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Abstract Objective. The mechanical properties of ribs from a large number
of post-mortem human subjects (PMHS) were analyzed to search for variation
according to age, sex or BMI in the sample. A large sample of specimens from
different donors (N = 64) with a very wide range of ages and anthropometric
characteristics was tested.
Methods. Uniaxial tensile tests were used for a sample of coupons machined
from cortical bone tissue in order to isolate the purely mechanical properties
from the geometrically influenced properties of the rib. Each coupon is about
25 mm long and has a thickness of about 0.5 mm. The mechanical properties
measured for each specimen/coupon include YM, yield stress, ultimate stress
(maximum failure stress), ultimate strain, and resilience (energy to fracture
of SED). The study provides new methodological improvements in DIC tech-
niques.
Results. This study is notable for using an atypically large sample of number
of PMHS. The size of the sample allowed the authors to determine that age
has a significant effect on failure stress (p < 0.0001), yield stress (p = 0.0047),
ultimate strain (p < 0.0001) and resilience (p < 0.0001) [numbers in parenthe-
ses represent the corresponding p−values]. Finally, there is a combined effect,
so that for a given age, an increase of BMI leads to a decrease of the maximum
strain (i.e. cortical bone is less stiff when both age and BMI are higher).

Keywords Human rib · Cortical bone · Mechanical properties · Tensile
tests · Coupons
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DIC - Digital Image Correlation
MAIS - Maximum in the Abbreviated Injury Scale
MVCs - Motor Vehicle Crashes
PMHS - Post mortem Human Subject
ROI - Region of Interest
SED - Strain Energy Density
YM - Young Modulus

1 Introduction

Thorax injuries are frequent in MVCs of different types (frontal impacts, side
impacts or vehicle pedestrian collisions). For the occupants of the vehicle, a
study detected that in crashes with at least one injured person: 19% of occu-
pants are uninjured, 49% of occupants sustain MAIS 1 injuries, 15% MAIS2,
8% MAIS 3, and 9% MAIS 4+. In this sample, the body regions most often
injured are head, upper and lower extremities and thorax; specifically, in the
thorax injuries 23% of the injured people presented MAIS1 injuries, and 11%
MAIS2 [1]. Thoracic injuries are the most frequent after head injuries in terms
of the number of fatalities and serious injuries in MVCs [2], and are the most
frequent injuries in motorbike-pedestrian collisions [3]. The data of estimated
Disability Risk (DR) show that older adults had significantly greater over-
all disability than each of the other age groups, the average DR varies from
50.0± 15.4% for older adults to 29.0± 13.7% for pediatric patients, in all the
age groups of adults the DR > 30% [4].

In studies of human ribs, different testing methods have been used such as
three-point bending tests [10–12]. Most of these studies use the entire rib, but
as it was explained above, such methododology mixes intrinsic and extrinsic
properties. Nevertheless, there are some recent works focused on the manu-
facturing of coupon specimens that allowed to isolate the material properties
from the geometric component of the entire rib. Two recent studies that per-
form quasi-static and dynamic tests with a similar methodology used in this
study are comparable with the present study [13,14]. These last two studies
interestingly reached many similar conclusions to the present study, even using
some methodological differences.

Because of the above reasons, this research aims to provide a new set of
data, reviewing the method to manufacture human rib cortical bone coupons
for consistent, reliable material testing, without defects and with a high control
on the thickness of the specimens. Additionally, some methodological innova-
tions in the fixtures and the computation of strains are proposed, which can
be useful in similar testing procedures. The mechanical properties of human
rib cortical bone obtained are investigated in order to assess the influence
of various anthropometric and age-related factors, using a large-enough sam-
ple size to quantify the statistical significance of those factors. Although some
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relatively old studies did not find significant decreasing of the mechanical prop-
erties with age [15], these studies had a small subject sample sizes, ranging
from three to six subjects. Studies with a greater number of samples found
significant reductions in mechanical properties in the elastic modulus, yield
stress, failure stress and failure strain for advanced age.

2 Methods

In this study, eighty-three human cortical bone coupons were obtained from
the anterior and lateral regions of ribs from 64 deceased donors. The spec-
imen preparation, the tensile testing configuration, the data processing and
the statistical methodology are described below. The obtained data will then
be analyzed to assess the influence of the anthropometric properties on the
mechanical properties of the ribs.

