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Abstract

The hierarchical arrangement of collagen and mineral into bone tissue presumabley maximizes
fracture resistance with respect to the predominant strain mode in bone. Thus, the ability of cortical
bone to dissipate energy may differ between compression and tension for the same anatomical site.
To test this notion, we subjected bone specimens from the anterior quadrant of human cadaveric
tibiae to a progressive loading scheme in either uniaxial tension or uniaxial compression. One tension
(dog-bone shape) and one compression specimen (cylindrical shape) were collected each from tibiae
of nine middle aged male donors. At each cycle of loading-dwell-unloading-dwell-reloading, we
calculated maximum stress, permanent strain, modulus, stress relaxation, time constant, and 3
pathways of energy dissipation for both loading modes. In doing so, we found that bone dissipated
greater energy through the mechanisms of permanent and viscoelastic deformation in compression
than in tension. On the other hand, however, bone dissipated greater energy through the release of
surface energy in tension than in compression. Moreover, differences in the plastic and viscoelastic
properties after yielding were not reflected in the evolution of modulus loss (an indicator of damage
accumulation), which was similar for both loading modes. A possible explanation is that differences
in damage morphology between the two loading modes may favor the plastic and viscolelastic energy
dissipation in compression, but facilitate the surface energy release in tension. Such detailed
information about failure mechanisms of bone at the tissue-level would help explain the underlying
causes of bone fractures.
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INTRODUCTION

Being a biological tissue, bone has a hierarchical arrangement of its primary constituents, such
as carbonated apatite and type I collagen (for reviews, see (Rho et al., 1998; Weiner and Traub,
1992)). This arrangement — from mineralized fibrils through alternating thick and thin lamellae
to the alignment of trabeculae or cortices — gives rise to numerous toughening mechanisms and
tissue strength as discussed in several reviews (Akkus et al., 2004; Hernandez and Keaveny,
2006; Nyman et al., 2005). Given the complexity of bone structure, the mechanistic cause for
its failure is most likely multifactorial involving bone consituents and each hierarchical level
of organization of the tissue. Such information is extremely important for accurately modeling
the failure behavior of bone, thus facilitating predictions of bone fractures for elderly and
osteoporotic patients and/or in skeletal implant systems.

Altough bone tissue may fail under any given mode of loading, few studies have directly
compared failure mechanisms of bone under different loading modes (Burstein et al., 1976;
Smith and Smith, 1976). Certainly, the mechanical behavior of human cortical bone has been
investigated in single loading mode, such as unixial tension (Dickenson et al., 1981; Evans,
1976; McCalden et al., 1993), uniaxial compression (Walsh and Guzelsu, 1994), torsion
(Jepsen et al., 1999), pure shear (Turner et al., 2001), and bending (Wang et al., 2002; Zioupos
and Currey, 1998). From these studies, a number of determinants of bone strength and
toughness have been identified (e.g., mineral density and collagen integrity). Nonetheless,
failure mechanisms are still not fully understood, only with suggestions ranging from
microcracks immanating at the lamellar interface (Jepsen et al., 1999) to heterogeneity of local
tissue modulus affecting the coallescence of microcracks into macrocracks (Zioupos et al.,
2007).

To better understand the failure mechanisms of bone, we recently developed a progressive
loading scheme that could provide detailed information regarding the evolution of mechanical
properties over increasing deformation (Wang and Nyman, 2007). This mechanical test not
only detects changes in elastic modulus and stress relaxation with increasing strain but also
measures several forms of energy dissipiation related to permanent deformation, hysteresis,
and microdamage accumulation (i.e., modulus loss). In the present study, we applied the
progressive scheme to cortical bone from human cadaveric tibiae in order to determine
differences in the post-yield behavior and energy dissipation of the tissue in both uniaxial
compression and uniaxial tension. We hypothesize in this study that the mechanism for the
post-yield energy dissipation in cortical bone differ between compression and tension.

MATERIALS AND METHODS

Specimen preparation

Nine human cadaveric tibiae (5 male, 51.6+2.2 years of age and 4 female, 54.3+1.3 years of
age) were obtained from the Willed Body Program (The University of Texas Southwestern
Medical Center at Dallas, TX) with no known bone disease reported. Both tensile and
compression specimens were collected from the anterior quadrant of the mid-diaphysis of each
tibia. For tensile specimens, longitudinal sections were initially extracted using a diamond saw
(Isomet 2000, Buehler, Lake Bluff, IL) and then machined into the final dog-bone shape
(10mmx2mmx2mm in gage region) using a CNC machine (ProLIGHT 1000, Light Machines,
Manchester, NH). For compression specimens, a benchtop precision lathe was used to turn the
longitudinal sections into cylindrical specimens ($3mmx5mm). All cutting occurred under
constant irrigation; and all specimens were wrapped in gauze, soaked in phosphate buffered
saline (PBS), and stored then at -20 °C until testing.
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Mechanical testing

We conducted both tension and compression tests using the progressive loading scheme
described elsewhere (Nyman et al., 2008; Nyman et al., 2007; Wang and Nyman, 2007). This
method involves a series of cycles of load-dwell-unload-dwell-reload with incremental strains
based on the observation that bone biomechanics is dependent on the level of strains (Winwood,
et al., 2006). Such a scheme allows for measuring elastic, plastic, and viscous responses of
bone and estimating the post-yield energy dissipation in different pathways as a function of
incremental strains (Nyman et al., 2007).

