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Rib fracture is one of the most common thoracic injuries in vehicle traffic accidents that can result in fatalities associated with
seriously injured internal organs. A failure model is critical when modelling rib fracture to predict such injuries. Different rib
failure models have been proposed in prediction of thorax injuries. However, the biofidelity of the fracture failure models
when varying the loading conditions and the effects of a rib fracture failure model on prediction of thoracic injuries have been
studied only to a limited extent. Therefore, this study aimed to investigate the effects of three rib failure models on prediction
of thoracic injuries using a previously validated finite element model of the human thorax. The performance and biofidelity of
each rib failure model were first evaluated by modelling rib responses to different loading conditions in two experimental
configurations: (1) the three-point bending on the specimen taken from rib and (2) the anterior–posterior dynamic loading to
an entire bony part of the rib. Furthermore, the simulation of the rib failure behaviour in the frontal impact to an entire thorax
was conducted at varying velocities and the effects of the failure models were analysed with respect to the severity of rib cage
damages. Simulation results demonstrated that the responses of the thorax model are similar to the general trends of the rib
fracture responses reported in the experimental literature. However, they also indicated that the accuracy of the rib fracture
prediction using a given failure model varies for different loading conditions.

Keywords: rib fracture; failure model; thorax; finite element model; dynamic loading

1. Introduction

Thorax injuries rank the second in the overall number of the

fatalities and serious injuries in the reportedpassenger vehicle

crashes (Shin et al. 2009) and the severe injury to the thoracic

cage is most commonly associated with the rib fractures

(Forbes 2005; Li et al. 2010). Therefore, physical tests have

been extensively conducted in the vehicle safety field for

studies of the fracture tolerance of the rib as well as

development of the rib fracture models and criteria. For

instance, Granik and Stein (1973) performed three-point

bending tests on specimens taken from the sixth and the

seventh ribs of the post-mortem human subjects (PMHS) and

they reported an average failure vonMises stress of 106MPa.

Charpail et al. (2005) carried out a series of tests under

anterior–posterior loading to the intact ribs from PMHS for

investigation of the rib mechanical behaviour and fracture

threshold. They reported the rib failure strains between

0.0069 and 0.0329. Plank et al. (1998) applied the Mohr–

Coulomb yield criterion to investigate the rib failure response

using anfinite element (FE) thoracicmodel and theyobserved

that the rib fracture occurs when the vonMises stress reaches

143.4MPa. Kemper et al. (2005) presented an experimental

study using 117 rib cortical bone specimens taken from

PMHS at the age ranging from 18 through 67 years. They

reported overall average values of the rib failure stress and

strain, which are 124.2MPa and 0.0271, respectively.

Thus, it was noticed that substantial progress has been

made for determining the stress and strain that trigger rib

fracture, and a number of rib failure models/criteria have

been proposed in the literature (Granik and Stein 1973;

Plank et al. 1998; Charpail et al. 2005; Kemper et al. 2005).

However, the extent of effects of the rib fracture simulation

on the thorax injury predictions has not yet been determined

in terms of specific uncertainties, including the variations in

the rib due to the rib geometry, age of the subject, and so on.

The present study was conducted to investigate the

biofidelity of the available rib failure models under different

loading conditions. The effects of a rib failure model on the

responses of a thorax model were investigated under direct

impact, which is associated with the loads experienced by a

car occupant during an accident. The investigation was

performed in two stages in which the FE models increase in

complexity from a single rib to a complete thorax:

Stage 1: Investigation of biofidelity of various rib

failure and fracture models by simulating the

experiments on rib specimens and whole ribs.

q 2015 Taylor & Francis
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Stage 2: Analysis of the effects of rib fracture model on

prediction of the entire thorax responses to frontal

impacts.

2. Materials and methods

The rib fracture failure results from experimental studies

were analysed based on the available literature, including

rib failure properties from the impact tests using the PMHS

rib specimens, and the thorax behaviour and dynamic

responses from frontal impact tests on entire thorax.

