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Abstract

The presence of residual stresses in bone tissue has been noted, and the authors
have reported that there are residual stresses in bone tissue. The tensile residual
stresses in the bone axial direction on the cortical surface of the bovine femoral
diaphyses were measured by X-ray diffraction method with characteristic Mo-Ka
X-rays. However, then the residual stresses inside the cortical bone could not be
accurately determined. The study here used synchrotron white X-rays obtained
from the BL28B2 beam line at SPring-8 and was able to measure the residual
stresses in the bovine femoral diaphysis in depth. The measurement positions in the
diaphysis specimen were at 1 mm intervals from the outer surface to the inner
surface of the specimen in four parts of the diaphysis: anterior, posterior, lateral,
and medial. The results showed that the residual stresses in the bone axial direction
at the outer cortical surface were tensile and the stresses in the inner positions of
the cortical bone were compressive. In the anterior part, the residual stress at the
surface was 24.7 MPa. From 2 mm to 10 mm depths inside the diaphysis,
compressive residual stresses were measured and the average of these stresses was
-9.0 MPa.
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1. Introduction

Cortical bone has a hierarchical and composite structure composed of hydroxyapatite
(HAp) and collagen matrix. The HAp has a hexagonal crystal structure, and X-ray
diffraction can be used to measure the interplanar spacings of HAp crystals in cortical
bone ™. When bone tissue deforms, the displacement of the lattice planes of the HAp
crystals also changes ", and the HAp strain can then be calculated by the deformation of
the interplanar spacing from a reference stage ),

Living tissue such as blood vessels is subject to residual stress ', and the presence of
residual stress in bone tissue has also been noted . The authors have proposed the sin’y
method of X-ray diffraction as a method to measure the residual stress in bone tissue . In
previous studies, the residual stresses at the outer cortical surface of the diaphysis of bovine
femurs and rabbit limb bones were measured with characteristic Mo-Ka X-rays, and it was
confirmed that there are tensile residual stresses in the bone axial direction "®. However,
the residual stress inside the cortical bone would not be measured by this previous method.
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The X-rays generated by an X-ray tube in the previous study can only penetrate about 100
pum into the specimen and the method is only effective to measure the outermost region of
the bone. Synchrotron white X-rays form a highly collimated high-intensity X-ray beam
that can pass through thick bone specimens like the femoral diaphysis. Some strain
measurements of HAp crystals and collagen fibrils in bone tissue have been conducted with
high-energy X-rays generated by a synchrotron radiation source EHID

The aim of this study is to measure the residual stress inside diaphysis specimens using
synchrotron white X-rays. In the experiments here, a bovine femoral diaphysis was used
and the distribution of residual stress from the outer surface to the inner region of cortical
bone was measured.

2. Synchrotron Measurement Method

As suggested in Fig. 1, the interplanar spacing d of HAp crystals is uniform at the
non-strained state, and the interplanar spacing d varies with the direction under tensile
loading. The angle of inclination y is defined as the angle between the radial direction of
the diaphysis specimen and the diffracted lattice plane. When the cortical bone is stretched
in the bone axial direction, the interplanar spacing in the lattice planes for the y = 90°
direction is larger than that for the y = 0° direction. The relation between d and y is affected
by the amount of the stress and the tissue stress can be estimated from the d— relation.

Fig. 2 shows the coordinate system employed here at each measurement position in the
cortical bone. The x, y, and z-axes correspond to the bone axial, circumferential, and radial
directions, and these axes are defined as the principal axes. Further, the study assumed that
the diaphysis in the radial direction was not subject to residual stress.
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Fig. 1 Relationship between tissue stress o° and interplanar spacing d of HAp crystals. (a)
Changes in the interplanar spacings d of HAp crystals oriented in different directions in the
cortical bone under tensile loading. (b) Vector diagram of the interplanar spacing d of HAp
crystals. The interplanar spacing of lattice planes oriented in the loading direction is the largest
and that oriented normal to the loading direction is the smallest. The difference depends on the
magnitude of the stress o”.
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The relationship between wavelength 4 and the energy W of X-rays is expressed as in
Eq. (1), where /4 is Planck’s constant and c is the speed of light.

