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ABSTRACT

In this study, the effect of orientation of mineralized collagen fibrils on bone mechanical properties relating to
bone anisotropy was studied using data obtained from rehydrated lamellar bone samples. The dehydration-
rehydration based and experimentally determined contraction, observed in orientations parallel and perpendicular
to the osteonal axis was used to calculate bone anisotropy. The sublamellar bone model, with the layered
mineralized collagen fibrils rotating at 5° was used. Following this model, the mineralized collagen layers were
transformed at 5° relative to the orthogonal axes using a transform matrix. With dehydration, fibril diameter was
reduced towards the mineral, forming contraction vectors. The X, y and z intercepts for these vectors were then
calculated to give the u, v and w displacements, which gave anisotropy ratios ranging from 0.15266 to 6.55054.
Compared with the experimental nanoindentation findings in the literature, there may be an indication of a
correlation with the results of sublamellar arrangement at 20° angles. As the lateral indentation used in the
anisotropy experiments may involve varying amounts of u and v displacements, the aspect angle of lateral
indentation was evaluated in relation to the structural features of the model. This evaluation indicated the larger
contribution of v displacement and thus relatively much smaller contribution of u displacement to lateral
contraction. These findings indicate the significant effect of the mineralized collagen fibril arrangement on bone
anisotropy.
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Osteonal Lamellar Kemikte Mineralize Kolajen Fibril Yonlenmesinin
Mekanik Onemi Uzerine Teorik Calisma

OzeT
Bu calismada, dehidrasyon-rehidrasyon sonrasinda lameler kemik 6érneklerinden elde edilen veriler kullanilarak,
mineralize kolajen fibril yénlenmesinin kemigin mekanik 6zelliklerine olan etkisi incelenmistir. Dehidrasyon-
rehidrasyon sonrasinda kemigin osteonal eksenine paralel olan ve dik kesen yonlerde deneysel olarak gelisen
cekme kullanilarak, kemigin anizotropik 6zellikleri hesaplanmistir. Sublameller kemik modelinde mineralize
kolajen fibrilleri katmanlar halinde ve 5 derecelik agilarla rotasyon yapacak sekilde modellenmistir. Bu modele
gore, mineralize kolajen tabakalari, transformasyon matrisi kullanilarak ortogonal eksenlere 5° ac1 yapacak sekilde
dontstirilmistir. Dehidrasyon sonucunda fibril ¢apit mineral dogrultusunda daralmis, ¢ekmeye bagli bir
deplasman vektorl olusturmustur. Vektorlerin X, y ve z eksenlerindeki izdisiimleri, u, v ve w deplasmanlar:
hesaplanarak, 0,15266-6,55054 araliginda anizotropi oranlari bulunmustur. Literatirdeki deneysel
nanoindentasyon verileriyle kiyaslandiginda, sonuglar, sublamellerin yaklasik 20 derecelik agilarla diizenlenmis
olabilecegini gdstermistir. Anizotropi deneylerinin bir unsuru olan lateral indentasyon farkli oranlarda u ve v
deplasmanlar1 icerebileceginden, lateral indentasyon acist modelin  yapisal oOzellikleri baglamida
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degerlendirilmistir. Bu degerlendirmenin sonucunda, v deplasmaninin lateral cekmeye u deplasmanmdan daha
fazla katkida bulundugu gorilmektedir. Bulgular, mineralize kolajen fibrillerinin sublamellar diizenlenmesinin
kemigin anizotropisine olan 6nemli katksmni géstermektedir.

Anahtar Kelimeler: Transformasyon Matrisi, Bliziilme vektorl, Anizotropi, Mineralize Kolajen Fibril Yonlenmesi.

. INTRODUCTION

As a hierarchical, anisotropic, fiber-reinforced composite, composed of organic and inorganic
components within a hydrating medium [1]-[9], bone structure and the lamellar organization of collagen
fibrils have been studied using various indentation techniques at different levels of scale [10].

