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Abstract. X-ray pole figure analysis was performed on
apatite (AP) crystals in bone mineral and collagen mol-
ecules in the bone matrix. For AP in bone mineral, the
(0002) plane (c-axis) and {2130} plane were examined. The
diffraction peaks from both planes were well isolated from
other diffraction peaks in the bone. To investigate the ori-
entation of collagen molecules in the bone matrix, demin-
eralized bone by EDTA treatment was used. For collagen,
the diffraction peak from about the 0.3 nm period along the
helix axis of the collagen molecule was investigated. The
c-axis of AP and the helical axis of the collagen molecule
have strongly preferred orientations in a direction parallel to
the bone axis. The c-axis of AP has an appreciable pole
density peak in the radial and tangential direction of the
bone, whereas collagen molecules were almost uniaxially
oriented in the bone axis direction though having an appre-
ciable distribution. This suggests that there are more than
two types of morphology in the AP particle in bone mineral:
one with the c-axis almost parallel to the bone axis and the
other in which the c-axis is oriented almost perpendicular to
the bone axis. The {2130} plane has isolated peaks of pole
density in pole figures in both radial and tangential direc-
tions. On the basis of the classification of orientation for
elongated polyethylene, the main portion of AP particles in
bone is concluded to be biaxially oriented.
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Bone has long been regarded as a composite material of
collagen and apatite (AP) mineral particles [1, 2]. Young’s
modulus of AP is about 80 times that of collagen [3, 4]. It is
thought that the pliant collagen matrix is reinforced by stiff
mineral particles and as a composite, the brittleness of the
mineral is compensated by the pliancy of the matrix. The
AP crystal has a hexagonal symmetry, although earlier stud-
ies [5, 6] and recent X-ray diffraction studies [7] considered
the shape of AP particles in bone to be needle-like or rod-
like; later electron micrograph investigations of the bone
revealed that mineral particles are tabular shaped [8–10] or
elongated platelets [11]. These revelations of the micro-

scopic structure in bone indicate the importance of mineral
orientation in the mechanical properties of bone [12–14].
The c-axis of the AP crystal has been revealed to be gen-
erally parallel to the longest dimension of the mineral par-
ticle [12]. A comparison of the results of X-ray pole figure
analysis (XPFA) [12] and small angle X-ray scattering
(SAXS) [15], however, has shown that some mineral par-
ticles have their c-axes perpendicular to their longest di-
mension, as predicted by Lees [16]. On the other hand, it has
been reported that the collagen molecule plays an important
role in mineral precipitation in bone as a promoter of the
calcification reaction [11, 17]. The relationship between
mineral and collagen is expected to be reflected in the geo-
metrical arrangement of the two components.

The aim of this study was (1) to investigate the relation-
ship between the preferred orientations of mineral particles
and collagen molecules in bone by XPFA. The polar distri-
bution of the c-axis of AP of bone and the helix axis of
collagen molecule in bone were measured; and (2) to in-
vestigate the crystallographic axis, which is perpendicular
to the c-axis of AP, in order to clarify whether the orienta-
tion of AP mineral particles are uniaxial or biaxial. To in-
vestigate the collagen molecular orientation in the bone ma-
trix, XPFA for fully demineralized bone collagen was per-
formed. This demineralization is necessary because the
diffraction peak corresponding to the 0.3 nm period from
the collagen lattice in the bone matrix is hidden by the
diffraction peaks from AP planes such as {2131}, {1122},
{3030}. The fibril structure of collagen in bone and the
general orientation of collagen molecules still remained af-
ter demineralization by EDTA [18].

X-ray Pole Figure Analysis

Pole figures are stereographic projections showing the den-
sity of crystallographic poles of certain planes as a function
of orientation, and so provide a good method of representing
orientation. A pole is the point of intersection of the normal
to a crystal plane with the surface of a sphere having the
crystal at its center. If the radius of the sphere is r4
1/d(hkl), the pole coincides with the reciprocal lattice point
of this plane, and the density of the poles on the surface of
the sphere is a faithful representation of the reciprocal lat-
tice point density distribution. As an actual stereographic
projection diagram, a polar net is generally used.
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angular coordinates,a andb, which are rotation angles of
the specimen plane around the axes A and B, respectively,
and which correspond to radial (declinational) and circum-
ferential (azimuthal) coordinates, respectively, in a polar net
(Fig. 1a, b). At the center of the polar net,a 4 90°, and at
the outermost circle,a 4 0°.

If the crystallite orientation is completely random, the
poles will be scattered all over the polar net. If the orienta-
tion is present, on the other hand, the poles will tend to be
concentrated in certain areas within the polar net and the
remaining areas will be completely unpopulated. The de-
gree of orientation can also be found from the pole density.

