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ABSTRACT

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 model are scaled while using scaling procedures for mass, thoracic stiffness and damping. The
thoracic response of the scaled Lobdell model 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]1, the potential upgrading of US Federal Standard on CRS [2] and product
enhancements have indicated the need for a review on child 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]). It 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 [10]. Summarising the
results of thoracic impactor tests, anthropometric studies [11] 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:

1 Numbers in parentheses designalé 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 Lobdel’s mathematical thoracic response model
[15] in order to predict the thoracic impact response of children at 18 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 18 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 chest impact experiments have been conducted using Post Mortem Human Subjects
(PMHS), volunteers and animals as test subjects. Kroell et al. (ref. [16],{17]) investigated the effects
of impact conditions on the force skeletal-deflection relationship of the human thorax. It 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 Figure 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 model 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 model without the visco-elastic element (kv,3 and cv,,) still meets the "Kroell thoracic
response corridors®. Therefore they suggested removing the visco-elastic element.
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Figure 1  Averaged, corrected force-skeletal deflection curves (solid lines) and °Kroell thoracic response corridors® (dotted

lines). From [15].

VTabIe 1 The two thoracic impactor conditions used for the corrected "Kroelt thoracic response corridors®.
[| Condition, see also figure 1 impaclor Velocity [m.s" impactor mass [kg) impactor energy [J] ||
f| Low velocity (thin line) 48102 19.5 + 045 2015 - 249.4 |
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Figure 2 The Lobdell model describing blunt frontal impacts [15]. The model parameters are shown in Table 2.

Table2 The model parameters as defined by Lobdell et al. [15).

| Parameters | Descnption Values p

m,, vy impactor mass, impactor velocity low velocity conditions 19.5kg, 492 m.s
high velocity conditions ~ 23.1 kg, 7.15m.s™!

m, sternal effective mass 0.45 kg

m, vertebral effective mass 27.2kg

Kyo stifiness of soft tissue between stemum and impactor | 281 kN.m

K9 rib cage stiffness primary spring stiffness 263 kN.m!
secondary spring stiffness ~ 78.8 kN.m"!
transition paint 31.8 mm

Cog thorax damping compression 0525 kN.s.m™'
decompression 1.23kN.sm’

kvpy Cvpy | visco-elastic behaviour of thorax 13.2kN.m™', 0.18 kN.s.m!

—
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The reconstructed adult force skeletal-deflection curves of the original [15] and the simplified model
(without the visco-elastic element kv,5 and cv,,) [19] are shown in Figure 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
m,, which equals the force on spring k,,. The skeletal deflection is determined by the relative
displacement between m, and m,. The figures indicate that there are only small differences between
the original and the simplified model. It 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 mode! is tuned to meet the "Kroell thoracic response corridors". This could
imply that for different impactor velocities and/or masses the model is no longer 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.

4000.0 T T T 6000.0 T T T T
Simp Ly | =—_simpltied

30000 |
3 Z 40000
: ;
S f 13
§ wof J 2
x ;: é
£ ]
: :
= E 2000.0 ;

1000.0 | /

0.0 1 I 1 0.0 I i 7 i
0.00 0.02 0.04 0.08 0.08 0.00 0.02 0.04 0.08 0.08 0.10
Displacement X3-X2 (m) Displacement X3-X2 (m)

Figure 3 Reconstructed original and simplified force- Figure 4 Reconstructed original and simplified force-
deflection curves with Kroell corridors (dotted lines), Vimp deflection curves with Kroell corridors (dotted lines), Vimp
4.92 m/s and m,, 19.5 kg. 7.15 m/s and m;,, 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. It 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
¢, 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”. This 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.

max. force
defiection

max. force
low

plateau
force

Figure 5 Characteristic points of the impact response curves.

Table 3 Summary of the influence of Lobdell parameters on characteristic points of the impact response curves (Figure 5).

