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Aggravated stress fluctuation and mechanical size
effects of nanoscale lamellar bone pillars
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Abstract
The size effects of mechanical properties influence the microdeformation behaviors and failure mechanisms of
hierarchical lamellar bones. Investigations of the continuous deformation behaviors and structure–behavior–property
relationships of nanoscale lamellar bones provide essential data for reducing the risk of fracture. Here, five pillars with
diameters ranging from 640 to 4971 nm inside a single lamella were fabricated. In situ pillar compressive tests inside a
scanning electron microscope directly revealed the diameter-dependent enhanced strength, ductility, and stress
fluctuation amplitude. Real-time observations also revealed the segmented deformation and morphological
anisotropy of pillars with smaller diameters and the slight elastic recovery of pillars with larger diameters. The critical
diameter leading to the brittle-to-ductile transition was confirmed. The “analogous to serrated flow” stress fluctuation
behaviors at the nanoscale exhibited a significant size effect, with coincident fluctuation cycles independent of
diameter, and each cycle of the fluctuation manifested as a slow stress increase and a rapid stress release. The
discontinuous fracture of collagen fibrils, embedded enhancement of hydroxyapatite crystals, and layered dislocation
movement on the basis of strain gradient plasticity theory were expected to induce cyclical stress fluctuations with
different amplitudes.

Introduction
As important carriers of the mechanical support and

mineral metabolism of vertebrates, including humans,
cortical bones utilize hierarchical and ordered mineralized
collagen fibrils and embedded hydroxyapatite (HA) crys-
tals to create resistance to fracture at both macroscopic
and microscopic scales1,2. The rigid–flexible coupling
performance of collagen and HA owing to the complex
anisotropic and heterogeneous microstructure3,4 causes
significant differences in mechanical responses correlated
with various loading types5,6, sampling orientations7,
loading rates8, ages9,10, diseases11, in vivo environments12,
degrees of dehydration13 and geometrical effects14.
Although great progress has been made in understanding

the mechanical properties and failure mechanisms of
cortical bones at the microscale, an accurate under-
standing of the micromechanical behaviors of lamellar
bones at the nanoscale could provide support for the
development of bone biomechanics and biomimetic arti-
ficial bone materials15,16. For instance, at the microscale,
the depth-sensing nanoindentation measurement techni-
que allows not only obtaining the hardness and Young’s
modulus distributions of microregions but also deter-
mining the nanomechanical heterogeneity17–21. In parti-
cular, combined with atomic force microscopy (AFM)-
based nanoindentation with an indenter tip radius less
than 15 nm, high-resolution mechanical tests based on
nanoscale indentation depth and micronewton scale
indentation load were performed and facilitated to obtain
nanomechanical property maps and energy dissipation
mechanisms22. Although the biomechanical testing of
lamellar bones with hierarchical microstructures has
revealed their superior performance in overcoming the
strength–ductility trade-off, the establishment of the
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structure–behavior–property relationships of lamellar
bones at the micro/nanoscale remains a challenge23 due
to nanoscale heterogeneity24, energy dissipation22, data
scatters of strength9,12 and toughness25,26. Considering
the diversity of the orientation and distribution of col-
lagen fibrils and HA crystals27, a change in the volume
fraction of collagen fibrils and HA crystals inside a bone
lamella would intensify the variability and complexity of
the deformation behaviors at the nanoscale. In particular,
the lack of in situ observation of microstructural evolution
has restricted real-time measurements of the anisotropic,
heterogeneous, and post-yield deformation behaviors of
lamellar bones.
In situ mechanical testing is frequently used for the real-

time investigation of the structural evolution of lamellar
bones combined with the stress−strain relationship28 and
can quantitatively discover the morphological aniso-
tropy29, crack nucleation and propagation30, dis-
continuous splitting31, interfacial shearing behaviors13

and cooperative deformation of mineralized composition
and collagen fibrils32. For instance, Gupta et al. carried
out tensile testing of hydrated bovine parallel-fibered
bone combined with in situ high-brilliance synchrotron
radiation to establish the relationship between fibril strain
and tissue strain33 and investigated the inhomogeneous
deformation of collagen fibrils at the nanoscale34. Among
the diversified in situ biomechanical testing technologies,
in situ scanning electron microscopy (SEM) micropillar
compression exhibits unique advantages, including con-
trollable and accurate preparation of pillars and con-
tinuous loading with high resolution and observation of
the entire pillar surface with a wide field of view. It is
available for the investigation of significant variations in
the mechanical properties of pillars with various dia-
meters or length–diameter ratios. In particular, when
carrying out AFM-based in situ nanoindentation, the
structural interference between the indenter tip and sur-
face can cause a blind zone underneath the indenter.
Schwiedrzik et al. carried out in situ micropillar mono-
tonic and cyclic compressive tests on micrometer-sized
pillars (with a diameter of 5.21 µm) to investigate the
evolution of the mechanical response of a single osteon
lamella, and the enhanced strength, ductility, and transi-
tion from a quasi-brittle response at the macroscale to a
ductile response at the microscale were experimentally
revealed34. The in situ SEM compression and transmis-
sion electron microscopic characterization of a 4.73 µm
micropillar from a hydrated bone extracellular matrix also
revealed anisotropic nanoscale deformation behavior
owing to localized shearing and axial splitting13. Tertu-
liano et al. fabricated a series of pillars with diameters
ranging from 250 to 3000 nm, and a brittle-to-ductile
transition and enhanced compressive strength with
decreasing diameter were also experimentally revealed 35.