Materials and Methods

Bone specimens were prepared from the femur of a 20 month-old
cow, which was obtained immediately after slaughter. An optical
microscopic examination showed that all of the samples were gen-
erally plexiform bone but partly remodeled into the Haversian sys-
tem. The surfaces of the specimens for X-ray measurements were
cut by a band saw, then filed by emery paper and finally polished
by apatite paste. Both cutting and filing were performed under
running tap water. The collagen matrix specimens were prepared
by treating the same bovine femur with EDTA; the demineralizing
reaction was performed with 0.5 M EDTA at pH 8.0 and 4°C for
2 weeks, and the EDTA solution was exchanged every day [18].

Complete demineralization was verified by X-ray diffraction
which showed that the characteristic apatite diffraction pattern had
disappeared from the specimen.

As shown in Figure 2a, a right-handed rectangular coordinate
system was assumed to exist in the bone. XPFA was performed for
three surfaces perpendicular to these three axes (Fig. 2b), referred
to as BA surface, RA surface, and TA surface which are perpen-
dicular to bone axis, radial axis, and tangential axis, respectively.
These axes were specified by eye measurement.

Apparatus

X-ray pole figure analysis was performed using a Rigaku Denki
Pole Figure Analyzing System with a Rad C computing system. A
30 kV 40 mA Cu K a X-ray beam was generated by a Rigaku
Denki RU200 generator. The X-ray beam was monochromatized
by a curved Si crystal monochrometer.

In order to investigate the relationship of preferred orientation
between mineral particles and collagen, the (0002) pole distribu-
tion was investigated as a measure of the c-axis orientation of the
AP mineral particle. To investigate the fiber orientation in the
collagen matrix, the 0.3 nm period in the fiber axis direction re-
lating to helix pitch of collagen was used as a probe [20]. Planes
with a u Bragg angle well isolated from other peaks give optimum
results. Both the (0002) plane for AP and the 0.3 nm period for
collagen give well-isolated reflections.

In order to examine the orientation of the crystallographic axis
of AP perpendicular to the c-axis, {2130} reflection was used
because of the suitable intensity. {1012} reflection locates near
{2130}. In the intensity at the peak of {2130} reflection there may
be a slight contribution of foot of the {1012} reflection. Such a
contribution, however, does not affect significantly the result if
bone mineral particles are uniaxial or biaxial.

Schultz’s reflection technique was used for the bone specimens,
and collagen measurements were carried out by Schultz’s trans-
mission method [21]. Measurements were performed over the
angle ranges 0° <a < 90° and 0° <b < 360° with a correction
using bone powder for estimating intensity from randomly orient-
ing HAP. The intensity of the bone sample was normalized by the
obtained intensity of random orientation. A spiral pitch of 5° (5°
increase ina per 360° rotation ofb) was combined with a suitable
scanning speed. From the data thus obtained, 0° <a < 60° for the
reflection method and 30° <a < 90° for the transmission method
were used in the analysis to avoid inaccuracies in the data out of
thesea regions.

X-ray pole figure measurements were carried out on 27 bone
specimens and 9 bone collagen specimens. Typical pole figure
results for each surface are presented in the following section.

Results and Discussion

Orientations of the c-axis of AP in Bone

In Figure 3a, b, and c, pole figures for the (0002) plane of

Fig. 1. (a)Schematic drawing of XPFA apparatus. X-ray detector,
(C) specimen (sp), Schultz slit (D), and X-ray source (S), are
aligned and fixed at the Bragg angle 2uhkl for the plane (hkl) of
interest. sp is rotated around AA8 and BB8 axes. The rotation
angles are defined asa andb, respectively, where 0° <a < 90° and
0° < b < 360°.(b) Diffracted intensity from (hkl) plane is plotted
in the polar net as a function of angular coordinatesa andb. When
the plane made by S, D, and C is perpendicular to sp plane,a is
defined as 90° and the intensity I(a,b) is plotted at the center of the
polar net.

Fig. 2. (a) Cartesian coordinate system chosen for cortical bone
specimens.(b) Three surfaces based on the Cartesian coordinate
defined in(a). XPFA were made for these surfaces.
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AP in bone mineral are shown on the basis of the stereo-
graphic polar projection for the BA surface, RA surface, and
TA surface, respectively. In each pole figure, the value of
contour lines represents the normalized intensity In (a,b), of
(0002) reflection of AP in bone mineral. The normalization
was made by the intensity from a powdered bone specimen,
Ip (a,b), as In (a,b) 4 I(a,b)/Ip (a,b), where I(a,b) is the
intensity from the specimen. In (a,b) is proportional to the
number of the normal vectors of (0002) planes orienting to
the direction (a,b) in a real space. As the normal vector of
a plane is defined as the pole of the plane, we call the
number the pole density of (0002) plane. At the BA surface,
the pole density of (0002) of AP in bone was larger in the
center of the diagram. The contour lines were generally
concentric and slightly elongated in the TA direction. In the
pole figures for the RA and TA surfaces, the pole density of
(0002) of AP in bone was larger in the center of the figure.
The contour lines were found to be elliptical where the long
axis of the ellipse was approximately parallel to the bone
axis.

