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Development and Validation of a Generic Finite Element Ribcage to be used for Strain-based Fracture
Prediction

Johan Iraeus, Bengt Pipkorn

Abstract Finite element human body models, comprising detailed anatomical descriptions, can complement
anthropomorphic test devices (ATDs) in the development of new restraint systems. Human body models (HBMs)
can evaluate injury on tissue level, i.e. rib strain can be used to evaluate the risk of rib fracture, although the
HBM must accurately predict the rib strain distribution to be effective. Current HBMs are not validated for rib
strain, and it remains unknown if any represent an average-shaped ribcage. Thus, a new generic ribcage was
created, representing an average male, based on a combination of averaged geometrical and material data from
in-vivo and in-vitro datasets. The ribcage was incorporated into the THUMS AMS50 Version 3, resulting in the
SAFER HBM Version 9. Validation of ribcage kinetic, kinematics and strain distribution was carried out at three
levels of complexity: anterior-posterior rib bending tests; rigid impactor table-top test; and a 40 km/h frontal
sled test. The rib strains in the single rib load case were predicted within £ one standard deviation for 91% of the
measuring points. The biofidelity for the rib strains in the table-top and sled test load cases was deemed ‘fair’
using CORA analysis. This study is an important step in the development and validation process of strain-based
rib fracture criteria for HBMs.

Keywords Finite element, Human body model, Ribcage, Strain, Validation.

I. INTRODUCTION

Currently, anthropomorphic test devices (ATDs) still represent the main tools in the occupant restraint
systems development process. For ATDs injury is evaluated based on measurements obtained from
accelerometers, angular rate sensors, force transducers or potentiometers in combination with injury risk
curves. Chest injury is evaluated based on measurements in one loading direction, i.e. longitudinal chest
compression in the Hybrid Ill and THOR frontal crash test dummies, or lateral chest compression in the EuroSID
and WorldSID crash test dummies. Finite element (FE) human body models (HBMs) can be used to complement
ATDs. Several studies have shown that the biofidelity of HBMs is higher than that of ATDs [1,2]. A further
advantage of HBMs, which comprise detailed anatomical descriptions, over ATDs is that injury can be evaluated
on tissue level, which facilitates omnidirectional injury prediction. Rib axial strain has been shown to correlate
with fracture location in a variety of load cases [3], and may be a potential candidate for thorax tissue-based
injury criteria. In [4] a framework was presented that use the ultimate strain as measured in tensile coupon
tests, together with simulation based strain predictions to estimate risk of rib fractures. However, when used in
this way, it is essential that the HBM accurately predicts rib strain, i.e. that the model is validated for strain.

The two major HBMs of today, representing average-sized males, are the Total Human Model for Safety
(THUMS) AM50 [5] and the Global Human Body Model Consortium (GHBMC) M50-0O model [6]. These models
are based on subject-specific data [7-10]. The subjects were selected based on external measurements,
although whether rib or ribcage dimensions were also taken into consideration in the selection process has not
been reported. Ribcage and rib cross-sectional geometry will most likely influence the rib strain distribution.

Until today, HBM thorax validation has been focused on force-deflection response rather than strain
measurements [7,11-15]. Rib strain validation have not been published for any of the current HBMs. However,
in [7] (THUMS AMS50) and [16,17] (GHBMC M50-0) the predicted number of fractured ribs (based on strain
based element elimination) have been compared to the actual number of fractured ribs in the PMHS tests. For
both models, the number of predicted fractured ribs was underestimated. This may indicate that the models do
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not predict strain correctly in these load cases.

As it remains unknown if any of the current HBMs truly represents an average-sized ribcage geometry, it was
decided to create a generic, average-sized ribcage, based on published data, and to validate it to physical tests,
including strain data. The rib response should be valid at different complexity levels, from a single rib up to a
complete HBM. The research question is, therefore: can a generic ribcage model, based on averaged
geometrical and material data, predict rib strains obtained in physical tests at different levels of complexity,
from single rib bending and table-top test up to full PMHS sled tests?