A numerical investigation was carried out using FE

models to simulate the rib fracture failure behaviour in the

experiments in different configurations, including three-

point bending on the rib specimens, the anterior–posterior

dynamic loading to an entire bony part of the rib and the

frontal impact to an entire thorax at varying velocities.

The performance and biofidelity of the three rib

fracture failure models were evaluated with respect to the

results from the simulations of the experiments on the rib

specimens and the whole ribs. The effects of each rib

fracture model on thoracic injury prediction were analysed

according to results from the simulations of the thorax

response to frontal impacts.

2.1 The configurations of experiments for rib fracture
properties

2.1.1 Three-point bending experiment of a rib specimen

Three-point bending is the most commonly used type of

loading in the experiments for investigating the biomecha-

nical properties of a human rib (Stein and Granik 1976;

Sacreste et al. 1982; Yoganandan and Pintar 1998; Stitzel

et al. 2003; Kallieris et al. 2004; Cormier et al. 2005;

Mordaka et al. 2007; Tran et al. 2011). In particular, Kallieris

et al. (2004) investigated the correlation of rib deflection

with respect to the force applied to the rib specimen under

quasi-static and dynamic three-point bending. The loadings

were imposed using a cylindrical impactor in the direction

normal to the rib at velocities of 2 and 4m/s.

2.1.2 Experiments on a entire rib subjected to anterior–

posterior loading

The three-point bending in test of rib mechanical

properties represents idealised loading conditions that

are unlikely to occur in real-world vehicle crashes.

Therefore, a new method was developed to simulate a

response to anterior–posterior loading on an entire rib in

frontal impact (Charpail et al. 2005). The new method was

adapted by Li et al. (2010) in their experimental study for

determining the failure and fracture properties of the 2nd,

4th and 10th ribs. In the experiments, the entire bony part

of each rib was excised and all soft tissues were removed.

Each rib was embedded in a support at the anterior and

posterior ends. The ribs were then loaded by displacing the

anterior end of the rib towards its posterior end at a

constant velocity (1m/s for the 2nd rib and 0.5m/s for the

4th and 10th ribs). A single rotational degree of freedom,

around an axis normal to the loading plane, was permitted

at each end of the rib.

2.2 The configuration of the experiment on thorax
frontal impact

The experimental studies on chest frontal impact have

been widely conducted to determine the force–deflection

behaviour of the human chest and investigate the injury

responses of the rib cage (Kroell et al. 1971, 1974;

Neathery 1974; Viano 1978; Kent et al. 2003; Kent et al.

2004; Kimpara et al. 2005). It has been suggested in the

literature (Kimpara et al. 2005) that the blunt impact test is

a better experimental method than the PMHS full-scale

sled test when determining the chest stiffness. Therefore,

the observed rib fracture results from 38 PMHS frontal

pendulum impact tests (Kroell et al. 1971, 1974) were used

in this study. Over 70% (27/38) of these tests resulted in at

least one rib fracture and 50% (19/38) resulted in more

than six rib fractures. In these experiments, the PMHS

subjects were positioned in a sitting posture on a flat

surface of a rigid table with either a free back or a fixed

back. The set-up of the tested thorax with fixed seatback is

presented in Table 1. A rigid cylindrical impactor with a

diameter of 152mm and a mass of 10.43 kg struck on the

sternum in the mid-sagittal plane at the level of the

fourth rib.

2.3 Computational models

A thorax FE model previously developed and validated at

Hunan University in a program of human body modelling

for vehicle safety (Yang and Yao 2003; Yang et al. 2008;

Han et al. 2011; Yang et al. 2013) was used in this study.

The geometry of the model was obtained from the

computer tomography scans (slice thickness of 1mm, in

plane resolution of 0.25mm) of an adult male. The body

Table 1. Summary of the PMHS substitutes used in the thorax
frontal impact experiments and impact velocity (Kroell et al.
1971, 1974).

