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Bones are natural composites, which are consisted of mineral fibers, which strengthen the
organic matrix. Such composites are exposed to both monotonic and cyclic loadings, which
could predispose the structure to failure. One such failure mechanism could be the fatigue
phenomenon. In this article, the scatter-band and the reliability response of bovine tibia
bones were predicted in the load-controlled fatigue condition. The one-point rotary-bending
fatigue machine was utilized to carry out standard tests at two different loading levels, 0.4
and 0.6 kg for three various loading frequencies, 10, 20 and 30 Hz for tibia bones. For scat-
ter-band predictions, three confidence levels (85, 90, and 95%) were selected. Addiotionally,
lower/upper bands were drawn for a selected target function, including the ratio of loga-
rithmic fatigue lifetimes to stress levels. For the reliability prediction, three different distri-
bution functions were considered. Results showed that, by decreasing the confidence level,
the scatter-band would be narrower. Besides, the Probability of failure generally increased

at 0.6 kg of the loading level, when the loading frequency increased.

1. Introduction

Bones could be considered as composite mate-
rials, which include mineral fibers, with high elas-
tic modulus, which reinforce the organic matrix,
with low elastic modulus [1]. Bones, as natural
composites, have been exposed to various condi-
tions such as monotonic and cyclic loadings, which
cause the fatigue phenomenon. For engineers,
such a topic is important in biomechanics to un-
derstand the fatigue behavior of human struc-
tures. It is also essential in understanding human
bone pathologies and would be helpful in the pre-
vention or diagnosis of such pathologies [2-5]. For
this objective, fatigue tests have been performed
on samples. However, related results usually have
had remarkable scatter-bands, due to the lack of
repeatability of testing. In addition, the reliability
study of bone structures could be essential in find-
ing appropriate alternative materials. In this field
of study, some articles have been presented,
which can be found in detail in the following para-
graphs. The literature review was categorized into

* Corresponding author. Tel.: +98-910-2107280
E-mail address: m_azadi@semnan.ac.ir

DOI: 10.22075/MACS.2019.18248.1215

two groups. One group was about bones and the
other group was about the reliability analysis, par-
ticularly on bones.

For example, Carpinteri et al. [6] showed that
bone failure occurred in a brittle manner and the
load capacity of bones was limited up to a certain
extent. Additionally, Kruzica and Ritchie [7] inves-
tigated the effect of age and disease conditions on
fatigue and fracture characteristics of cortical
bones. In another study, Tanner et al. [8] studied
failures in bones, especially fatigue failures, which
could be considered to be a precipitating factor in
aseptic loosening of cemented joint replacements.
Swanson et al. [9] studied fatigue properties of
human cortical bones. They performed rotating
cantilever fatigue tests on specimens extracted
longitudinally from cortices of the human femur
bones. Then, they found the usual inverse rela-
tionship between the stress amplitude and the
fatigue lifetime. Carter et al. [10] examined the
fatigue lifetime of compact bones and investigated
the effect of the microstructure and density. They
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proved that there was a significant positive corre-
lation between the density and fatigue lifetime.

Moreover, Taylor [11] revealed that the effect
of the specimen size on the fatigue lifetime was
significant, based on the Weibull analysis and
measuring the fatigue strength of bones. Carter
and Caler [12] studied the effect of the physical
characteristics of a tissue on uniaxial fatigue
properties of human cortical bones. Their results
indicated that the scatter-band was more pro-
nounced in plots of the stress range versus the
lifetime, than in ones of the strain range versus
the lifetime. Turner et al. [13] investigated shear
fatigue properties of human cortical bones, based
on torsion testing. They showed that cortical
bones exhibited superior fatigue properties under
bending than those of tensile or compressive load-
ing and had lower scatter-bands. Klemenc and
Fajdiga [14] presented an estimation of the S-N
curve and its scatter-band. They applied the two-
parameter Weibull distribution to demonstrate
the scatter-band of the lifetime at a particular
stress level. In another publication, Rathod et al.
[15] introduced a method for modeling the proba-
bilistic distribution of the fatigue damage for sin-
gle and multi-stress level loadings. They predicted
the reliability by the proposed method, using the
dynamic statistical model of the cumulative fa-
tigue damage. Also, Schijve [16] compared three
statistical distribution functions for the logarith-
mic lifetime. Their results depicted that the sec-
ond function and the third function had a good
agreement with the fitted data for 30 similar test
results. Kobayashi et al. [17] evaluated the relia-
bility in the volumetric measurement of bone de-
fects. They indicated that errors of values between
calculated and actual bone defects created in pig
bones were up to 7.6%.