Il. METHODS

In-vivo datasets produced from clinical Computer Tomography (CT) images replicate the entire ribcage, and
thus represent a feasible data source for creating statistical regression models describing the entire ribcage
shape [18-21]. However, due to the small rib cross-sectional dimensions, clinical CT tends to overestimate these
dimensions [22]. Instead, in-vitro or micro-CT can be used to quantify the cross-sectional dimensions. The
generic ribs in this study were developed based on a combination of in-vitro and in-vivo datasets, described in
detail below. After assembling all ribs into a ribcage, the ribcage was incorporated into the THUMS AM50
Version 3 model. This particular HBM was chosen because it has been efficiently implemented, predicting
whole-body kinematics, at a rather low CPU cost. Other body regions of the THUMS AM50 Version 3 model
were also updated and the final model is hereafter referred to as SAFER HBM Version 9. More details of the
generic ribcage are presented below, and information about the updates of the other body parts can be found
in Appendix A.

The model validation was carried out in several stages of increasing complexity: anterior-posterior single rib
bending [23], table-top test using a rigid impactor on a denuded chest [24], as well as a belted occupant in a 40
km/h frontal sled test [25]. This particular set of reference tests was selected as it includes measuring of rib
strains in addition to kinematic and kinetic responses. (Further details are given in the corresponding sections
below.) Evaluation of time signals was carried out by comparing FE simulation predictions to physical test results
using CORA 3.6.1 [26]. If not stated otherwise, standard CORA settings were used.

Development of a Generic Ribcage

Generic ribs 1-12 were created in four steps, as outlined in Fig. 1. First, 11 elliptical cross-sections were defined
along a line representing the rib centre line. Next, the cortical thickness was defined for each ellipse at 16 points
along the perimeter. The data for the elliptical half axes, the length of the centre line, as well as the cortical
thicknesses were based on the dataset presented in [27]. The points were connected to define the periosteal
and endosteal surfaces. Both the cortical and the trabecular bone were meshed using hexahedral elements, and
the subsequent step involved converting the cortical hex elements into thin quad shell elements, placed halfway
between the periosteal and endosteal surfaces. In this process the thickness of the solid elements was kept as
nodal thicknesses in the shell element definitions, thus keeping the variation in cortical thickness defined in the
second step. The average shell element side length was 2.5 mm and the average solid element side length was
2.6 mm. The final step involved morphing each rib into the final shape, based on the statistical ribcage model
defined in [19]. The parameters for the statistical model were adjusted to be representative of a 40yo male with
a stature of 1,770 mm and a BMI of 25. The morphing procedure defined the curvature and twist of each rib,
stretching the ribs to conform to the statistical ribcage model while simultaneously maintaining the rib cross-
section from the first step. An isotropic plasticity material model (LS-DYNA MAT24) was used for both the
cortical and the trabecular bone. Averaged material parameters for the cortical bone were defined by
reanalysing the data in [28,29], which resulted in an average Young’s modulus of 14.7 GPa, an average yield
stress of 100.7 MPa and an average hardening modulus of 1.94 GPa. The material properties for the trabecular
bone were obtained from [30,31], with a Young’s modulus of 0.04 GPa, a yield stress of 1.8MPa, and a
hardening modulus of 0.032 GPa. All solid elements were defined as LS-DYNA solid element Formulation 1, with
hourglass Type 2, and the shell elements were defined as LS-DYNA shell element formulation 16, with hourglass
Type 8.
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Fig. 1. Procedure to create an average-sized generic ribcage based on averaged data.

The sternum geometry for a 40yo male was defined according to the statistical model defined in [32], with the
addition of a 20 mm long Xiphoid process. A CAD surface was fitted onto the data points. This surface was
defined as the mid surface of the cortical bone and was meshed using quad shell elements with a uniform
thickness of 1 mm. The interior was filled with solid elements representing the trabecular bone. The average
shell element side length was 2.5 mm and the average solid element side length was 2.7 mm. The same material
model and material parameters as used in THUMS AMS50 Version 3 were used for both the cortical and the
trabecular bone.