Tensile tests were performed on a bench-top mechanical testing system (EnduraTEC ELF
3300, Bose Corporation, Minnetonka, MN) with an extensometer of 8mm gage length (MTS,
Eden Prairie, MN). In each cycle of progressing loading, the specimen was loaded under
displacement control to a designated displacement level at a rate of 0.5mm/min; then held for
30s for stress relaxation. Thereafter, the specimen was unloaded to zero force at a rate of 300N/
min, held for 30s for anelastic relaxation, and then reloaded again at 0.5mm/min to the next
strain level under displacement control. This procedure repeated until failure of the bone
specimen.

Compressive tests were done using the same progressive loading scheme ona MTS mechanical
testing system (Insight 5000, MTS, Eden Prairie, MN) with an extensometer of 3mm gage
length (MTS, Eden Prairie, MN). Upon establishing a pre-load of 20N, the bone specimen was
loaded at a rate of 0.3mm/min to the initial crosshead displacement of 0.03mm. The specimen
was next held at the stain level under displacement control for 30s (stress relaxation dwell),
unloaded to 20N force under load control, held at 20N under load control for 30s, and reloaded
to the next level of crosshead displacement. In the succeeding cycles, the same loading
procedure repeated with a series of sequential increment of crosshead displacement, thereby
recording changes in the post-yield behavior of the specimen over increasing strain. Finally,
the test stopped when the specimen either entirely or partially failed within the travel limit of
the extensometer.

Quantification of mechanical properties

For both tensile and compressive tests, the initial modulus (Eg) was the initial slope of the
stress-strain curve in the linear elastic region (Fig.1). The instantaneous modulus (E;) was
determined as the slope between two points in each cycle: one at the end of stress relaxation
dwelling that occurred before unloading and the other at the end of anelastic deformation
dwelling that occurred after unloading. The plastic strain (ep) was the residual strain at the end
of each load-dwell-unload-dwell cycle. The yield strain (e,) was estimated to be the strain at
which plastic deformation began to occur (ep>0). Maximum stress (oymax) Occurred at the end
of loading and prior to stress relaxation (i.e., before the dwell period). We estimated the
viscoelastic time constant (z) and the magnitude of total stress relaxation (4o) by fitting the
stress-time curve during the stress relaxation dwelling with an exponential equation,

o=do-e "7 (1)

The post-yield energy dissipation terms (i.e., released elastic strain energy: U, hysteresis
energy: Up, and plastic strain energy: Up) were determined according to the following
procedures (Figure 1): The elastic release strain energy (Ug,) was the area under the unloading
curve (the total elastic strain energy) minus the triangular area (the elastic strain energy without
stiffness loss). The hysteresis energy (Uy) was the area between the loading and unloading
curves. The plastic strain energy (Up) was the cumulative area minus the hysteresis energy and
the elastic release strain energy. The aforementioned properties were calculated at the
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maximum strain of each incremental cycle using a custom MATLAB script (Mathworks,
Natick, MA).

Statistical analysis

To detect differences between tension and compression in the various mechanical properties
at different strain levels, we grouped data within predefined strain ranges based on the different
deformation stages (Table 1). Then, a two-side Student’s paired t-test was performed to
examine statistically significant differences between tension and compression for each
mechanical property of bone at each strain range. The significance was considered only if
p<0.05 (Table 2).

RESULTS

Changes in the maximum stress with increasing strain prior to yielding were similar for both
compression and tension, showing a linear relationship (Figure 2 and Table 2). However, a
significant difference occurred during the transition from yielding of the tissue to post-yield
deformation in that the maximum stress of bone was greater in compression than in tension
(Table 2). Such a difference diminished gradually with increasing strain at the late stages of
post-yield deformation (¢>0.025).

When determined as the strain at which permanent strain departs from zero (Figure 3) yield
strain was greater in compression (g,=8,070+340p¢) than in tension (ey=4,310+230u¢). After
the bone yields, permanent deformation or plastic strain accumulated in the tissue, and this
increase had a nearly linear relationship with increasing strain for both tension and compression
(Figure 3). The degree of permanent deformation was greater for compression than for tension
after yielding (Table 2). Similarly, the permanent strain energy dissipation in bone also
exhibited a linear increase with an increase in post-yield strain in both tension and compression
(Figure 4), and bone dissipated considerably more energy (about 13x) through this mechanism
when loaded in compression than in tension (Table 2).