Model parameter Maximum force | Maximum force | Maximum Plateau force | Oscillation Time
low deflection high deflection | deflection duration
m, | figure A.1 + 0 0 0 + 0
m, figure A.2 0 + + + 0 +
ki, | figure A3 + 0 0 0 +
ky; | figure A.4 0 + . i 0
Cyy | figure AS-A6B + +- - + - -
+ =increase<!ecrease omﬁ:odet parameter causes increase-decrease=d-_5haracteristic point

- . increase-decrease of value model parameter causes decrease-increase of characteristic point
+- . increase and decrease of value model parameter causes increase of characteristic point
:  increase or decrease have minor or no influence

o

SCALING OF THE RESPONSE REQUIREMENTS

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 model 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 model 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 (kv,a, CVoq) 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 (m,, mj), the impactor mass
(m,), the thoracic stiffness (k;,, kp3) and the thoracic damping (c,5). The scaling of these properties
is now discussed in detail.

Geometry
The geometry scaling ratios of the thorax are chosen to be:
chest depthchiig
chest breadthenid
M = Shost Bradtige
chest height pjiq

chest lielgmai:!ult

M

Thorax mass

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:

PoudVenid - Venid
R = = - Ay (2)
I:’m:iulli adutt v adult M Ay &

Impactor mass
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.

impactor and sternum stiffness

The differences of the skin and flesh elastic properties for the contact with the impactor due to aging
are assumed to be negligible. The spring k,, is scaled only by the impactor surface area A,,,p and the
thickness h of skin and flesh between the impactor and the stemum.

Re 12= K12 chita _ _:5_
K12 adut h
R, = Amp chig _ Stemum height-chest breath g
A Agmp adet  Stemum height-chest breathgyg,, & L’

3

e
Ry = .h_' =2
P adult

Rib cage stiffness

The stiffness of the thorax is modelled by an elastic spring with the parameter k,;. 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 scaling of the rib cage stiffness
parameter k,, is based on the differences in cartilage properties, the rib cage curvature and the
elastic stiffness properties of the rib itself:

Ri,=afT )

Here o is the scaling ratio for the differences in cartilage joint stiffness, B is the scaling ratio for the
curvature. T is the scaling ratio for the elastic properties of the rib itself when the properties captured
in the ratios a and B would be invariant. Scaling laws for o, B and I" will now be derived.
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cartllage joint stiffness
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. It 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 a 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 o
and B are based on Castigliano’s first theorem [20]. The equations are given in annex B of this
paper. The support ratio o between a fixed and a simply supported beam is 0.46 and, therefore, the
influence of rib connection can be considered large.

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

rib curvature

The previous ratio derivation (ratio o) assumes that A is equal to ky . The radius of the rib cage can
be scaled by one of the cross-sectional parameters; in this case it will be scaled by xy. To take into
account the different cross-sectional shape, the stiffness scaling factor will be multiplied by the ratio
B. 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 (B = 1.09) and, therefore, the
influence will be small. More details can be found in annex B.

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

r_[aE's . _{ne.n.]

7

E-modulus, bending 44
"E-modulus, bending s (5)

Rg=

moment of inertia 44
moment of inertia,q,

R (radius bPayg .3
(radlus Iib)s.u

The moment of inertia ratio, R, is approximately 0.09, Rg=062 and Rg=0.15 for an 18 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. It 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 {14], 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 [10] that linear damping scales with:

Reg™ Ao (©)

where R, 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, A'; will be set equal to one.

PREDICTED 18 MONTH OLD CHILD RESPONSE

The child response corridors can be obtained by scaling either the "Kroell thoracic response
corridors" or the thoracic impact responses. The scaled Lobdell 18 month old child thoracic
response is compared with the scaled “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:

