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ABSTRACT

Research in bone diseases like osteoporosis is motivated by its immense social impact and health care costs.
While there are numerous studies about the influence of bone mineral density and microarchitectural properties
on the mechanical properties of trabecular bone, little is known about the influence of bone matrix material
properties. In this communication, we present novel ways for combining mechanical testing of single trabeculae
with imaging on both the micro- and nanoscale to further investigate these material properties. Our results
indicate microdamage in an ellipsoid zone on the tension side of the trabeculae tested in three-point bending. We
estimated the highest tensile strains in this region to be about 3.5%. Quantitatively global whitening versus
distance curves correlate well with retrieved force-distance data. Scanning electron microscopy investigations of
the microdamaged and optically whitened zones suggest that damage formation happens primarily in the bone
and not on the surface. In addition to whitening/microdamage assessment on the microscale, we used atomic
force microscopy together with a custom made three-point bending device and a region based digital image
correlation tool to obtain quantitative local surface displacements on the bending side of single trabeculae. We
found that bone deformation is heterogeneous with different surface domains shearing off each other. The two
novel methods presented make it possible to investigate the dynamics of plasticity and failure of bone both on the
micro- and on the nanoscale.
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INTRODUCTION

Bone is a tissue extensively studied using histology [1], mechanical testing [2], micro-computed tomography [3, 4],
magnetic resonance imaging [5], ultrasound [6], nanoindentation and Atomic Force Microscopy (AFM) [7]. Most of
bone research is motivated by the immense social impact in health care due to osteoporosis in post-menopausal
women and the aged [8, 9] as well as the enormous medical costs (13.8 billion US$ in the USA alone in 1995).
Osteoporosis results in bone loss and change of trabecular architecture and tissue composition, causing a
decrease in bone strength. It is generally accepted nowadays that besides bone density also bone
microarchitecture and bone matrix material properties, a combination referred to as bone quality, are also
important factors influencing fracture resistance. Thus the accurate diagnosis of bone fracture resistance based
solely on bone density proves to be difficult. Therefore the diagnosis of bone fracture risk should also include
other parameters of bone quality. Whereas there exist numerous studies on the microarchitecture of trabecular
bone and how these could be exploited for fracture risk diagnosis [10-12], there are almost no studies addressing
the bone matrix material properties of trabecular bone. This is despite the fact that bone composition does change
with age and disease [13, 14]. Even if changes in composition are subtle, they can still have huge effect on the
mechanical properties of the bulk tissue. Presumably only a small fraction of noncollagenous proteins in bone
tissue guides and controls the assembly of the major components as collagen type | fibrils, about 100 nm in
diameter and up to 10 pm and more in length, as well as carbonated hydroxyapatite (Cao(PO4)s(OH),) crystals
with typical sizes of 50 nm x 25 nm x 3 nm [15-17]. With the presented study we demonstrate novel ways for
combining mechanical testing of single trabeculae with imaging on both the micro- and nanoscale. With these
tools it is possible to investigate the dynamics of plasticity and failure of bone in a qualitative and quantitative
fashion. Our results show the correlation of whitening to microdamage and to tensile strains. In addition we can
estimate the tensile strains involved in microdamage formation in the presented loading case. First nanoscale
imaging results of bone plasticity allow us to indicate bone failure mechanisms like sliding of collagen fibrils as
proposed by Gupta et al. [18].



MATERIALS AND METHODS

Sample Preparation

Proximal parts of bovine femora were obtained from a local grocery store (Gelson’s Market, Santa Barbara, CA,
USA). Single trabeculae were either tested directly after preparation or stored at -20 °C after preparation until
testing. For preparation femoral bones were first cut in half along the long axis of the bone. The halves were then
cut perpendicular to the long axis into slabs of ~5 cm in thickness using a butcher’'s band saw. Bone marrow was
subsequently extracted from the specimen using a jet of pressurized water. A pair of scissors was used to extract
samples with similar rod-like shapes, which were mostly found in the regions closer to the diaphysis. A total of 12
single trabeculae were excised for mechanical testing, 10 of which were imaged with high-speed photography
whereas 2 were imaged with AFM. The dimensions of the ten samples imaged with high-speed photography were
measured using a pair of calipers. The average length was determined to be (2.52 £ 0.21) mm and the mean
diameter to be (0.56 £ 0.14) mm.

