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Abstract
Objective service load is the load pattern of cortical bone in practical conditions. The objective service
load conditions of cortical bone are complicated, usually including two ormore load patterns. The
mechanical behavior and deformationmechanismof cortical bonematerial under coupling load
pattern and single load pattern are diametrically different. However, nowadays, researches on the
mechanical response of cortical bone have been heavily focused on the single load pattern, which
couldn’t reveal the potential deformationmechanism accurately. For the purpose of obtaining the
objectivemechanical properties under complicated loading patterns, themechanical response and
deformationmechanismof bonematerial under compression-bending coupling loadwere
investigated by in-situ test. The research shows that bending strength increased under the
compression-bending coupling load than the single bending load. By in-situ observation, the
variations of surface strain distribution and cracks directions were the potential reasons for the
increase of the bending strength. It was found that the cracks changed from transverse fracture to
integrated patterns with transverse fracture and longitudinal fracture. Larger fracture range and
tortuous crack propagation increased the fracture energy dissipation, which led to an enlarged
bending strength under the compression-bending coupling load. Through theoretical analysis and
numerical calculation, the impeded effect to the increasing of bending deflectionwas dominant before
thefinal fracturewith the adding of the compression load. The numerical calculation result was
consistent with the result of the experiment. This present workwould provide new references to
further studies on themechanical behavior of cortical bone under complicated loading patterns.

1. Introduction

Cortical bone is a biomaterial-that consists of amineral phase (hydroxyapatite crystals) embedded in an organic
matrix (I type collagen fibers). As themain component of humanmotor system, the cortical bone plays an
important role in load transferring, load bearing and organs protection [1]. Cortical bone also has a hierarchical
structure, whichwas crucial to itsmechanical properties [2–6]. Undermost objective conditions, the loading
patterns of cortical bone are complicated, and the deformationmechanisms of cortical bonematerial under
varied load patternswere different [7, 8]. Asmentioned above, it was important to investigate themechanical
response and potential deformationmechanismunder different loading patterns. For the purpose of
understanding themechanical property of cortical bone under near service loading condition, experiments,
numerical simulation and theoretical analysis were carried out. The typical fracture behaviors such as the elastic
and plasticmechanical behavior,multi-scale crack and energy dissipation have been extensively studied [9–12].

Cortical bonematerials have specific physiological orientation, so that compression is the typical loading
pattern. Through uniaxial tension and continuous compression loading, Nyman found that energy dissipation
under compression loadwas achieved by permanent deformation and viscoelastic strain, and it was achieved by
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surface energy release under tension loading [13]. It was also found that the complex hierarchical structure was
vital tomechanical properties, because the complex internal loadswere created based on its hierarchical
structure. The direction andmagnitude of the deformations are dependent upon the direction andmagnitude of
the imposed loads [7]. The effect ofmicrostructure characteristics on elasticmoduluswas investigated using
dynamic tension, and the significant correlationwas shown between effective elasticmodulus and porosity [14].
Therefore, it could be seen that the effects ofmicrostructure characteristics to different directions were different
under the same loading pattern. Arjunan have carried out numerous innovative research about the bone
implant, such as developing the porous (68%–90%)Ag bone scaffolds with antibacterial properties by the
selective lasermeltingwith excellentmechanical behavior for the first time [15]. Considering the reduction of
stress shielding, Arjunan also developed a Ti64 sheathed cellular anatomical structure as the tibia implant by
DirectMetal Laser Sintering, which could excellentlymimic the objectivemechanical properties [16].Meyer
observed that poor understanding on the objectivemechanical responses under complicated loadingmodes
could result in a low success rate of the bone grafting and an inaccurate design of bone substitutematerials [17].