At the most basic level, the bone mineral and the collagen fibril associate with each other and form the
higher organized, hierarchical structures ranging from the sublamellae to lamellae, osteons and other
higher lamellar structures. The bone lamella (6-8 um thick) (Fig. 1) consists of 2-3 um thick sublamellae
[9] organized in a fanning arrangement [9],[11]. The collagen fibrils rotate in relation to the lamellar
front in 2D, and the mineral planes [9],[11] rotate in relation to both the collagen fibrils and the lamellar
front in 3D [12]-[15]. The 23 wt% collagen fibrils and the 65 wt% mineral are hydrated by 12 wt% bone
fluid [5],[12],[16]-[20], present in the gaps within the fibril, between the fibrils and the fibers [13],[21]-
[26]. The collagenous layers [8],[2],[23], the level of mineralization as well as the mineral plate
orientation [27]-[28] determine bone mechanical behavior as displayed in the nanoindentation studies
[29]-[31].

The dehydration caused dimensional changes in bone have been studied in the environmental scanning
electron microscope (ESEM) as wet, dry and rehydrated samples [8]. The results of that study have
indicated that in the longitudinal (Plane 2 in Fig. 1) and transverse (Plane 1 in Fig. 1) cross-sections of
bone, if the specified length of a given segment is measured perpendicular and parallel to the lamellae
before and after dehydration, the difference in length varies as a function of the orientation of that
segment. In the longitudinal cross-sections exposing Plane 2 in Fig. 1, radially 1.19+0.78% and axially
-0.12+0.75%, and in the transverse cross-sections exposing Plane 1 in Fig. 1, radially 1.39+0.87% and
tangentially 1.41+0.57% change in dimension has been observed at 28% relative humidity under the
ESEM [8]. The axial contraction results have displayed a high standard deviation and a wide range (-

4.64% t0 4.52%).
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Figure 1. (a) Osteonal bone lamellae are displayed as striped layers, with each stripe (designating a lamella)
containing the sublamellae of mineralized collagen fibrils [11]. As a result of dehydration, contraction in the
organic content is displayed as axial displacement, where w is axially oriented along the long shaft of bone
(along the z axis), displacement v is radially oriented (along the y axis), and displacement u is tangentially
oriented (along the x axis). Plane 1 indicates the transverse surface cut of the long axis of bone and Plane 2
indicates the surface exposed by the longitudinal cut along the long bone. (b) depiction of the sublamellae
within the lamella given in (a) as yellow or gray stripes.
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In that study, the change in dimension was considered to be due to loss of water in the organic component
(Fig. 2a). Therefore, in this study, with dehydration, the soft organic component of the mineralized
collagen fibril (MCF) is assumed to contract towards the hard inorganic component (Fig. 2b); thus,
creating a directional contraction, which is termed as a contraction vector.

Dehydration
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Figure 2. (a) The MCF depicting the mineral plates within the collagen fibril, which associates with water
through hydrogen bonds. (b) The collagen fibril depicted as wet (left) and dry (right) where the plates approach
each other having lost the water within and between the collagen fibrils and the plates. As the reduction in
diameter is guided by the mineral plate and is directional, it is named as the contraction vector. The organic
matrix in each MCF contracts (loses dimension) towards the mineral plate contained within that fibril. Here, the
direction of contraction, termed as the contraction vector, is marked with an arrow.

Using the basic osteonal lamellar bone model of rotated plywood collagen fibrils [11], the indirect effect
of water on bone mechanical properties was theoretically studied at the lamellar length scale. This was
carried out by studying the percent change in dimension taking place between dehydrated and rehydrated
osteonal lamellar bone models with collagen fibrils oriented at various angles. The results obtained here
were compared with the literature [10],[29]-[31] on dimensional changes that occur in the osteonal
lamellar bone with dehydration and rehydration.

1l. MATERIALS AND METHODS

A. MATERIALS

The working model considered here, i.e. the rotated plywood model, is a single lamella of an osteonal
long bone with the axially, tangentially and radially oriented MCFs (with the main orientation being
axial (z-axis) and tangential (x-axis)) [2,15]. Radial (y-axis) orientation of fibrils is observed mainly
along the canaliculi and Volkman’s canals [4]. According to this model, the collagen fibrils are stacked
radially rotating at about 30° angles and the mineral plates within each collagen fibril rotating at 30°
angles about themselves [11].

