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Abstract
Background: The role of bone fatigue damage at the nanostructural level, and its effect on fatigue
properties is an understudied and important subject. An understanding of the subtler aspects of
bone’s properties is crucial to understanding bone fragility caused by aging, disease, and fatigue
damage. The primary strength of this study was the demonstration of the degradation of bone’s
microscopic mechanical properties by nanoindentation following fatigue loading.
Methods: Nanoindentation was used to probe the micro-mechanical properties of bovine tibiae
subjected to fatigue loading in four-point bending. Indentation tests were conducted in the same
30×120 μm region before fatigue loading and after loading to fracture. We analysed the effects of
residual indentations on bone’s fatigue resistance using an optical microscope and scanning electron
microscope. The mechanical properties calculated using nanoindentation were reduced modulus and
hardness, the time constant based on creep, long-term creep viscosity and the dissipated work.
Differences of each parameter before loading and post fracture were examined using paired t-tests.
Results: The morphology of the initial residual indentation before fatigue loading appeared the
same as that after loading to fracture. The results show that the reduced modulus decreased
significantly (p=9.47×10-3) by 7.62%~15.16% after fracture whereas the time constant of creep
increased slightly (p=0.049) by 2.81%~5.41%. The p-value was significantly lower (p<0.001) for
reduced modulus compared to all other mechanical properties.
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Conclusion: Residual indents different from fatigue damage created no crack initiators that would
weaken bone’s resistance to fatigue loading. Fatigue loading has the most heavy effect on bone’s
reduced modulus compared to all other microscopic mechanical properties.
Keywords: Bone fatigue damage; Creep; Micromechanics; Fatigue test methods; Nanoindentation
1. Introduction
Bone is a natural composite material with a multiscale structure[1-4]. Bone’s strength and
damage resistance result from its nanocomposite properties [5, 6]. Micro-mechanical property
degradation in bone tissue with fatigue is a crucial component of the ability to understand and predict
damage-related fracture [7-9]. It is well-known that fatigue damage is present at the nanoscale,
characterized by molecular uncoiling and fibrillar sliding with much smaller scale than linear cracks
and diffuse damage [10-12]. So, bone’s micromechanical properties under fatigue loading need to
be determined for a better understanding of damage mechanisms.
Nanoindentation [13, 14] is an increasingly frequently used technique for the mechanical
characterization of bone’s microstructure [15-18]. This method has shown good results in the
modeling of damage laws [19, 20], avoiding confounding factors such as microcracks and porosity
that affect bone’s macroscopic properties [21, 22]. As the required test area for nanoindentation is
at the microscopic level [23, 24], the mechanical properties after fracture can still be captured. The
viscoelastic properties of bone also can be calculated from the displacement-time curves[25-27].
Bone exhibits both creep and stress relaxation but the viscoelasticity of collagen fibers may affect
bone fragility [28-30]. Time-dependent viscoelastic properties before fatigue and after fracture
should be determined. Moreover, in addition to demands of studies on alterations in bone
architecture (e.g., diffuse damage, linear microcracks, etc.), the investigation of mechanical
properties of the remaining bone components (where inelastic deformation and microfracture may
occur at any time) also is important [8, 9]. Studies of the interaction of fatigue damage with bone
micromechanical properties will provide better understanding of bone fracture[31]. Further, the
post-fracture mechanical properties of bone have been largely neglected in macroscopic
experiments due to technical difficulties in conducting such tests [32-34]. The fatigue induced
deterioration of micro-mechanical properties that cannot be captured by bulk measurements can be
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determined using nanoindentation. However, micromechanical properties following fatigue damage
determined using nanoindentation are characterized incompletely in cortical bone.
The aim of this study was to investigate bone’s micro-mechanical properties under fatigue
loading. Nanoindentation tests were conducted in the loaded area before fatigue and after fracture.
Due to the assumptions of this method and the complex structure of bone, values reflect relative
mechanical properties at the microscopic scale and allow these relative differences to be compared
to provide a more complete picture of damage-related fatigue processes.