Experiment ID Age
Weight
(kg)

Height
(cm)

Impact velocity
(m/s)

48FM 69 64.4 1.70 7.06
50FM 66 60 1.81 7.29
51FM 60 82.1 1.83 6.66
52FM 65 51.7 1.75 7.2
56FM 65 73.9 1.77 6.93
58FM 68 68.9 1.79 6.75

F. Wang et al.2
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stature is close to the medium size of the American that

was used for designing the standard crash dummy.

The thorax FE model was implemented in the explicit

dynamics non-linear finite element solver LS-DYNA

(version 971) (LSTC 2007). The initial time step was

0.8ms and the LS-DYNA automated time stepping was

used to control the time step during the simulation.

Three rib failure (RF) models were used in this

investigation as summarised in Table 2:

. RF-Model 1: The Mohr–Coulomb yield criterion

was taken from the study by Plank et al. (Plank et al.

1998). It requires information about the ultimate

yield strengths in compression and tension for

calculation of the principal stresses.
. RF-Model 2: The von Mises effective plastic strain

criterion was used in the study by Stitzel et al.

(2003). It has also been used in other FE human

body models (Furusu et al. 2001; Li et al. 2010).
. RF-Model 3: The failure criterion uses both the von

Mises effective stress and strain that have been

derived from the tests using human rib specimens

(Kemper et al. 2005; Mordaka et al. 2007).

A matrix (Table 3) was designed for numerical

investigation of the effects of the three rib failure models on

thoracic injuryprediction.All three failuremodels listed above

were investigated for each type of loading on rib and thorax (i.

e. three-point bending of a rib specimen, anterior–posterior

loading of an entire rib, and frontal impact to the thorax).

2.3.1 Mesh, loading and boundary conditions for

simulation of three-point bending of a rib specimen

An FE model for simulations of the rib specimen bending

tests (Kallieris et al. 2004) is shown in Figure 1. Specific

data about the meshes and elements for the specimen FE

models of the 6th and the 7th ribs are presented in Table 4.

The material properties of the 6th and the 7th ribs were

taken from the thorax FE model. An elastic–plastic strain

rate-dependent material model is defined for the rib

specimen FE models based on available data from the

literature (Ruan et al. 2003; Kimpara et al. 2005; Ruan

et al. 2005; Mordaka et al. 2007; Shin et al. 2009).

Based on the experimental set-up, each rib specimen

model was constrained by two cylindrical supports 0.1m

apart (with contact interface between the rib and support).

The rib specimen models were loaded by a rigid cylindrical

impactor with a radius of 0.013m. The impactor was

subjected to a velocity of 2 or 4m/s. The interactions on the

interface between the impactor and rib specimen were

simulated using a node-to-surface contact model with a

friction coefficient of 0.2. The experiments on three-point

bending of the 6th and 7th rib specimens (Kallieris et al.

2004) were simulated to evaluate the performance of rib

failure model in different loading conditions.

2.3.2 Mesh, loading, and boundary conditions for

simulation of the experiments on a entire rib subjected to

anterior–posterior loading

The responses of the 2nd, 4th and 10th ribs to the test

loadings were individually simulated using an entire rib

FE model (Figure 2) based on the experiment set-up. The

information about the meshes and element types is

presented in Table 5. As illustrated in Figure 2, the

boundary conditions were defined at the anterior and

posterior ends that were constrained by connecting each

end to a rigid cap using a revolute joint. A free rotation

around the joint is permitted in the loading plane only. The

displacements at the anterior end of each rib model were

Table 2. Summary of the rib failure (RF) models.