The intercostal muscles (IMs) were modelled with three equally thick layers of solid elements, representing
the innermost, internal and external layers of the muscles. The total thickness of the muscles was based on
internal analysis performed at the University of Michigan International Center for Automotive Medicine (ICAM)
in the USA. In this analysis, live subject CT images were resliced along 3D curves set up halfway between pairs of
inferior/superior ribs, producing new image strips that cut across the intercostal space. Intercostal muscle group
borders were drawn by operators, and the thickness between these borders facilitated observation of local
muscle thickness. This thickness was then predicted across the chest for a typical male subject through the
regression method. The IM material test data defined in [33] were used to define material parameters for LS-
DYNA material model MAT181 [34].

The final step involved connecting the ribs and intercostal muscles to the sternum by morphing, aligning and
re-meshing the THUMS AMS50 Version 3 costal cartilage to fit the new geometries and meshes. The original
THUMS ver. 3 material model and parameters for the costal cartilage were kept. The whole ribcage was then
incorporated into the THUMS AMS50 Version 3 by aligning the rib posterior ends to the thoracic vertebras. In this
process some ribs were morphed locally to remove mesh intersections in-between the ribs and the spine.
Finally, all ligaments, 1-D muscle elements were reattached to the new ribcage and the surrounding soft tissues
(flesh, lungs and abdomen) were morphed to fit the updated geometry. In this process, the original THUMS ver.
3 modelling technique and material parameters of the costovertebral and the costotransverse joints were kept.

Validation of Single Ribs

FE models of the anterior-posterior rib bending setups for ribs 2—10 corresponding to [23] (test series two and
three) were created, an example of which can be seen in Fig. 2. The generic rib ends were constrained in the end
pots. The end pots were then constrained in all degrees of freedom (DOF), except for the out-of-plane rotation
to the anterior and posterior fixtures. The posterior end was fixed in space while the anterior end was given a
prescribed velocity of 1 m/s. The anterior end was offset laterally to the posterior end. The magnitude of this
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offset was computed, separately for each rib level, as the average of the physical tests at that rib level. Posterior
reaction force and element strains (the local element coordinate axis directed along the rib length axis) at the
positions of the six strain gauges (SG1-6) were measured and compared to the physical test results. CORA scores
for the reaction forces of each rib were calculated by comparing the FE predictions to the average of the test
corridors defined in [13]. As, the current model do not include modelling of rib failure, the end of the CORA
evaluation range for each rib level were selected as the deformation when the first of the ribs, used to design
the test corridors, failed. The raw test curves can be seen in [12]. Thus, the CORA evaluation range was 5 mm to
30-45 mm deformation for ribs 3—10 and 2 mm to 10 mm deformation for rib 2.

The FE peak strain predictions for each strain gauge 1-6 were compared, for each rib, to the average test
result plus/minus one SD, as reported in [23]. It was not possible to perform a CORA analysis for the rib strains
as time histories had not been reported.

_ Lateral
Applied | offset, X,
displacement |

Anterior
fixture

pot

Posterior
fixture

Fig. 2. Anterior-posterior dynamic rib bending test. Left: rib bend 3.18, test of rib number 10 (adopted from [23]).
Right: FE simulation model of anterior-posterior rib bending test of generic rib number 10. SG1-6 marks the
positions of the six strain gauges.

Validation of the Complete Ribcage — Table-top test

The validation of the generic ribcage, on component level, was carried out by comparing the FE predictions to
kinematics, kinetics and rib strains in physical table-top tests presented in [24,35]. In this test setup the sternum
of two PMHS (subject 4 aged 52yo and subject 5 aged 67yo) was impacted with a rigid impactor (covered with
rubber) at the level of the 5% rib, as outlined in Fig. 3. In the physical test “natural” rubber was used. This was
modelled as a Mooney-Rivlin rubber with shore hardness 65. As in the physical test, the impactor was attached
to the loading rod using a ball joint. The impactor speed was 1 m/s and the maximum stroke was 80 mm. In the
physical tests the spine, from T1 to L5, was supported by wood screws, preventing lateral, superior/inferior and
posterior motion. This was incorporated into the FE model by constraining each vertebrae T1 to L5 to the rigid
table. The rib kinematics were evaluated by comparing the FE model rib displacement to eight Vicon® (Vicon
Motion Systems Ltd, UK) markers at corresponding positions in the physical tests. Half of the markers were
placed on the right ribs and half on the left ribs (at levels 3, 5, 6 and 7/8). The FE model rib strain predictions
were evaluated by comparing shell element strains (the local element coordinate axis directed along the rib
length axis) to the laterally positioned strain gauges (at ribs 3—10). CORA scores were calculated by comparing
the FE predictions to the results of the two physical tests, HSC 4.8 (last test of subject 4) and HSC 5.8 (last test of
subject 5). The range for the CORA evaluation was 10 ms to 90 ms for impactor force and kinematics. However,
as some rib strain signals were affected by rib fractures, the upper limit of the range for rib strain evaluation
was decreased to 75 ms. The CORA weighting factors of the kinematic components were set proportionally to
the peak magnitude of each test signal.
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Fig. 3. Denuded thorax indentor impacts at mid sternum (centre located at Rib 5). Left: pre-test 4.8 (adopted
from [35]). Middle: pre-test 5.8 (adopted from [35]). Right: corresponding simulation model setup. The location
of the strain gauges is roughly on one line along the edge of the denuded flesh.

