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Rib kinematics analysis in oblique and lateral impact tests

DOMINIK JASTRZĘBSKI*, RAFAŁ PERZ

Institute of Aeronautics and Applied Mechanics, Warsaw University of Technology, Warsaw, Poland.

Purpose: Understanding thorax kinematics and rib breaking mechanisms in conditions of oblique and lateral impact is crucial in
safety systems development. To increase knowledge level on this subject, simulation and experimental tests are necessary. The purpose
of this study was to obtain single rib kinematics in the case of oblique and lateral impact conditions using numerical simulation approach.
Methods: Two impact tests using human body model of a 50th percentile man (THUMS v4.0.1 AM50) were performed in LS-Dyna
R7.1.1. Impactor was a rigid cylinder with a diameter of 152 mm, and velocity equal to 6.7 m/s. Impact angle measured to sagittal plane
was 30 and 90°, respectively in oblique and lateral impact case. Results: Kinematics of ribs from 3rd to 6th were analyzed. Results shown
significant similarities between oblique impact and kinematics of ribs tested in frontal impact conditions in the literature, with maximal
costochondral joint displacement relatively to costovertebral joint varying from 65.4 mm (3rd rib) to 82.0 mm (5th rib). Deformation of
rib in lateral impact conditions was different than during oblique impact test, with distinctive “flattening” approximately in the middle of
the rib. Maximal relative displacement varies from 16.4 mm (6th rib) to 26.6 mm (5th rib) and its location depends on the analyzed rib.
Conclusions: Oblique impact scenario may be simulated for the single rib on an experimental way using set-up of the frontal impact.
Experimental simulation of the lateral impact for the single rib should not use the same set-up, as the kinematics analysis showed signifi-
cant differences between simulated cases.

Key words: chest, impact, fracture, thorax, rib, THUMS

1. Introduction

Despite the development in road safety, the use of
active safety systems and awareness-raising cam-
paigns, car accidents are the 8th leading cause of
death on the world (for people of all ages) and the 1st
leading cause of death among children and young
people (5–29 years old). Number of fatalities reached
1.35 million in 2016 [17].

According to the statistics for Polish roads, lateral
and frontal crashes were the cause of 37% of fatali-
ties and 45% of injured in all crashes in 2018 [21].
Most European statistics put thorax in the first place
of the most common injured body regions (with fre-
quency of 26–39% of MAIS3+ injuries) [3]. In 2008,
Kent et al. [8] has proved, that presence of rib frac-
tures is associated with a significant increase of fa-
tality risk.

To minimize injuries occurring to the thorax, there
is a necessity of understanding mechanisms of injuries
formation. This understanding may be achieved by
performing simulations using different Human Body
Models (HBM). However, even though there are theo-
ries and numerical models designed for the rib frac-
ture prediction, they still need improvement, as they
predictions have errors exceeding 30% [3]. Another
approach to understand the rib fracture mechanisms is
an experimental way. Complex body experiments are
demanding in interpretation and despite their advan-
tages, number of variables may be too high to find
variables with a high influence on the result of the
experiment. To prevent that, experiments on body
parts can be performed. In the case of ribs, three types
of experimental set-ups can be found in the literature:
three-point bending, tensile loading [1], [4] and an-
tero-posterior bending [11], [12]. The first two pro-
vide material properties data, but major assumptions
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of this tests are: negligible beam curvature and small
deformations [11]. Antero-posterior bending can be
performed without this assumptions, which allows to
take large deformation and nonlinear geometry of the
rib into account. This test can be conducted to simu-
late ribs behavior during frontal crash [12]. As the
setup is less complicated than during full body crash
test, this test may be useful in understanding mecha-
nisms of rib breaking. In the literature there is no
kinematics analysis of ribs during oblique and lateral
crash, so decision was made to focus on this subject in
the following paper.

This paper focuses on a simplified lateral and
oblique impact loading conditions to the human
thorax, using HBM. The objective of this study was
to expand knowledge of the human ribs behavior in
oblique and lateral impact conditions. The objective,
in particular, was to gain characteristics of ribs move-
ment in oblique and lateral impact cases. A movement
characteristic was the position and velocity of the rib
specific points in relation to the costovertebral joint,
while subjected to impact. These characteristics will
be used to develop an experimental set-up of a single
rib bending in conditions of tested scenarios. In the
future, outcomes of this tests may allow to develop
Autonomous Test Devices (ATD) and HBM.