No. Failure models References

RF-Model 1 Mohr–Coulomb yield criterion, failure von Mises
stress of 143.4MPa

Plank et al. (1998)

RF-Model 2 Failure effective plastic strain of 0.014 Stitzel et al. (2003)
RF-Model 3 Failure von Mises stress of 124.2MPa and

effective plastic strain of 0.0271
Kemper et al. (2005) and Mordaka et al. 2007

Table 3. The matrix for investigation of the effects of the rib failure models on the thoracic injury prediction via FE modelling of the
experiments.

Modelling

Experiments FE model of test subject Loading velocity Number of RF-model

Frontal impact on the thorax Thorax 6 velocities (Table 1) 1, 2, 3
Three-point bending on a rib specimen 6th and 7th rib specimen 2m/s and 4m/s 1, 2, 3
Anterior–posterior loading to
a entire rib

419m-Rib 2R, 413m-Rib 4L, and 413m-Rib
10L entire rib

1m/s and 0.5m/s 1, 2, 3

Computer Methods in Biomechanics and Biomedical Engineering 3
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prescribed at constant velocities of 0.5 or 1m/s (Li et al.

2010). The resultant joint force at the posterior end of each

rib was recorded and compared with the experimental

results.

2.3.3 Mesh, loading, boundary conditions and material

properties for the thorax FE model

The thorax FE model was discretised using both 4-noded

rectangular shell elements (Belytschko-Tsay formulation)

(Belytschko et al. 1984) and 8-noded constant stress (i.e.

with one Gauss point) hexahedral elements (Belytschko

and Bindeman 1993) with stiffness-type Belytschko–

Flanagan hourglass control (LSTC 2007). The specific

details of the complete mesh are presented in Table 6.

As shown in Figure 3, the complete thorax mesh

includes ribs, thoracic and abdominal vertebrae, sternum,

costal cartilages, internal organs and fat. The vertebra and

discs, ribs, costal cartilages and sternum consist of outer

cortical bone and inner cancellous bone. Cortical bone was

discretised using shell elements while hexahedral solid

elements were used for the cancellous bone (Robin 2001;

Ruan et al. 2003; Kimpara et al. 2005; Zhao and Narwani

2005; Iwamoto et al. 2007; Mordaka et al. 2007; Shin et al.

2009). The soft tissues were modelled using 8-noded solid

elements, including the lungs, heart, liver, spleen, stomach,

kidney and fat (Ruan et al. 2003; Kimpara et al. 2005; Ruan

et al. 2005; Iwamoto et al. 2007). The ligaments and

muscles were modelled with spring elements.

Boundary conditions were defined to replicate the

experiments by Kroell et al. (1971, 1974). The back of the

thorax model was supported by a rigid wall and a rigid

plate was applied to support the bottom of the thorax to

ensure that there is no movement of the thorax model in

the vertical direction due to the gravity (Figure 4). All the

interactions between the body organs and anatomical

structures were modelled using frictionless contact

interfaces. LS-DYNA automatic surface-to-surface con-

0.1m   

0.013m  

2m/s  
4m/s  

Rib Section  

Support  Support  

Figure 1. The set-up for FE modelling of the three-point
bending experiment on a rib specimen (Kallieris et al. 2004).

Table 4. Information about element and mesh for the FE models of specimens from the 6th and the 7th ribs.

Rib Component Element type Number of elements Number of nodes

The 6th rib Rib trabecular Solid element (Constant stress) 675 1140
Rib cortical Shell element (Belytschko-Tsay) 834 840

The 7th rib Rib trabecular Solid element (Constant stress) 476 854
Rib cortical Shell element (Belytschko-Tsay) 713 704

Figure 2. The set-up for FE modelling of the experiment by
Zuoping Li et al. (2010) in which the whole ribs (the 2nd rib in
this figure) were subjected to a loading in anterior–posterior
direction at velocities of 0.5 and 1m/s.

Table 5. Information about element and mesh of the FE models of the whole of 2nd, 4th and 10th ribs.