2.1 Material

The test material used in this study were specimens of human rib cortical
bone, harvested from forensic autopsies at the Forensic Pathology Service of
the Legal Medicine and Forensic Science Institute of Catalonia (IMLCFC)
which were initially removed for complementary medico-legal investigation.
This study was approved by the Research and Ethics committee of IMLCFC.
Specimens were harvested from the 7th rib from 64 different deceased donors
(44 male and 20 female), with an average age of 55 years (ranging from 10 to
91 years) and a mean BMI of 29 kg/m2. The donors were categorized by age,
with age ranges defined such that each range included between five and ten
donors. This allowed to perform a statistical analysis by age category (Table
1). Only donors with a known cause of death were used: trauma, cancer or
indefinite causes were excluded from the sample.

Table 1 Donors characteristics divided in age ranges.

Age range Males Females Height Weight BMI
(y.o.) [cm] [kg] [kg/m2]
10-29 6 0 169.2±3.1 72.2±4.6 25.2 ± 1.5
30-35 6 2 170±2.3 82.9±5.5 28.8 ± 5.2
36-40 5 1 160.7±4.3 71.5±3.5 27.7 ± 0.8
41-50 5 2 167.9 ± 3.2 86.9 ± 4.3 30.9 ± 1.4
51-60 5 1 168 ± 4.2 83.2 ± 6.4 30 ± 3.3
61-65 5 4 161.7 ± 1.7 77.2 ± 4.8 29.5 ± 1.8
66-70 3 2 163.6 ± 5.9 85 ± 8.5 32.2 ± 4.1
71-80 4 4 158.5 ± 3.7 74.8 ± 7.3 29.5 ± 2.5
81-91 5 4 154.6 ± 3.3 65.6 ± 4.8 27.6 ± 2.2
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2.2 Specimen preparation

Once received, the specimens were wrapped in saline soaked gauze and stored
in air-lock plastic bags in a freezer at a temperature of –20◦C. Previous studies
showed that the storage of bone specimens at –20◦C does not modify the prop-
erties of the specimen. Before sample machining, the specimens were defrosted
in a fridge at 5◦C [16,17]. Bone coupons were machined from entire ribs, fol-
lowing the method described in previous studies [14,18]. First, soft tissue was
removed (Fig. 1 (a)) and then the rib was divided in different parts (Fig. 1 (b))

Fig. 1 Location of the coupons on the rib (a) and rib sections for coupon manufacturing
(b).

Each obtained portion was then glued on a polymer fixture and attached
to the specimen holder of a low speed diamond saw (Fig. 2 (a)). Using the
low-speed diamond saw, slices of cortical bone from the cutaneous surface of
the rib were cut away from the specimen (Fig. 2 (b)).

In each bone slice, two drill holes of 2 mm in diameter were drilled, being
spaced 20 mm apart (Fig. 3 (a)). These holes allowed for the centering and
fixation of the samples during the machining and in the clamping system of
the tensile test. Then, each slice was machined with a milling machine and a
pattern in order to obtain the coupon geometry (Fig. 3 (b,c)).
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Fig. 2 Rib section cutting process to obtain a cortical bone slice (a) and cortical bone slices
obtained (b).

Fig. 3 Drilling of the bone slice (a), assembly of the slice on the machining tool (b), and
coupon sample with half geometry machined (c).

Finally, each sample was polished using an aluminum tool with a groove
of 0.5 mm that allowed the control of the final thickness of the coupon (Fig. 4
(a)). The thickness and width of the gauge length of the sample were carefully
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determined in order to obtain the accurate value of the cross-sectional area of
the specimen (Fig. 4 (b)).

Fig. 4 Coupon assembled on the polishing tool (a), and coupon thickness measurement
(b).