Validation of the Complete Model — Sled Test

The validation of the ribcage on complete HBM level was carried out by comparing the SAFER HBM Version 9
simulation results in a 40 km/h front sled test environment to the results presented in [25]. The test setup,
commonly referred to as Gold standard, can be seen in Fig. 4. In this setup the PMHS was seated on a rigid steel
plate with additional constraints to the feet and knees, while the thorax was restrained using a standard three-
point seatbelt. The torso angle, measured between the greater trochanter and the 1 thoracic vertebral spinous
process, was adjusted to match the PMHSs in the physical tests. The seat belt routing was adjusted to conform
to the PMHS test setup, with an upper shoulder belt angle of 26° to the horizontal plane, and an angle of 51° in
the frontal plane. Results used to validate the FE model were shoulder-belt force, kinematics of the head, T1, T8
and acromion (measured using Vicon®), and rib strains measured at nine locations on ribs 3, 5 and 7. The range
used for the CORA calculations was 20 ms to 120 ms for all signals. The CORA weighting factors of the kinematic
components were set proportionally to the peak magnitude of each test signal.

Fig. 4. Front sled test 40 km/h. Left: PMHS 1,358 (adopted from [25]). Right: corresponding FE simulation model.

lll. RESULTS

Validation of Single Ribs
As can be seen in Table I, the CORA analysis of the reaction forces for ribs 2—10 produced CORA scores ranging

from 0.409 to 0.779, corresponding to marginal to good biofidelity, with an average CORA score of 0.639.
Comparing the rib force signals to the test corridors, it was observed that the simulation predictions are within
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the corridors, except for deformations up to 30 mm for ribs 6 and 7, and for deformations over 40 mm for rib 9
(see Fig. B1 in Appendix B).

Ninety-one percent (49 out of 54) of the predicted rib strains are within one SD of the physical test results
(see Fig. B2 in Appendix B). Of the five predictions outside the +1 SD, most are right on the border.

TABLE |
CORA SCORES SINGLE RIB KINETIC VALIDATION
Result component CORA score Rating (ISO/TR 9790)
Rib 2 0.775 Good
Rib 3 0.717 Good
Rib 4 0.596 Fair
Rib 5 0.706 Good
Rib 6 0.429 Marginal
Rib 7 0.409 Marginal
Rib 8 0.586 Fair
Rib9 0.779 Good
Rib 10 0.756 Good

Validation of the Complete Ribcage — Table-top Test

As seen in Table I, the CORA scores for the evaluation of the table-top impactor force was 0.574, for the
kinematics 0.702 and for the rib strains 0.505, corresponding to fair to good biomechanics ratings. Detailed
results can be seen in Appendix C, where Fig. C1 shows the impactor force responses, Fig. C2-C4 the rib
kinematic responses, and Fig. C5-C6 the rib strain responses.

TABLE Il
CORA SCORES TABLE-TOP VALIDATION
Result component CORA score Rating (ISO/TR 9790)
Impactor forces 0.574 Fair
Kinematics 0.702 Good
Rib strains 0.505 Fair

Validation of the Complete Model — Sled Test

A comparison of the kinematics in the sled test load case can be seen in Fig. 5. The major difference is more
axial rotation of the THUMS HBM Version 9 upper body at 140 ms compared to this PMHS.