Nevertheless, considering the significant effect of col-
lagen fibril orientation on the fracture energy (by two
orders of magnitude)36 and the inherent orientation dif-
ferences between the collagen fibril and pillar axes, the
continuous microstructural evolution under stress needs
to be further investigated through in situ experiments.
The critical pillar diameter corresponding to the brittle-
to-ductile transition and elastic–inelastic recovery after
post-yield failure is still unclear. In addition, similar to the
serrated flow phenomenon of bulk metallic glass, which
exhibits regular and periodic load fluctuations caused
by the consumed elastic energy and shear band move-
ment37–39, previous studies have revealed the stress-
induced discontinuous fracture, shearing, and bending of
collagen fibrils13,32,40 and dislocation movement inside
HA crystals41, which might also result in severe stress
fluctuations during the post-yield stage. Considering the
volume fraction change in collagen fibrils and HA crystals
in pillars with various diameters, the anisotropic defor-
mation behaviors and stress fluctuations similar to the
serrated flow phenomenon need to be further revealed for
larger-sized pillars. Through in situ SEM compression of
pillars with diameters ranging from 640 to 4971 nm, this
paper focuses on the mechanical size effects of nanoscale
lamellar bones, including the enhanced strength, ductility,
and stress fluctuation amplitude of micro/nanoscale
lamellar bones. Real-time observation of the compressive
deformation behaviors directly reveals the morphological
anisotropy and critical diameter to induce the brittle-to-
ductile transition. Combined with a proposed hypothesis
on the discontinuous fracture of collagen fibrils and
layered dislocation movement on the basis of strain gra-
dient plasticity theory, the “analogous to serrated flow”
stress fluctuation of nanoscale pillars is reasonably
explained.

Materials and methods
Fresh bovine femoral bones were selected to prepare the

pillars. The cortical bones were sliced from the middle
femur, wrapped with medical cotton, and soaked in
−20 °C normal saline42. Thin plate-like lamellar bones
with a thickness of 2 mm along the radial direction were
cut, and transverse sections perpendicular to the long
axis26 were mechanically polished to facilitate the selec-
tion of osteons. The focused ion beam (FIB) technique
(Helios Nanolab 600, Dual Beam FIB, FEI system, Hills-
boro, OR, USA) was used to fabricate five pillars with
diameters ranging from 640 to 4971 nm inside a single
lamella. The sampling locations of five pillars around the
Haversian canal inside a single lamella were confirmed by
differentiating the interfaces between different concentric
lamellae in a distinctly visible SEM micrograph of a single
osteon43, as illustrated in Fig. 1a. To weaken the effect of
the collagen fibril orientation on the size effect of pillars,
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through the FIB technique, five pillars inside a single
lamella with diameters of 640, 878, 1091, 3066, and
4971 nm and approximately uniform collagen fibril
orientations were fabricated. To reduce the measurement
error of the mechanical parameters, three pillars for each
diameter were fabricated inside the same lamella. As seen
from Fig. 1b, the minimum spacing between the parallel
axes of pillars was larger than 20 μm, which prevented the
structural interference of the flat indenter. The safety
distances in a range from 34 to 56 μm between the center
of the Haversian canal and the pillars’ axes prevented the
oblique movement of the pillars toward the flexible
Haversian hollow structure, as obvious cracks with radial
features and width at a submicron scale were observed
around the Haversian canal. To prevent the potential
buckling of pillars and considering the visualization
requirement of microstructural evolution during the
real-time in situ monitoring process, a uniform
length–diameter (l–d) ratio of 2:1 was designed for pillars
with diameters in a range from 640 to 4971 nm according
to ASTM E9-89a44. It should be noted that on the basis of
an l–d ratio of 2:1, previous literature has revealed that a
5 μm diameter pillar exhibited axial bulk splitting13 and
induced a significantly irregular fluctuation in compres-
sive stress45. Attributed to the potential risks of brittle
fracture and the transient splitting of a micropillar with a
relatively larger diameter, an l–d ratio of 1:1 was designed
for the 4971 nm diameter pillar, which also met the
requirements of the l–d ratio range for the compressive
testing of short cylindrical specimens in ASTM E9-89a44.
Thus, the potential discontinuity of stress-strain curves
and corresponding measurement errors of mechanical

parameters induced by the transient splitting effect could
be effectively avoided.
Furthermore, as shown in Fig. 1c, the in situ compres-

sive tests were carried out by using a Hysitron PI 85L
PicoIndenter inside a SEM (Helios Nanolab 600, FEI
system, Hillsboro, OR, USA). The pillars were located
inside the corresponding circular grooves with a uniform
diameter of 25 μm and heights equal to the pillar heights.
Although an inherent crack with a width at the submicron
scale was observed on the fabricated surface, the smooth
cylindrical surfaces of all five pillars indicated the struc-
tural integrity inside the pillars. During the uniaxial
compressive process, a flat diamond indenter with a
bottom diameter of 10 μm was immediately above the
pillars. The testing processes can be divided into three
steps, including a loading step with a constant displace-
ment rate of 5 nm/s, a constant displacement step lasting
for 15 s when the displacement reached the compressive-
failure displacement, and an unloading step after keeping
the displacement constant with the same displacement
rate compared with the loading step. The engineering
stresses were calculated by dividing the compressive loads
by the cross-sectional areas of the top surfaces of the
pillars. Furthermore, the engineering strains were directly
calculated as the ratios of the axial compressive dis-
placements to the initial heights of the pillars46. High-
resolution transmission electron microscopy (HRTEM)
characterization was carried out to reveal the stress fluc-
tuation mechanism and discover the distributions and
movements of collagen fibrils and HA crystals in a
compressive-failed pillar. TEM micrographs (using a
JEOL JJEM-2100F, field emission electron microscope)