2. Materials and Methods
2.1. Specimen preparation
Five tibia from 24 month old cattle were collected from the slaughterhouse and dehydrated.
Five specimens cut from the postero-lateral aspect of the cortex were polished into rectangular cubes
with coarse sandpaper [35-37]. Fine sandpaper was used to refine the surface to meet the
requirements for nanoindentation. The final specimens were 5.0±0.15 mm × 5.0±0.15 mm ×
30±0.15 mm. The bone was kept cooling with buffered saline throughout the cutting and polishing
process[38, 39]. No obvious pathology or cracks (larger than 100 um) were observed on the surface
of the bone specimens by light microscope. The root mean square surface roughness in the initial
unfatigued and post-fracture period were both less than 60 nm on a 20×20 um AFM scan (FMNanoview1000AFM, Frequency: 50Hz/60Hz) [40]. The surfaces of the specimens were not only
parallel to each other but also parallel to the longitudinal direction. The angle between each pair of
planes was 90◦, with a maximum deviation of 2.5%. In addition, four silica reference samples were
prepared. Two of them had perfectly smooth surfaces and the others were polished using the same
protocol for the bone samples.

2.2. Fatigue test
The contact points in three-point bending tests make it difficult to separate the damage caused
by fatigue from the stress concentration created by the loading point. Thus, four-point
bending(Figure 1) was used in this study with a sinusoidal wave and a frequency of 10 Hz so that
the region between the inner contacts was under pure bending[41]. The inner span (b) was 10mm
and the outer span (b+2a) was 20mm. Load-controlled fatigue loading was performed using an
Electro-Puls-Instron(E10000N, USA) with a range of 10kN and a accuracy of 0.001N. The sample
had a thickness of d, width of w and F=σmax·wd2/3a. The maximum stress σmax used in this study
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was 100 MPa and the average stress σm was 45 MPa. The contact radius was 2.0mm. This is
sufficient to avoid stress concentration. Each specimen was fatigue loaded to failure (Table 1).

2.3. Nanoindentation test
The initial indentation test was conducted before loading while the second test was conducted
after loading to fracture. All bone specimens were oriented similarly and indented in the longitudinal
direction. The Hysitro TI-Premier (produced by the American Hysitron Inc company) was used to
perform the nanoindentation tests. A load-controlled indentation protocol was used. The tip was
loaded into the sample at a rate of 2 mN/s, held at a maximum load of 10 mN for 10 s, and then
unloaded at a rate of 2 mN/s, resulting in ~1600 nm deep indentations. The hardness H and the
reduced modulus Er were calculated using the Oliver and Pharr method from the unloading curves
[13]:
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Where υ is Poisson’s ratio, Eindentation=1140GPa, andυindentation=0.07. The hardness H is
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The microstructure of the bone was described using an optical microscope for each indent site.

All indents were in the interstitial lamellar bone, that is the highly organized matrix away from
osteons and pores. The test area for nanoindentation was 30×120 μm in this study. Each sample was
indented six times on the compressive surface of the bone specimens. The space between each
indentation was 20µm, 12 times greater than the indentation depth. The indentation sites for two
tests were located within 30 um. This chosen area also validated the comparability of each test.
Selection of indentation location and the detailed experimental process are shown in Figure 1.

4

Fig. 1 - A graphic of the indentation test. (a) Bone samples were affixed to the measuring gasket
using double-sided adhesive tape. (b) According to the Oliver and Pharr method, the area of contact
at peak load is determined by the geometry of the indenter and the depth of contact, A=F(hc). (c) To
avoid mutual influence between indentations, the spacing of each indentation should be at least 5
times greater than the indentation depth. The setting in this study (more than 12 times) meets this
requirement.
2.4. Creep
The thermal drift of the indenter was about ±0.1–0.2 nm/s[27]. The average creep rate of all
the indentations was greater than 10 nm/s, which is sufficient to minimize the effect of thermal drift
[27]. As shown in figure 2, a Burgers model was used in this study.
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where P0 is the peak force (10mN for this study), α is the equivalent cone semi-angle (35.26˚
for a cube corner indenter), η is the long-term creep viscosity (GPas) and τ is the creep time constant
(s). η and τ were determined by minimizing the mean square error between the time–deformation
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curve and the equation above using the Nelder–Meadsimplex method (Matlab R2014a, Mathworks
Inc., USA).