/1=E @)
w

Using Bragg’s law, the fundamental equation for X-ray diffraction, the relationship
between the interplanar spacing d of HAp crystals and the X-ray energy W is expressed as
in Eq. (2)

d-—"rc @)
2W sin @

where 6 is the Bragg angle and fixed during the measurements. The interplanar spacing d
can be measured from the energy of the diffracted X-rays. The strain in the HAp lattice
plane ¢ is defined as in Eq. (3), where d, is the interplanar spacing of the non-strained

state.

g = 4= 3)

In this study, the relation between bone tissue stress o” and HAp strain ¢” in the cortical
bone is assumed to be described by Eq. (4).
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Fig. 2 Coordinate system at a measurement position in the cortical bone.
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It is possible to measure the HAp strain SH(/, for an angle of inclination y as shown in
Fig. 2, and gHu, is described with £, and £”, as in Eq. (5).

g, =¢&sin’y +& (1-sin’y) ®)

Here, the study assumed ¢, = 0. Equation (5) can be expressed as Eq. (6) using Eq. (4).

1+v' 5 . v
&) = 7 o’ smzy/—F(O'f +0)) ©)

By partial differentiation of Eq. (6) with respect to (sin’y), the following expression is
derived.

* H
L*LZO-B (7
1+v" oGsin’y) 7

Therefore, 6, can be described with the interplanar spacing d, and y as in Eq. (8)

*

, E od, od
o= ) = Kd " v s
" d,(1+v") 8(sin’ ) o(sin’ y)

®)

where K} is the stress constant. This allows the residual stress in the bone axial direction in
cortical bone to be estimated from Eq. (8).

In the current study, the interplanar spacings of the (002) plane of HAp crystal were
measured to calculate the residual stress. In the previous study, the stress constant of the
(211) plane was measured with characteristic Mo-Ko X-rays (4 = 0.07107 nm) as Kypo11) =
-660 MPa/deg . In the current study, the stress constant K; (MPa/nm) of the (002) plane
was calculated from that of the (211) plane considering the ratio of lattice strains of the
(211) plane to the (002) plane during certain loading, as described in Eq. (9).

360 tan 6
K,= _AC'KZH(ZII) ©)

0(002)

In Eq. (9), doo2) is the interplanar spacing of the (002) plane in the non-strained state and
Oo11y is the Bragg angle of the (211) plane with characteristic Mo-Ko X-rays in the
non-strained state. Further, C indicates the ratio of lattice strains of the (211) plane to the
(002) plane during certain loading, and was measured as C = 0.75 () with tensile tests in the
previous study.

3. Experiments

A fresh femur was obtained from a 26-month-old bovine and frozen at -35 °C until
further preparation. The study used the mid-diaphysis part of the cortical bone. The
diaphysis specimen was 60 mm long in the bone axial direction and cut using a slow speed
diamond wheel saw (SBT650: South Bay Technology Inc., USA), and the measurement
position was the center of the femur and the diaphysis specimen respectively (Fig. 3). The
bone marrow and the soft tissue around the surfaces were removed and the specimen was
air dried at room temperature. To fix the specimen on the measurement instruments for the
X-ray diffraction, one end of the specimen was bonded to an acrylic plate with epoxy resin.
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The measurement points in the diaphysis specimen were sited at 1 mm intervals from
the outer surface to the inner region of the specimen at four parts of the diaphysis: anterior
(A), posterior (P), lateral (L), and medial (M), as shown in Fig. 4.

The synchrotron white X-ray diffraction was performed at the BL28B2 beam line of
SPring-8, Japan Synchrotron Radiation Research Institute (JASRI). As shown in Fig. 5, the
specimen was irradiated with the X-ray beam (Incident angle # = 2.5°), and the beam, with
intensity optimized with an aluminum absorber, was collimated with a slit (Slit 1: 200 um
high, 200 pm wide). The diffraction angle 26 was set to 5° during the measurements. Scattered
X-rays were eliminated from the diffracted X-rays by two slits (Slits 2 and 3: 200 um high, 150
um wide). The diffracted X-rays were detected by a solid state detector (SSD) and the pulse
height distribution of the X-rays was analyzed by a multichannel analyzer (MCA) (4096
channels). Fluorescent X-rays of Pb-Kal and Sn-Kal were measured to calibrate the MCA.

The interplanar spacing d,, was measured at the following y conditions: 90.0°, 71.6°,
63.4°, and 56.8° by tilting the specimen set on a swivel stage, and adq,/a(sinzz//) in Eq. (8)

Measurement
positions

Acrylic plate 60 mm

Fig. 3 Diaphysis specimen. (a) The specimen was taken from the middle diaphysis of a bovine
femur. The measurement position was the center of the femur and the diaphysis specimen,
respectively. To fix the specimen on the measurement instruments, one end of the specimen was
bonded to an acrylic plate with epoxy resin. (b) The cross-section shape at the measurement
positions of the specimen. The image was observed cutting the specimen after the X-ray
measurements. Triangle marks in the image indicate the measurement parts: anterior (A),
posterior (P), lateral (L), and medial (M).
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Fig. 4 Measurement positions in the diaphysis specimen. The positions are sited at 1 mm
intervals from the outer surface toward the inside of the specimen at four parts: anterior (A),
posterior (P), lateral (L), and medial (M).