Figure 4a and b shows the sectional profiles of the pole

figure for the BA surface (Fig. 3a), cut at the planes con-
taining the BA and RA axes (b 4 90°) and the BA and TA
axes (b 4 0°), respectively. In both figures, for 90° >a >
45°, the intensity of the pole figure of the BA surface was
used. In Figure 4a, for 45° >a > 0°, the intensity of the pole
figure of the RA surface was used, and for the samea
region in Fig. 4b, the TA pole figure intensity was used. It
was found that the intensity, I(a,b 4 0° or 90°), in both
cases decreased rapidly as the anglea decreased and I(a,b)
took a minimum at abouta 4 45°, and gradually increased
asa decreased to 0°.

These features of pole figures are in accordance with the
results of our previous study [12], i. e., the c-axis of AP in
bone which is normal to the (0002) plane is generally ori-
ented parallel to the bone axis and a certain amount (∼30%
of all crystalline mineral particles) of c-axis of AP is also
oriented in a direction perpendicular to the bone axis.

Orientation of the Fiber Axis of Collagen in Bone Matrix

As noted in the beginning of this paper, the fibril structure

Fig. 3. (0002) pole figure of AP crystal in bovine bone mineral
measured for(a) BA, (b) RA, and(c) TA surfaces. Figures in
the diagram represent the contour height corresponding to the
relative intensity, I(a,b), based on the reflection from randomly
oriented AP.

N. Sasaki and Y. Sudoh: Bone Analysis of Apatite Crystals and Collagen Molecules 363



Fig. 4. The sectional profiles of the pole
figure for the BA surface (Fig. 3a) cut at the
planes containing the BA and RA (b 4 90°)
axes(a) and the BA and TA (b 4 0°) axes
(b) constructed by Figure 3 a and b and
Figure 3 a and c, respectively.

Fig. 5. Pole figure of collagen molecular (helical) axis in bone
matrix measured for(a) BA, (b) RA, and(c) TA surfaces.
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of collagen in bone, and especially the general orientation of
collagen molecules, remains after deminerlization by EDTA
[18]. Figure 5a, b, and c, shows the pole figures for fiber
axis of collagen in the bone matrix, based on the stereo-
graphic polar projection for the BA surface, RA surface, and
TA surface, respectively. In each pole figure, the value of
the contour lines also represents the normalized intensity
I(a,b), of the fiber axis. It is clear that the fiber axis of
collagen in the bone matrix also has a preferred orientation,
although there is a pole density distribution. The preferred
direction of the fiber axis of collagen is almost parallel to
the bone axis with appreciable tilts to the TD and RD di-
rections. The distribution of the pole density for the fiber
axis of collagen is much broader than that for the c-axis of
HAP in bone mineral. This result is in accord with the
observation that collagen fiber orientation is more random
in bone than in tendon [19]. The broadness of the distribu-

tion for the fiber axis of bone collagen is considered to be
caused by local meandering, kink, and twisting of collagen
fibers in the bone matrix. The difference in collagen matrix
organization between bone and tendon is considered to be
cellular in origin.

Figure 6 shows the sectional profiles of the pole figure
for the BA surface (Fig. 5a), cut at the planes containing the
BA (a 4 90°) and RA axes (a 4 0°, b 4 90°) and the BA
(a 4 90°) and TA axes (a 4 0°, b 4 0°). Each curve was
constructed by two pole figures obtained by transmission
methods. In both Figures, for 45° >a > 0°, the intensity of
the pole figure of the BA surface was used. In Figure 6a, for
90° > a > 45°, the intensity of the pole figure of the RA
surface was used, and for the samea region in Figure 6b,
the TA pole figure intensity was used. Intensity decreased
almost continuously with a decrease ina from the BA di-
rection (a 4 90°) to the RA or TA directions (a 4 0°).

Fig. 6. The sectional profiles of the pole
figure for the BA surface (Fig. 5a) cut at the
planes containing the BA and RA (b 4 90°)
axes(a) and the BA and TA (b 4 0°) axes
(b) constructed by Figure 5 a and b and
Figure 5 a and c, respectively.