Fig. 2 - A graphic of the load-displacement curves and creep data. (a) The area bound by the loaddisplacement curve is dissipated work. (b) A representative creep data set and curve fits for the
Burgers model with two elastic and two viscous elements. The time constant is theoretically given
by E2/η2.
2.5.Dissipated work
The dissipated work for each indentation was calculated by integrating the area bound by the
load-displacement curve[42]. As shown in Figure 2, the area between the red loading and the blue
unloading curves reflects the plastic deformation if the unloading data are assumed to be mostly
elastic. This area is called “dissipated work” for irreversible deformation and is used to study the
evolution of energy with fatigue loading.

2.6. Statistical analysis
Statistical analysis was performed with SPSS (IBM SPSS Statistics 26). The coefficient of
variation (CV%) was calculated for bone specimens and the reference materials. The value of each
indentation measurement was used in all statistical analyses. Differences of results before loading
and after loading to fracture were examined using paired t-tests (p-value) after pooling the repeated
measurements for each parameter. The results of all parameters were expressed as mean and
standard deviation (SD). The significance (Pa) of every parameter was calculated as follows:
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Where pi represents the p-value of each sample before fatigue loading and after loading to fracture,
n=5.

3. Results
3.1. Optical microscope and Scanning Electron Microscope (SEM) images of the residual
indentations

Fig. 3 - A graphic of the residual indentations. (a) & (b) the residual indentations before fatigue loading
and after loading to fracture. (c), (d) & (e) the residual indentation morphology left by the initial test after
loading to fracture. (f) (g) (h) (i) Optical microscope images. The red is the residual indentations from
the two tests. The green is the initial test and the blue is the second test.

The initial test was conducted before fatigue while the second on was done after fracture. As
shown in Figure 3, the indentations from the first test still remained a clear original shape after
loading to fracture. The residual indentations from two tests were almost the same morphologically.
The fracture surface (Fig.1a), where the main failure crack originated from, was several millimeters
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away from the indentations site. Residual indents different from fatigue damage created no larger
crack initiators that would weaken bone’s resistance to fatigue loading.
3.2. Reduced modulus

Fig. 4 - A graph of the reduced modulus. (a) The reduced modulus of each sample. (b) The reduced
modulus of all samples.

Before fatigue, the averaged reduced modulus was 19.75±1.16 GPa. After fracture the reduced
modulus changed to 17.49±1.39 GPa. The averaged modulus decreased by 11.5% during the whole
fatigue process. Each sample’s reduced modulus decreased obviously which was 7.62% at least and
15.16% at most. The p-value for reduced modulus was less than 0.001 in each sample. There was
no obvious variation of the distribution of modulus with the depth before fatigue loading and after
loading to fracture (Fig. 4b).

3.3. Creep (Figure 5)
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Fig. 5 - A graph of the parameters based on creep. (a) & (c) the creep time constants τ (s). (b) & (d)
the long-term creep viscosity η (GPas).

A Burgers model captured bone’s creep behavior. After fracture, the long-term creep viscosity
changed from 5442±346 GPas to 4886±392 GPas while the time constant changed from 1.42±0.03
s to 1.46±0.03 s (p<0.05 for both). The variability of the creep parameters, quantified by the
coefficient of variation (SD/mean), was larger for viscosity and lower for the time constants (Table
1). This is true both within and between samples.There was no obvious variation of the distribution
of creep parameters with depth before fatigue loading and after loading to fracture.