As shown above, although the previous studies provided some useful guidance for understanding the
potential deformationmechanismof cortical bonematerials, yet theyweremostly concentrated on the single
loadingmode, such as single tension load, single compression load, and single bending load etc Besides,most
studies focused on themacro scale. However, the deformationmechanismof bonematerial inmulti-scale in
real-time couldn’t be obtained by out-situ research. The objective loadingmode in practice was complicated,
generally included two ormore loads, such as compression-bending coupling loads and etc Some published
literature has shown that the loading direction of the external load could affect themechanical reaction of the
bonematerials and their behaviors in the fracture process [18–20].Mechanical response of cortical bone under
single loadingmode couldn’t reveal the objectivemechanics law [21]. Arjunan considered that the functional
classification of biomaterials should undergo the rigorous experimental evaluation, such as safety,mechanical
performance and application [22]. Lee found under the physiologic loads, with the age-related bone loss, the
trochanter of the femur increased the risk of fracture in a fall [23]. Jakob also observed that researches on
mechanical properties of biological hard tissuematerials should be extended tomicro-scale level and complex
loading patterns [24]. Therefore, the purpose of this research is to investigate themechanical properties and the
underlying potential deformationmechanismof cortical bonematerial under compression-bending coupling
load by in-situ testing. This researchwould provide some newperspectives to the research onmechanical
property and failuremechanismof cortical bone under complex loading patterns.

2.Materials andmethods

2.1. Sample harvesting
Cortical bone specimenswere obtained from the shaft of the femur of the pig being 18±2months, collected
from the slaughterhouse of Charoen PokphandGroup inChangchun, China. All the soft tissues were removed
gently with the scraper. Because the longitudinal direction is the loading direction of compression load, as
shown infigure 1, a rectangle blockwas obtained from the shaft of the femur, and the specimenswere cut along
longitudinal directionwith a band saw. In the cutting process, phosphate buffered saline (PBS)was irrigated on
the incision [25]. The rectangle block specimenswere polished by using emery papers (P1000, P2000, P3000)
step by step as coarse grinding. Then the precision grindingwas performedwith diamond polishing solution. In
the polishing process, the surface of the cortical bone specimens was observed by the opticalmicroscope
(OLYMPUSBX53M). The specimenwith big defects ormany defects would be removed.When the surface
qualitymet the requirements, the polishingwas finished. At last, the specimenswere cleaned by the ultrasonic
cleaner (KQ-218, SHUMEI, CHINA) for one hour.Until be used, the specimens were preserved by immersed in
PBS at−20 °C.To investigate the evolutionmechanismof surface strain, the speckle with obvious contrast was
sprayed on the specimens. Thefinal specimenswith speckle were shown infigure 1. Thefinal dimensionwas
shown in table 1.

2.2.Methods and instrument
In this research, for the purpose of obtaining themechanical evolution and deformationmechanism of cortical
bonematerial under the single compression load and compression-bending coupling load, the contrast
experiments were designed. To obtain the surfacemorphology continuously, in-situmonitoring technologywas
used. The experimental groupwas compression-bending coupling load group, and the control groupwas the
bending load group. For obtaining the deformation clearly with quasi-static way, the compression loading rate
was 0.01 mms−1, and bending loading ratewas 0.01mms−1. Considering the compression loadwas a common
load, it was expressed by the formof preloading. Therefore, the compression-bending coupling loadwas
achieved by applying pre-compression load and applying the bending load sequentially. The compression load
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was kept constant during the loading of bending load. To thoroughly investigate the effect of different pre-
compression loads to bendingmechanical properties, and to clarify themechanism differences between
combined loading pattern and single bending load pattern, the compression loadwas set as 500N, 1000N,
1500N, respectively. The experimentmethodwas designed based on the industry standard ofmechanical testing
of solidmaterials (JB/T13221–2017: In situmechanical property testing system for solidmaterials with electric
thermalmagnetic coupling physical field).

As shown infigure 2, amultiple loadsmaterialmechanical in-situ testing systemwas developed, including
loadingmodule, signal collectingmodule, and in-situ observationmodule. The loadingmodule could provide
single compression load, bending load, and compression-bending coupling load. The signal collectingmodule
included load sensor and displacement sensor, and could obtain the load and displacement in the experimental
process. The specifications of the signal collectingmodule are shown in table 2.

In-situ observationmodule included a digital speckle strainmeasurement analysis unit, with the function of
monitoring and gathering the surface strain of bone specimen. In this experiment, the digital speckle strain
measurement analysis unit is ARAMIS system,which is provided byDOM3DLtdThe camera resolution is
4096×3000, and the data registration frequency is 25Hz. The basic principle is as follows. The speckle on the
surface of the specimenmoves with the deformation of the specimen. By analyzing the speckle patterns before
and after the deformation, the relative displacement and deformation of the speckle along theU andVdirections
(i.e. transverse and longitudinal) are obtained [26]. The calculationmethod is as follows. Let (x, y) be the point
before deformation and (x *, y *) be the response point after deformation, and the relationship between them is
as follows.
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Figure 1.Preparation of cortical bone specimen.