Fr= ARy =0179

Rﬂ’l
L

0]
Ry~ = 0780
where R=R,,=023 and the thorax and impactor mass will be scaled by R,=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 chest
breadth as the interpolation parameter. No values were found on the lower sternum height. The
scaled 18 month child "Kroell thoracic response corridors" are shown in Figure 7 by the dotted lines.
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Table 4  Scaling parameters and ratios for frontal impact.
Parameter adult 18 month old child Ratio
torso depth axilla 230.0 112.8 A 0.49
torso breadth axila 3055 162.2 A 053
suprastemal height 590.9 3091 A, 0.52
rib depth 148 0.81 Y, 0.55
rib height 1.48 0.81 Y, 0.55
rib E-modutus (kN.mm™) 13 8 Re 0.62
mass Mimp = 19.5,23.1 Mimp =2.7: 3.2 Rm 0.14
m, = 0.45 m, = 0.063
m, = 27.2 m, =38
impactor area (mm®) 1.8E+4 5.1E+3 R, 0.28
stiffness skin and fiesh (Knm') [ 281 157 s 0.56
nb moment of inertia (mm*) - - R, 0.09
damping (kN.s.m") COMPression ¢,q = 0.525 compression C,4 = 0.3 Reos 0.50
decompession ¢,5 = 1.23 decompression C,, = 0.6
= . z a 0.46
B X z B 1.09
torso stiffness (kN.m") primary kyq = 26.3 primary k= 6.05 Rgs=R, 028
secondary k,q =78.8 secondary k,, = 18.1
transition point = 31.8 mm transition point = 15.6 mm
The model-based scaling method 15000
The impact response of the 18 month old child 8 — 0
was calculated by scaling the simplified Lobdell Py —~ neeos
mode! masses (m, and m,), stemum stiffness [ i
parameter (k,,), the rib cage stiffness parameter . \'z
(kz5) and the damping parameter (c;g) by equation | 3 e |
(2), (3), (3) and (6) respectively while using the | %
data as denoted in Table 4. The scaled model g
force skeletal-deflection response (Vmp=4-92 ms’, ‘é
Mimg= 2.7 kg) is shown in Figure 7 while using | £ swo i
different scaling ratios for damping. The figure 5
indicates a highly overdamped characteristic of ’,f'
the system. The results obtained show that there £
are large differences between the method of
0'8.000 0.080

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.

Figure 7
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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 18 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 18 month child) respectively, the influence of the type of rib support modelled by the
joint cartilage stiffness scaling ratio o 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 model. 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 model 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 adult/child curvature 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 internal organs, such as lungs and
heart, and active Hill type muscle models [24]. The response of this model will be omni-directionally
validated with the normalised results as published in the literature [16],[17],[18]. 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 sensitivity of the Lobdell model

A sensitivity analysis using a Lobdell model implemented in MADYMO was conducted in order to obseive the
influence of each model parameter on the impact response. In the current analysis, the 1971 Kroell PMHS initial
impactor tests conditions [16] were used (Table 1). The “"Kroell thoracic response corridors", a bounded area to
which the response of the model is restricted, will be used as performance requirement of the model.

The permutations are performed for both impactor conditions, however for presentation reasons, the figures
shown in this section only show the permutations from the low velocity impact condition.

Increasing the mass m, causes a phenomenon called backfiring, because the thorax system becomes
overdamped, Figure A.1. The mass m, affects the whole response whereas the mass m; mainly affects the high
deflection part of the force-deflection cuive as illustrated in Figure A.2. The influence of the rib stiffness factor
k12 and the internal organ stiffness factor k23 is illustrated by Figure A.3 and Figure A.4 respectively.
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Figure A.1 The force-deflection curves while permutating m2.

Figure A2 Force-deflection cusves while permutating m3.
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Figure A.3 Force-deflection curves while permutating k12.

Figure A.4 Force-deflection curves while permutating k23.
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Varying the value of k,; is done by replacing the bi-linear spring with an approximately corresponding

exponential function:

F(AX) = a(eP8X-1) (A1)
a=700 , b=25

In the sensitivity analysis the parameter b is permutated.

The influence of the damping factor is large, as illustrated in Figure A.5 and Figure A.6 for compression and
decompression respectively. The figures illustrate how the model can tuned with these damping parameters.
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Figure A.5 Force-defiection curves while permutating c,5 for
compression.