2.3 Tensile test

Tensile tests were performed with a MicroTEST® EM2/20, and a load cell
of 500 N, coupled with a data acquisition system (Spider 8-30 from HBM®)
with a frequency of data acquisition of 60 Hz. The coupon sample was fixed in
two special clamping jaws. Special tools were designed for the attachment of
the jaws in the tensile machine without breaking the sample (Fig. 5 (a)). Once
the sample was assembled in the jaws, the upper jaw was attached directly to
the load cell, and an eyebolt was fixed in the lower jaw. In the lower base of
the tensile machine, a polymeric tooling with two holes was attached. A pin
was then inserted into these holes and within the eyebolt of the clamping jaw
(Fig. 5 (b)). This system constrains the movement of the sample during the
test.
All tests were recorded with a high-definition camera. The camera was set up
to obtain a full video of the gauge length during the entire test. The samples
were painted with a pattern of random black dots of spray-paint. The video
recordings were later used with DIC (see section 2.4) to determine the strain
time histories during the tests (Fig. 5 (c)). The sampling rate for the video is
60 fps.
All samples were loaded to failure at a strain rate of ε̇ = 0.0138 s−1 to ensure
quasi-static conditions and enough data acquisition before the fracture.
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Fig. 5 Coupon assembling in the jaws (a), assembly mounted on the tensile test machine
(b), and camera positioning for the video recording during the tensile test (c).

2.4 Data processing and Digital Image Correlation

The recorded video during the test was decompressed (broken down) into
frames. To process these frames, a Digital Image Correlation and Tracking
software package [19] in Matlab® (DIC) was used. This software had been
used in previous similar studies for measuring strain during uniaxial tensile
tests [14,18]. Once the frames of interest (FOI) were chosen (i.e. the frames
ranging from the beginning of the test until sample fracture), a grid of 50×50
pixels was defined on the gauge length of the sample in the first FOI (Fig. 6). A
script was used to determine the pixel intensity (i.e. the color of the gray scale
of the pixel) that surrounded each point of the grid. Then, the script searched
the new position of each point in the next frame, by looking for the most similar
pixel intensity. After the preliminary identification of the points of the grid
from one frame to the following frame, some corrections were implemented,
because in the experimental setting there is no rigid fixation of the ends,
some specimens may experience slight re-positioning (rotation on three axes,
slight approaching or moving away from the recording device). Due to the high
number of points in the grid (about 200 points are used), the redundancies
can be used to separate re-positioning from mechanical deformation. This is
achieved by estimating whether there are rotations or approaches to the focus
of the recording device. For each point of the grid, the change in coordinates
of a point between a frame and the previous one is related by a combination of
refocusing Hδ, rotations around the three axes RX

α ,R
Y
β ,R

Z
γ and real physical

deformation F:

un = Rγ
ZRβ

Y Rα
XHγ

Z ūn (1)

in this equation, the coordinates ūn(x, y, z) are the apparent positions (as
are directly found with the unimproved software), and for each frame the
parameters α, β, γ, δ are estimated, resulting always small values, and then
the corrected position un(x, y, z) is computed. This step was repeated for
each point and in each frame. Hence, knowing the position of the points in



8 Juan Velázquez-Ameijidea et al.

Fig. 6 A generated grid (with 9 × 17 reference points) on the gauge length of the coupon
with the Digital Image Correlation and Tracking software.

each frame, elongations could be determined and strain calculated (Figure
7 compares the strain maps obtained from the uncorrected positions and the
strain map with corrections in equation (1)). Finally, Finite Strain Theory can
be applied once the positions of the points on the grid have been determined
for each frame. In particular, the Green-Lagrangian strain components can be
computed by means of the following equation:

Eij =
1

2

(
∂ui
∂xj

+
∂ui
∂xj

+

3∑
k=1

∂uk
∂xi

∂uk
∂xj

)
(2)

for i, j ∈ {1, 2} [being x1 = x and x2 = y]. In practice, the values of the
derivatives ∂ui/∂xj are obtained by means of a regression analysis at each
step, computing the slope of the curves of displacement ui(x, y, z).

Fig. 7 Computation of strains: (a) displacement field in step n = 2000, u2000 (t = 33.3 s):
infinitessimal strain ε is the slope the straight line, (b) strain map associate with the uncor-
rected displacements (a rotation around X axis distorts the real strain field), (c) corrected
strain map eliminating the X rotation by means of equation (1), the real strain field in the
ROI must be uniform.
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This method for calculating strain has some computational complexity,
but it is very robust and easy to perform in a conventional computer. In ad-
dition, since there are 60 frames-per-second in the video recording, the results
are very accurate. Indeed, the curves directly obtained are so smooth that it
is not necessary to use any additional filtering, as it can be appreciated in
Figures 8 to 12. One of the advantages of this methodology is that with very
small changes it can be applied to the entire rib tests with very good accuracy.