2. Materials and methods

For simulations, the Total Human Model for Safety
(THUMS) v4.0.1 AM50 was used. It is a finite ele-
ment model of a whole body, with dimensions close to
a 50th percentile man (height: 1.786 m, mass: 74.3 kg).
It contains of approximately 1.8 million elements.
Mostly hexahedron elements were used, with following
guidelines: element length 3–5 mm, warpage – 50 de-
grees or less, aspect ratio – 5 or less, skew – 60 degrees
or less, Jacobian – 0.3 or more [20]. Pedestrian model
was used, due to the license availability, but according
to the THUMS documentation, thorax area, which
tests are described in this paper is identical in both
– pedestrian and occupant version [20]. The thorax
of the model was validated for anterior and lateral
cylindrical impact and belt loading [20]. There are
1254 materials used in THUMS. As the paper focuses
on the ribcage, only materials of ribs and costal carti-
lage will be described. More detailed materials de-
scription can be found in [20] or in the literature.

Rib consists of 2 parts. Outer layer is made of corti-
cal bone, and inner one is a sponge bone. In THUMS,
for cortical bone elastic-plastic material was used,

with Young Modulus of 13.02 GPa, Poisson’s ratio
0.3 and Yield Stress 80 MPa. Sponge bone is the same
material type, with Young Modulus od 40 MPa, Pois-
son’s ratio 0.45 and Yield Stress 1.8 MPa. Elastic-
plastic material was also used for costal cartilage with
Young Modulus 29 MPa, Poisson’s ratio 0.4 and
Yield Stress 2.75 MPa.

To avoid the discontinuity of rib kinematics due to
the costal cartilage damage (which occurred in the 7th
costochondral joint), the yield stress of the costal car-
tilage material was increased.

Two tests schedules were assumed – near side
(which means, that the impact approaches from the
driver’s side) lateral impact and near side oblique
impact, both using cylindrical blunt impactor with
mass and diameter, made of ridged material similar
to Kroell tests [8], [9]. According to the literature,
mass of the impactor differs from 1.6 kg to 23.6 kg
[8] and its velocity from 2.5 m/s [15] to 14.5 m/s [8].
However, the most common velocity, mass and di-
ameter values found in the literature ([10], [15], [16])
were respectively 4.3–6.7 m/s, 23.4 kg with diameter
of 152 mm.

Setup used for simulations was similar to the set-
up used by Leport et al. [10] – both oblique and lateral
impacts were run with the impactor velocity of 6.7 m/s
(higher from two used in [10]). Angle between the
impact direction and the sagittal plane was 30° to hit
the costochondral joint. Angle of 30° (instead of 60°
used in the literature) was used for stronger division
between oblique and lateral impact. The impactor axis
was aiming between 4th and 5th rib during the lateral
and oblique impact. As mentioned before – the thorax
of the THUMS is identical in a pedestrian and occu-
pant version, so, although in experiments described
the literature were performed in the sitting position,
the pedestrian model could be used in a standing po-
sition. It was unattached to the environment – in that
way all forces appeared in a model were a result to
inertial forces.

As an output, the kinematics of the characteristic
points on 3–6 ribs was collected. The points were
a nodes of ribs mesh, chosen in the following way:
• A node closest to the costochondral joint (Fig. 1,

point A),
• A node closest to the costovertebral joint (Fig. 1,

point F),
• A node closest to the line, lying at angle of 30° to

the A–F line, and passing through a point in the
middle of the section AF (Fig. 1, point B),

• A node closest to the line, lying at angle of 150° to
the A–F line, and passing through a point in the
middle of the section AF (Fig. 1, point E),
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• A node at the longest distance from the section AF
(Fig. 1, point D),

• A node lying on the outside surface of the rib,
closest to its center of mass (Fig. 1, point C).