Rib test No. Component Element type Number of elements Number of nodes

419m-Rib 2R Rib trabecular Solid element (Constant stress) 765 1040
Rib cortical Shell element (Belytschko-Tsay) 627 632

413m-Rib 4L Rib trabecular Solid element (Constant stress) 871 1088
Rib cortical Shell element (Belytschko-Tsay) 683 686

412m-Rib 10L Rib trabecular Solid element (Constant stress) 366 682
Rib cortical Shell element (Belytschko-Tsay) 555 560

F. Wang et al.4
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tact formulation was implemented (Zhao and Narwani

2005), which prevents penetration between the organs

while allowing for sliding on the interfaces.

Constitutive modelling of the materials in the thorax

FE model was implemented by following the literature

(Ruan et al. 2003; Kimpara et al. 2005; Ruan et al. 2005;

Yang et al. 2006; Mordaka et al. 2007; Shin et al. 2009); an

elastic–plastic material model with strain rate dependency

was used for the ribs’ cortical and cancellous bones and

cartilage. The sternum was simulated using the same

material properties as the ribs due to the lack of data

available in the literature on the sternum. The vertebrae

were modelled using a linear elastic material as the

vertebral fractures seldom occur due to direct impact to

the chest (Kimpara et al. 2005; Shigeta et al. 2009). The

constitutive parameters of the bones and cartilage used in

the thorax FE model are given in Table 7.

Soft tissues typically behave as hyper-elastic/hyper-

viscoelastic nearly incompressible continuum and the

parameters for such models have been determined only for

a limited number of the abdominal/thoracic organs (Miller

2000; Leroy et al. 2001; Schmitt and Snedeker 2006; Gao

et al. 2010; Shao et al. 2013). Therefore, a hyper-elastic

(Mooney–Rivlin) constitutive model was used for the

liver and kidney and a linear viscoelastic constitutive

model for the remaining tissues, organs, muscles and

ligaments (Lizee et al. 1998; Robin 2001; Ruan et al. 2003;

Kimpara et al. 2005; Ruan et al. 2005) (Table 8).

2.3.4 Validation of the thorax FE model

The thorax FE model was validated via simulations (Wang

et al. 2014; Wang 2014) of volunteer experiments (Patrick

1981) and the PMHS experiments on thoracic frontal

impact (Kroell et al. 1971, 1974). For validation using the

volunteer experiments, a cylinder (diameter: 152mm,

mass: 10 kg) impacted to the anterior surface of the thorax

of a volunteer was simulated at velocities up to 4.6m/s.

For validation against the PMHS experiments, a

cylindrical impactor (diameter: 152mm, mass: 10.43 kg)

struck on the thorax was simulated in two groups of

loading conditions at velocities up to 8.23m/s. In the

simulations, the force–deflection response to the cylinder

impact was reconstructed using the thorax FE model at the

same velocities in the experiments. The impactor force

was output as a contact load between the impactor surface

and the anterior surface of the thorax FE model. Impactor

displacement was calculated from node displacement. The

thoracic deflection was calculated from changes in the

distance between nodes on the anterior and posterior

surfaces of the thorax.

Figure 5 demonstrates a comparison of the force–

deflection responses between experiments and simulations

of the PMHS thoracic impact at velocities of 6.71 to

6.93m/s (Group 1) and 7.20 to 8.23m/s (Group 2), which

predicts the general behaviour of the force–deflection

responses to thoracic frontal impacts at different

velocities. The results confirm the capability of the thorax

FE model for study of the effects of rib fracture failure

models to prediction of thoracic injuries.

Table 6. Summary of anatomy components and mesh of the
thorax FE model.

Component Element type
Number of
elements

Vertebra and discs cortical Shell element
(Belytschko-Tsay)

11,698

Rib cortical 15,582
Costal cartilages cortical 3478
Sternum cortical 962
Vertebra and discs trabecular Solid element

(Constant stress)
13,728

Rib trabecular 12,887
Costal cartilages trabecular 3304
Sternum trabecular 1302
Fat 4144
Internal organs 6149
Muscles Spring element 1043
Ligaments 60

Spleen

StomachLiver

Rib
Cartilage

Left LungRight
Lung

Rib Sternum

HeartThoracic
Vertebra

Figure 3. The thorax FE model.