The Influence of cartilage joints

Having flexible cartilage joints between the ribs and the
spine (instead of a rigid connection) reduces the overall
rib cage stiffness. This reduces the non-linear spring
ky by 50 percent. The influence of this reduction Is
shown in Figure A.7 by the solid line (compare with the
solid lines in figure A6). Figure A.7 aiso denotes the
influence of different damping coefficients C,, It seems
that the original “Kroell thoracic response corridors*
cannot be met by changing the damping coefficient.
This illustrates that the choice of Lobdell model
parameters is unique and that the dampling coefficient
Cy; is a realistic representation of the intemal damping
and does not incorporate an unrecognized part of the
elastic (static) rib cage stiffness. The intemal damping
disslpates 69 percent of the total impact energy.

Figure A.6 Force-deflection curves while permutating c,, for
decompression.
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Figure A.7 The Lobdell responses while the rib -cage
stiffness is reduced by 50 percent and
permutating the intemal damping coefficient c, 5.
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Annex B Scaling of the rib cage stiffness

Moment of inertia ratio
To derive a scaling ratio for the moment of inertia of the rib an elliptical cross-section is assumed as shown in

Figure B.1. The moment of inertia for an elliptical cross-section equals:

I, = _}atﬂ (B.1)
The geometric scaling ratios of the rib are chosen to be:
= Denia
Baaut (B.2)
- Bchig
* Baaun

Subsequentially the moment of ineitia scaling ratio is:

RI! - Yx3~yz (B.3)

dA = 2z dx

% .
\

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

Cartliage joint stiffness ratio
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=kD,. The loaded rib, as shown in
Figure 6, is statically undetermined. However, the reaction forces can be determined from the equations of
equilibrium and one known displacement:

Y Fy=0 = Hy+ Hg= 0

YFye0=Vg=P , (B.4)

Y Mp=0 = Mg= Ha2R

M, = -PRsinx + HRcosx ; %"F’;- 0 (8.5)
%LF?. .ETJIHRU COSX)- PHsmx]R(1-cosx)Rdx - %:.J[HU-2cosx+cos2x)-P(sInx—sinxoosx)}dx
(B.6)
< A e oz |” 3, . . 4
-[H(.é.x 2sinx z.sin2x) P(-cosx .2.cos x)] = _2..H 2P & H 'S?P
M(x) = PR(1-cosx) -PRsinx (8.7)
U _ 174 parmnen _ PR3 T
-« 'ET-![B?PR“ COSX) PRsinx] RsinxRdx - J[m(smx cosxsinx)- (.2. zcost)]
(B.8)

PRI[4 .1 11 § _PR3[ 8 _x]__ PR3
_ET'[H( cosx !coszx) (.Fx Tsinzx)]o - [5? .2.] 0.7
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Using the equation F=kD,, the adult rib cage stiffness becomes:

Kagur= 1.39 ;Els (8.9)
The child rib cage stiffness is obtained, with a thorax radius of 0.0811 m, Table 4:

Kehig= 0.637 % (B.10)

This leads to a cartilage stiffness ratio:

Ryn Konid o R Jonig
Kagun [ E

i a =046 (B.11)
Fy]anclun

=<
>
>

Hp

B
Vs

Figure B.2 Single rib modelled by an elliptical beam, both ends simply supported and free body diagram.

Curvature stiftness ratio

The curvature stiffness ratio (B), which takes into account the different elliptical cross-sections, is approximated
in this paragraph (see Figure B2). The approximation is also based on Castigliano’s theorem and stifiness will
be approximated by using F=kD,,. The reaction forces can be obtained from equations (B.4) if the stiffness ratio
is determined directly from equation:

R(x) = L i M(x) = -PR(x)sinx

Vb2sin?x + a2cosx

(8.12)

T X
4 5 Z
Uy 2{%‘%‘% i D= %"é'_ - %';1 - -%’;’.afn3(x)s|n2xdx
The radius of the rib cage will be scaled twice, see also equation (B.11). 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 7\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.12) and using F=KD,. The associated
parameters are presented in Table B.1 and the resulting curvature ratio p for an 18 month child is 1.09.

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

y-direction “xedirection L
a[m b [m

| Child | 8.11E02 5,64E-02
Il Cnild adapted I 1.53€-01 1.06E-01 23 If

[l Aduit | 15301 1.16E-01 23 ||
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