Furthermore, besides bone structures, fatigue
properties of other composite types have been
predicted by researchers. As an example, Shokrieh
and Taheri-Behrooz [18] presented a new fatigue
lifetime energy-based model for polymer compo-
sites. In another research [19-20], they conducted
the fatigue simulation of laminates under cyclic
loading conditions, based on the damage model,
besides evaluating experimental data. Shabani et
al. [21] introduced a progressive fatigue damage
model for notched composite rings. Samareh-
Mousavi et al. [22] performed a nonlinear finite
element analysis to model the fatigue damage in
laminates, under pin-loaded conditions.

Furthermore, although bones have been stud-
ied for decades, it is still an ongoing topic for sci-
entists and researchers. Studies about predictions
of the reliability and the scatter-band for the fa-
tigue lifetime of bones are still rare. In this re-
search, load-controlled fatigue tests of bovine tibia
bones have been performed and then, predictions
of the scatter-band and the reliability have been
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conducted on experimental data. The reason for
investigating the bovine bone in this research,
instead of the human bone, was limits in providing
human bones. As another note, Poumarat and
Squire [23] concluded that human and fresh bo-
vine samples presented a significantly different
elastic modulus. However, depending upon their
trabecular textures (dense or medium), the mate-
rial behavior would be changed. In addition, the
ultimate strength of bovine bones (8.5+4.2 MPa)
and human bones (8.78+5.2 MPa) was almost the
same [24]. Besides, the fatigue phenomenon
should be considered, since the design of implants
by engineers needs such knowledge about materi-
al properties. Therefore, the scatter-band proper-
ties and the reliability of implants for higher life-
times, especially under cyclic loading should be
studied. As a result, in this research, the analysis
of the scatter-band and the reliability for bovine
bones was done under cyclic loading. For this ob-
jective, fatigue testing was done by the rotary-
bending fatigue machine, at different loading fre-
quencies. Then, obtained results were presented
in the figures and tables.

2. Materials and Experiments

In this research, the studied material was tibia
bones of 12-month old cows. For standard test
specimens, about 40 cylindrical samples were ma-
chined, which is shown in Fig 1. The diameter of
standard specimens was 6 mm and the length of
standard specimens was 76 mm. Measured diame-
ters of samples were in the range of 5.787+0.209

mm.

A device for rotating and bending fatigue test-
ing was used, as is shown in Fig 2. Load-controlled
fatigue testing was performed at loading levels,
corresponding to 0.4 and 0.6 kg, based on meas-
ured real loading on bones, as was also reported
in the literature [24].

76mm

d

Fig. 1. Stages of the sample preparation, from (a) to (d)
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Fig. 2. The device for rotating bending fatigue testing

To verify such stress levels during fatigue test-
ing, if the elastic modulus of bones was considered
as 13-30 GPa [2]; then, the strain would be calcu-
lated between 1859 and 8141 micro-strain, by
considering the weight of 0.4 and 0.6 kg. In the
literature [24], the measured strain in bones was
reported as 735-11850 micro-strain. These values
demonstrated a proper agreement with consid-
ered stress levels in this research.

Fatigue testing was conducted under different
loading frequencies, including 10, 20 and 30 Hz
and repeated for 4 times at each stress level. Such
loading frequencies had been considered in some
references [9, 10, 13, 25]. Based on the literature,
the loading frequency was mentioned from 0.5 to
125 Hz. For walking, the loading frequency may be
measured as 1 Hz and for running, it should be
higher. More details of testing could be observed
in the previous research [2].