10.43kg

Impact velocity

Figure 4. The set-up for FE modelling of the thoracic frontal
impact experiments (Kroell et al. 1971, 1974).

Computer Methods in Biomechanics and Biomedical Engineering 5
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3. Results

3.1 Results from simulations of three-point bending
experiments on rib specimens

For all three failure models, the general behaviour of the

predicted force–deflection curves agreed with the

experimental results (Kallieris et al. 2004), and the curves

(Figure 6) demonstrate the force decrease along with the

rib failure fracture.

The results from simulation using RF-Model 3

exhibited slightly better agreement with the exper-

imental data than those from RF-Model 1 and RF-

Model 2. However, the differences between the results

obtained from the three failure models were within

variation of the experimental data. The results for RF-

Model 1 and RF-Model 2 can be still regarded as

acceptable, as they are within the experimentally

determined envelope of rib force–deflection relation-

ship (Figure 6).

Table 7. Material properties of the skeleton components of the thorax model.

Components Material model Density (kg/m3) E (MPa) Poison ratio Yield stress (MPa) References

Vertebra trabecular Elastic 1000 1000 0.3 Shigeta et al. (2009)
Vertebra cortical Elastic 2500 11,000 0.4 Kimpara et al. (2005)
Disc nucleus pulposus Elastic 1040 2300 0.4 Ruan et al. (2003)
Disc anulus fibrosus Elastic 1040 300 0.4 Ruan et al. (2003)
Sternum trabecular Elastic–plastic 1000 40 0.45 1.8 Kimpara et al. (2005) and

Yang et al. (2006)
Sternum cortical Elastic–plastic 2000 10,000 0.3 90 Mordaka et al. (2007)
Rib cartilage trabecular Elastic–plastic 1000 49 0.4 4.9 Kimpara et al. (2005) and

Shigeta et al. (2009)
Rib cartilage cortical Elastic–plastic 1000 49 0.4 4.9 Kimpara et al. (2005) and

Shigeta et al. (2009)
Rib trabecular Elastic–plastic 1000 40 0.45 1.8 Kimpara et al. (2005)
Rib cortical Elastic–plastic 2000 10,000 0.3 90 Yang et al. (2006)

Note: E ¼ Young’s modulus.

Table 8. Material properties of the soft tissues of the thorax FE model.

Density
(kg/m3)

Shear modulus

Tissues Material model k (MPa) G0 (MPa) Gi (MPa) b (decay constant) References

Heart Viscoelastic 1000 2.6 0.44 0.15 0.25 Ruan et al. (2003)
Lung Viscoelastic 600 0.22 0.02 0.075 0.25 Ruan et al. (2003)
Stomach Viscoelastic 1150 0.145 0.015 0.005 0.635 Ruan et al. (2003, 2005)
Spleen Viscoelastic 1150 2.875 0.23 0.0436 0.635 Ruan et al. (2005)
Ligaments Elastic 2000 E ¼ 20MPa Kimpara et al. (2005)
Muscles Elastic 900 E ¼ 0.5MPa Kimpara et al. (2005)

Hyper-elastic stress parameters
Liver Mooney–Rivlin

(hyper-elastic)
1040 C10 ¼ C01 ¼ 898 Pa; C20 ¼ C02 ¼ 26,368 Pa; C11 ¼ 0 Miller (2000) and Schmitt

and Snedeker (2006)
Kidney Mooney–Rivlin

(hyper-elastic)
1000 C10 ¼ C01 ¼ 6206 Pa; C20 ¼ C02 ¼ 3492 Pa; C11 ¼ 0 Miller (2000), Leroy et al.