Table 1.The dimensions of the cortical bone specimen (mean±standard
deviation).

Material Length(h) (mm) Width(b) (mm) Height(l)(mm)

Cortical

bone

10.00±0.15 3.00±0.10 50.00±0.30

3

Mater. Res. Express 9 (2022) 025402 X Sun et al



To reduce the impact of external vibration, the experiments were carried out on the air-floating isolation
platform. Before the experiments, the in-situ testing systemwas appropriately calibrated.

In this research, to investigate the effect of compression load on the bending behavior, the bending strength
and fracture energy of the specimens were chosen as the evaluation indicators. Through contrastive analysis of
bending strength under coupled compression-bending load and single bending load, the effect was investigated.
The Bending strength is themaximumvalue of bending stress, and the fracture energy is the consumed energy of
the cortical bone specimen until be broken. The bending stress and fracture energywere calculated according to
equations (2)–(5) [27].
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In the equations,σb is the bending stress,M is the bendingmoment,W is the interface bending coefficient, F
is the bending load, L is the length of the specimen between two supporting point, b is thewidth of rectangular
section, h is the height of rectangular section, J is the fracture energy, tm is the fracture deflection, and t is the
bending deflection.

Figure 2. In-situmechanical testing systemofmaterials undermultiple load patterns.

Table 2.The performance of the signal collectingmodule of the instrument.

Project Compression Bending

Load Sensor Naichuang FM70 CHCCONTECTCF40603

Performance parameter (Maximumvalue, Resolution) 10KN, 0.001N 1KN, 0.001N

Loading speed 1μms−3mm s−1 1μms−3mms−1

Linear strain RenishawRELA/RESA

Collection data Compression load Bending load
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Errors are calculated according to equation (6).
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In this equation, s is standard deviation,Xj is themechanical property data of each specimen under the same

pre-compression load, and X
-
is the average value ofmechanical property under the same pre-compression load.

In this paper, n is 9, andX can express bending strength, fracture energy and deflection value, respectively. There
are 36 specimens in all loading patterns.

3. Experimental results and discussion

3.1. Results
As shown infigure 3, the bending stress-deflection curves of cortical bone under different load patterns have
been drawn.

The pre-compression-bending coupling loadwith 1500N compression loadwas chosen as the control
group. The curves have given the relationship ofmechanical property between single bending load and
compression-bending coupling load. In terms of the ultimate values, it could be observed that ultimate bending
stress under compression-bending coupling loadwas large than that under single bending load inmost cases.
This could be confirmed infigure 3, where the highest point of curves with red line was higher than that with
blue line. The highest point was the fracture point, and the stress beyond this critical point instantaneously
decreased to zero. From the trend of the curves, as the bending deflection increased, the increasing rate of the
bending stress under single bending load decreased gradually. However, the increasing rate of the bending stress
under compression-bending coupling load increased gradually. As shown infigure 3, the black arrows and the
brown shadow circles represented the local shape of the curves. It is worth noting that therewas some plastic
deformation in later stage for the single bending loading pattern. For compression-bending coupling load, there
was no obvious plastic deformation until fracture. It could be deduced that themechanical response was affected
by different load patterns. Inmore details, the compression load along longitudinal direction changed the
evolution law of bending stress.

Cortical bone is an anisotropicmaterial, withmulti-scalemineralized collagen fibers and different
physiological orientations. The specificmechanical response and energy dissipationmechanismunder single
bending load in different deformation directions are shown infigure 4.

The variations of bending strength and fracture energywith differentmaximumbending deflection are
shown infigure 4(a). It could be observed that the bending strength and fracture energy all increased as the
maximumbending deflection decreased. By linearfitting, it was found that the increasing rate of bending
strengthwas less than that of fracture energy. Infigure 4(b), a nonlinear relationship is shown betweenσb/J and
deflection. Theσb/J value tends to be smaller, and the decreasing rate decreased gradually. Therefore, it could be
speculated that cortical bonematerials could absorbmore fracture energy, while bending strength could keep
increasing steadily under larger bending deflection.

Figure 3.Bending stress-deflection curves under bending load and compression-bending coupling load (Graphs are represented for a
single group specimens).
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The variations of average fracture deflection and average bending strength under different compression
loads are shown infigure 5. The fracture deflection and bending strengthwere all the average values of single
groupwith 9 specimens.