Fig. 1 Preparation of five pillars with various diameters inside a single lamella. a Sampling locations of five pillars around the Haversian canals;
b specific parameters of pillars fabricated through the focused ion beam technique with diameters in a range from 640 to 4971 nm; and c illustration
of the relative position between a flat diamond indenter and the 4971 nm diameter pillar.
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were captured to distinguish the attributes of the collagen
fibrils and HA crystals. The FIB technique (using FEI
Helios Nanolab 600) was used to fabricate a thinned
rectangular specimen. The symmetry plane of the rec-
tangular region coincided with the pillar axis to observe
the interior rather than surface microstructures. In addi-
tion, two theories were proposed to reasonably explain the
stress fluctuation mechanisms in the stress−strain curves.
The discontinuous fracture of collagen fibrils and the
oblique effect of HA crystals were used to describe the
macroscopic stress fluctuation behavior. A layered dis-
location movement theory on the basis of strain gradient
plasticity theory was also proposed to elaborate the
microscopic stress fluctuation behaviors.

Results
The mechanical properties of pillars with different dia-

meters were directly revealed through compressive stress
−strain (σ–ε) relationships, as shown in Fig. 2. The
experimental evidence indicated the enhanced strength,
ductility, and stress fluctuation amplitude of pillars with
decreasing diameter. When subjected to uniaxial com-
pressive stresses, all σ–ε curves exhibited initial elastic
deformation behaviors owing to the linearly increasing
stress in terms of strain and distinct yield stages47. In
particular, significant stress fluctuations accompanied by
slow stress increases and rapid stress release phenomena
were visible in the post-yield deformation stages. During
the constant displacement steps after the last stress fluc-
tuation cycles, the engineering strains reached the com-
pressive failure strains, and the slowly decreasing stresses
on the basis of constant strains were mainly attributed to
the stress relaxations of the pillars, which induced the

nonmonotonicity of the engineering σ–ε curves. With
regard to the unloading processes, all the pillars exhibited
consistent elastic recovery behaviors with the same slopes
compared with the corresponding linear elastic loading
processes, as the top surface of the pillars kept contact
with the indenter during the entire unloading process.
The total elastic recovery strains also indicated a sig-
nificant size effect. As seen from Fig. 2a, four notable
aspects of the mechanical behaviors dependent on the
pillar diameter were determined from the σ–ε curves.
First, an extremely significant strength enhancement
trend was verified (Fig. 2b). The compressive strength σb
gradually increased from 0.952 ± 0.123 GPa for the
4971 nm diameter micropillar to 1.771 ± 0.217 GPa for the
878 nm diameter pillar. A previous study revealed a
similar compressive strength of 0.75 ± 0.07 GPa along the
axial direction of a 5 μm micropillar extracted from a
dehydrated cortical bone34. In particular, σb of the 640 nm
diameter pillar reached 2.004 ± 0.233 GPa, which is
approximately 15 times greater than the macroscopic
values according to the report of Zhang et al. on a
strength statistical analysis of bovine femoral cortical
bone tissues41. The extremely enhanced strength at the
micro/nanoscale indicated a significant difference from
previous simulation studies on the strength differences
between the macroscopic and microscopic values descri-
bed by Lucchini et al.2. Second, to equivalently represent
the compressive ductility and failure strain, the variation
tendency of the residual compressive ratio δ, which
denoted the critical failure strain excluding elastic
recovery and was defined as the difference between the
maximum compressive strain δmax and the elastic recov-
ery strain δe, could be described by dividing the difference

Fig. 2 Size effects on the mechanical properties of pillars with different diameters. a engineering stress-strain (σ–ε) curves of pillars with
diameters ranging from 640 to 4971 nm subjected to uniaxial compressive stresses; corresponding variations in mechanical parameters to directly
reveal the size effects: b compressive strength σb; c compressive ratio δ; d total yield strain range Δεs; and e stress fluctuation amplitude Δσ.
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between the maximum compressive displacement Δlmax