2.5 Statistical analysis

The influence of sex, age, and BMI of the individuals on the mechanical prop-
erties were analyzed by using the Xlstat® statistical package. Two kinds
of analyses were performed; a fitting to a distribution of all the values for
each mechanical property to determine how the data were distributed, and a
regression analysis, with the aim of providing a descriptive model where the in-
fluence of anthropometric factors is observed in each property. In the regression
analysis, the obtained residual have been tested for normality (Shapiro–Wilk
test) and homoscedasticity (Breusch–Pagan test). In the regression analysis, p-
values have always been used to verify if the effects were significant, previously
checking that the residues obtained followed a normal distribution.

A second level statistical analysis was implemented to evaluate the influ-
ence of anthropometric variables (i.e., age, sex and BMI) on the mechanical
properties. Results are presented in Table 3, with α0 being an outcome value
whose units are the same as the property evaluated. Sex is codified as 0 if the
subject is male or 1 if it is female.

3 Results

From the 64 ribs, eighty-three coupon test specimens were obtained. In all the
coupons fracture occurred within the gauge length. For each of the coupons,
the following properties were determined: failure stress, maximum strain, yield
strength, YM and fracture energy (Fig. 2). The results od the tests are pre-
sented in Fig. 8-12 and Table 2.

Note that, since Figures 8 to 12 are intended to show the range of YM
values of each age group and the overall trends, these figures have been shown
in a windowed strain range that allows to clarify and distinguish the results.
The strain range for each age group is shown in Table 2.
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Table 2 Mechanical properties divided in age ranges.

Age σmax emax E σ0.2 Wfracture

(y.o.) [MPa] [%] [GPa] [MPa] [kJ/m3]
10-29 150 ±10.1 2.23 ± 0.4 15.1 ± 0.9 119.1 ± 7.7 2.57 ± 0.7
30-35 154.8±12 2.28 ± 0.4 20 ± 1.4 131.3 ± 5.9 2.85 ± 0.6
36-40 151.1 ± 16.1 2.26 ± 0.7 16.6 ± 2.4 126.5 ± 10.9 2.83 ± 1.2
41-50 142.3 ± 8.5 2.06 ± 0.4 16.6 ± 0.7 118.8 ± 10 2.16 ± 0.5
51-60 131.7 ± 11.8 1.88 ± 0.2 14.9 ± 1.2 110.8 ± 10.6 1.85 ± 0.4
61-65 127.3 ± 10.8 1.62 ± 0.2 16 ± 0.8 118.2 ± 6.7 1.64 ± 0.3
66-70 110.6 ± 8.6 1.07 ± 0.2 16.3 ± 1 113.7 ± 1.5 0.84 ± 0.3
71-80 95.8 ± 8.5 0.92 ± 0.1 17.4 ± 2 85.2 ± 10.33 0.58 ± 0.1
81-91 100.5 ± 7.6 1.26 ± 0.2 14.7 ± 1.2 98 ± 7.3 0.91 ± 0.2

Fig. 8 Tensile stress vs. strain and Young’s modulus values of individuals under 29 years
(left) and subjects with 30-35 years (right).

Fig. 9 Tensile stress vs. strain and Young’s modulus values of individuals with 36-40 years
(left) and subjects with 41-50 years (right).
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Fig. 10 Tensile stress vs. strain and Young’s modulus values of individuals with 51-60 years
(left) and subjects with 61-65 years (right).

Fig. 11 Tensile stress vs. strain and Young’s modulus values of individuals with 66-70 years
(left) and subjects with 71-80 years (right).
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Fig. 12 Tensile stress vs. strain and Young’s modulus values of individuals over 81 years
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3.1 Age influence

A significant influence has been found between the age of the donors and
the failure stress (p < 0.0001), yield stress (p = 0.0047), maximum strain
(p < 0.0001) and energy to fracture (p < 0.0001). All these properties de-
creased as age increases. Nevertheless, no age influence on YM was detected
(Figs. 13- 15).