B. METHODS
B. 1. Modification of the Model

Here, the standard rotated plywood model of osteonal bone was modified to consist of twenty-five
sublamellae (S), with collagen fibrils (S-0 to S-24) stacked about the y-axis at 5° angles on the x-z plane.
The axially oriented collagen fibrils of 0° sublamella (S-0, along the z-axis [001]), rotated about the y-
axis at 5° rotation steps through the 90° sublamellae (S-18, along the y-axis [100]) and up to S-24 at 120°
(Fig. 3a).
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Figure 3. (a) the collagen fibrils of the sublamellae (of a lamella) stacked about the y axis, with fibrils rotating
at 5° angles on the x-z plane, (b,c) the mineral plates of the collagen fibrils stacked along the y axis, with
mineral plates rotating at 5° angles not only on the x-z plane, but also about themselves.

The mineral planes were angulated at 5° intervals ranging between 0°-120°. The mineral plate contained
in the S-0 collagen fibril was oriented to intercept the y-axis at the origin forming the (010) plane (Fig.
3b-c), while the mineral plate contained in the S-18 collagen fibril was oriented to intercept the z-axis
forming the mineral plane (001). The mineral planes were transformed in 3D about the X, y and z axes
at 5° angles within the fibril of each sublamella, from 0° up to 90° (S-0 to S-18) and repeat the values
of 5° up to 30° angles between S- 20 to S-24.

The generalized average orientations and angular rotations for the collagen fibrils and mineral planes
are obtained using the transformation matrix given in equations (egs. 1-7) within the 0°-120° range.

1 0 0
Tx={0 cosf —sinf (1)
0 sinf@ cos@
cosf@ 0 sind
Ty = 0 1 0 2
—sinf 0 cos@
cosf —sing 0
T,=|sin@ cosf O (3)
0 0 1

1

ny = <0) (4)
0
0

n; = <1) (5)
0

Collagen fibril orientation represented by a unit vector = Ty*n, (6)
Contraction in collagen fibril represented by a unit vector = Ty*T,*T,*ny (7

Tx, Ty, and T, denote the transformation matrices with respect to the x, y and z axes, while ny and n,
denote the vectors oriented along the y and z axes. The orientation of the collagen fibril was calculated
using eg. 6; while the transformation of the mineral plate orientation (indicating contraction of the
collagen fibril towards the mineral plate) was calculated using eq. 7. The contraction in the oriented
MCFs was then studied intermittently at every 5°, 10°, 15°, 20°, 30° or 40° angles from 0° up to 120°.
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B. 2. Calculation of Dimensional Change

The 1.4% peraxial dimensional change in sublamella [8] was calculated for the 5° angles, assuming that
the direction of contraction is normal to the mineral plate. The peraxial projection of the contraction
vector of the dehydrated fibril was given as ua, va and w, using the transformation matrices. Contraction
as displacement (given as the absolute values of u,, va and w,) was summed at the angles stated above
to give ua (sum of all ua), va (sum of all v,), and wa (sum of all wa). Total contraction per axis was
calculated in units by multiplying the radius of a collagen fibril, r, by 1.4%, and then, by the sum of
displacements in the respective axes, using eg. 8. For a total displacement in the x axis,

Uar= I'(ZU(a)) (8)

where r' is the magnitude of contraction of the collagen fibril and a is the angle. For a=40°,
Usor=r'(2Uu(40°)) is the sum of displacements in multiples of 40° angles (Fig. 3). The reasoning behind
this summation is that dehydration is a cumulative process, leading to the warping of bone samples.

B. 3. Calculation of Anisotropy Ratios

The amount of contraction was then used to calculate the mechanical anisotropy in the osteonal lamellae.
These results were compared with the anisotropy of elastic modulus data obtained by nanoindentation
(where the elastic modulus for Plane 1 was divided by that of Plane 2 as shown in Fig. 4a) [10]. Similarly,
here, the anisotropy ratios (AnR) for the sum of contraction values for Plane 1 (wa) was divided by those
obtained perpendicular to the osteonal axis (described as “lateral indentations” i.e., as “Ua’” Or “Va™).