and elastic recovery displacement Δls by the initial pillar’s
height lo, as described in Eq. 1. As shown in Fig. 2c, δ also
indicated significantly enhanced ductility. Even the
4791 nm diameter micropillar exhibited a compressive
ratio δ of 0.062, which is larger than the macroscopic
value (approximately 0.024)32. As the diameter gradually
decreased from 3066 to 640 nm, δ rapidly increased from
0.093 to 0.299. This phenomenon directly illustrated the
transition from a quasi-brittle mechanical response at the
microscale to a ductile response at the nanoscale. The
post-yield plastic behavior with high ductility compared
with macroscopic cortical bones was also consistent with
the statement of Schwiedrzik et al.34. Third, similar to the
variation tendency of the compressive strength, the total
yield strain range Δεs, which was calculated by subtracting
the strain corresponding to the initial upper yield point in
yield stage εσus from the strain corresponding to the last
lower yield point in yield stage εσls, as described in Eq. 2,
increased with decreasing pillar diameter. In particular,
the increasing trend was approximately linear for pillars
with diameters in the range from 4791 (Δεs of 0.69 × 10−3)
to 878 nm (Δεs of 3.89 × 10−3). However, Δεs of the
640 nm diameter pillar sharply increased to 10.71 × 10−3,
which indicated that at the nanoscale, a small decrease in
pillar diameter would lead to a sharp increase in the total
yield strain range (Fig. 2d). Although a previous study
revealed axial strain-softening behavior with obvious yield
stages through monotonic micropillar compressive
tests13, diameter-dependent continuous yield stages were
not visible in the axial stress−strain curves. Considering
the simultaneously increased volume fraction of single
collagen fibrils and HA crystals inside a pillar at the
nanoscale with decreasing diameter, the size-dependent
enhancement of δ and Δεs was definitely related to the
distribution and movement of collagen fibrils and HA
crystals. Finally, different from typical smooth σ–ε curves
with regular strain-hardening stages, the compressive σ–ε
curve exhibited a stress fluctuation to varying degrees
dependent on the pillar diameter. This phenomenon is
different from previous studies, as no obvious stress
fluctuation was observed on 250 and 500 nm diameter
lamella pillars35. During each cycle of stress fluctuation, as
shown in Fig. 2e, a slow stress increase with the same
increasing slope as the linearly elastic stage indicated a
strong resistance to deformation owing to the distribution
and movement of collagen fibrils and HA crystals. Then, a
sharp stress-release stage with a gradually increasing
derivative was visible. The stress fluctuation amplitude Δσ
was closely related to the diameter. Specifically, Δσ for the
4791 nm diameter micropillar was only 3MPa, but at a
submicron scale, Δσ significantly increased to 342
and 635MPa for the pillars with diameters of 878 and
640 nm, respectively. According to previous studies, the

mechanical responses of cortical bones at a millimeter-
scale (as stated by Zhang et al.42) and a microscale34 both
exhibited smooth σ–ε curves with strain-hardening stages
and without visible stress fluctuation behaviors. Although
a very small deformation fluctuation with an amplitude of
hundreds of microns was observed from the macroscopic
creep strain as a function of time48, the enhanced stress
fluctuation amplitude at the nanoscale was revealed for
the first time. In addition, regarding the pillars with dia-
meters smaller than 1091 nm, the numbers of stress
fluctuation cycles were all coincidentally counted as nine
independent of the diameter. With regard to the 3066 nm
diameter micropillar, the number of cycles was larger than
10. This phenomenon demonstrated that the total num-
ber of stress fluctuation cycles was closely related to the
volume fraction of collagen fibrils and HA crystals inside a
pillar. Nevertheless, at the nanoscale, the minimum
number of stress fluctuation cycles until compressive
failure inside a single lamella was consistent.

δ ¼ δt � δe ¼ Δlmax � Δle
lo

ð1Þ

Δεs ¼ εσus � εσ ls ð2Þ

To further describe the size effects on the mechanical
properties of lamellar bones, the quasistatic micro-
deformation behaviors and continuous morphological
evolution of five pillars were investigated in real-time via
SEM (using an FEI Helios Nanolab 600i Microscope).
During the post-yield plastic deformation stages, the
corresponding morphologies on the basis of four strain
values are shown in Fig. 3. The strain values involved 25%
maximum plastic strain 25% δb (δb denotes the maximum
plastic strain without considering the elastic recovery),
50% δb, 75% δb, and 100% δb before critical compressive
collapse failure. The morphologies after complete
unloading were also captured to investigate the elastic or
inelastic recovery behaviors. The profiles of the pillars
were highlighted in the compressive morphologies to
facilitate the in situ observation. Corresponding to the
strain stages with 25% δb, 50% δb, 75% δb and δb, the
640 nm diameter pillar successively exhibited plastic
deformation responses, including local unilateral shrink-
ing at 25% δb, downward movement of shrinkage at 50%
δb, the disappearance of shrinkage and longitudinal
expansion owing to Poisson’s effect at 75% δb, and reap-
pearance of shrinkage combined with minimal plastic
collapse at δb. After completely unloading the flat dia-
mond indenter, clear elastic recovery was visible. As seen
from the profiles, significant morphological anisotropy
was confirmed. The gradually aggravated shrinkage
behavior when subjected to compressive stress and local
plastic collapse was also visible for the 878 nm diameter
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pillar. A tendency toward a mushroom structure with
increased curvature adjacent to the flat indenter indicated
a local plastic flow near the contact surface. The
mushroom-shaped deformation located at the top surface
of the pillars did not extend downward and completely
disappeared after elastic recovery. Similarly, the unilateral
shrinkage movement also indicated significant morpho-
logical anisotropy. With a pillar diameter of 1091 nm,
except for similar phenomena, including unilateral

shrinkage deformation in the middle part of the micro-
pillar, elastic recovery, and morphological anisotropy,
mushroom-shaped deformation also maintained its pre-
vious appearance after unloading the indenter. The seg-
mented deformation behaviors for pillars with diameters
smaller than 1091 nm were confirmed due to the
appearance, disappearance, and reappearance of shrink-
age in the upper part of the micropillars. Furthermore, the
3066 nm diameter micropillar exhibited completely