Fig. 13 Influence of age on failure stress and maximum strain

Fig. 14 Influence of age on yield strength and Young’s modulus

3.2 Body Mass Index influence

Body Mass Index (BMI) did not show a significant major influence on max-
imum strain, just a secondary second order was detected. This influence was
only observed when BMI was analyzed together with age (the new variable
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Fig. 15 Influence of age on energy to fracture

Fig. 16 Combined influence of age and BMI on Failure Stress.

‘’age · BMI” has a significant p-value). Between two individuals of the same
age, the one with a higher BMI presented a lower elasticity in its bones (Fig.
16).

3.3 Yield stress and Failure Stress

All samples considered in the analysis were loaded to failure and no sample
with anomalous breaking was considered in the analysis of any mechanical
property. By means of a statistical analysis, a correlation of r = 0.88 was
found between both parameters, and could be related, following a relation:

σmax = 1.2 σ0.2 (3)

This suggests that these two properties are related.



Title Suppressed Due to Excessive Length 15

4 Discussion

In contrast to other studies that have tested whole ribs in complex loading
modes such as bending, the methodology used in this research enabled us to
isolate the intrinsic material behavior of the rib cortical bone with uniaxial
tension tests.
In the present study, the properties obtained are only dependent on the ma-
terial behavior of the rib cortical bone, and are not affected by the complex
3D geometry of the bone. Moreover, tensile tests do not require the use of
structural mechanics equations that represent the rib as a simplified struc-
tural system (such as a beam), which may further introduce error into the
calculation of the mechanical properties.
While some authors have performed tensile tests with coupons obtained from
human rib cortical bone, drawbacks in the development of this technique had
been found in early studies, but some recent studies improved the technique
and allowed to find significant relations with anthropometric variables [13,14].

In the present study, a loss in the mechanical capacities of bone with age
was found, the sample is one of the largest used in studies of this type (N = 64
donors). The findings are similar to the ones found in a recent study based in
a sample of N = 64 donors, and one of the aims is to analyze the influence of
anthropometric variables such as age or sex in the mechanical properties [13].
In our present study, eighty-three coupons of cortical bone of human ribs (from
some donors multiple specimens could be obtained), with a wide range of ages
and anthropometric characteristics. Only the 7th rib was used so the influence
of age, BMI and sex could directly be analyzed disregarding the potential
difference of mechanical properties between different rib locations (YM, yield
stress, yield strain, failure stress, failure strain, and work to fracture or SED).
Due to the high number of individual cadaver specimens available, different
regression analyses to determine the effects of variables between individuals
could be conducted.
Regarding the mechanical properties, the results showed an average failure
stress value of 128.4±4.1 MPa, the above value is similar to the values found
in [22,23] and [13]. Moreover, these strength values are in the range of those
obtained in three point bending tests by [20], which observed ultimate stress
values of 154 MPa, 115.7 MPa and 127.7 MPa for anterior, lateral and poste-
rior regions; and [21], which obtained values of 135.4 MPa testing from the 2nd
to 12th rib. However, it is worth noting that two studies used all rib locations
within the thorax [20,21], affecting the mechanical property values obtained,
which are dependent on the rib under consideration [20]. On the other hand,
our values are in the range found by the most recent study [13].
Average Young’s modulus values obtained in this study were 16±0.4 GPa and
yield strength 115.5±3 MPa, both values are higher than those obtained by
Kemper et al. [22], which were 13.9 GPa and 93.9 MPa respectively. Compared
with the results obtained in three point bending tests, Young’s modulus values
obtained in this study were higher. While [10] provided 2.3 GPa for the 7th
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rib and 1.89 GPa for the 8th rib, [20] obtained an average modulus of 11.85
GPa for the lateral part and 7.51 GPa for the anterior region. This can be
attributed to the different tests performed in those studies, and to the use of a
different rib location. The average ultimate strain observed in this study was
1.72±0.12%, which is similar to the values obtained in other studies [22,23]. In
the most recent study, Young’s modulus ranges 13-17 GPa, in good agreement
with our study.

