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a b s t r a c t

Bone is a composite material consisting of organic and inorganic components that are organized into
hierarchical structures to provide load-bearing functions. This paper presents the results of PeakForce
Tapping atomic force microscopy (AFM) scans on cut and polished bovine cortical bone specimens
that were submerged in water. The elastic modulus map and surface morphology were obtained for
various bone hierarchical structures from submillimeter- to submicron-scales. The elastic modulus of
osteons (20.51 ± 6.85 GPa) was slightly lower than the interstitial bone (21.87 ± 5.48 GPa); they
were both much greater than that of the cement lines (7.49 ± 4.23 GPa). The elastic modulus in the
lamella structures varied periodically from higher values in thick sub-lamellae (21.49 ± 6.58 GPa)
to the lower values in thin sub-lamellae (9.67 ± 2.69 GPa). The results also show relatively softer
mineralized collagen fibril bundle arrays (12.94 ± 2.71 GPa) embedded in harder matrix materials
(28.39 ± 5.75 GPa). The variations in the elastic modulus suggest different degrees of mineralization
or different fibril orientations. The histograms of elastic modulus indicate the dominating compositions
or dominating fibril orientations.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Bone is a composite material consisting of organic and inor-
anic components. The organic component is mostly collagen;
he inorganic component is mostly bioapatite minerals. These two
omponents organized into hierarchical structures from nano- to
acro-scales that provide load-bearing functions.
In prior works, several different techniques have been ap-

lied to measure the elastic properties of bone structures at
arious scales. These methods include tension test on millimeter-
cale bone specimens [1], ultrasonic measurement on millimeter-
cale bone specimens [2,3], 3-point bending of sub-millimeter
one specimens [4], push-out test of sub-millimeter single os-
eons [5–7], acoustic microscopy that have spatial resolution
f several dozen microns [8,9], and nanoindentation techniques
hat measures the elastic modulus of sub-millimeter osteons
nd interstitial bone [10] and the micro-scale thick and thin
ub-lamellae [11].
Atomic force microscopy (AFM) can be used to character-

ze surface morphology with nano-scale features. It has been
sed to measure the width of bone lamellae [12], the shape and
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size of isolated bone mineral particles [13–15], and the diame-
ter of collagen fibrils [14–16]. AFM has also been used in the
mechanical testing, including AFM-based tension test of single
collagen fibrils [17,18] and AFM-based nanoindentation of bone
and cartilage [19,20].

PeakForce Tapping AFM enables elastic modulus mapping with
nano-scale spatial resolution. In this work, PeakForce Tapping
AFM was used to scan the surface of cut and polished bovine
cortical bone specimens that were submerged in water. AFM
scans with several different sizes were obtained. The elastic mod-
ulus and surface morphology were obtained for bone hierar-
chical structures from sub-millimeter to sub-micron-scales. The
structural and compositional variations that may underly the
variations in the measure elastic moduli were discussed.

2. Material and method

2.1. Sample preparation

Fresh bovine long bones were obtained from Pennsylvania
State University Meats Laboratory. The soft tissues, including
bone marrow, were removed mechanically. They were first cut
into several strips along the long axis of the bone by a cutting
blade. The strips dominated by the haversian bone were used in
the following experiments. They were sectioned into thin slices

in the transverse plane perpendicular to the long axis of the bone
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y a precision saw with a diamond blade (Isomet 1000 Precision
utter, Buehler, Lake Bluff, IL). Each bone specimen had an area
f about 10 mm × 10 mm in the transverse plane and a thickness
f about 1.5 mm in the longitudinal direction.
The bovine bone specimens were polished by a grinder pol-

sher (EcoMet 30, Buehler, Lake Bluff, IL) first using silicon carbide
rinding papers with progressively finer grit of 800 and 1200
nd then using diamond suspension with grades of 6, 3, 1, 0.25
nd 0.1 µm, respectively, on silk polishing cloths (South Bay
echnologies, San Clemente, CA and SMS Labs, Sturbridge, MA).
fter each round of polishing, the bone specimens were cleaned
y ultrasonic bath (Branson Ultrasonics, Danbury, CT) in deion-
zed (DI) water for 2 min to remove the polishing residues. The
olished and cleaned specimens were glued onto plastic petri
ish using epoxy resin, and was kept moisturized in Kimwipes
Kimberly-Clark, Irving, TX) soaked with modified Hanks’ Bal-
nced Salt Solution (HBSS) (Sigma Aldrich, St. Louis, MO) until
esting.