Fig. 3 Real-time compressive deformation behaviors of pillars. Through in situ SEM compressive tests, the segmented and anisotropic
deformation behaviors of pillars with diameters ranging from 640 to 1091 nm and the isotropic deformation behaviors of pillars with diameters
ranging from 3066 to 4971 nm were revealed. Elastic recovery, local plastic flow, shrinkage, and even collapse were visible in pillars with relatively
smaller diameters. Slight elastic recovery for pillars with relatively larger diameters was also observed.
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different deformation characteristics, as the micropillar
was evenly and steadily compressed without obvious
plastic flow or shrinkage, which indicated an isotropic
morphological change. However, an obvious elastic
recovery was also visible. The obvious layered and seg-
mented deformation behaviors observed from the con-
tinuous uniaxial compressive processes agreed with the
segmented deformation characteristics stated by Kochet-
kova et al.45 and Wang et al.46 although no obvious stress
fluctuation behaviors were confirmed in the post-yield
plastic deformation stages in their studies. When the
diameter reached 4971 nm, a quasi-brittle response
including visible cracks adjacent to the contact surface
accompanied by slight recovery after the unloading and
recovery of local depression was confirmed. In particular,
at δb, an obvious depression on the top surface of the
micropillar immediately above the tip of a crack indicated
a partially plastic mechanical response. Therefore, the
in situ observation of morphologies illustrates a
mechanical response transition from ductility to quasi-
brittleness, which also agrees with a statement by
Schwiedrzik et al.34 on a comparison between macro-
scopic and microscale deformation behaviors. Through
in situ SEM compressive tests, the segmented and ani-
sotropic deformation behaviors with the obvious elastic
recovery of pillars at the nanoscale and the isotropic
deformation behaviors with slight elastic recovery at the
microscale were revealed. Although Koester et al.25

revealed the anisotropic behavior of crack propagation

along both transverse (breaking) and longitudinal (split-
ting) directions, and the anisotropy of post-yield plastic
deformation behaviors and morphological differences at
the nanoscale were directly observed. As the diameter
gradually decreased, the volume fraction of single collagen
fibrils inside a pillar increased, and the flexible effect of
collagen fibrils on the enhanced ductility was gradually
intensified at the nanoscale.
Evidence of the transition from ductility to quasi-

brittleness49 related to diameter was directly revealed by
analyzing the fracture morphologies of compressive-
failure pillars. As seen from the global fracture
morphologies shown in Fig. 4a, the heads of mushroom-
shaped structures with larger and smaller curvatures were
observed from the morphologies of the 640 and 878 nm
diameter pillars, which indicated that an obvious plastic
flow induced local collapse adjacent to the contact sur-
faces. This phenomenon also illustrated the segmented
deformation behaviors of the lamellar bone pillars at the
nanoscale, as no obvious plastic deformation was
observed away from the contact surfaces. The curvatures
of the bottom edges of the mushroom-shaped structures
gradually decreased as the diameters increased from 640
to 1091 nm, accompanied by gradually weakened ducti-
lity. The 1091 nm diameter pillar exhibited a quasi-ductile
morphology with partially brittle characteristics, as
microcracking and splitting structures appeared at the
edges of the mushroom-shaped structures. A quasi-brittle
fracture morphology without plastic mushrooms mixed

Fig. 4 Ductile-to-brittle transition with decreasing pillar diameter. a global fracture morphologies; b corresponding top views, as mushroom-
shaped structures with large curvature and obvious splitting cracks were visible.
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with a strip-shaped depression adjacent to a critical
splitting structure and an already formed splitting struc-
ture was also confirmed. In addition, different from the
monotonic compressive morphologies of a 4.73 μm dia-
meter micropillar (l–d ratio: 2.35) with localized shear
deformation and axial splitting13, the diameter-dependent
brittleness was fully embodied in the 4971 nm diameter
micropillar. Obvious longitudinal and transverse cracks
running through the micropillar were also visible, and a
separate boundary at the bottom also illustrated a brittle
splitting trend. As seen from the top of the pillars (Fig.
4b), as the quantity and area fractions of edge cracks
gradually increased as the diameter increased, especially
considering the scattered fragments of the 4971 nm dia-
meter pillar, the mechanical response transition from a
ductile feature at the nanoscale to a mixed ductile-brittle
feature at the scale of one micron and then to a brittle
feature at the scale of several microns was further verified.
Although the effect of dehydration has been verified to
cause a transition from quasi-brittle (wet bone) to brittle
material (dry bone)35, the size effect-induced brittle-to-
ductile transition at the nanoscale was directly confirmed
through the failure morphologies.