The average fracture deflection and average bending strength all increasedwith the increasing of
compression load.When compression loadwere 500N, 1000N, 1500N, the increasing proportion of fracture
deflectionwere 23.9%, 31.6%, 49.6%, and the increasing proportion of bending strengthwere 18.2%, 68.9%,
83.9%, respectively. According to the experiments, it could be speculated that compression load could intensify
bending strength, and the intensification effect wasmore obviouswith the increasing of the compression load,
within a reasonable range.

Fracture in bonematerial was considered to be especially strain-controlled [28, 29]. To further understand
the potential deformationmechanismunder different compression loads, the principal strain contourswere
obtained based on digital image correctionmethod (DIC). The principal strain contours could reveal the

Figure 4.Variations of bending strength and fracture energywith changing ofmaximumbending deflection (a),σb/J-deflection (b).

Figure 5.Variations of average fracture deflection and average bending strength under different compression loads.
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deformation information of the surface area, highly beneficial to intuitively understand the evolution of the
mechanical property of bonematerial. The principal stain contours of the bone specimen’s tension side under
different load patternswere shown infigure 6. Infigure 6, the black line represented direction of principal strain,
and the color represented themagnitude of principal strain. Every row of the strain contour represented the
different stage frombeginning to fracture. Infigure 6, thefirst column is the principal strain contour of cortical
bone specimen under single bending load, and the others are the principal strain contours under the combined
loadswith different compression load.

As shown in eps1 offigure 6(a), under bending load, some sporadic strain concentrationmicro-zones were
generated, with small sizes. In eps2 offigure 6(a), with the increasing of bending stress, the strain increased and
the size ofmicro-zone increased. In eps3 and eps4 offigure 6(a), with further increasing of bending stress, the
strain concentrationmicro-zones started tomerge. In eps5 offigure 6(a), the strain concentration bands
throughout the short axis of the specimenwere created, so that the bone specimen fractured. As shown in eps2
and eps3 offigures 6(b)–(d), in themiddle area, therewas a strain concentrationwith obvious gradient. Some
branches were derived from the strain concentration band. Finally, as shown in eps5 offigures 6(b)–(d), once
any branch extended through the short axis, the bone specimenwas broken. Based on the discussions above, it
could be observed that the nucleation, growing,merging and developing of the principal strain concentration
area varied from free distribution to gradient distribution under the compression load. Aswaswell known, the
anisotropy property plays a vital role inmechanical response of bonematerial. Therefore, from the evolution of
the principal strain, it could be speculated that the original anisotropy property was broken and the new
anisotropy property was established by the compression load. The branches of the principal strain contours were
more regular than the previous case, so thatmore energywas needed toweaken the original anisotropy.

For the further investigation, themulti-scale fracturemorphology of the cortical bone specimenswere
obtained and shown infigure 7 (macro-scale) andfigure 8 (micro-scale).

Infigure 7(a), as red dashed line indicated, the fracture edge presented almost straight line. Infigures 7(b)–
(d), the fracture edge presented different circuitous trend. Compared to straight fracture, the circuitous fracture
needsmore external energy. At the same time, as the compression load increased, the longitudinal component of
the fracturewas increasingly obvious. Evenwhen the compression loadwas 1500N, the stacking fault feature
along longitudinal axis was shown. Asmentioned above, under the compression load, the fracture edge tended
to circuitous, and the fracture wasmore difficult to achieve. This was consistent withfigure 4(a). Therefore, the
bending strength increasedwith the adding of compression load.

The fracture inmicroscale was important to reveal the potential deformationmechanism of the cortical
bonematerials. As shown in figure 8, themicro-scale fracturemorphology of cortical bone under different load
patternswas obtained based onfield emission scanning electronmicroscope (FE-SEM). To further understand
the effect of each single load of the coupling loads,micro-scale fracturemorphology under single compression
load (figure 8(a)) and single bending load (figure 8(b))was all analyzed. Infigure 8(a), the fracture surfacewas
smooth in total, with no debris in any areas. As is well known, theHaversian systemwas distributed along

Figure 6.Comparison diagramof principal strain contours on tension side under different compression-bending coupling loads by
DIC (a)No compression load (b) 500N compression load (c) 1000N compression load (d) 1500N compression load.
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longitudinal direction. Compared to the fracture feature, it could be observed the fracture directionwas the
same as theHaversian systemorientation under the compression load.