As the strain increased with successive cycles of loading, the modulus of the bone specimen
decreased in both tension and compression (Figure 5). Moreover, the rate in modulus loss with
increasing strain was strikingly similar between tension and compression. Not surprisingly
then, there were no significant differences in modulus at all between the two modes (Table 2).

As for the viscoelastic response of bone, there was much greater stress relaxation when the
cortical bone was loaded in compression than in tension (Table 2). In addition, the maximum
in stress relaxation peaked in tension at 1% strain, whereas it remained constant after 1.3%
strain in compression (Figure 6). Until the transition stage of deformation, the rate change to
reach equilibrium (i.e., time constant of stress relaxation) decreased for both two loading modes
with no differences in the property (Table 2). Thereafter (¢>0.01), the time constant became
nearly constant (Figure 7) and was greater in compression than in tension (Table 2).

As strain applied to bone progressed beyond yielding, dissipation of hysteresis energy (Uy)
increased with increasing strain in both compression and tension (Figure 8). The rate of increase
was different in compression (approximately a power law relationship) compared with tension
(almost a linear relationship), with Uy, being slightly greater for compression than for tension.
However, such a difference diminished as the applied strain exceeded 2% (Table 2). Cortical
bone dissipated considerably less energy in compression than in tension through the mechanism
of elastic release strain energy that is presumably due to creation of new crack surfaces (Table
2). In addition, the capacity of bone to dissipate such energy diminished in compression with
increasing strain (Figure 9).
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DISCUSSION

Using a novel loading scheme, we examined differences in the mechanical behavior between
tension and compression tests of cortical bone from human tibiae. Over similar strain ranges,
bone sustained greater permanent and viscous energy dissiaption (Figures 4 and 8, respectively)
in compression than in tension. However, the released elastic strain energy dissipation that is
associated with modulus loss (or damage accumulation) was less in compression than in tension
(Figure 9) although the evolution of modulus loss was strikingly similar in both loading modes
(Figure 5).

Since the yield strain and the rate of permanent strain accumulation were both greater in
compression than in tension (Figure 3), the initiation and progression of plastic deformation
in bone likely encounters higher resistance in the compression mode. As further evidence of
this resistance, the plastic strain energy dissipation (Up) was more than two times greater in
compression than in tension at similar post-yield strain levels. The contributing factors to the
much higher plastic energy dissipation in compression than in tension are most likely 1) higher
stress levels (Figure2) and 2) a greater plastic deformation at the same strain applied (Figure
3). A possible explanation for the greater plastic deformation is that the damages formed within
bone tissue by compression (crosshatch type damages) allow for more plastic deformation than
the damages induced in tension (most likely diffuse damages (Ebacher et al., 2007).

Since hysteresis energy dissipation is viscoelastic in nature, it is most likely dependent on the
viscous phases in bone (i.e., collagen and water). Previous studies have shown that the viscous
nature of bone depends on hydration condition of the tissue (Yamashita et al., 2002), and such
viscoelastic properties as storage modulus and loss modulus of bone increase with increasing
damage density (Yeni et al., 2004; Yeni et al., 2007). In this study, a much higher total stress
relaxation (Ac) and a slightly greater time constant (t) were observed in compression than in
tension (Figures 6 and 7). Physically speaking, Ac reflects the contribution of viscous phases
to load bearing, while t is a measure of the damping capability of the viscous phases. Thus,
the viscous phases of bone exhibit a greater contribution to loading bearing, but a lower
damping capability in compression than in tension. For hysteresis energy dissipation, a positive
effect due to an increase in Ao could be actually cancelled out by a negative effect induced by
a decrease in damping (t). This could possibly explain the fact that only a slight difference in
hysteresis energy dissipation between compression and tension was observed in this study.

The present testing methodology provides information on the evolution of modulus loss as the
bone sustains increasing strain. Such degradation in modulus has often been used as an indicator
of damage accumulation sustained by the tissue in fatigue studies (Cotton et al., 2005; Pattin
et al., 1996; Pidaparti and Vogt, 2002; Schaffler et al., 1989; Zioupos et al., 1996) as well as
in overloading studies (Fondrk et al., 1999; Jepsen and Davy, 1997; Morgan et al., 2005).
Interestingly, we did not observe much of a difference in modulus loss of bone between
compression and tension. This implies that the effect of damage accumulation on modulus loss
of bone tissue was similar in both modes of loading. However, it is not necessarily the case
that the type of damages induced in the two loading modes was the same. From previous work
investigating the effect of fatigue on microdamage morphology in cortical bone, there is
evidence that diffuse patches of sub-micron cracks tend to accumulate in regions subjected to
tension and linear microcracks tend to accumulate in regions under compression (Boyce et al.,
1998).