.2. Peakforce tapping AFM

The surface profiles and the elastic modulus map of the pol-
shed surfaces on the bone specimens were measured using an
FM (BioScope Resolve, Bruker, Billerica, MA) under PeakForce
apping mode. Etched silicon AFM probes (RTESPA-525, Bruker,
illerica, MA) with a nominal spring constant of 200 N/m and
nominal tip radius of 8 nm was used to scan the polished

urface of the bone specimens while they were submerged in
I water. The deflection sensitivity of the probe was calibrated
n a sapphire sample (SAPPHIRE-12M, Bruker, Billerica, MA). The
etpoint was 400 nN; the peak force frequency was 1 kHz; the
can rate was 0.5 Hz. Scans with 3 different sizes of 100, 11, and
.6 µm were taken. For each size, scans were performed at 3 to 9
ifferent locations. The number of locations being tapped in each
can was 256 × 256.
At each tapping location, cantilever deflection and the vertical

osition of the AFM tip were recorded. The cantilever deflection
an then be related to the load via Hooke’s law. This gives

= k∆ (1)

where F is the load; k is the spring constant of the tip can-
tilever and ∆ is the cantilever deflection. The separation, which
is the negative of the deformation (i.e. indentation depth), is ob-
tained by adding the vertical position to the cantilever deflection.
The load–separation relationship was given by the Derjaguin–
Muller–Toporov (DMT) model [21], which has a Hertzian contact
profile [22]:

F =
4
3
E∗

√
R∗δ

3
2 (2)

where δ is the deformation; E∗ is the combined Young’s modulus
given by E∗

= 1/[(1 − νt
2)/Et + (1 − νs

2)/Es], where Et and Es
re the elastic moduli of the tip and the substrate, and νt and νs
re the Poisson’s ratios of the tip and the substrate, respectively;
∗ is the combined radius given by R∗

= RtRs/(Rt + Rs), where Rt
and Rs are the radii of the tip and the substrate, respectively.

In this study, Et was assumed to be infinite; νs was assumed
to be 0.3; Rs was assumed to be infinite; The ratio k/

√
Rt of each

FM probe was calibrated on a highly oriented pyrolytic graphite
ample (HOPG-12M, Bruker, Billerica, MA) with a known nominal
lastic modulus of 18 GPa. Combining equations (1) and (2), and
ubstituting the above-mentioned variables, the elastic modulus
f the substrate at each tapping location was be obtained by fit-
ing the load-deformation curves for the tip retraction processes
n NanoScope analysis software (Bruker, Billerica, MA).
2

Fig. 1. (a) Surface profile and (b) elastic modulus map of bovine cortical bone
showing part of an osteon, interstitial bone and cement line. (Scan size 100 µm).

2.3. Data analysis

4 consecutive 11-µm scans were stitched together manually
o present part of an osteon, interstitial bone and the cement
ines in between. The elastic modulus values measured from the
apping locations inside these 3 regions were extracted, respec-
ively; average and standard deviation were calculated. Tukey
ultiple comparison test was performed to compare the mean
alues among the three groups using Minitab software (Minitab,
LC, State College, PA).
4 other consecutive 11-µm scans were stitched together man-

ally to present the thick and thin lamellae inside an osteon.
ukey comparison test was performed to compare the mean
alues of elastic moduli of the thick and thin lamellae. Using the
riginLab software (OriginLab Corporation, Northampton, MA),
istograms of the elastic moduli inside the thick and thin lamellae
egions were calculated and modeled using the summation of
ultiple general normal distributions, given by

(Es) = n0 +

N∑
i=1

Ai

σi
√
2π

e−(Es−Ei)2/2σ2
i (3)

where n (Es) is the number of measurements as a function of
elastic modulus; Ei and σi is the mean and standard deviation
of elastic modulus; Ai is the area under the curve; and n0 is the
offset.