Discussion
HRTEM characterization was carried out to distinguish

the attributes of collagen fibrils and HA crystals and
obtain the distributions of collagen fibrils and HA crystals
in a compressive-failed pillar. As seen from Fig. 5, a
thinned TEM specimen with a thickness of 100 nm

parallel to the long bone axis24 inside the 1091 nm dia-
meter pillar was fabricated. As seen from the HRTEM
micrograph, obvious local shrinkage with a curvature
radius over 1 μm revealed the abovementioned aniso-
tropic deformation behavior50. Adjacent to the shrinkage
microregion, the orientations of collagen fibrils were
approximately parallel to the edge profile of the shrinkage,
which indicated that the stress concentration effects
induced by the local shrinkage have caused a directional
bending effect on the collagen fibrils51. A local bright-field
image and selected area electron diffraction (SAED) pat-
tern of isolated bright zones in the HRTEM micrograph
revealed the microstructure of the HA crystals due to the
obvious crystalline spots, rather than halo rings without
spot distribution. The interspersed strip-shaped micro-
structures also indicated the features of collagen fibrils13.
Furthermore, the bending and fracture of the collagen
fibrils and the oblique effect of the HA crystals were also
directly observed from the magnified micrographs in two
randomly selected microregions (A and B). A previous
study indicated that homogeneous bone deformation
consisted of deformed fibrils and shearing movement in
the interfibrillar matrix between fibrils33,52. The initial
orientation difference between the vast majority of col-
lagen fibrils and the axis of the pillars was calculated to be
approximately 30°. A number of collagen fibrils with
lengths over 100 nm were clearly visible. The HRTEM
micrographs exhibited periodically arranged collagen
fibrils, which was consistent with previous studies
regarding the structure of lamellar bones40. In particular,

Fig. 5 HRTEM micrographs of a compressive-failure 1091 nm diameter pillar through FIB thinning. Bent and fractured collagen fibrils were
directly observed in two randomly selected microregions (A and B). SAED patterns with obvious diffraction spots indicated the features of HA crystals,
bent and fractured short fibrils with multiple orientations, and the oblique phenomenon of HA crystals was visible.
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quite a few bent and fractured short fibrils with multiple
orientations were also observed. Regarding the HA crys-
tals, with a similar initial orientation compared with the
collagen fibrils, local oblique behaviors with approxi-
mately consistent oblique angles indicated that the HA
crystals maintained a stable embedded state. In particular,
adjacent to the HA crystals, the collagen fibrils exhibited a
tendency to accumulate and converge. This result indi-
cated that the brittle HA crystals restricted the directional
movement of flexible fibrils. The bent and fractured short
fibrils with multiple orientations improved the resistance
to deformation of the pillars.
Since the in situ SEM compressive tests revealed the

diameter-dependent stress fluctuation phenomenon of
the pillars and the HRTEM micrographs of a
compressive-failure pillar also revealed bent and fractured
short fibrils with multiple orientations and the oblique
phenomenon of HA crystals, the distribution, and orien-
tation of the collagen fibrils and HA crystals might affect
the stress fluctuation behaviors. A strength-enhancement
theory was proposed to explain the macroscopic slow
stress increase and rapid stress decrease behaviors during
a stress fluctuation cycle. The distribution of collagen
fibrils and HA crystals is illustrated in Fig. 6a. The
orientations of collagen fibrils inside different pillars were
considered approximately uniform and independent of
the pillar diameter, as the five pillars were fabricated
around a Haversian canal inside a single lamella. HA
crystals with a uniform distribution exhibited an array
layout and were embedded between the gaps of collagen
fibrils. Combined with the brittleness of the HA crystals50

and the toughness effect of the collagen fibrils27, the
ductility of the collagen fibrils may play a dominant role in
the compressive deformation behavior of pillars at the

nanoscale. Considering the difference β between the axis
of the pillars and the initial orientation of the collagen
fibrils, when subjected to a uniaxial external compressive
load, the collagen fibrils will suffer from compressive-
bending combined stress.
Moreover, a discontinuous fracture theory for collagen

fibrils under compressive-bending combined stress con-
ditions was proposed. Considering that bone strength and
stiffness are closely related to the arrangement of collagen
fibrils at the nanoscale53, collagen fibrils with different
axial lengths and length–diameter ratios inside a single
pillar will exhibit various stress responses on the basis of
identical combined stress conditions. During a cyclic
period of stress fluctuation, collagen fibrils exhibited a
considerable ability to take stress due to their ductility33.
Therefore, with an increase in compressive-bending
combined stress, the pillar will produce a gradually
enhanced resistance to deformation54. It would also
exhibit a relatively slower stress increase rate, accom-
panied by shrinkage in axial length Δcyc-i. The bending
component Fb (described as:F sin β

nc
) of collagen fibrils will

induce the corresponding functions of deflection curve
fb(x), maximum angle θha-b and deflection fb, as shown in
Eq. 3, where Ec, nc, dc, and lo denote Young’s modulus, the
quantity of collagen fibrils, initial diameter, and length of
pillars, respectively. Therefore, the length of a bent col-
lagen fibril lb can be calculated via the definite integration
of the derived form of fb(x), as shown in Eq. 4. Specifically,
the angle θha-x denoted the first-order derivative of fb(x),
and lb was considered the integration of the reciprocal
value of cos θha-x

55. The simultaneous compressive com-
ponent Fc (described as:F cos β

nc
) would also induce a dis-

placement fc parallel to the bent collagen fibril derived
from lb. Therefore, the movement distance fha and oblique