Fig. 1. Top view of the rib with marked characteristic nodes

The displacement of a point A relative to the point B
was calculated. Experimental tests, based on the rib

kinematics with the use of AB displacement are planned,
similar to [12]. Based on this relative displacement,
velocities and accelerations were calculated (by nu-
merical integration). For points C–F only relative dis-
placement was calculated, to asses rib shape changes
during the impact.

3. Results

3.1. Results of the oblique
impact simulation

In this case, the point of the highest value of rela-
tive displacement was a point A lying closest to costo-
chondral joint. Trace of this point may by approxi-
mated by combination of 2 functions close to linear,
different for ribcage compression and extension (Fig. 2).

Fig. 2. Displacement of characteristic nodes of 4th rib during oblique impact simulation

Fig. 3. Displacement of the characteristic nodes
in relation to costovertebral joint
during oblique impact simulation
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Relative displacements of this point versus the point F,
for ribs 3–6 were presented in Fig. 3. The character of
displacement plots may be find in analysis of simpli-
fied simulation of frontal impact [9].

3.2. Results of the lateral
impact simulation

Neither the nodal traces, nor plots of the maximal
deflection of lateral impact simulation may be described
in a similar way as during oblique impact scenario.
Nodal traces look similar to the loops, which starts with
a short linear function for points A and B (Fig. 4).
Moreover, for each of the ribs, different characteristic
point has maximal displacement. For 3rd rib, it was point
A with displacement of 23.9 mm, for rib 4th – point C
with displacement of 25.6 mm, for 5th rib – point B
with displacement equal to 26.6 mm, and for 6th rib
points A and C with nearly the same displacement
of 16.7 mm and 16.4 mm, respectively (Fig. 5).

Fig. 4. Displacement of characteristic nodes of 4th rib
during lateral impact simulation

Analysis of the whole rib shape during lateral im-
pact simulation brings a conclusion of a distinctive
“flattening”, which can be find approximately in the
middle of the rib (Fig. 4).

Fig. 5. Displacement of the characteristic nodes
in relation to costovertebral joint
during lateral impact simulation

3.3. Result of comparison
between oblique

and lateral impact case

Displacement values of the 5th rib were the high-
est among described ribs. For this reason, 5th rib was
chosen to present a comparison between characteristic
points displacement during oblique and lateral impact
cases. A displacement of characteristic points of 5th
rib in two cases was presented in Fig. 6. It is clearly
visible that during the oblique impact case displace-
ments of points A and B – two lying close to the costal
cartilage – had much higher values. Also, it may be
noticed that these two cases have different characters

Fig. 6. Comparison of maximal displacements
of the characteristic nodes between oblique

and lateral impact simulation
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of rib bending. In oblique impact case, there is a de-
pendence between a point maximum displacement
value and its placement along rib (the closer to the
costal cartilage, the higher is a displacement value).
This dependence cannot be find while analyzing the
lateral impact case. In this case, maximal displace-
ment of points A, B and C is very similar – 23.7, 26.6,
24.9 mm, respectively, but as it cannot be applied to
all tested ribs (Fig. 5), this description is not a de-
pendence.

4. Discussion

In relation of increasing amount of oblique and
lateral car crashes, research on this subject is impor-
tant in development of car safety systems. Conducted
research has shown that rib behavior during lateral
impact differs from the behavior of the rib during
oblique impact. However, it occurred that the char-
acteristic of nodal displacement during oblique im-
pact scenario is similar to the same characteristic
during frontal impact scenario [12]. Taking into ac-
count this similarities and fact that there are set-ups
for testing single rib in conditions of frontal crash, it
was decided not to focus on the oblique impact sce-
nario.

Objective of the study was to gain characteristics
of ribs movement in lateral impact case. The charac-
teristics may be understood as a dependence between
node deflection and its position along the rib. This de-
pendence may be very useful to develop an experimental
set-up, for single rib testing in described conditions.
Using this set-up, ribs may be tested in a simplified envi-
ronment, which may lead to a deeper understanding of
rib breaking mechanism. With this understanding,
there is a possibility of using this useful knowledge to
improve car safety and decrease level of injuries in the
most popular car crash.