For the 6.6-µm scans, the elastic moduli measured from the
mineralized collagen fibril (MCF) bundles and the matrix mate-
rials were extracted and compared using Tukey comparison test.
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he histograms of the elastic moduli of MCF bundles and the ma-
rix were also modeled the sum of general normal distributions
Eq. (3)), respectively.

. Results

.1. Surface profile and elastic modulus map of osteon, interstitial
one and cement line

One of the 100-µm size scans is presented in Fig. 1. It shows
art of an osteon, interstitial lamella and cement lines in between.
n the elastic modulus map (Fig. 1b), the elastic moduli in osteon
nd interstitial bone were similar and both ranged from about
6 to 27 GPa. The elastic moduli in the cement lines were much
ower than those of osteon and interstitial bone and ranged from
bout 3 to 11 GPa. The surface morphology in Fig. 1a shows a val-
ey along the cement line between the osteon and the interstitial
one. The interface between the two pieces of interstitial bone
as less obvious than the cement line between the osteon and
he interstitial bone, in both Fig. 1a and b. The lamellar structures
an be observed in the modulus map in Fig. 1b, for both osteon
nd interstitial bone, but cannot be clearly seen in the surface
rofile in Fig. 1a.
Four stitched consecutive scans with size of 11 µm × 11 µm

are presented in Fig. 2. Generally, the regions with higher elastic
modulus are also higher in the surface morphology, and vice
versa. But the correspondence did not always exist. For example,
the interstitial bone was stiffer than the cement line (Fig. 2b) and
was also higher in the surface profile (Fig. 2a). The osteon was
also stiffer than the cement line (Fig. 2b), but their heights were
not obviously different in the surface profile (Fig. 2a).

The width of the cement lines was ∼5 to 11 µm, as shown in
ig. 2b. The elastic moduli in the osteon, interstitial bone and ce-
ent line regions (Fig. 2b) were measured to be 20.51 ± 6.85 GPa

n = 259,920), 21.87 ± 5.48 GPa (n = 131,072), and 7.49 ± 4.23
Pa (n = 32,896), respectively. The differences between each pair
ere all statistically significant (P < 0.05).

.2. Surface profile and elastic modulus map of thick and thin sub-
amellae

The lamellar structures were observed in both the osteon
nd the interstitial bone. Four stitched consecutive scans with
ize of 11 µm × 11 µm are presented in Fig. 3a and b. Both
he surface morphology (Fig. 3a) and the elastic modulus map
Fig. 3b) exhibit lamellar structures. However, the patterns in sur-
ace morphology (Fig. 3a) and the elastic modulus map (Fig. 3b)
o not exactly match. The elastic moduli in the thick and thin
ub-lamella in Fig. 3b were measured to be 21.49 ± 6.58 GPa
n = 84,068) and 9.67 ± 2.69 GPa (n = 9104), respectively.
tatistically, they are significantly different (P < 0.05). The width
f the thick sub-lamellae was ∼2.8–13.8 µm; the width of the
hin sub-lamellae was ∼1.7–2.4 µm, as measured from elastic
odulus map.
Fig. 3c and d present the histograms of elastic moduli mea-

ured in the thick and thin sub-lamellae regions, respectively.
he histograms were modeled by summations of three general
ormal distribution functions (Eq. (3)), with the mean values of
0.95 GPa, 15.59 GPa, and 22.86 GPa for thick sub-lamellae and
.66 GPa, 10.36 GPa, and 13.13 GPa for thin sub-lamellae. The
oefficients of determination, R2, of the curve fittings were both
reater than 0.98.
3

.3. Surface profile and elastic modulus map of mineralized collagen
ibril bundles and matrix