Infigure 8(b), the transverse fracture featurewas shown, with the rough appearance under bending load.
Because theHaversian systemwas a layered structure, with several layers bone lamellar, and theHaversian
systemwas along the longitudinal direction, the transverse fracturewas rougher than the longitudinal fracture.
Infigures 8(c)–(e), there was grooved zone in themiddle area of fracture under compression-bending coupling
load. The grooved zones were all along longitudinal direction. It could be observed that the fracture under
compression-bending coupling loadwas the orthogonal pattern, including transverse (perpendicular to
Haversian system) fracture and longitudinal (parallel toHaversian system) fracture. Because the fracture area
under the compression-bending coupling loadwas larger than that under the single bending load, the energy
consumptionwas also larger. Finally, the bending strength increased, but the fracture degree was also larger.

3.2.Discussion
Asmentioned above, it was observed that themechanical response andmulti-scale deformationmechanism of
bonematerial was influenced under compression load, by variations of the surface strain distribution, crack and
fracture pattern. Under the compression load, the circuitous fracture edge and orthogonal fracture patternwas
presented, with the larger fracture energy consumption. Finally, the bending strength increased. To further
investigate the potentialmechanism theoretically, the effects of each load to bending properties (bending
strength and bending deflection)were analyzed. As shown infigure 9, themechanicalmodel of the
compression-bending coupling load is established.

As shown infigure 9, it could be observed the bendingmomentM1, from component force F1, could
promote the bending deflection. An opposite effect was shownonmomentM2. BothM1 andM2 all acted on
point C. Based on the analysis above, the coordination effects of promotion and inhibitionwere the potential
reasons for the variations of bending effects. However, the integration effects kept unknown [30, 31].

The hypothesis was proposed that the deformation of the compression sideAB and the tension sideO1O2

was all continuous and homogeneous. In other words, surfacesAB andO1O2were assumed to be cambered
surfaces. Therefore, the bendingmomentM1andM2could be calculated according to equation (7), (8).
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In the equations, Fc is the compression load, L is the length of specimen,α is the inclination angle of
terminal, b is the thickness of specimen, k is the bending deflection.

Figure 7.Comparison diagramofmacroscopic fracture appearance of the cortical bone specimens (a)No compression load (b) 500N
compression load (c) 1000N compression load (d) 1500N compression load.
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The numerical calculationwas carried out, and the bendingmoment-deflection (M-k) curves are shown in
figure 10.

It could be observed from figure 10 that the bendingmomentM1 increased atfirst and decreased then, with
the increasing of the bending deflection. BendingmomentM2 always decreasedwith the increasing of bending

Figure 8.Comparison diagramofmicrocosmic fracture appearance of specimens (a)Compression load (b)Bending load (c) 500N
compression load (d) 1000N compression load (e) 1500N compression load.

Figure 9.Mechanicalmodel of cortical bone under compression-bending coupling load.
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deflection. By contrast, the initial value ofM2was bigger than that ofM1.When bending deflectionwas over the
threshold value,M1was bigger thanM2. Asmentioned in themechanical analysis, the effect of bendingmoment
M1 andM2 to bending deflectionwas promotion and inhibition, respectively. Therefore, it could be seen that the
increasing of bending deflectionwas impeded atfirst and promoted subsequently. Based on the analysis above,
as shown infigure 3, the fracture deflections of all the specimens were less than the critical value 1.6mm in
figure 10. Therefore, the bendingmomentM2was always bigger than the bendingmomentM1 until thefinal
fracture. The inhibition effect was exhibited throughout thewhole process of fracture, so that it was protected
from invasion of external load. In order to overcome this inhibition effect, a larger bending loadwas required.
Therefore, the bending strength increased under the compression load, as shown infigure 5. The obtained
results infigure 10were consistent with descriptions of the bending stress-deflection curves infigure 3 and
variations of average bending strength infigure 5.

Cortical bone fracture was the result of strain redistribution, and the bending strength of the bonematerial
was considered tomainly depend on its compression strength [20]. In this research, the compression extents of
both tension and compression surfaces under the compression loadwere all increased, and the strain
redistribution of the tension surface implied that the neutral axis of the bone specimenmoved towards the
compression surface. In the inelastic regime, the volume of cortical bone under compression loadwas nearly
constant. Ebacher also considered that tension strain rate increased faster than its compression strain rate [20].
Therefore, the strain redistribution of the tension surfacemight bemuch heavier. It waswell known the
compression strength of bonematrix was bigger than its tension strength, so themicro-crack initiated from the
tension surface firstly. Haversian system served as the energy absorber to prevent and delay the crack
propagation [32]. Therefore, adding the compression load, the bigger elongation in tension surfacewas achieved
untilfinal fracture, so that it resulted in a greater damage and a larger bending strength. It was consistent with
figure 7.