To demonstrate the possible variation in experimental data acquired by nanoindentation due to the aspect
of the indentor to the sublamellae in the study of Faingold et al. [10], here, the effect of lateral indentation
direction in Plane 2 (Fig. 4a) was evaluated where the indentor aspect angle varied between angles 0°
through 120° (Fig. 4b). The purpose was to determine the effect of lamellar features on the anisotropy
ratios as the lateral indentor moves from the y-axis alignment to the x-axis alignment and further.
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Figure 4. (a) The nanoindentor probe approaches Plane 2 perpendicularly, normal to the bone surface. (b) The
sublamellar layers as observed in a transverse cross-section, or along the z-axis. As depicted in Figure 4a,
although the nanoindenter probe approaches the surface perpendicularly, it may intercept the MCFs of the

sublamellae at angles ranging from 0° to 120°. Thus, the major elastic contribution to indentation varies as a
function of the intercepted MCF angle.

I11. RESULTS
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The results of this study indicate that the radius of the MCF (r), taken as 1 unit (or 1.5 nm) in the hydrated
state, contracted by 1.4%, to give the contraction magnitude (r') of 0.014 units. Using the transformation
matrices and unit vectors (egs. 1-7), the 5° sublamellar collagen fibril angulations about the y-axis and
the contraction vector orientations of the minerals were calculated (eg. 8) (Table 1).

Table 1. Peraxial intercepts of MCF orientations and the contraction unit vector per sublamellar layer.

Collagen Fibril Orientations

Contraction Vector

Sublamellar Layer X axis Y axis Z axis u % w
S-00 0.00000 0 1.00000 0.00000 1.00000 0.00000
S-05 -0.08716 0 0.99619 0.07926 0.99240 0.09409
S-10 -0.17365 0 0.98481 0.14131 0.96985 0.19857
S-15 -0.25882 0 0.96593 0.18530 0.93301 0.30847
S-20 -0.34202 0 0.93969 0.21147 0.88302 0.41899
S-25 -0.42262 0 0.90631 0.22115 0.82139 0.52574
S-30 -0.50000 0 0.86603 0.21651 0.75000 0.62500
S-35 -0.57358 0 0.81915 0.20035 0.67101 0.71387
S-40 -0.64279 0 0.76604 0.17589 0.58682 0.79038
S-45 -0.70711 0 0.70711 0.14645 0.50000 0.85355
S-50 -0.76604 0 0.64279 0.11520 0.41318 0.90334
S-55 -0.81915 0 0.57358 0.08497 0.32899 0.94050
S-60 -0.86603 0 0.50000 0.05801 0.25000 0.96651
S-65 -0.90631 0 0.42262 0.03589 0.17861 0.98327
S-70 -0.93969 0 0.34202 0.01938 0.11698 0.99295
S-75 -0.96593 0 0.25882 0.00852 0.06699 0.99772
S-80 -0.98481 0 0.17365 0.00260 0.03015 0.99954
S-85 -0.99619 0 0.08716 0.00033 0.00760 0.99997
S-90 -1.00000 0 0.00000 0.00000 0.00000 1.00000
S-95 -0.99619 0 -0.08716 0.07926 0.99240 0.09409
S-100 -0.98481 0 -0.17365 0.14131 0.96985 0.19857
S-105 -0.96593 0 -0.25882 0.18530 0.93301 0.30847
S-110 -0.93969 0 -0.34202 0.21147 0.88302 0.41899
S-115 -0.90631 0 -0.42262 0.22115 0.82139 0.52574
S-120 -0.86603 0 -0.50000 0.21651 0.75000 0.62500
¥ Contraction, 5° angles 2.95759  14.84967  15.48332
¥ Contraction, 10° angles 1.50966 7.60287 8.13784
¥ Contraction, 15° angles 1.01660 5.18301 5.68472
¥ Contraction, 20° angles 0.80579 4.46984 3.99899
¥ Contraction, 30° angles 0.49103 2.75000 3.21651
¥ Contraction, 40° angles 0.39500 2.36697 2.41492

The mineral plane rotation as well as the contraction of the MCFs in the X, y and z axes are listed as
displacements u, v and w (Table 1). The total angular contraction of the sublamellar MCFs at every 5°,
100, 15°, 20°, 30° and 40° angles are listed as total displacements u;, vi and w: for each lamella (Table
1). In this model, ux was the minimum displacement observed at all angle intervals, while at 5°, 10°,
15° and 30° and 40° intervals, wy, and at 20° angle intervals, va displayed maximum contraction. The
AnR ratios of the MCF contraction (as wa/Va Or Wa/Ua) Were calculated, listed in Table2 and compared

with the literature [10].