Journal of Biomechanical
Science and Engineering

Vol. 6, No. 2, 2011

Slit2, 3 [ Solid-State
Detector (SSD
Specimen 3

Synchrotron white
X-ray beam

Swivel stage
(y=56.8°~90°)

AN
S
Specimen

(b)
Fig. 5 (a) Measurement setup for X-ray diffraction at the BL28B2 in SPring-8. The specimen
was fixed on a swivel stage to enable changes in the y angle (90.0°, 71.6°, 63.4°, and 56.8°). The
synchrotron white X-ray beam was collimated with a slit (Slit 1: 200 pm high, 200 um wide).
The diffracted X-rays were detected by a solid state detector (SSD). Scattered X-rays were
eliminated from the diffracted X-rays with two slits (Slits 2 and 3: 200 pm high, 150 um wide).
(b) Top view of the setup at w = 90°. The specimen was irradiated with the X-ray beam (Incident
angle @ = 2.5°), and the diffraction angle 26 was fixed at 5°.

was calculated by the linear least-squares method. The exposure time was 120 seconds at
each y condition. To calculate the interplanar spacing d,,, the peak of the (002) plane in the
spectrum was used.

4. Results

Figure 6 shows the X-ray diffraction profile of the diaphysis specimen. The horizontal
axis indicates the energy of diffracted X-rays. The value of the energy was calculated from
the channel number analyzed by the MCA with the fluorescent X-rays of Pb and Sn. The
peak of the (002) plane in the HAp crystals was sharp with a distinct highest intensity, and
the peak position was determined as the midpoint of the full width at two-thirds maximum
intensity of the profile (FWTTM method) using the energy range between 39.8 and 43.1
keV.

Figure 7 shows the relationship between d(g,) and sin®y at the outer surface (depth = 0
mm) of the anterior part. The coefficient of correlation R* was 0.97 in this relation showing
that d,, and sin’y are strongly correlated. The values of 6d,,,/8(sin21//) at each position were
calculated from the relations by the linear least-squares method. The measurements at other
positions also show strong correlations, except when 8dv,/6(sin21//) was close to zero. The
stress constant K, could be calculated as K; = 21000 MPa/nm from the K,g»i;) and C
established in the previous studies with Eq. (9). Then, the residual stresses can be calculated
from the K, and 8d,/d(sin’y).
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Figure 8 shows the radial distribution of the residual stress in the bone axial direction
from the outer surface to the inner region of the diaphysis specimen at the four parts:
anterior, posterior, lateral, and medial. The values of residual stresses were calculated from
one measurement at each position. The horizontal axis indicates the depth of the
measurement positions from the outer surface of the specimen at each part. The thicknesses
of the specimen at anterior, posterior, lateral, and medial parts were 12.0 mm, 7.3 mm, 7.1
mm, and 10.0 mm, respectively (Fig. 3(b)). The deepest positions indicated in Fig. 8 do not
correspond to the inner surface of the diaphysis specimen, because the intensity of the
diffracted X-rays around the inner surface region was too low to calculate d,,. Since the
X-ray pathway at anterior part was shorter than that at the other parts, residual stress in the
deepest region could be measured at anterior part.

At the outer surface, there were tensile residual stresses at the four parts and that trend
corresponded to those in the previous study of bovine femoral diaphyses . In the anterior
part, the residual stress at the surface was 24.7 MPa and that at 1 mm depth was 2.5 MPa.
Inside the diaphysis, from 2 mm to 10 mm depths, there were compressive residual stresses.
The average of these stresses in the inner region was -9.0 MPa, smaller than the stress at the
surface. In the posterior and medial parts, there were also tensile residual stresses at the
surface with values of 9.2 MPa and 8.2 MPa, respectively. The inner cortical bone here
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Fig. 6 Typical diffracted X-ray profile of the diaphysis specimen using the synchrotron white
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Fig. 7 Typical relationship between d|q, and sin’y at the outer surface (depth = 0 mm), anterior
part (A).
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was subject to compressive residual stresses as in the anterior part. There was a highest
compressive stress at 5 mm depth in the medial part. In the lateral part, there was tensile
stress both at the surface and down to 4 mm depth, here the average stress was 4.2 MPa.
The position at 5 mm depth in the lateral part was subjected to compressive stress like the
other parts.