Mechanical Testing with High-Speed Photography Imaging

For three-point bending testing of single trabeculae and imaging with high-speed photography, we used a custom-
made mechanical testing device previously described in detail [19, 20]. The system, which was initially made for
compression testing of mm-sized, cuboid trabecular bone samples, was modified for three-point bending tests of
single trabeculae. A u-shaped jig (cp. Figure 1 A) was put in the sample chamber providing the two lower points of
support. The third point of support was facilitated through changing from a previously flat to a triangulated
plunger, which exerted the displacement on the sample roughly in the middle between the two lower points of
support. Further the signal from the load cell (Model LBC-100, Transducer Techniques Inc., Temecula, CA, USA
was amplified by a factor of 10 using an analog amplifier (LPF-100B, Warner Instruments Corp., Hamden, CT,
USA) to provide sufficient signal to noise ratio. All samples were tested immersed in a buffer containing 150 mM
NaCl and 10 mM Hepes, at pH 7.0. The mechanical tests consisted of two phases: in the first phase the piston
was lowered slowly until a preloading force of 0.6 N was reached, in order to find the sample top. In the second
phase the sample was loaded at a constant displacement rate of up to 600 um displacement, at a displacement
rate of 600 uym/s. For imaging we used an Ultima 512 high-speed camera (Photron Inc., San Diego, CA, USA)
equipped with a KC, a KC-AUX, and an IF-3 lens (Infinity, Boulder, CO, USA). The samples were illuminated from
the front using two fiber lights (MH-100, Dolan Jenner Industries Inc., Lawrence, MA, USA) at horizontal angles of
about +45°. All videos were recorded with a frame rate of 60 frames/s and a shutter speed of 1/12000 s.
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Figure 1: lllustration of the three-point bending test setup consisting of a triangular shaped plunger and a u-shaped jig holding a single
trabecula in place (A). Finite element illustration of specimen deformation after exerting a plunger displacement of 350 uym in y-direction (B).

Mechanical Data Analysis
In order to calculate the elastic modulus and strain at the tension side from a typical force-distance curve
experimentally obtained (cp. Figure 5), the trabecula is regarded as an Euler-Bernoulli (Equation (1)). The
geometry of the specimens is assumed to a beam of length L and radius R. The out-of-plane displacement w of a
beam is governed by the Euler-Bernoulli beam equation:
d’ d’w
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where p is the distributed loading (force per unit length) acting in the same direction as y (and w), E is the Young's
modulus of the beam, and / is the area moment of inertia of the beam's cross section. If E and / do not vary with x
along the length of the beam, then the beam equation simplifies to

d*‘w
= 2
o P (2)
For three-point bending tests of animal bone [21], the following equations are obtained for the highest tensile
strain and the elastic modulus, assuming a circular cross section of the specimen (/ = nR4/4 ):
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, with the parameters ¢ : strain, d._, : maximum displacement on the sample perpendicular to its long axis , ¢ :

distance to neutral fiber, L: sample length, E : apparent elastic modulus, F :load on specimen and R :radius of
cross section.

The elastic modulus was retrieved from recorded force-distance curves by fitting a straight line to the most linear
portion of the curve and using equation (4). The yield point was also determined from this fit; it is defined by the
intersection of the force-distance curve with a straight line having 90% slope and the same origin as the
previously fitted line. The failure point was defined as the global maximum in the force-distance curve.

High-Speed Photography Image Processing

Whitening of bone, due to microdamage, was quantified using a thresholding algorithm as previously described
[19]. In brief, a threshold for whitening was determined from the histograms of five consecutive frames prior to
compression, which accounted for the approximate period of intensity flickering of the fiber lights. From the five
histograms the highest average pixel value was calculated and subsequently used as a threshold, i.e. all pixels
having a higher value were counted as whitened pixels in each frame. Due to flickering of the fiber lights, the raw
whitening curve exhibited a considerable amount of noise, which was smoothed by applying a median filter (rank
100). 150 frames (or more), before the beginning and after the end of the relevant frames showing sample
compression, were included in the filtering process in order to suppress artifacts at the start and the end of the
filtered curves. For the synchronization of whitening values with recorded load-distance curves a standard DIC
algorithm [22] was applied. A high contrast region on the plunger was manually selected and tracked through
consecutive frames. Synchronization was achieved by correlating the detected total movement of the plunger in y-
direction (i.e. the loading direction) in pixels to the total displacement measured by the mechanical testing device.