Structures of softer fibril bundles surrounded by harder matrix
ere observed in both the osteons and the interstitial bone in
everal 6.6-µm size scans. Representative scans at two different
ocations are presented in Fig. 4a to d. The mineralized collagen
ibril (MCF) bundles show elliptical cross sections with ∼0.58–
.25 µm major axis and ∼0.22–0.49 µm minor axis. In spite of
ariations in major and minor axes, the aspect ratio is relatively
onsistent between different bundles, ranging from 2.34 to 2.72.
he elastic moduli for the MCF bundles and the matrix, were
easured from three 6.6-µm size scans similar to and including
ig. 4b to be 12.94 ± 2.71 GPa (n = 4200) and 28.39 ± 5.75 GPa (n
7564), respectively. The difference was statistically significant

p < 0.05). The MCF bundles were also generally higher than the
urrounding matrix in the surface profile (Fig. 4a). However, the
atterns in Fig. 4a and b do not exactly match. Moreover, the
undle-matrix patterns have not been observed in the cement
ine (Fig. 4d) and were not profound in the outermost lamella of
n osteon (Fig. 4d), either.
Fig. 4e and f present the histograms of elastic moduli mea-

ured in the MCF bundles and the matrix, respectively. The his-
ograms for MCF bundles (Fig. 4e) were modeled by summations
f 2 general normal distribution functions (Eq. (3)) with the mean
alues of 12.48 GPa and 16.90 GPa. The histograms for the matrix
Fig. 4f) were modeled by summations of 4 general normal distri-
ution functions Eq. (3) with the mean values of 20.52 GPa, 25.27
Pa, 29.46 GPa and 34.33 GPa. The coefficients of determination,
2, of the curve fittings were 0.8 and 0.87, respectively.

. Discussion

.1. Hierarchical structures and elastic properties of bone

The results of this study provide elastic properties of bone
ierarchical structures at several different scales. Bone in human
nd other mammals is generally classified into cortical bone and
rabecular bone at the macroscopic scale. Cortical bone in the
haft of bovine long bones was characterized in this study. Cor-
ical bone can exhibit osteonal, plexiform, and woven structures
t the sub-millimeter scale. In this study, osteons and interstitial
one were observed and characterized. The elastic modulus of the
steons was measured to be 20.51 ± 6.85 GPa and ∼7% lower
han that of the interstitial bone (21.87 ± 5.48 GPa). The higher
odulus of interstitial bone can be attributed to the fact that

nterstitial bone was osteons that formed earlier and is more min-
ralized than the recently-formed osteons. The results are in good
greement with the results in prior works by Rho et al. [10,23].
hey tested dry human tibial cortical bone in the longitudinal
irection using nanoindentation technique and measured elastic
oduli of osteons and interstitial bone to be 22.5 ± 1.3 GPa and
5.8 ± 0.7 GPa, respectively [10,23].
Osteon and interstitial bone both consist of micron-scale

amellar structures. Each lamella is comprised of thick and thin
ub-lamellae that have been measured to be ∼5–7 and ∼1 µm
n width, respectively [24]. The elastic moduli of thick and thin
amellae in human and bovine long bone have been measured
sing nanoindentation techniques in prior works [11,25,26]. The
lastic modulus of thick lamellae was reported to be between
23-27 GPa [11,25,26]. This is in close agreement with the
lastic modulus of 21.49 ± 6.58 GPa that was measured in this
tudy. The elastic modulus of thin lamellae was reported to be
etween ∼20–24 GPa [11,25,26]. This is much higher than the
lastic modulus of 9.67 ± 2.69 GPa that was obtained from
urrent work using PeakForce Tapping AFM. The AFM methods
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Fig. 2. (a) Surface profile and (b) elastic modulus map of bovine cortical bone. Stitched scans showing osteon, interstitial bone and cement line. (Scan size 11 µm).