Table 2. Calculated AnR values derived from total contraction summed at multiples of angles.

5° 10° 15° 20° 30° 40
Wat/Vat 1.04267 1.07046 1.09679 0.89466 1.16964 1.02026
Wat/Uat 5.23511 5.39051 5.59189 4.96282 6.55054 6.11372
Vat/Wat 0.95908 0.93426 0.91174 1.11774 0.85496 0.98014
Uat/Wat 0.19102 0.18551 0.17883 0.20150 0.15266 0.16357
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Figure 5. The distribution of the u and v displacements of the sublamellae at angles ranging from 0° to 120°.
The dominant contribution to contraction is from the v component, while the u component displays the highest
contribution at 25°, i.e. S-05 sublamella.

The distribution of u and v displacements (Table 1 and Fig. 5) indicates that the v component displays

higher values than the u component, implying that the v displacement is the major contributor to tissue
reaction during nanoindentation [10].

V. DISCUSSION

In this study, the dehydration-rehydration based contraction in bone lamellae was modelled on the
assumption that the collagen contracted towards the mineral plate with dehydration. The model
demonstrated the important contribution of the contracted MCF orientation to bone AnR values, which
ranged from 0.15266 to 6.55054. Considering the various MCF angular orientations (varying between
5°-40° angles) [9], the results for the MCFs oriented at 20° angles gave an AnR (w/v) of 0.89 and an
AnR (v/w) of 1.12, which correlated to some extent with the experimental AnR data for wet bone of
0.80 and dry bone of 1.13 repectively [10]. The results of this study also indicated a prominent axial
contraction, which has not been previously discussed in the literature.

The effect of dehydration-rehydration based contraction on osteonal lamellar bone mechanical
properties and anisotropy has been studied in orientations relative to the osteonal axis [6]-[8]. The results
indicate differences in lamellar AnR values between the dehydrated and hydrated osteonal bone samples
by nanoindentation [10],[29]-[31]. As water associates mainly with collagen in the MCF, dehydration
caused contraction involves mainly the compliant element. The capacity of the fibrils to contract or
deform [10] is associated here with the compliant element in wet bone, resulting in an AnR¢ (w/v) of
0.89. Inversely, in dry bone, the dehydration based AnR ratio is defined as the ratio of resistance to
contraction (AnR;), or the capacity of the fibrils to resist deformation due to the resistive element in dry
bone, resulting in an AnR; (v/w) of 1.12.

The length scale and MCF orientation are important factors in bone anisotropy as the variation in fibril
orientation changes across the osteon from axial (close to the Haversian canal) to angular (towards the
cement line) [14], generating prestresses in bone [32]. The aspect of lateral nanoindentation (Fig. 4) may
also affect the experimental results [32], which appear to correlate with the w/v and v/w AnRs (instead
of w/u and u/w AnRs) obtained in this study. This implies that results of nanoindentation into Plane 2
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may be the summation of tissue response arising from both tangential (ux) and radial displacements (Var).
In fact, the results demonstrate that in all angles the v displacements, being much larger than the u
displacements, contribute more to the mechanical properties and thus lateral nanoindentation results
may be largely governed by the v displacements (Fig. 5) [8].

In summary, bone properties vary greatly by the length scale, composition, mineral content, sampling
site and sample orientation. At the lamellar length scale, the sublamellar patterning may be organized
approximately at 20° angles, with a considerable amount of axially arranged contracting elements in the
sublamellae, contributing to the osteonal bone mechanical properties than previously discussed.

V. CONCLUSION

The results of this study indicate presence of not only radially and tangentially but also axially oriented
elements sensitive to hydration. According to the results of this theoretical study, anisotropy caused by
sublamellar patterning organized at 20° angles affects bone contraction/expansion properties both
experimentally and theoretically. The AnR results of the model suggested here imply that the length
scale and MCF orientation may be important affectors of the mechanical properties of bone as a
hierarchically organized composite.
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