Scanning Electron Microscopy (SEM)

After mechanical testing, some of the bone samples were rinsed with water to remove residual buffer, air-dried in
a furnace at 37 °C over night, and then fixed with conducting paint to a custom-made aluminum sample holder
allowing for sample rotation. The sample holder facilitated SEM imaging of the samples from the side, i.e. aligned
with the high-speed photographs, as well as from the bottom, where the highest tension is expected. Subsequently the
samples were sputtercoated (Desk Il, Denton Vacuum, Moorestown, NJ, USA) with a ~5 nm thick gold layer.
Finally the samples were imaged using an SEM (Vega TS 5130MM, Tescan Brno, Czech republic), with an
acceleration voltage of 20 keV.

Mechanical Testing with AFM Imaging

AFM measurements were conducted using a Dimension 3100 AFM and a Nanoscope |IA controller (Veeco Inc.,
Santa Barbara, CA, USA) mounted on a vibration isolation table (Nanoscience Instruments, Phoenix, USA). For
contact mode imaging, rather soft cantilevers (MLCT-AUHW, Veeco Inc.) were used. For tapping mode imaging
cantilevers with a nominal spring constant of 40 N/m and a resonance frequency of 300 kHz (RTESPW, Veeco
Inc.) were used. The design of the three-point bending device for the AFM (see Figure 2) was similar to the
geometry of the setup used in combination with high-speed photography setup, but was flipped upside down (cp.
Figure 2). Since we were interested in the tension side, the displacement was exerted by the part with the two
outer support points in the upper frame instead of moving the middle one. This approach also keeps the surface
of the bent trabecula within the vertical positioning range of the AFM scanner for imaging.



Figure 2: CAD model of the three-point bending device with displacement control through a 1D linear stage and a force sensor (not visible in
the image) underneath the plunger in the middle (A). Exploded view of the different device parts including the bone specimen placed on the
plunger (B).

The design (cp. Figure 2 and Figure 3) also includes a capacitive force sensor (Flexiforce, Tekscan, South
Boston, MA, USA) glued in between the middle support-point and the ground plate with 2-ton epoxy (ITW Devcon,
Danvers, MA, USA). The base plate is screwed to a linear motion stage (MS-125-X, Newport, Irvine, CA, USA)
and to the sample stage of the AFM. The frame exerting the displacement is mounted to the linear motion stage.
It has a 5 mm wide and 8 mm deep cutout in the front, providing the two moved support points for three-point
bending (cp. Figure 2). The linear motion stage is driven by an 80 tpi screw, i.e. is translated 317.5 ym per turn.

Node |UY(mm)  [X(mm) | (mm) |Z(mm) |Components
11675 -4.314e-001 12017 79303 12343 frame-3
11535 -5.000e-001 12.017 82418 -22.157 frame-3

Figure 3: Finite element analysis of the three-point bending device made of aluminium after a 500 uym displacement in y-direction of the
linear stage with the bone specimen in testing place (A). FEA shows the need of optical displacement detection for the stage. Setup of the
device under the D3100 AFM together with the thin flexiforce force sensor underneath the middle plunger (B).

A finite element simulation (cp. Figure 3 A) predicted a resulting displacement at the point of the bone specimen
of about 431 ym when the stage was moved 500 pm assuming a tested trabecula with a diameter of 0.3 mm and
an isotropic elastic modulus of 2 GPa. This means an error of 69 ym or 13.8% making a distance measurement
through counting of screw turns rather inaccurate. Therefore displacement of the bending device was detected
using photographs from a digital still camera (Coolpix 8700, Nikon Corporation, Tokyo, Japan) placed in front of
the AFM setup (cp. Figure 3 B). A picture was captured before and after exerting the bending displacement. Then
the DIC algorithm described in the high-speed photography section was used to determine the displacement of
the upper frame by calculating a differential displacement through the position of the frame and the plate. The
differential measurement allowed reduction of the errors induced by accidental movement of the camera or setup
between the two captured frames. The nominal optical resolution of this method is 20.5 pm/px resulting in a
resolution of around 2 uym (through subpixel accuracy of the DIC algorithm) for the displacement measurement,
which is sufficient for our purpose. Since we used an open-loop AFM scanner, all AFM images of the trabeculae