Fig. 3. (a) Surface profile and (b) elastic modulus map of bovine cortical bone. Stitched scans showing thick and thin sub-lamellae in an osteon; Measured and
modeled histograms of elastic moduli for (c) thick sub-lamellae and (d) thin sub-lamellae. (Scan size 11 µm).
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Fig. 4. (a) Surface profile and (b) elastic modulus map of bovine cortical bone showing the mineralized collagen fibril bundles (dashed line) and surrounding matrix;
(c) Surface profile and (d) elastic modulus map of bovine cortical bone showing the bundle-matrix patterns in the interstitial bone, which was not shown in the
cement line and was not clear at the outermost lamella of an osteon; Measured and modeled histograms of elastic moduli for (e) mineralized collagen fibril bundles
and (f) matrix. (Scan size 6.6 µm).
n the current work utilized much lower contact forces that
esulted in much smaller contact areas than those in the above-
entioned nanoindentation measurements [11,25,26]. Also, the
FM scans in current work were performed with the specimens
ubmerged in water, unlike the above-mentioned nanoindenta-
ion measurements that were performed in air [11,25,26]. The
odulus reported in this study is more likely to be the intrinsic
lastic modulus of thin lamellae. The variations in the elastic
5

moduli inside single lamella are attributed to the variations in
fiber organization [11,26] or degree of mineralization [25].

Another micron-scale structure in cortical bone is cement line.
Cement lines are considered to play an important role in the frac-
ture and fatigue behaviors of bone, as they arrest crack growth
and absorb energy [27,28]. The strength of cement lines has been
measured by single osteon push-out test [5–7]. To the best of
our knowledge, current work is the first direct measurement
of the elastic modulus of cement lines. The elastic modulus of
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ement lines (7.49 ± 4.23 GPa) was measured to be much lower
han those for the osteons (20.51 ± 6.85 GPa) and interstitial
bone (21.87 ± 5.48 GPa). Some debate still exists regarding
the degree of mineralization of cement lines. Burr et al. found
that cement lines were less mineralized than the surrounding
bone [29]. Skedros et al. reported they were more mineralized
than the surrounding bone [30]. More detailed studies of the
mineralization and structures of cement lines are required to
better understand the mechanical properties of cement lines and
their roles in the mechanical behaviors of bone.

Rho et al. reported that the elastic modulus in each lamella re-
duced from the center towards the outermost of the osteon [31],
as measured using nanoindentation. In the elastic map in Fig. 3b,
elastic moduli in the outermost thick lamella appeared to be
lower than those in the other inner thick lamellae, but more os-
teons need to be tested in future works, before statistical results
can be obtained. It can also be seen that, inside the outermost
lamella, the elastic modulus gradually increased from the lower
values near the cement lines to higher values towards the Haver-
sian canal (Figs. 2b and 4d). The graduate transition can be
attributed to the bone formation and mineralization process at
the border of osteons. In contrast, the elastic modulus abruptly
increased from the lower values in the cement lines to the higher
values in the interstitial bone (Figs. 2b and 4d). The sharp inter-
face can be attributed to the bone resorption process at the border
of interstitial bone.

At the submicron-scales, the orientations of mineralized col-
lagen fibril arrays have often been analogized to orthogonal,
twisted, rotated, or oscillating plywood structures, depending
on the angles of fibril arrays in each lamella [32–37]. Inside
some sub-lamellae, there were multiple dominating fibril orien-
tations; Inside the unidirectional sub-lamellae, the preferred fibril
orientation maintained nearly constant; In the disordered sub-
lamellae, the fibrils did not exhibit preferred orientations [36–38].
The multiple general normal distribution functions in the models
for the histograms of elastic moduli in the thick and thin sub-
lamellae (Fig. 3c and d) can potentially be attributed to the
multiple preferred fibril orientation in each sub-lamella.

There are several theories about the nano-scale ultra-structures
of bone. Historically, the mineral crystals have been considered to
be located mostly within the fibrils, or mostly between the fibrils,
or a combination of both intrafibrillar and interfibrillar [9,39–45].
Recent studies suggested that mineralized collagen fibrils twisted
into ∼2-3 µm diameter bundles [46]. The MCF bundles formed
into arrays and were surrounded by disordered matrix materials
in which the collagen fibrils were randomly oriented [46]. In
the ordered MCF bundles, most of mineral located within the
fibrils, whereas in the disordered matrix, the mineral was mainly
between fibrils [47].