Fig. 6 Proposed theories involving the bending of collagen fibrils and the oblique effect of HA crystals to explain the stress increase
during the stress fluctuation stages. a Diagram of the distribution of HA crystals and collagen fibrils—the orientations of collagen fibrils were
considered approximately uniform inside a single lamella and independent of pillar diameter—a discontinuous fracture theory of collagen fibrils was
also illustrated involving a slow stress increase process owing to the bending of collagen fibrils and a rapid stress release owing to the instantaneous
fracture of collagen fibrils with relatively large length–diameter ratios; b calculation of oblique angle θha and movement distance fha of a single HA
crystal by analyzing the superposition behavior induced by the bending and compressive stress components.
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angle θha of a single HA crystal were calculated as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

f 2b þ f 2c

q

and the sum of θha-b and θha-c, respectively,

where θha-c denoted the additional angle increase induced
by fc, as shown in Eq. 5.

fbðxÞ ¼ 32F sin β
3Ecπd4c nc

x2ð3l0 � xÞ
θha�b ¼ 32F sin βl2o

Ecπd4c nc
; fb ¼ 64F sin βl3o

3Ecπd4
c nc

8

<

:

9

=

;

ð3Þ

θha�bx ¼ dfbðxÞ
dx

¼ 32F sin β
3Ecπd4

c nc
ð6l0x� 3x2Þ

lb ¼ 2
R lo
0

dx
cos θha�bx

¼ 2
R lo
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ θ2
ha�bx

q

dx

8

<

:

9

=

;

ð4Þ

fc ¼ 4Flb cos β
Ecπd4

c nc
¼ 8F cos β

Ecπd4c nc

R lo
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ θ2
ha�bx

q

dx

fha ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

f 2b þ f 2c

q

θha ¼ θha�b þ θha�c ¼ 32F sin βl2o
Ecπd4c nc

þ arctan 3l3o cos β
8 sin β

R lo
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ θ2
ha�bx

q

dx

8

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

:

9

>

>

>

>

>

>

>

>

=

>

>

>

>

>

>

>

>

;

ð5Þ

According to Eq. 3, a collagen fibril with a large
length–diameter ratio will produce a relatively large
bending angle θha-b and deflection fb, and the fracture will
first occur under low stress. Owing to the potentially
instantaneous fracture of collagen fibrils, the stress will
rapidly decrease accompanied by axial length shrinkage
Δcyc-d. During the subsequent cyclic period, collagen
fibrils with relatively large length–diameter ratios would
transform into relatively short fibrils, which regained the
ability to resist continuous deformation and combined
stress. As seen from the stress fluctuation stages of the

σ–ε curves, Δcyc-d was significantly larger than Δcyc-i. It
also indicated that the fracture of collagen fibrils with
relatively large length–diameter ratios caused a rapid
reduction in the resistance to deformation56. To quanti-
tatively evaluate the oblique effect of HA crystals on
strength enhancement57, the oblique angle θha, and
movement distance fha when subjected to compressive
load F were calculated. Figure 6b illustrates the movement
of a single HA crystal by analyzing the superposition
behavior induced by the bending and compressive stress
components55. Combined with the stress fluctuation
behavior of σ–ε curves, as shown in Fig. 2, the quantitative
relationship between the known amplitude of stress
increment Δσ during the fluctuation stages and the cal-
culated oblique parameters of HA crystals (described as
the angle θha and distance fha of a single HA crystal) were
established according to Eqs. 3−5. Therefore, the initial
collagen fibril orientation β was a crucial factor in deter-
mining the stress response of the pillars, which agreed
with the statement of Peterlik et al.36 on the fracture
energy and toughening mechanisms depending on the
collagen orientation. The proposed macroscopic defor-
mation theory involving discontinuous fracture of col-
lagen fibrils and oblique effect of HA crystals also agreed
with the HRTEM characterization of the distributions of
collagen fibrils and HA crystals in a compressive-failed
pillar in Fig. 5.
Moreover, at the micro/nanoscale, on the basis of strain

gradient plasticity theory58, under quasi-static compressive
stress, the heterogeneous deformation of pillars gradually
propagates from the top to the bottom surfaces along the
axis59. With regard to the pillars with relatively smaller
diameters, due to the boundary effect and interfacial

Fig. 7 Stress fluctuation mechanisms by combining the strain gradient plasticity theory with the dislocation movement analysis. a Layered
deformation behaviors of pillars from the top to the bottom surface on the basis of strain gradient plasticity theory; b slow stress increment induced
by the dislocation movement inside the HA crystal and dislocation pile-up at the fibrillar matrix interface and rapid stress decrease induced by the
dislocation penetration at the interface or dislocation loops inside the HA crystal.
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shearing between the collagen fibrils and extrafibrillar
matrix, as illustrated in Fig. 7a, the layered heterogeneous
deformation behaviors were more significant. Previous
studies have revealed that stress induces a large number of
dislocation defects inside HA crystals, accompanied by the
rotational and translational motion of HA crystals41. On
the basis of a compressive stress σ, the first and second
deformation layers would produce corresponding com-
pressive deformations (Δlc-1, Δlc-2) and rotational angles
(θc-1, θc-2). Evidently, the stress fluctuation behaviors of the
stress−strain curves of the pillars were closely related to
the dislocation movement inside the HA crystals and the
dislocation pile-up and pinning effect at the interfaces
between the HA crystals and fibrillar matrix. Regarding the
pillars with heterogeneous plastic deformations, the
regions nearby or far away from the indenter exhibited
diverse dislocation movement behaviors on the basis of
different degrees of plastic deformations. As shown in Fig.
7b, a layered dislocation movement theory on the basis of
strain gradient plasticity theory was used to elaborate the
microscopic stress fluctuation behaviors. The essence lies
in the dislocation movements inside the HA crystals and at
the interfaces. Specifically, during the post-yield defor-
mation stage, with regard to the upper layer, as the com-
pressive stress gradually increased, a large number of
dislocations nucleated inside the HA crystals, and the
rapid growth of dislocations was accompanied by an
increase in the dislocation density. When the dislocations
moved to the interfaces between the HA crystals and
fibrillar matrix, the interface hindered the further move-
ment of dislocations. The dislocation pile-up resulted in
the increment of stress, and the rate of stress increase was
determined by the rate of dislocation growth and pile-up60.
Furthermore, when a large number of dislocations pene-
trated the interface and the dislocations overflowed from
the free surface of the pillar, the resistance to plastic
deformation of the pillars decreased sharply, which caused
a rapid decrease in stress.
With the further increase in compressive stress, the