have been captured with a 90° scan angle such that the long axis of the trabecula was parallel to the fast scan
axis (x-axis) in order to reduce artifacts due to scanner drift. In addition only frames that were recorded in the
same direction of the slow scan axis (up or down) were correlated to reduce the influence of nonlinearities such
as hysteresis. Position offsets were not applied to the scan, because they were previously reported to induce
nonlinear scan behavior [23]. In all cases images comprising a scan area of 20 um were captured at 0.5 lines/s.
During bending experiments first an image of an undeformed sample was acquired, then the AFM cantilever was
withdrawn, the specimen was bent, the tip re-engaged to the same position and the same sample area was
imaged again.

AFM Image Processing

All AFM images were in a first step processed using the Nanoscope software (Version 7.00R2.sr2, Veeco Inc.).
Height images were processed using a 1% order planefit and a 0" order flattening command, whereas amplitude
or deflection images were processed using only a 1** order planefit. The surface displacement measurements for
consecutive AFM images were conducted using a regional interrogation-window-based particle-image-velocimetry
algorithm [24]. Dividing the image in 16x16 px large quadratic interrogation windows and allowing 50% overlap
from one image to the next was adequate. For the actual correlation calculation, a freeware module (MatPIV, [25])
for MATLAB (The MathWorks, Natick, MA, USA) was used. From the obtained displacement information, we
calculated the local strain in the direction parallel to the long axis of the trabecula (fast scan axis), by computing
the gradient in this direction: ¢, = du/dx. For validation purposes we also scanned a calibration grating with 5 um
pitch size (Veeco Inc.) and subjected the retrieved data to the surface displacement measurement.

RESULTS
Mechanical Testing with High-Speed Photography

Figure 4: Single trabecula from femoral bovine bone at different displacements during a three-point bending test. The red contour shows the
detected whitened area, due to microdamage. After failure, the whitened region follows the propagating crack tip (E, F).
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Figure 5: Detected whitening (gray) and force exerted on the sample (black) versus displacement of the trabecula shown in Figure 4. The
two open circles in the force curve denote the yield point (first) and failure point (second), respectively.

A typical result of a three-point bending experiment is shown in Figure 4; starting at 50 ym displacement we
detected whitening, developing on the tensile side of the specimen (red contours marked in Figure 4 B-F). The
whitening starts prior to the yield point (at 79 ym displacement) and rises in the region of plastic deformation. As
soon as a macroscopic crack develops, i.e. at the failure point at 261um displacement (cp. Figure 4 E, F), the
whitening fades in the lower regions of the sample and follows the propagating crack tip. The correlation between
force and whitening can be seen in Figure 5. An estimation of the tensile strain at the bottom of the single
trabecula (denoting the fiber with highest tensile strain) using the sample displacement and Euler-Bernoulli beam
equation (cp. equation (3)) leads to a tensile strain of 3.5% at the point where the whitening starts (at 50 ym
displacement). The presented mechanical and whitening behavior is representative for a total of 10 investigated
samples. The apparent elastic modulus of the tested sample was calculated using Equation (4) to 1.24 GPa and
lies well within in the range of the whole group (1.89 + 0.91 GPa) and values previously reported [26] for single
bone trabeculae. In order to assess microdamage in whitened areas of these single trabeculae, we prepared two
samples for SEM imaging. Figure 6 shows a comparison of high-speed photography images and corresponding
SEM images of two trabeculae after testing. One sample was bent beyond the failure point whereas the other one
was unloaded after whitening had been observed. The propagating crack developed in the first sample (Figure
6 A) can clearly be seen in the SEM image (Figure 6 B). The SEM image of the uncracked sample (cp. Figure 6
D) shows no evident microcracks on the surface. However, we observed microcracks with uncracked ligament
bridging when looking at an osteocytic lacuna as shown in Figure 6 D.
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Figure 6: High-speed photography frame (A) together with SE micrograph (B) of a fractured single trabecula after three-point bending. HSP
movie frame from a whitened but no fractured trabecula (C) and corresponding SE micrograph (D) showing microcracks developing in the
bulk with crack bridging (red arrow). The black spots on the samples (A, C) are ink marks used for local strain computation (not shown).