The surface profiles and elastic modulus maps in Fig. 4a–d
shows the MCF bundles with ∼1-µm size elliptical cross-sections.
n prior works, the elastic modulus of collagen fibrils and MCFs
as measured to be 2–7 GPa by tension test of single fibrils [17,
8], and was calculated to be 1.3–6.23 GPa by molecular dynamics
imulation [48,49]. These are lower than the elastic modulus of
2.94 ± 2.71 GPa measured in the current work. The higher val-
es measured in the current work could be attributed to the wet
esting environment and water absorption in the collagen [50].
oreover, the MCF bundles were measured to be softer than the
atrix in the current work. It indicates that the MCF bundles have

ess mineral content than the matrix, and the intrafibrillar space
s smaller than extrafibrillar space.

The histogram for the elastic modulus of MCF bundles (Fig. 4e)
as dominated by one general normal distribution, which in-
icates one dominating angle between the fibrils and the AFM

apping direction, i.e. the long axis of bone. It is consistent with

6

the rope-like twisting fibril structures inside the bundles [47].
In contrast, the 4 general normal distributions in the model for
the matrix modulus histogram (Fig. 4f) can be attributed to the
random orientations of fibrils, the substantial ground substance,
and the sub-micron voids in the disordered matrix materials [46].

4.2. Validity, limitation and future works

In the calculation of elastic modulus in Section 2.2, the defor-
mation of the substrate was assumed to be in the elastic range.
Based on the measured elastic moduli results, the contact depth
of each tapping was estimated, using Eq. (2), to be less than
5.5 nm. It was also the deformation of the substrate, which was
very likely to be in the elastic range. Using Hertzian contact
equations [22], the contact patch diameters were also estimated.
They were less than 26 nm, which corresponded to the highest
(peak) tapping force at the softest tapping location. The spacing
between each tapping location was 391, 43, and 26 nm in the
scans with sizes of 100, 11, and 6.6 µm, respectively. Hence, the
elastic moduli measured in this study can reflect the mechanical
properties of the structures as small as dozens of nanometers.

The bovine bone specimens used in this study were kept wet
at all time during sample preparation, storage, and testing. The
changes in morphology and mechanical property caused by dehy-
dration [51,52] have been minimized. As a comparison, PeakForce
Tapping AFM scans were also performed on the same locations
shown in Figs. 1–3 in air, after the specimen was blow-dried and
then air-dried for ∼12 h. The variations in the elastic modulus in
different structures could not be clearly shown in the modulus
map.

PeakForce tapping AFM, as a surface characterization method,
is sensitive to the surface morphology. The organic-rich regions
were likely to be softer than the inorganic-rich regions, hence
may be polished off more easily during sample preparation. But,
they may absorb more water and swelled up more than the
inorganic-rich regions, since the scans were done with specimens
submerged in water. Therefore, the surface profiles in Figs. 1–
4 cannot directly correlate to the composition variations or the
elastic maps. The trends in the surface profiles and elastic maps
(Figs. 1–4) do not directly correlate with each other, hence the
variations in the resulting elastic maps are attributed to struc-
tural and compositional variations. Nevertheless, a direction of
future work can be characterizing specimens prepared by other
techniques, since the elastic moduli of thick and thin sub-lamellae
measured by nanoindentation technique have been shown to be
sensitive to different cutting and polishing methods [11].

Another limitation of current work is that tests were only
performed on the transverse sectional surface with the tapping
direction along the longitudinal bone axis. Considering bone is
anisotropic, testing bone surfaces towards other directions is also
recommended for future work.

5. Conclusions

This paper presented the results of PeakForce Tapping AFM
scans on bovine cortical bone specimens that were submerged
in water. The elastic modulus maps of various bone hierarchi-
cal structures from submillimeter- to submicron-scales were ob-
tained. The results show that elastic modulus of osteons was
slightly lower than the interstitial bone; they were both much
stiffer than the cement lines. The elastic modulus in the lamella
structures varied periodically from higher values in thick sub-
lamellae to the lower values in thin sub-lamellae. The results also
show relatively softer MCF bundle arrays embedded in harder
matrix materials. The variations in the elastic modulus suggest
different degrees of mineralization or different fibril orienta-
tions. The histograms of elastic modulus indicate the dominating

compositions or dominating fibril orientations.
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