In fact, differences in microdamage accumulation between the two loading modes also could
be reflected in the differences in the prominent mechanisms of energy dissipation. As shown
in this study, the plastic strain energy dissipation (Up) was much greater (> 2x) in compression
than in tension, whereas the elastic release strain energy (Ugr) was less in compression than in
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tension. It is unlikely that this significant discrepancy in plastic energy dissipation is solely
due to the difference in maximum stress levels because only about 20% of such a difference
was observed between the two loading modes and for just strains between 1% and 2% (Figure
2). In addition, U, was much greater (13x) than U, in compression, whereas U, and Ugy were
similar in tension. All these results suggest that the damage accumulation in compression
(possibly crosshatch linear microcracks) expends minimal energy dissipation through creation
of new crack surfaces (i.e., elastic release strain energy), but instead promotes a large amount
of permanent energy dissipation through cross-hatched damage formation than is necessary
for damage accumulation in tension (presumably less hazardous diffuse damage).

Finally, we point out that the results obtained in this study may not be necessarily true for bone
specimens acquired from anatomical sites where the tissue has distinct orientations of mineral
crystals and collagen fibrils. Since in vivo strain mode in bone tends to dictate collagen
orientation through tissue adaptation process (Takano etal., 1999), such preferential orientation
would in turn influence both tensile and compressive behavior of bone tissue (Ascenzi et al.,
1985). From the viewpoint of bone adaptation, the tissue within anterior quadrant of the tibia
mid-shaft appears more suited to resist compression than tension load, with collagen fibrils
presumabely being oriented primarily transverse to the loading axis (Carando et al., 1989;
Portigliatti Barbos et al., 1984).

In conclusion, the ability of bone to sustain post-yield deformation is unlikely equal across
various loading modes, and domanint mechanisms of energy dissipation may vary among the
modes. Such variation appears to be most likely due to the difference in the mechanisms of
damage accumulation and responses of bone constituents including collagen orientations.
Therefore, a complete mechanistic understanding of failure mechanism of bone in relation to
the loading modes is necessary to study age- and disease-related bone fractures.
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Figure 1.

Whether in the compression or tension mode, the cortical bone specimen was subjected to
multiple cycles of loading-dwell-unloading-dwell-reloading. The last cycle before failure is
only shown here to provide greater clearity in how we calculated the mechanical properties.
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Figure 2.

The maximum stress of each cycle is plotted against the maximum strain of each cycle. The
relationships were similar to that obtained by a monotomic test with bone being stronger in
compression than in tension.
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Figure 3.

Permanent or plastic strain is the amount of unrecoverable deformation after unloading and a
period of rest. When plotted against the maximum strain of the cycle, this strain departed from
zero at the defined yeild point. Although this departure occurred at a higher yield strain in
compression than in tension, the permanent strain generated in compression exceeded that in
tension at post-yield strains.
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Figure 4.

The energy dissipated by plastic deformation linearly increased after yielding as the strain
increased with each successive cylce of loading. This pathway of toughness was greater for

compression than for tension.
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Figure 5.

With each cycle of prgoressive loading, the modulus of cortical bone decreased for both modes
of loading in a similar fashion. The rate of change with respective to the strain of the cycle was
greater through yielding but slowed through the post-yield strains.
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Figure 6.

The degree to which bone relaxed is plotted against the strain during the dwell period (i.e.,
maximum strain of each cycle). As damage was introduced into the bone at increasing strains,
stress relaxation increased in both modes but reached maximum after yielding. Bone sustained
greater stress relaxation in compression than in tension.
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Figure 7.

The time constant for the period of stress relaxation is plotted against the constant strain of that
period for each cycle. For both modes of loading, the rate change in stress to reach equalibrium
dropped as the strain increased with each cycle. It remained at a nearly constant value in the
post-yield region.
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Figure 8.

With increasing strain as the cycles progressed, the bone dissipated increasing hysteresis

energy in both modes of loading.
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Figure 9.

Bone dissipated more elastic release energy in tension than in compression as the strain on the

bone increased with each cycle.
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In comparing tension to compression, the mechanical properties of bone were grouped in the following strain ranges
such that the difference in strain between the two modes was not statistically significant (p>0.2) and that each tibia
provided both a tension and a compression specimen (paired).

Strain Range Deformation Stage Tension Compression p-value
0.00340-0.00427 Pre-yield n=5 n=5 0.2276
0.00631-0.00864 Yielding n=6 n=6 0.2901
0.0100-0.0128 Transition n=7 n=7 0.8326
0.0147-0.0174 Early post-yield n=7 n=7 0.3923
0.0209-0.0247 Post-yield n=5 n=5 0.2772
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