Mechanical Testing with Atomic Force Microscopy
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Figure 7: Zero deformation test using a 20 ym image of a calibration grating. The vector field exhibits almost no displacement (A, imaged in
tapping mode, 0.5 Hz). The displacement field in x-direction (fast scanning axis) is a measure for the stability of the system (B). The
displacement distribution is almost uniform and the calculated average strain is 0.002 + 0.001. (Image resolution is 512x512 px).

To validate the surface displacement measurements and to assess the drift of the piezo-driven open-loop scanner
we first imaged a calibration grating with 5 um pitch without applying deformation. The grating was imaged and
frames were acquired continuously. Two consecutive frames captured with the same settings and in the same
imaging direction were correlated using the surface displacement algorithm mentioned above. Figure 7 A and B
show the resulting displacement vector field and the contour map in x-direction laid over the mixed height and
amplitude image of the sample. The strain component in x-direction, &, = du/dx was calculated to be 0.002 +
0.001, thus on order of magnitude below the strains expected at the onset of plastic deformation.

bending direction

-
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Figure 8: Mixed height and deflection AFM image of a single trabecula with overlay of the displacement field (A) and relative displacement in
x-direction (fast scanning axis and bending direction) (B). The image was obtained on a wet trabecula in contact mode (0.5 Hz). (Image

resolution is 512x512 px).



In a first bending experiment, a single trabecula was imaged in wet condition. The sample was kept hydrated by
connecting the ends of two tissues (Kimberly-Clark, Neenah, WI, USA) to the bone specimen and their other ends
to a bath of de-ionized water. A 20 ym region on the surface was imaged, then the sample was bent and the
same region was imaged again. The overlapping region of both images was matched using cross correlation
techniques to make a perfect overlay at the most left part and both images were cropped to the overlapping
region. Figure 8 A and B show the results of this bending experiment, evaluated with the surface displacement
algorithm. Figure 8 A reveals neighboring domains bounded by several cavities where the displacement vectors
point in different directions. Figure 8 B represents the surface displacement map in the bending direction (which is
also the fast scanning axis). We calculated the average strain du/dx in this bending direction to be 0.021 + 0.008.
In another experiment, we investigated another single trabecula bent in dry condition. Again a 20 ym region on
the surface of the sample was imaged in air, then the sample was bent to a displacement of 99 um and a force of
1.9 N and the same region was imaged again. Similarly as before, the images were matched to find their overall
displacement. Figure 9 A and Figure 9 B show the results of that bending experiment, evaluated with the surface
displacement algorithm. The white arrows in Figure 9 A show a collagen fiber bundle spanning from the top left
corner almost diagonal over the image. Figure 9 B represents the surface displacement contour map in the
bending direction (x-axis and fast scanning axis). We calculated the average strain du/dx in the bending direction
to be 0.024 £ 0.006.

bending direction bending direction

Figure 9: AFM mixed height and deflection image of a dry single trabecula with an overlay of the displacement field evaluated using the
surface displacement algorithm (A), image obtained in air using tapping mode (0.5 Hz). Same surface with a contour plot overlay of regions
with same relative displacement in x-direction (fast scanning axis and bending direction) (B). (Image resolution is 512x512 px).

DISCUSSION

High-speed photography combined with whitening detection is a tool for real-time detection of microdamage and
failure in bone [19, 20]. Here we present an adapted experimental setup allowing testing of single trabeculae in a
three-point bending geometry. Compared to earlier investigations [19, 20] of cuboid trabecular bone sample this
approach has several advantages. Firstly, the geometry of single trabeculae from bovine femora is rod-like and
thus very simple compared to complicated 3D structures of larger samples. Secondly, since we are using a 2D
imaging approach, the rod-like shape allows us to assume axial symmetry of the sample. Thus it is reasonable to
assume that what is observed is representative also for the backside of the sample. Thirdly, the simple geometry
allows for a qualitative correlation between whitening and local strains and allows an estimation of quantitative
strain values on the outermost layer of the sample using the Euler-Bernoulli equation.