2.1. Statistical Predictions

The statistical analysis was important for the
fatigue behavior of bones, since it could show the
scatter-band and the reliability of experimental
data. For the scatter-band prediction, three confi-
dence levels were selected, as 85, 90, and 95%.
Then, lower/upper bands were drawn for various
target functions. This target function was intro-
duced as the ratio of logarithmic fatigue lifetimes
to stress levels, by the literature [2].

For analyzing the reliability, as the probability
of survivals, a suitable probability function should
be suggested. This model should be fitted to all
data, at each stress level. In this research, three
common distribution functions were considered,
including normal, extreme maximum value (EMV)
and smallest extreme value (SEV) distributions.

The probability density function (PDF), F(t),
was obtained based on the distribution function.
Then, the cumulative distribution function (CDF),
F(t), could be calculated for failures. Then also, the
reliability, R(t), could be obtained for non-failures.
In this research, t (the random variable) was the
fatigue lifetime. The PDF specified the distribution
of a failure through the fatigue lifetime and indi-
cated the absolute failure speed [26-27]. Besides,
the probability that a test sample would fail dur-
ing an interval, [0, t] was defined by the CDF.

For related formulations, the probability densi-
ty function based on the normal distribution could
be written as follows [26-27].
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F(t) = f f(t)dt (1)
1 N — p)?
) = ——exp |- C 2 @

In which, 4 and o are the average value and the
standard deviation of fatigue lifetimes (N), respec-
tively.

The scatter-band could be found based on the
average value and the standard deviation, such as
u=N+zo, where z is related to the confidence level.
Its value was 1.44, 1.65 and 1.96 for 85, 90 and
95% of the confidence level [28]. Then, the cumu-
lative distribution function could be written as
follows [26-27].

F(N) = %[1 +erf (%)] 3)
erf(x) = \/% _xe‘tzdt (4

To find the failure probability, the following re-
lation could be utilized [26-27].

P = min{F(N)} x 100 (5)

In addition, the probability could be obtained
by the CDF, R(t), entitled as “reliability” and it
could be written as the following relation [26-27].

R(t) =1-F(t) (6)

Probability functions of different distributions
are shown in Table 1. In this table, u is the location
parameter (the mean value of experimental data
at each stress level) and o is the scale parameter
(the variance of experimental data at each stress
level). The function @(t, 4, o) indicates the stand-
ard normal CDF [26-27]. The value of mentioned
parameters in distribution functions is denoted by
rewriting PDFs in the form of the standard linear
equations through a mathematical transfor-
mation: Y = A + BT [26-27]. These linear equations
of distribution functions with their variables, Y
and T, are illustrated in Table 2. Values of A and B
in all linear equations of distributions have been
specified by following equations [26-27].
A=Y —-BT (7)
ST =D - 1) ®

{21(T; = T)?

The symbol “over-bar” denotes the average
value and k is the total number of specimens in
each stress level [26-27].

B =

3. Results and Discussions

The first results, including lower/upper scat-
ter-bands for a target function (the ratio of loga-
rithmic fatigue lifetimes to stress levels), versus
the loading frequency, can be seen in Figs 3 and 4,
for 0.4 and 0.6 kg of the loading level, respectively.
As a general result, by increasing the confidence
level, the scatter-band became wider.
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Table 1. Probability formula for different distribution func-

tions
Distributions f@® F(t)
t-w? -
Normal ! e_( 7 ) (Z)(t—ﬂ)
2no a
t— t— —
EMV Lol () (cem(-2)
o
L) (o) e
SEV Ee( - )e( ) B e(_exp(%t))

Table 2. Linear equations of PDFs and variables of Y = A4 + BT

Distributions Y T
Normal O~Y(F) t
1
EMV — t
in(1n 7))
SEV In(1 ! t
n(n(=5))