20ms

140ms

Fig. 5. Overall kinematics of the SAFER HBM Version 9 compared to one PMHS (test 1358) in the sled test load
case. The PMHS images are adopted from [25].
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The CORA score for the sled test belt forces was 0.709, the kinematics 0.660 and the rib strains 0.444,
corresponding to fair to good biomechanics rating (see Table Ill). More results can be found in Appendix D,
where Fig. D1 shows the belt force results, Fig. D2-D3 the kinematics results, and Fig. D4 the rib strain results.

TABLE Il
CORA SCORES SLED TEST VALIDATION
Result component CORA score Rating (ISO/TR 9790)
Belt forces 0.709 Good
Kinematics 0.660 Good
Rib strains 0.444 Fair

IV. DISCUSSION

A generic ribcage representing an average-sized male was created based on averaged data. Rib cross-
sectional properties as well as cortical thicknesses were based on a detailed dataset of seven elderly Korean
men [27]. The overall rib sizes and shapes (excluding cross-sections) were based on a statistical regression
model [19]. This regression model was in turn based on clinical CT scans of 89 individuals, essentially evenly
distributed over the sexes, statures (1.5-2.0 m), BMls (16-55 kg/m?) and ages (18—89 years). The sternum shape
was based on a regression model based on 330 individuals, essentially evenly distributed over the sexes and
ages (0-97 years). These datasets are based on individuals of different ages, originating from different
continents, and thus it is not possible to state what population average the generic model represents. In
particular, the target age for the regression shape models was selected to be 40yo, while the cross sectional and
cortical thickness data was based on subjects with an average age of 71 years. The age related changes of rib
cross sectional dimensions have been studied extensively [36-40]. The results are consistent, showing that the
cross section dimensions peaks around 20 years of age, then drops until 30 years of age, and are more or less
constant over the rest of the life span. In addition, the interpersonal variability is very large, making the age
related relationships very weak. Thus, it was decided not to age adjust the rib cross sectional dimensions for this
study.

In addition, the small sample used to create the average cross-sectional and cortical thickness dimensions
leaves some uncertainty about the validity of the average properties of these dimensions. However, the dataset
in [27] is currently the best data source, including detailed measurements of both rib cross-sectional data and
cortical thicknesses from the same individuals. Cortical bone mapping is a promising technology suitable for
creating much larger, reasonably accurate data-sets measuring rib shape, rib cross-sectional dimensions and
estimating cortical thickness on the same individuals, which has been applied to ribs in certain recent studies
[41,42].

Rib strain validation is the main focus of the current study. Generally, there are very few validation data sets
including rib strain measurements, which means that there is hard to find tests matching the desired target
population. The average age for the PMHSs used as validation data was 53yo (31-62) for the single rib tests,
60yo (52-67) for the table-top test, and 53yo (49-57) for the sled test. Studies have shown that the structural
properties of ribs are correlated to age [40,43] with lower stiffness and lower peak displacement for elderly. In
particular, the ultimate strain and strain energy density is negatively correlated with age [44]. However, in this
study rib failure properties are not studied. Instead, the predicted rib strain is compared to the measured strain
at the same deformation or external load, meaning that only the age related change in stiffness might be a
concern. In [40] the authors found “a negative trend in the adult group, although not practically significant”,
when comparing the age related stiffness trend to the interpersonal variance. Thus, considering the small
number of subjects in the validation data sets it was decided not to age adjust the validation data.

Generally, a prerequisite to strain validation is correct modelling of kinematics and kinetics. For the single ribs
the kinetic CORA rating ranged from marginal to good biofidelity, with best results for the upper and lower ribs.
However, for this test setup, marginal kinetic rating (meaning that the rib force-deflection response does not
match the physical test) does not necessarily mean that the strain prediction capability has to be poor, as the
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loading in this setup is displacement controlled. In a displacement controlled rib test the maximum strain will
depend on the maximum displacement, while the maximum force will also depend on the rib stiffness. The rib
strain was predicted within £1 SD in 91% of the measuring points, with the predictions outside the £1 SD range
concentrated to the upper ribs (1-5).The force-deflection properties of the GHBMC ribs have previously been
validated [13] using the same data set. The average CORA score was 0.76, which is higher compared to the
current study. However, it should be noted that both force and deflection was normalized in [13], making a
direct comparison CORA scores hard.