Our results allow us the important insight that the whitening in this loading case correlates with areas of tensile
strain as can be seen in Figure 4. Quantitatively it correlates well with the retrieved force-distance data. The SEM
investigations of the whitened trabeculae indicate that microcracks in trabecular bone initially may develop below
the softer osteoid surface of the bone. At least we could not find any microcracks on the surface of the sample
that was loaded to whitening and unloaded prior to failure. Importantly we can, however, also in this case



correlate whitening to microcracks and microdamage, similar as previously reported [19, 20]. Using the Euler-
Bernoulli equation we can estimate the highest tensile strains of the outermost fiber of the beam at the onset of
whitening to a value of about 3.5%. Bone is a complicated composite material also exhibiting a mechanically non-
linear behavior. Therefore the use of linear mechanics would lead to inaccurate results especially in the post-yield
deformation regime. In order to assess effects of plasticity and local displacements and strains also beyond the
elastic regime and correlate them with whitening and thus microcracks and microdamage, more sophisticated
experimental and computational methods are needed. This could be done for example with an optical
displacement detection method on the sample surface. Such development would also nicely complement efforts
in finite element analysis of trabecular bone structures by providing a damage model with solid experimental
foundation [27-31].

The results obtained from single trabeculae three-point bending tests using in-situ AFM so far gave helpful
insights to the failure mechanism of bone on the nanoscale in a qualitative and quantitative fashion. AFM offers
the necessary spatial resolution to visualize effects of plasticity and failure on the nanoscale. A similar
investigation was previously reported from cortical bone using SEM as the imaging modality [32]. Experiments on
the nanoscale were conducted at tensile surfaces strains of about 2%, very close to the strain of 3.5%, estimated
to be sufficient for plastic deformation. The image results from the bending experiments shown in Figure 8 and 9
seem to support the proposed nanoscale failure mechanism in bone, as proposed by Gupta et al. in [18]. Their in-
situ tensile test using synchrotron X-ray scattering revealed that bone deformation is not homogenous but
distributed between a tensile deformation of the fibrils and a shearing in the interfibrillar matrix. Our experiments
on the nanoscale appear to support this hypothesis. Different domains of the bone surface are sheared against
each other along a bundle of collagen fibers under tensile stress (cp. Figure 9 A). This collagen fiber bundle is a
clear boundary for areas that are displaced in opposite directions. However, experiments are difficult, when
samples are wet or immersed in water or buffer. Due to adhesion forces between surface water films and the
AFM tip, we could not yet find an experimental protocol that consistently works for wet samples. The situation is
even more difficult for sample fully immersed in liquid due to the thermal drift of the sample-tip system, which also
influences deformation measurement. In order to improve experimental imaging condition, we envision scanning
in a closed fluid cell providing imaging in an environment close to saturated humidity in order to avoid sample
drying. This could greatly improve image stability and reduce large amounts of water on the sample surface as
sometimes encountered in wet samples. On the scanner side more sophisticated experimental and mathematical
methods could virtually eliminate AFM scanner drifts as described in [33, 34]. Even better, however, would be the
use of an AFM system with closed loop operation capability, leading to more accurate results in the slow scanning
axis. Closed loop systems incorporating also feedback loops for the x- and y-direction, result in virtually no drifts
due to piezo-scanner nonlinearities. Another option would be the use of a high-speed AFM system [35, 36].
Besides the fact, that drift would not be a great issue in such a system, it would even make it possible to observe
dynamic effects of plasticity and failure in real-time, since samples could be tested dynamically instead of the
stepwise deformation applied so far.

In conclusion, we present novel ways to assess effects of plasticity on both the micro- and the nanoscale. The
simple geometry of the three-point bending tests allowed us not only to point out the correlation between
whitening, i.e. microdamage, and tensile strains but also provided us with an estimate of the tensile strain needed
for its creation. In addition AFM images gave insight into mechanisms of plastic deformation on the nanoscale.
From our preliminary results we can approve a previously formulated damage model on this scale. Sure further
advances on both micro- and nanoscale will provide us with more insight into bone failure in the future and allow
observing the behaviour of the nanocomposite bone under load in-situ and in a dynamic fashion at the molecular
level.
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