On the other hand, obtained results for the
scatter-band prediction at 0.4 and 0.6 kg indicated
that by increasing the loading frequency, the scat-
ter-band became narrower. At higher loading fre-
quencies in composites, the temperature was in-
creased due to the internal heat generation [29].
The reason could be the mismatch between ther-
mal expansion coefficients of fibers and the matrix
at elevated temperatures [30] and also friction
between layers or fibers and the matrix at room
temperature [29]. Therefore, it could be claimed
that as the number of failure mechanisms extend-
ed [29], higher failure possibilities could be ex-
pected and then, a lower scatter-band would oc-
cur. Although the loading frequency had no signif-
icant effects on high-cycle fatigue properties of
materials [31].

As can be observed, wider scatter-bands were
obtained at lower stress levels [3, 31]. Such a
statement could be made, when results in Figs. 3
and 4 were compared together. However, the
change of the scatter-band was not significant,
when the stress level changed. As another result,
the confidence level of 95% could not cover all
fatigue experimental data at 0.4 kg, due to scat-
tered experimental data at all values of the loading
frequency. Therefore, the confidence level should
be increased for this case (more than 95%). How-
ever, all fatigue experimental data at 0.6 kg were
covered by the confidence level of 90%.
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Fig. 3. The scatter-band for tibia bones under 0.4 kg of bending
loading
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Fig. 4. The scatter-band for tibia bones under 0.6 kg of bending
loading

Obtained results for the reliability prediction,
are depicted in Figs. 5 to 10, including the CDF by
three different distribution functions (normal, SEV
and EMV distributions) for load-controlled fatigue
lifetimes of tibia bones, under different loading
frequencies and two bending stresses. For ob-
tained CDF data, curve fitting was performed, be-
sides showing the fitted equation and the coeffi-
cient of determination. As another result for the
reliability prediction, the failure probability is re-
ported in Tables 3 to 5, for different loading fre-
quencies (10, 20 and 30 Hz) and various distribu-
tion functions.

As a first discussion for Figs 5 to 10, the coeffi-
cient of determination for all curve fittings was
more than 99%, which showed proper modeling
(utilizing a second-order equation). Then, by in-
creasing the fatigue lifetime (or decreasing the
stress level), the CDF value increased.
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---Curve Fitting e
08 .
Z 06 )
= y = 3E-05x- 0.6211 7"
04 - R? = 0.9995
0,2 A 0x 05 g
-.' R =( )05
0,0 . — ‘ .
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Fig. 5. The reliability prediction for tibia bones under 0.4 kg of
bending loading, under the loading frequency of 10 Hz
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Fig. 6. The reliability prediction for tibia bones under 0.4 kg of
bending loading, under the loading frequency of 20 Hz
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Fig. 7. The reliability prediction for tibia bones under 0.4 kg of
bending loading, under the loading frequency of 30 Hz
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Fig. 8. The reliability prediction for tibia bones under 0.6 kg of
bending loading, under the loading frequency of 10 Hz
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Fig. 9. The reliability prediction for tibia bones under 0.6 kg of
bending loading, under the loading frequency of 20 Hz
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Fig. 10. The reliability prediction for tibia bones under 0.6 kg
of bending loading, under the loading frequency of 30 Hz
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Such results were also reported by Paquet et
al. [32] for the high-cycle fatigue behavior of stain-
less steels. In addition, Jamalkhani Khameneh and
Azadi [27] reported that the CDF value enhanced,
when the stress level increased at a constant fa-
tigue lifetime. However, the reliability decreased
during high-cycle fatigue testing for cast iron.
Therefore, it could be claimed that there was a
good agreement between presented results for
metals in the literature [27, 32] and obtained re-
sults for bones in this research.

Generally, using the normal distribution func-
tion, higher CDF values were obtained. The lowest
value for the CDF was calculated based on the
EMV distribution function. It should be noted that
Jamalkhani Khameneh and Azadi [27] claimed that
the best distribution function for high-cycle fa-
tigue properties of cast iron was the normal func-
tion, after the three-parameter Weibull distribu-
tion function. They evaluated different distribu-
tion functions to find superior function for cast
iron.