(2001), and Gao et al. (2010)

Notes: k ¼ bulk modulus, G0 ¼ short-time shear modulus; Gi ¼ long-time shear modulus, E ¼ young’s modulus. Cij (i, j ¼ 0, 1, 2): stress parameters
of the Mooney–Rivlin model.

Table 9. Comparisons between the experiments (Li et al. 2010)
and the simulations of the entire rib responses to an anterior–
posterior loading for the fracture time and the corresponding
reaction force by means of three rib failure (RF) models.

Rib response data

No. Ribs
(donor age) Model

Fracture
time (ms)

Resultant
reaction
force (N)

419m-Rib 2R (31) Experiment 18.9 90.7
RF-Model 1 29.7 156.9

FE model of Rib 2R RF-Model 2 21.9 142.2
RF-Model 3 25.9 153.8

413m-Rib 4L (54) Experiment 82 123.4
RF-Model 1 140.8 131.8

FE model of Rib 4L RF-Model 2 108.7 137.3
RF-Model 3 120.1 136.3

412m-Rib 10L (62) Experiment 122 87.6
RF-Model 1 148.9 93.1

FE model of Rib 10L RF-Model 2 119.6 97.8
RF-Model 3 135.4 98.9

Note: R, right and L, left.
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3.2 Results from simulations of the anterior–posterior
loading experiment on entire rib

The maximum reaction force predicted in the simulations

agreed well with the experimental data (Table 9, Figure 7),

except for the specimen 419m-Rib 2R. As reported in

other studies (Zhou et al. 1996; Li et al. 2010; Vaziri et al.

2010), it was noticed that the rib specimens used by Li

et al. (2010) were taken from the PMHS in different age

groups. Therefore, one possible explanation for the

discrepancies between the modelling and experimental

results for specimen 419m-Rib 2R is that our models have

not accounted for deterioration of bone strength due to age

likely present in the specimens (Li et al. 2010). Table 9 and

Figure 7 also indicate that the entire rib FE models tended

to overestimate the frequency of rib fractures and the time

when the fractures occur.

Figure 5. Comparison between the experiments (Kroell et al. 1971, 1974) and the corresponding simulations for the force–deflection
responses to thoracic frontal impact: (a) at impact velocities of 6.71–6.93m/s and (b) at impact velocities of 7.20–8.23m/s.

–200

0

200

400

600

800

Deflection (mm)

Fo
rc

e(
N

)

–200
–100

0
100
200
300
400
500
600

Deflection (mm)

Fo
rc

e(
N

)

–200

0

200

400

600

800

Deflection (mm)

Experiment corridor
Experiment average

RF-Model 1
RF-Model 2
RF-Model 3

Fo
rc

e(
N

)

–200

–100
0

100

200

300
400

500

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Deflection (mm)

Fo
rc

e(
N

)

4 m/s – rib 6

4 m/s – rib 7(c)

(a) (b)

(d)2 m/s – rib 7

2 m/s – rib 6

Figure 6. Comparison between the experiments (Kallieris et al. 2004) and the corresponding simulations for the force–deflection
responses of the rib specimens taken from the 6th rib (a, b) and the 7th rib (c, d) at impact velocities of 2 and 4m/s.
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The results from simulations of experiments using

PMHS and specimens tend to be affected by inaccuracies

and uncertainties when representing boundary conditions

and accounting for subject-specific geometry and tissue

mechanical properties. Therefore, it could be difficult to

determine which of the rib fracture models performs best

in terms of variations of the biological subjects, such as

human tissues and cadaver specimens. However, the

results shown in Figure 6 suggest that force–displacement

responses obtained using RF-Model 3 are more close to the

experimental results (Li et al. 2010) than the responses

from the remaining two RF models.