3.4. Hardness and dissipated work (Figure 6)
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Fig. 6 - A graph of the hardness and dissipated work. (a) & (c) the hardness H (GPa). (b) & (d) the
dissipated work (μΝ·μm). Before loading: D=3.10h+619, r2=0.50; after loading to fracture:
D=4.63h-1893, r2=0.78, where D represents the dissipated work and h represents the indentation
depth.
Before fatigue loading and after loading to fracture, the measured hardness was 0.883±0.051
GPa and 0.915±0.060 GPa respectively while the dissipated work was 6169±248 μΝ·μm and
6319±261 μΝ·μm respectively. Only the variation of hardness in sample 1 as well as that of
dissipated work in sample 5 were significant. Despite fatigue loading, hardness values were always
dependent on the indentation depth (Fig. 6c). After fracture, the slope that dissipated work varies
with the indentation depth increased from 3.10 to 4.63 (Fig. 6d).

3.5. Normalized comparison
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Fig. 7 - Comparison of the normalized parameters. Each parameter before loading was set to 1, the
related parameter after loading to fracture was calculated proportionally.
As shown in Figure 7, the reduced modulus was more significantly different following
fatigue loading than were the other parameters. The creep time constant increased and the longterm creep viscosity decreased (Pa=0.021 and 0.015, respectively) following fatigue loading.
Although the average values for hardness and dissipated work increased slightly after fracture, Pa
values did not reach statistical significance.
4. Discussion
The present study based on nanoindentation investigated the difference of bone’s microscopic
mechanical properties before fatigue loading and after loading to fracture. Reduced modulus, creep
time constant and viscosity, hardness and dissipated work were calculated from the indentation
curves. Paired t-tests were used to evaluate the differences caused by fatigue loading. The p-value
was significantly lower (p<0.001) for reduced modulus compared to all other mechanical properties.
As the material already was damaged by the first indentation, the indentation tests could create crack
initiators that are unfavorable to fatigue strength. Using optical microscope and SEM, the initial
residual indentation remained the same morphologically during the whole fatigue progress. The
size of the indents was too small to create stress concentrations and they would have no effect on
subsequent fatigue loading.
The values for hardness and reduced modulus are similar to the values reported in the
literature[18, 43, 44]. As shown in Figure 6, the hardness also was dependent on indentation
depth[45, 46]. Usually, modulus and hardness are approximately positively correlated. After fatigue
loading, some lower modulus values were accompanied by greater hardness. Hardness varies by
11

sample (Fig. 6a), but the reduced modulus decreased in every case (Fig. 4a). Hardness (H=Pmax/A)
is only affected by the projected contact area at peak load A, while reduced modulus
( Er  S   /(2  A ) ) is affected by both A and the measured stiffness S [13]. After fracture, S
increased and A changed randomly. The obvious degradation of Er indicates that the unloading slope
S has the most significant effect on bone’s reduced modulus under fatigue loading.
A Burgers model was used to calculate the mechanical properties based on creep, as this model
is highly suitable to simulate the creep response of bone [25, 27]. Our creep time constants, agreeing
with the results in human bone [47], were 30% lower than those from Berkovich indentation creep
testing on bovine bone[27]. However, their specimens were wet and the hold time was 200 s which,
along with the difference in indenter geometry, could be responsible for the difference. Long term
viscosity is on the same order of magnitude as those of other studies [45]. Studies on bone have
shown that the time constant using nanoindentation is an order of magnitude from the macroscopic
results [45, 48], which is also confirmed by our results. Bone’s hierarchical structure, the plastic and
damage behavior from the indenters as well as loading and deformation conditions will all
contribute to differences between microstructural and macroscopic properties.
The relationship between hardness and indentation depth was almost the same pre- and postfatigue. There was no obvious variation in the distribution of creep parameters or reduced modulus
with depth before fatigue loading and after loading to fracture. However, a slight variation was
found in Figure 6d. The dissipated work was more related significantly influenced by indentation
depth after loading to fracture, with the Pearson correlation coefficient increasing from 0.719 to
0.888. The increased slope indirectly indicates that plastic deformation related with dissipated work
is more likely to occur in bone after fracture.
Reference samples were prepared to evaluate the method-dependent variations. The CV%
value for hardness and modulus of perfectly smooth silica were more than one order of magnitude
lower than that for the bone samples (Table 1). This suggests that the indentation instrument or setup
is responsible for little of the variation in the bone measurements. The polished silica samples were
prepared using the same protocol as the bone samples. The difference between the measurements
for the polished and smooth silica can be attributed to the sample preparation protocol. In this study,
this effects contributed to about 2% of the variation.
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Table 1 - Coefficient of variation (CV%) for microscopic mechanical parameters of the reference
materials and bone samples.