For the failure probability in Tables 3-5, it
could be concluded that by increasing the loading
frequency, the probability increased at 0.6 kg of
the bending stress. However, this behavior was
not seen for 0.4 kg. The reason could be observed
in Fig 3, where some fatigue lifetimes had lower
values at 20 Hz of the loading frequency, in com-
parison to those at other loading frequencies. At
each loading frequency, the probability at 0.6 kg
was higher than that of 0.4 kg. Such a result was
also reported by Taylor [11], which showed a
good agreement with obtained results in this arti-
cle.

Table 3. The failure probability for the normal distribution

Loading Frequency (Hz) Probability (%)
0.6 kg 10 15.21

20 20.23

30 24.02
0.4 kg 10 9.35

20 14.78

30 11.93

Table 4. The failure probability for the SEV distribution

Loading Frequency (Hz) Probability (%)
0.6 kg 10 13.95

20 17.54

30 20.31
0.4 kg 10 9.01

20 13.65

30 11.65

Table 5. The failure probability for the EMV distribution

Loading Frequency (Hz) Probability (%)
0.6 kg 10 6.11

20 10.01

30 13.19
0.4 kg 10 2.37

20 5.81

30 3.88
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By using the MINITAB software, a sensitivity
analysis was done to find the effect of loading and
frequency on the probability percentage. More
details for such evaluation could be observed in
the literature [2, 33-35]. It should be noted that
the objective function was considered as follows,
P =C,L + C,F + C3LF 9)
where P was the probability, L was loading and F
was the frequency. By this function, the coefficient
of determination was higher than 98.6%. Besides,
the highest P-Value for the regression analysis
was 0.003. Since this value was lower than 0.05
(according to consider 95% for the confidence
level), the regression analysis was meaningful for
the reliability by three distribution functions and
the objective function was proper.

Based on obtained results from the regression
analysis, it could be concluded that for normal and
SEV distributions, the loading parameter (with the
P-Value lower than 0.05) was a sensitive factor on
the probability. However, the frequency and the
interaction between the two parameters were not
effective. For the EMV distribution, loading and
frequency had no effect on the probabilityof re-
sults. Moreover, the interaction between the two
parameters was an effective factor, with the P-
Value of 0.021.

Moreover, obtained results showed that, the
reliability prediction and the scatter-band analysis
on fatigue experimental data of bones, could be
significant values for engineers, where the fatigue
lifetime could be found at any value of the reliabil-
ity for bones to design reliable implants, as a sub-
stitution for bones. Another benefit of these re-
sults for designers was finding an estimation of
the required warranty period of implants, com-
pared to bones [27].

4. Conclusions

In this article, the load-controlled fatigue be-
havior of bovine tibia bones, as composite materi-
als, has been investigated under various loading
frequencies, for predictions of the reliability and
the scatter-band. Obtained results could be de-
scribed as follows,

e The scatter-band prediction had different be-
haviors at 0.4 and 0.6 kg, by increasing the
loading frequency.

e The CDF value increased by increasing the fa-
tigue lifetime. Besides, the highest value for the
CDF was obtained by the normal distribution
function and the lowest value for the CDF was
calculated by the EMV distribution function.

e When the loading frequency increased, the
probability increased too, at 0.6 kg of the bend-
ing stress. However, there was no such usual
behavior for 0.4 kg.
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According to the sensitivity analysis, only load-
ing was effective on the probability for normal and
SEV distributions. However, only the interaction
between loading and the frequency affected the
probability of the EMV distribution.

Nomenclature

U Average value of fatigue lifetimes

o Standard deviation of fatigue lifetimes

N Fatigue lifetime

Z A parameter that is related to the confi-
dence level

R(t) Reliability

ft) Probability density function

F(t) Cumulative distribution function
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