In simulation of the 413m-Rib 4L test, the rib fracture

was predicted at a loading velocity of 1m/s. The strain

distribution on the cross-section of the rib fracture location

was analysed by dividing the rib cross-section A-A

(Figure 8a) into 12 regions. The six regions (1-6) are

allocated at the inner surface of the rib and the other six

regions (7-12) at the outer surface of the rib (Figure 8b).

The predicted Rib 4L fracture occurred on the inner rib

side in the regions 4 and 5, where the calculated effective

(von Mises) strain exceeded the rib failure threshold (RF-

Model 2) of 0.014. This is consistent with experimental

data (Li et al. 2010). In contrast, the predicted maximum

effective strain in the regions on the external rib surface

was 0.0034, which indicates a very low risk of rib fracture.

3.3 Results from simulations of thoracic frontal
impactor experiments

Fracture model RF-Model 1 predicted a general increase in

the number of rib fractures (NRF) for the impact velocity

used in the experiments by Kroell et al. (1971, 1974)

(Figure 9). Although fracture models RF-Model 2 and RF-

Model 3 also predicted such an increase, they appreciably

overestimated the number of rib fractures at low impact

velocities.
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Figure 7. Comparison between the experiments (Li et al. 2010)
and the simulations of the force–displacement and fracture
responses of the whole ribs: (a) the 2nd rib at 1m/s, (b) the 4th rib
at 0.5m/s and (c) the 10th rib at 0.5m/s.
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4. Discussions and conclusions

In this study, three failure models were applied to predict

rib fracture under various loading conditions (Plank et al.

1998; Stitzel et al. 2003; Mordaka et al. 2007). The overall

trends of the predicted rib force–deflection responses are

acceptable compared with the published experimental data

(Figures 6 and 7). However, the results shown in Figures 6,

7 and 9 also indicate that for a given failure model, the

prediction accuracy varies appreciably with the loading

conditions.

Although it was demonstrated that the rib fracture

failure model utilising the Mohr–Coulomb yield criterion

(Plank et al. 1998) may be the most suitable one for the

simulation using the entire human thorax model, rather

than isolated rib models, there were significant differences

between the experimental and simulation data at certain

impact velocities (Figure 9). This is in contrast to the high

biofidelity of the rib models when simulating the

experiments on isolated ribs under three-point bending

and anterior–posterior loading conditions (Figures 6 and

7). Therefore, the performance of the rib failure models in

predicting the failure responses of isolated ribs may not

guarantee the predictive effectiveness when modelling the

rib responses to actual impacts on the entire thorax.

In the simulations of the experiments on whole ribs,

besides the reconstructed fracture location of the test (Li

et al. 2010) with the non-uniform strain distribution on Rib

4L (Figure 8), those of the other 2 tests with Rib 2R and

Rib 10L also demonstrated non-uniform strain distribution

in both the tensile and compression sides. The Rib 4L and

Rib 10L failed due to compression, while the rib 2R failed

due to tension. It could be attributed to the effect of entire

rib geometry on the rib fracture responses. Charpail et al.

(2005) and Li et al. (2010) analysed the results from

experiments and FE modelling of the rib fractures. They

reported that the fracture failures were observed from both

sides of the tested rib and they suggested that the rib failure

location had a stronger sensitivity to the rib geometry than

material law definition, FE model mesh density and

variation in bone property. Results from our study also

confirmed the observed phenomena by modelling the

experimental tests on whole ribs, but there is a limitation

for results from simulations with limited rib fracture cases.

It is likely that age variations in the PMHS used

previously have influence upon the results. The existing rib

failure models, including three models used in this study,

do not account for age-related bone strength deterioration,

which may affect the results. Future research should

investigate the possible role of age in the numerical

predictions of rib fracture and development of failure

models.

In conclusion, results from this study indicated that the

performance of rib failure models in predicting the rib

force–deflection responses and fracture location tends to

vary for different loading conditions. This suggests that

accurate prediction of rib failure may require subject-

specific models that take into account the age and

geometric differences between individuals involved in

different impact conditions.
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