plastic deformation propagated to the next deformation
layer. The layered gradient deformation behaviors can be
confirmed by the segmented deformation characteristics
in Fig. 3 and the mushroom-shaped residual morphologies
in Fig. 4. Similarly, the dislocation movement inside the
HA crystal and the dislocation accumulation at the
interface also induced a slow stress increment in the sec-
ond deformation layer. The penetration of dislocations
through the interface and the overflow of dislocations at
the free surface also led to a rapid decrease in stress; thus,
a new stress fluctuation period was formed. When the
plastic deformation further propagated to the bottom layer
of the pillar, the resistance to deformation of the pillar was
exhausted. The above processes ultimately induced stress
fluctuations in different deformation layers. Moreover, as

shown in Fig. 5, the orientations of mineralized collagen
fibrils in the randomly selected pillar morphologies were
almost identical. Therefore, the constitutive relations of
the deformed layers in the pillar were considered to be
approximately consistent. Each deformation layer exhib-
ited the same stiffness under compressive loading, and
during the fluctuation process of the stress−strain curve,
the stress-increasing stages showed approximately con-
sistent stiffness. In addition, as shown in Fig. 2, the pillars
with relatively smaller diameters exhibited larger ampli-
tudes of stress fluctuation. With regard to the pillars with
relatively larger diameters, the volume fraction of a single
HA crystal was relatively smaller. Considering the differ-
ences in the initial orientations of HA crystals, the orien-
tations and synchronization of the nucleation and
movement of the internal dislocations were different.
Correspondingly, the resistance to dislocation motion and
pinning effect of each interface exhibited differences in
synchronization, which resulted in a decrease in the stress
fluctuation amplitude. Therefore, the stress fluctuation
amplitudes were dependent on the statistical law of the
effects of multiple HA crystals and interfaces on disloca-
tion motion. Furthermore, the distances between the
dislocations and free surfaces in the pillars with relatively
larger diameters were longer, which enhanced the
possibilities of interaction between dislocations and the
accumulation of dislocation loops. Accordingly, the
probabilities of dislocations penetrating the interfaces or
overflowing the free surface were reduced, which would
also lead to a decrease in the stress fluctuation amplitude.

Conclusion
In situ SEM compression directly revealed the size-

dependent mechanical properties, segmented and aniso-
tropic deformation behaviors, and brittle-to-ductile tran-
sition of lamellar bone pillars from the micro to
nanoscale. The principal conclusions are summarized
below:
(1) The diameter-dependent mechanical properties of

pillars, including strength, residual compressive
ratio, total yield strain range, and stress
fluctuation amplitude, were investigated in detail.
A 640 nm diameter pillar exhibited a superior
compressive strength of 2.004 ± 0.233 GPa, the
residual compressive ratio of 0.299, total yield
strain range of 10.71 × 10−3, and stress fluctuation
amplitude of 635MPa, which manifested as
approximately 2.1, 4.8, 15.5, and 211.7 times
greater than the corresponding mechanical
parameters of a 4971 nm diameter pillar,
respectively.

(2) Continuous observation of microstructures during
in situ SEM compression revealed segmented and
anisotropic deformation behaviors, including elastic
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recovery and local plastic flow, shrinkage and even
collapse failure at the nanoscale, and isotropic
behaviors with slight elastic recovery at the
microscale. A size effect-induced brittle-to-ductile
transition was also visible, seen from the gradually
increased ductility and fracture morphological
change from a plastic feature with mushroom-
shaped structures to a brittle feature with splitting
cracks with decreasing diameter. Critical diameters
in the range from 1 to 3 μm corresponded to
the brittle-to-ductile transition of deformation
behavior.

(3) A discontinuous fracture theory of collagen fibrils
was proposed to describe the macroscopic stress
fluctuation behavior. The slow bending and
instantaneous fracture of collagen fibrils with
relatively larger length–diameter ratios facilitated
the stress increment and decrement, respectively.
The microscopic stress fluctuation behaviors were
elaborated through a layered dislocation movement
theory on the basis of strain gradient plasticity
theory. The dislocation movement inside the HA
crystal and dislocation pile-up at the fibrillar matrix
interface induced a slow stress increase, and the
penetration of dislocations through the interface
and the overflow of dislocations at the free surface
induced a rapid stress decrease.
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