Table 3 Statistical influence of anthropometric variables on mechanical properties (coef-
ficients represent the expected change in mechanical property when the variable varies by
one unit, p-values in brackets, not signifcant efffect are indicated as (n.s)).

Property Intercept Age sex Age·BMI r
σmax 186.58 −1.0156 (n.s.) (n.s.) 0.571
[MPa] (< 0.0001) (< 0.0001) (n.s.) (n.s.)
σ0.2 139.34 −0.4219 (n.s.) (n.s.) 0.357

[MPa] (< 0.0001) (0.0047) (n.s.) (n.s.)
emax 2.706 (n.s.) (n.s.) −6.2210−4 0.447
[%] (< 0.0001) (n.s.) (n.s.) (< 0.0001)

Wfracture 3.372 −3.0610−2 (n.s.) (n.s.) 0.438
[kJ/m3] (< 0.0001) (< 0.0001) (n.s.) (n.s.)

Our work finds a clear influence of age on failure stress (p−value < 0.0001),
see table 3. Some earlier studies had not found such an influence because of
various limitations, but this study and other recent similar studies strongly
suggest that such an influence is present [13,14]. Indeed, an increase in the
age of the individual leads to a reduction of the strength of its bone tissue.
Additionally, age has a highly significant influence on the energy to fracture
(SED), where a higher age entails a lower energy to fracture, and the same
effect is corroborated in [13].
Moreover, an influence of age on ultimate strain was found, where the ultimate
strain decreased as age increased. However, the ultimate strain was not only
dependent on age, but also on the combination of BMI and age. Thus, it can
be interpreted that an increase in BMI in an individual with a given age leads
to a reduction of ultimate strain compared with an individual with the same
age but lower BMI.
There are two possible explanations for the loss of mechanical capacity as age
advances. On the one hand, a recent study of the same authors showed that
Fractal Dimension of the medical images are higher for older people, this indi-
cates that the occurrence of low bone mineral density is more prominent with
age [14]. Possibly, this is associated both with decalcification of the cortical
bone [24] and with alterations in the microstructure of the collagen matrix of
the cortical bone [25].
On the other hand, yield strain and yield stress decrease with age, this maybe
associated with a higher amount of cracking in cortical bone with age. The key
to bone’s brittleness is the strain and damage localization early which leads
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to low post-yield strains and low-energy absorption to failure [26].
It is interesting to note that YM does not vary significantly with age. This
would seem to imply that post-yield conditions are the responsible for the
loss of mechanical capabilities, instead of a modification of pre-yield elastic
behavior. In fact, there is still only limited understanding of the physics-based
mechanisms of bone fracture and how they relate to its hierarchical, multidi-
mensional structure [27–29].

Finally, no influence of age was observed on Young’s modulus, interestingly,
the most recent study, being similar to the present in number of samples,
does not find that significant effect either [13], such parallel findings seems to
corroborate the lack of significant effect.
No sex significant influence was found in any of the mechanical properties. A
controlled sub-sample with a balanced number of females and males of the
same age, revealed that no significant difference is present in our findings with
respect to sex of the individual. Again, this lack of significant difference is
found in a number of other studies [14,13]. The first two studies used small
samples, but the last one, like the present study, did use a large sample, with
conclusions identical to those found in this paper.

5 Conclusions

This study provides new methodological improvements for tensile testing on
cortical bone coupons of human ribs. The use of these samples enables us to
obtain direct values for the intrinsic material properties, isolating the material
properties from the influence of geometrical characteristics of complete ribs.
83 coupons were obtained from N = 64 different donors, which provided a wide
database of material properties for human rib cortical bone. The influence of
anthropometric parameters on the material properties was determined.
The results indicate an overall average failure stress of 128.4±4.1 MPa, a yield
strength of 115.5±3 MPa, a Young’s modulus of 16±0.4 GPa and an ultimate
strain of 1.72±0.12%.
An influence of age on most material properties was observed, except for
Young’s modulus. In all the affected properties, an increase in age led to a
reduction of the mechanical property. A secondary influence of BMI was only
observed for ultimate strain, with an increase of the BMI related to a decrease
in this parameter, but only when the BMI is controlled by age. For the sex
variable, no significant effect has been detected on any of the mechanical prop-
erties studied.
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