Kinematic analysis of the lateral impact simulation
has shown no dependence between node deflection and
its position along the rib. Therefore, there is a necessity
of further, either dynamic or kinematic analysis to
achieve described objective. Obtained nodal kinemat-
ics combined with the whole rib deformation leads to
a conclusion that rib “flattens” during impact. Hence,
similarly to the research of Sunnevång et al. [18], it
shows that thorax injury criterion based on a chest
deflection may be insufficient. Moreover, characteristic
“loops” were observed in traces of the chosen nodes.
These traces have more sophisticated shape than
traces observed in results of the oblique simulation.

Combining flattening of the rib with the nodal kine-
matics enables to suggest, that set-up used in experi-
ments of a single rib bending [12] would not be com-
patible with an experimental tests of a single rib bending
in a lateral impact case.

In this case, instead of 2 rotational supports (sup-
ports which allow rotation of ribs ends around the axis
perpendicular to the plane of the rib), a rotational sup-
port (near the costovertebral joint) and a deformable
one (for the costochondral joint) should be used, while
using 2 rotational supports, deflection is implemented
by a movement of one of the supports towards the
other. It simulates chest deflection in frontal impact
case. To simulate chest deformation in the lateral im-
pact case a flexible impactor should be used. Costo-
chondral joint movement may be simulated by using
its support made of material with stiffness character-
istic comparable with stiffness characteristic of a hu-
man ribcage.

In order to estimate the material properties of
this support, dynamic analysis of the costochondral
joint movement during the lateral impact simulation
was conducted. Combining kinematics of point A with
Newton equations (1) enabled us to determine mean
ribcage stiffness which influence single rib. Mean
damping coefficient of the part of the ribcage and
its mass which affects rib kinematics was also de-
termined.
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m
b
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where:
m – mass [kg],
k – stiffness [N/m],
β – damping coefficient [Ns/m].
Due to nonlinear characteristic of point A relative

to B trace, damping coefficient and mass were average
of values determined for each timestep.

Results of this analysis lead to a nonphysical val-
ues of the damping coefficient. So, although mass and
stiffness were a positive, real values, they should not
be treated as approvable data.

This analysis showed that previously proposed
set-up with one rotational support and one deform-
able would result in a nonphysical data. Real rib is
supported not only on each of its ends, but also along
its length on top and bottom side with intercostal
muscles, which connects rib with a previous and
a following rib (for ribs from 2 to 11). Additionally,
each rib is supported by lungs and internal organs on
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the internal side of it, but as organs density and stiff-
ness are much lower than this parameters of muscles,
in a simplified test, this support may be omitted.

5.Conclusions

Two impact scenarios were analyzed during this
research – oblique and lateral impact to the full
HBM. Oblique impact simulation results showed
many similarities to the frontal impact scenario. Re-
sults of the lateral impact simulation varied from the
first one  in many aspects – from the maximal de-
flection values, through the characteristic of the rib
kinematics to shape of the rib during its maximal
deformation.

It was concluded that the oblique impact scenario
may be simulated for the single rib on an experimental
way using set-up of the frontal impact. This set-up
contains two rotational supports on each of the rib
ends (with rotation axis perpendicular to the plane
containing the rib). Disturbance is implemented with
displacement of one of the supports.

Experimental simulation of the lateral impact for
the single rib should not use the same set-up, as the
kinematics analysis showed significant differences
between simulated cases. The experimental set-up
should contain of one rotational support, one support
made of flexible material (probably stiff rubber) and
two long supports, which should be fixed along the rib
on the top, and bottom surface (simulating intercostal
muscles). The disturbance would be implemented by
an impactor aiming approximately to the furthest
point from the section joining costochondral and cos-
tovertebral joints (previously described as AF sec-
tion). The impact direction should be perpendicular to
this section. Impactor surface should be covered with
flexible material to simulate interaction between rib
and flesh.

After preparation of a lateral impact experiment,
its variations should be taken into account. It is
known that even slight change in a position of a head
effect on chest shape, and respiratory movements
[19], which could suggest that other thorax proper-
ties may vary with initial position. Another parame-
ters that should be taken into account are distribution
of rib material parameters [14], variation of cortical
bone thickness [13], three axial differences in ribs
geometry among people [4] and distribution of soft
tissues parameters in society [7]. Further analysis
and experiments will be a subject of the future re-
search.
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