5. Discussion

In the study, the distribution of residual stress in the bone axial direction was mapped
by measuring the residual stresses at 1 mm intervals from the outer surface to the inner
region of the specimen at four parts. The measured residual stress at each position was the
average in the measured volume as shown in Fig. 9. The volume was determined by the slit
sizes, the position of the slits, and the diffraction angle. The volume was a parallelepiped
and the maximum length was 5590 pm. The longitudinal direction of the volume was
aligned along the circumferential direction of the diaphysis specimen.
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Fig. 8 Radial distribution of the residual stress in the bone axial direction from the outer surface

to the inside of the diaphysis specimen at the four parts: anterior (A), posterior (P), lateral (L),
and medial (M).
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Fig. 9 Measured volume of X-ray diffraction in each position. The measured volume was
decided by the slit sizes, the length between the slits, and the diffraction angle (26 = 5°). The
volume was a parallelepiped (approximately 200 x 290 x 5590 um) and the longitudinal
direction of the volume was aligned along the circumferential direction of the diaphysis

specimen.
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As shown in Fig. 8, the outer surface in the bovine femoral diaphysis were subjected to
tensile residual stress and the inner region of the cortical bone was subjected to compressive
stress. Further, the magnitude of the tensile residual stress at the surface was larger than that
of the compressive stress in the inner region. The highest compressive stress was at 5 mm
depth in the medial part. The stress value at this point may reflect deviations due to the
lower intensity of the X-rays. It may also reflect differences of the microstructure between
this and neighboring measurement positions.

The sum of the value of residual stresses from the outer surface to the inner region in
depth was -54.0 MPa at anterior, -5.6 MPa at posterior, 6.8 MPa at lateral, and -45.5 MPa at
medial part. At posterior and lateral parts, residual stress may equilibrate the stresses of the
outer surface and the inner region in depth; however, the quantitative equilibrium of
residual stresses could not be determined because of a deviation in one measurement in this
study:.

Previously the focus was on residual stresses at the cortical surface of the limb bones "®.
The diaphysis surface would be subject to high mechanical loadings in vivo due to bending
and torsional loadings. In the current study, there were gradients in the residual stress in the
surface layers. The surface layer will need to be the focus of further study to understand the
mechanism of generation of residual stress in bone tissue.

The study assumed that the diaphysis specimen in the radial direction was not subject to
residual stresses. It is well known that bone is usually replaced by new bone tissue with
12" Since the new tissue is constructed under in vivo
loading as the non-deformed state, an indeterminate structure may be generated by
differences in the deformation of the old and new phases. The residual stress in the bone
tissue may be generated by nonuniform structures related to osteons in the bone tissue and

constructing osteon structures

may be related to the in vivo mechanical loading. Therefore, it would appear that the radial
direction may not be subject to residual stresses, since the diaphysis specimen in the radial
direction is subject to only small applied stresses in vivo. Figure 10 shows the radial
distribution of the interplanar spacing d(, of the (002) lattice plane in the bone axial
direction. The interplanar spacings were measured at y = 90°. Focusing on the distribution
of the anterior part, the interplanar spacing of the HAp crystals at the surface was larger
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Fig. 10 Radial distribution of the interplanar spacing d(o, of the (002) lattice plane in the bone
axial direction (i = 90°) from the outer surface to the inside of the diaphysis specimen at the
four parts: anterior (A), posterior (P), lateral (L), and medial (M).
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than that in the inner positions. The distribution of interplanar spacings closely corresponds
to the distribution of residual stresses. This suggests that the deviatoric HAp strain in the
bone axial direction will correspond to the residual stress in the bone axial direction. This
would suggest the conclusion that even when the study includes the radial component in the
measured residual stress, this component may have little effect on the measured values.

—
Y

6. Conclusion

In this study, the distribution of residual stresses in the bovine femoral diaphysis can be
measured using synchrotron white X-ray diffraction. The residual stresses in the bone axial
direction at the outer cortical surface were tensile and the stresses in the inner region of the
cortical bone were compressive. In the anterior part, the residual stress at the surface was
24.7 MPa. From 2 mm to 10 mm depths inside the diaphysis, compressive residual stresses
were measured and the average of these stresses was -9.0 MPa.
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