The table-top load case can also be considered displacement controlled. However, in this load case the
impactor is not connected to the ribcage and can rotate and slide relative to the ribcage. This was also observed
in test HSC 5.8, where the impactor slid along the sternum. Figure 3 shows that the sternum of the PMHS used
in test HSC 5.8 was significantly shorter and sloped downwards in the superior direction. In the table-top load
case, the stiffness and inertia effects of the intercostal muscles and the front portion of the visceral organs are
added to the denuded ribcage force response, enhancing its complexity. The CORA analysis showed that the
biofidelity of the impactor force prediction was fair, while the prediction of ribcage kinematics showed good
biofidelity. The biofidelity for the rib strains was deemed to be fair. Examining the rib strain results closer (see
Appendix C (Fig. C5-C6)), it can be noticed that the upper ribs are more in agreement with test results compared
to the lower. In fact, if the CORA analysis were only carried out on the true ribs (here 3-7), the CORA rating for
the rib strains would improve from fair to good. For the lower ribs the force from the impactor must be
transferred through a large portion of costal cartilage. This, in combination with the good CORA rating for the
low ribs in the single rib load cases (Table ), indicates that the costal cartilage in the FE model does not transfer
the loads correctly.

The third and most complex validation load case was the sled test. In this load case the whole thorax model,
including all surrounding soft tissues, was evaluated. In this load case the thorax loading is realistic in the sense
that it is inertia-loaded and the restraint is a standard three-point seat belt. The CORA analysis for the belt
forces and the upper body kinematics showed good biofidelity. However, as can be seen in Fig. 5, the simulation
model predicts more upper body axial rotation comparison to the PMHS. It is assumed that this is the reason the
FE model predicted negative Y-translation for T1 down to L4, while the PMHS test show positive or zero Y-
translation. The root cause is most likely the PMHS’s more pronounced belly, pushing the lower left part of the
shoulder belt higher up on the thorax. This also means that the shoulder belt possibly interacts with the ribs in a
different way in the simulation model, and in particularly on the lower left side. The strain time histories for the
lower left ribs, seen in Appendix D (Fig. D4), shows that the strain magnitude prediction are within the physical
test result variation. However, the predicted strain onset shows a phase shift compared to the physical test
results. It is unclear if this phase shift is a result of the excessive rotation or that the pronounced belly initially
unloads the ribs, and also if strain at other measuring points was affected. In addition, the local strain
compression peaks around 50ms, seen for some ribs in the PMHS tests, are not replicated by the HBM. In [25]
the authors attributes this phenomena to the asymmetrical belt loading and inertial loading of the ribcage and
the underlying organs. The HBM presented here has a simplified modelling of the visceral organs and
modelling/attachment of the subcutaneous fat/muscles, preventing the inertia from being properly transmitted
to the ribs during the early loading. The overall CORA score for the rib strains in this load case was 0.444, which
corresponds to fair biofidelity. In general, the strain predictions of the generic ribcage show reasonable
agreement with the results of the physical tests for the load cases analysed in this study. The GHBMC kinematics
in a frontal sled environment (DV 12 and 24kph) have been evaluated in [45]. The average CORA scores were
0.61 and 0.65 which can be compared to the kinematic CORA score of 0.66 in the current study.

