adult 
and the adapted adult is obtained by numerically solving equation (B.1 2) and using F=KDv. The associated 
parameters are presented in Table B.1 and the resulting curvature ratio ß for an 1 8  month child is 1 .09. 

Table B. 1 Difference in rib curvature and the related rib cage stiffness for chlld, adapted chlld and adult. 

1 y-direction 1 x-direction 1 ic.u 1 a[m] b[mJ 
Child 8.11E-02 5.64E-02 0.31 
Child adapted 1 .53E-01 1 .06E-01 2.3 
Adult 1 .53E-01 1.16E-01 2.3 
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