Fig. 7. {2130} pole figure of HAP crystal in bovine bone mineral measured for(a) RA and (b) TA surfaces.
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This result contrasts with those for HAP in bone mineral. In
RA or TA directions, there were appreciable amounts of
pole densities of AP (0002) plane. The profile of the pole
figure for the collagen fiber axis is, however, similar to the
orientational distribution function of the longest dimension
of AP crystalline particles in bone determined by SAXS
experiments [13]. The discrepancy and the coincidence be-
tween results for collagen fiber orientation and AP c-axis
orientation suggest that there must be two types of mor-
phology in AP crystalline particles; (1) most of the crystal-
line particles of AP have their c-axis parallel to the fiber
axis of the collagen matrix [Type 1]; but (2) some of the AP
particles in bone have their c-axis perpendicular to the col-
lagen fiber axis [Type 2], though in both types of the par-
ticles, their length is parallel to the collagen fiber axis. From
Figure 5a and b, the fractions of two types were estimated
by assuming that the pole density profiles as a function ofa,
and is described by the linear combination of two gaussian-
type distribution functions:

IR(a) 4 a1 exp (−b1 a2) + a2 exp (−b2 a2) (1)

where a and b are constants determined empirically, and
subscripts represent the Type 1 and Type 2. The fractions of
the type 1, ø1 and the type 2, ø2, are obtained as

øj 4 aj(p/bj)
1/2/[a1(p/b1)

1/2

+ a2(p/b2)
1/2]

(j 4 1 or 2) (2)

The preliminary result was ø1 4 0.7 and ø2 4 0.3. In XPFA
of bone, the number and the spacial distribution of crystal-
line mineral particles were measured. The crystallinity of
bone minerals was estimated to be about 60% of the min-
erals [22], where 40% of the minerals are considered also to
be crystallites but in the form of small particles or crystal-
lites with remarkable imperfection. Thus, the fraction of
type 2 AP crystal against all of the mineral in bone should
be 0.6 × 0.34 0.18. According to Katz and Li [18], 70–
80% of the mineral content must be within the fibrils, and
Glimcher [23] presented evidence that up to 95% of the

mineral may be intrafibril. The fraction of type 2 AP crystal
to all the mineral in bone falls into the range for the fraction
of mineral existing in interfibrillar space. This result con-
firms the model for the morphology of AP particles in bone
proposed by Lees [16].

Orientation of {2130} Plane

Figure 7a and b shows the distribution of the {2130} pole
for RA and TA surfaces, respectively. In each surface, there
is a pole density peak at about the center of the pole figure.
The contour lines indicating the pole density are concentric
and form ellipses in each pole figure where the longer axes
of the ellipses lie between BA and RA or TA directions. In
the case of elongated polyethylene, the orientation of the
fiber axis was classified on the basis of the patterns of the
two pole figures for {001} and {hk0} [24]. Figure 8 shows
the classification of the orientation modified to bone min-
eral orientation. According to this classification, the type of
orientation of AP crystals in bone is concluded to be biaxial
orientation. {2130} of AP has six crystallographically
equivalent planes: (2130), (1230), (2310), (1320), (3210),
and (3120). The angles made by two normals of {2130}
planes are estimated by a geometric calculation, and they
are listed in Table 1. The pole of the plane belonging to the
{2130} group is thought to orient in the RA direction, and
the pole of the other plane in the {2130} group points in the
direction near TA. The broadness of the pole density peak
for {2130} is attributed to the multiplicity of the {2130}
plane group as well as the distribution in the pole orienta-
tion. Thus, in pole figures for both surfaces, pole density
peaks of {2130} were observed.

As mentioned earlier, there is still debate concerning
the shape of mineral particles in bone; some experimental
results suggest mineral particles are rod-like in shape [5–7]
whereas other studies indicate a plate-like shape [8–10] or
an elongated platelet shape [25]. In order for a plane such as
{2130} to have a preferred orientation, the cross-sectional
shape of the mineral particle perpendicular to the bone axis
would be anisotropic. The mineral particle would not be a
rod-like shape but rather a prism shape. Traub et al. [10] and
Weiner and Price [9] presented models for the shape of
mineral particles in mineralized turkey leg tendon and in
bone, respectively, and reported that in both systems, min-
eral particles were tabular in shape and the table plane had
a particular orientation against the collagen fibril. The crys-
tallographic axes relating to such a table plane are expected
to also have a particular orientation against the collagen
fibril. This expectation relates the morphological model to
the biaxial nature of bone mineral particles revealed by the
XPFA in this work.

Fig. 8. Pole figures for two types of orientation:(a) biaxial ori-
entation and(b) uniaxial orientation. In each figure, three sche-
matic pole figures are shown: BA (left), TA or RA (center) sur-
faces for (0001) plane, and TA or RA surface for (hkj0) plane
(right).

Table 1. Angles made by normal vectors (poles) of crystallo-
graphically equivalent planes belonging to {2130}

2130 1230 1320 2310 3210 3120

2130 0°
1230 21.78 0
1320 120.00 141.78 0
2310 98.22 120.00 21.78 0
3210 120.00 98.22 120.00 141.78 0
3120 141.78 120.00 98.22 120.00 21.78 0
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