In terms of themechanical response under the bending load, Currey observed that post-yield deformation
was one of themain factors to determine the bending strength [33]. As shown in figure 3, it could be seen that the
post-yield deformation under the single bending loadwas obvious. Therewas no obvious post-yield
deformation under compression-bending coupling load. It could be some correlationswith the larger damage
range under compression-bending coupling load. Aswaswell known, the inelastic strains occurring in bone
weremainly associatedwithmicro-damage [34–36]. Themicro-damagemorphologies in both compression
surface and tension surfacewere totally different [37], because of the different carrying capacity of the collagen
fibers and hydroxyapatitemicrocrystal under the compression strain and tension strain [38]. In this research,
compared to single bending load, the cortical bone specimens under the compression-bending coupling load
have been shortened previously, resulting in a reduced size of the collagen fibers and hydroxyapatite
microcrystal in the long axis direction. Themicro-porosity between themineralized collagen fibers staggered
structure decreasedwith thematrix shrinkage effect. Therefore, the increase of deformationwas growingly
difficult. To overcome the bigger binding force in themicrostructure of bonematerial, the bigger deflection and
bending strengthwere needed than that under the single bending load pattern. It was consistent with the
descriptions infigure 3.

Figure 10.Bendingmoment-deflection (M-k) curves.
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Trebacz considered that the anisotropywasweakened under the compression load because of the shifting
and friction between collagen lamellae and their gradual separation [39]. It was consistent with the descriptions
infigure 6. Although the low anisotropy could result in a decreasedmechanical property, the restricted
connections at both ends hindered the fracture. At the same time, the strain concentration in themiddle area
before thefinal fracture was bigger than that under single bending pattern. Therefore, the fracture area and range
were enlarged. It was consistent with the variation of anisotropy of the cortical bone infigures 7 and 8. It could be
seen that the compression loadweakened the anisotropy of cortical bone, but also provided a resistance to the
disadvantage from low anisotropy. It was also consistent with the research of Currey, the cortical bone could still
carry load even after large deformation under the compression load [40]. In this perspective, the compression
load influenced the bending behaviors by changing the anisotropy of the cortical bonematerial.

In a homogenousmaterial, the straight crack propagation needs less energy dissipation, whereas in a
heterogeneousmaterial, the tortuous crack propagation needsmore energy [41, 42]. Therefore, as a natural
heterogeneity biomaterial [38, 43], the tortuous crack propagation under the compression-bending coupling
loadwas the potential reason for the increased bending strength [20]. Based on the discussions above, the
researchfindings could bemutually confirmedwith the previous studies.

4. Conclusions

In this paper, themechanical response of cortical bone under the compression-bending coupling loadwas
investigated by in-situ experiment. The deformationmechanismwas discussed from the strain evolution and
multi-scale structure of bonematerial. Conclusions are drawn as follows:

(1) Our date indicated that the bending strength increased under compression-bending coupling load than
single bending load. Compared to the single bending load, the surface principal strain presented amore
significant gradient under the compression-bending load. The anisotropy of the cortical bone specimen
decreased under the compression-bending coupling load than single bending load.

(2) The compression loadweakened the anisotropy of the bonematerial, but also provided a slow-release to the
disadvantage from the low anisotropy. The double-edge effect was shown about the compression load,
which caused the ultimate bigger bending strength and also the bigger disruption. Therewas a critical
deflection between the protective effect and destructive effect of compression load.

(3) The objective service mechanical properties of cortical bone should be investigated deeper considering the
shape of thewhole bone and themuscle wrapped around the bone. For future research, it is necessary to
create a complicated bone-muscular system and investigate themechanical response of thewhole system.
This would bringmore beneficial discoveries. This researchwould provide the theoretical references for the
mechanical reliability evaluation of the bone substitutematerials, and also provide the reference evidences
for developing of the avoidance strategy on the dangerous stress conditions and for identifying of different
damage conditions.
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