Modulus

Creep

Time constant

viscosity

Samples

Hardness

Work

BL

AF

BL

AF

BL

AF

BL

AF

BL

AF

S1 (9.6)

2.62%

1.71%

1.54%

1.15%

4.36%

2.42%

5.62%

2.61%

4.17%

2.04%

S2 (5.5)

4.92%

3.74%

2.24%

1.83%

1.83%

4.73%

8.33%

5.92%

3.03%

3.09%

S3 (5.8)

3.39%

4.25%

2.04%

1.96%

5.14%

6.52%

7.32%

8.98%

4.60%

3.18%

S4 (3.4)

4.37%

3.22%

2.09%

1.82%

7.78%

3.35%

5.01%

4.45%

5.81%

2.67%

S5 (8.1)

2.54%

1.17%

1.36%

1.16%

3.60%

1.51%

2.41%

1.99%

1.70%

1.05%

All

5.89%

7.95%

3.03%

3.39%

6.35%

8.03%

5.12%

5.96%

4.02%

4.13%

Smooth

0.25%

0.52%

1.43%

Polished

2.16%

3.43%

2.94%

S=sample; BL=before loading; AF= after loading to fracture; All=all samples; Smooth=smooth silica;
Polished=polished silica. The number in brackets represents the loading cycles (104).The creep
parameters of silica were not considered in this study as its creep behavior (1nm/s) was affected by the
thermal drift.

As shown in Table 1, the highly organized matrix in tibia and test area at microscopic level
(30×120 um) in this study results in the small CV% values (Table 1) compared to other studies [4345]. The trends of samples from the five different individual were consistent. Similar structures as
well as the micro-area (30×120 um) also contributed to a stable data. Therefore, we conclude that
the small sample size led to minor limitations. The bovine tibia in this study was dehydrated. Drying
changes the mechanical properties but has no effect on the comparative trends between the samples
or indentation location[49, 50]. Besides, dehydrated bone used in many studies contributed to
controling the experimental environment [51].
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5.Conclusions
From the nanoscale to the macroscopic scale, bone’s hierarchical structure underlies its
excellent mechanical properties [9, 52]. Microdamage is associated with bone remodeling[53-55].
However, micromechanical properties following fatigue damage determined using nanoindedntation is less covered in cortical bone. The primary strength of this study was the
demonstration of the characterization of bone’s microscopic mechanical properties by
nanoindentation following fatigue loading. Residual indents different from fatigue damage created
no crack initiators that would weaken bone’s resistance to fatigue loading. Compared to hardness,
dissipated work and parameters related to creep, the reduced modulus was most heavily affected by
fatigue loading, which decreased by 7.62%~15.16% (p=9.47×10-3). Further studies are needed to
investigate the exact mechanisms responsible for this. These founding are applicable to research on
bone replacement materials, improve the field of clinical bone fractures, and provide an
experimental reference for a more detailed model of bone fatigue damage.

Abbreviations:

SD: standard deviation; CV: Coefficient of variation; S: sample; BL: before loading; AF: after loading
to fracture.
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