The next step will be to use the model to predict the risk for rib fractures, i.e. using the probabilistic
framework presented in [4]. This method uses the first principle rib strain in the cortical bone to estimate
fracture risk. In addition, the generic ribcage model presented in this study is suitable to use as a baseline model
for HBM morphing. Using the method outlined in [46], the rib cross sectional dimensions, as well as overall rib
shape will be morphed based on anthropomorphic data like age, sex, stature and BMI. The model, and the strain
predictability, should then be further validated using datasets of non-average subjects.
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A limitation of the current study is that only anterior-posterior load cases, corresponding to frontal impacts,
were evaluated. To ensure omnidirectional validity for strain predictions, the validation should be extended to
include oblique and lateral load cases. Some datasets, including strain measurements, suitable for such
validation have been presented in [3,47-49]. Compared to the total number of published studies that can be
used for HBM thorax validation, the number of studies including rib strain measurements is limited. In addition,
the strain gauge instrumentation used in most published studies has primarily been included to detect rib
fractures, not to capture the strain distribution throughout the rib. Future PMHS testing, to be used for HBM
validation, should preferably be carried out with strain gauges developed to give accurate readings in humid
conditions, including multiple strain gauges positioned along the ribs, to capture the strain variation along the
rib.

Another limitation is that the number of PMHS subjects for the table-top and sled data sets are small, leaving
some uncertainty of the representativeness for these tests. Additional validation should be carried out when
more data becomes available.

V. CONCLUSIONS

A generic ribcage model was created based on averaged data and validated stepwise at different levels of
complexity, from human single rib to whole-body level by means of PMHS sled tests. The rib strain biofidelity
was good (91% of the strain predications within one SD) in single rib anterior-posterior bending load cases and
fair in the table-top and sled test load cases. This is an important step for the development and validation of
strain-based rib fracture criteria for HBMs.
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VIIl. APPENDIX

APPENDIX A

Model updates in SAFER HBM Version 9
In addition to the ribcage updates outlined in the current study, the SAFER HBM version 9 model was also
updated in some other body regions as described in this appendix.

Head and neck

The head of the THUMS version 3 model was replaced by the KTH head [A1]. The original skull base was kept,
as this matches the neck, and attached to the new skull. All 1-D muscles were replaced with new muscles based
on the work in [A2]. The neck flesh and scalp geometry were updated based on the surface geometry of a
50%ile male described in [A3]. The material model for the neck skin was updated according to [A4]. The updated
head and neck model can be seen in Fig. Al.
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Fig. Al. A section cut through the updated neck and head model.

Lumbar Spine
The lumbar spine was updated according to the suggestions in [A5]. This included geometrical and material
updates of the intervertebral ligaments and discs and updated contact definitions to improve biofidelity.

[A1] Kleiven, S. (2007) Predictors for Traumatic Brain Injuries Evaluated through Accident Reconstructions.
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[A4] Manschot, J. and Brakkee, A. (1986) The measurement and modelling of the mechanical properties of
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[A5] Afwerki, H. (2016) Biofidelity Evaluation of Thoracolumbar Spine Model in THUMS. Master’s Thesis in
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APPENDIX B

Extended Results of Single Rib Validation

This appendix includes a comparison of test and simulation time series of single rib load cases. In Fig. B1
posterior end reaction force versus anterior end displacement are compared. In Fig. B2 predicted rib strains are
compared to the variation of strains in the physical tests.
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APPENDIX C

Extended Results of Table-Top Validation

This appendix includes a comparison of test and simulation time series of table-top load cases. In Fig. C1
impactor forces are compared. In Fig. C2-C4 ribcage X, Y and Z kinematics are compared. In Fig. C5-C6 rib strains
on the right and left side are compared.
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Fig. C1. Comparison of test and simulation impactor forces in the table-top load case.
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Fig. C3. Comparison of test and simulation Vicon® Y-translational kinematics in the table-top load case.
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Fig. C5. Comparison of test and simulation right rib strains in the table-top load case.
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Fig. C6. Comparison of test and simulation left rib strains in the table-top load case.
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APPENDIX D

Extended Results of Sled Test Validation

This appendix includes a comparison of test and simulation time series of sled test load cases. In Fig. D1 upper
and lower shoulder-belt forces are compared. In Fig. D2 head and thoracic spine kinematics are compared. In
Fig. D3 lumbar spine and pelvic kinematics are compared. In Fig. D4 rib strains are compared.
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Fig. D1. Comparison of test and simulation shoulder-belt forces in the sled test load case.
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Fig. D2. Comparison of test and simulation head and thorax kinematics in the sled test load case.
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Fig. D3. Comparison of test and simulation lumbar and pelvic kinematics in the sled test load case.
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Fig. D4. Comparison of test and simulation rib strains in the sled test load case.
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