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a b s t r a c t 

Bone is a composite material principally made up of a mineral phase (apatite) and collagen fibrils. The 

mineral component of bone occurs in the form of polycrystalline platelets 2–6 nm in thickness. These 

platelets are packed and probably glued together in stacks of two or more, ranging up to > 30 platelets. 

Here we show that most of these stacks are curved flat sheets whose cylindrical axes are oriented parallel 

to the long axes of collagen fibrils. Consequently, the curvature of the platelets is not detectable in TEM 

sections cut parallel to the collagen fibril axes. The radius of curvature around these axes ranges from 

about 25 nm (the average radius of the collagen fibrils) to 100′ s of nm. The shapes of these curved forms 

contribute to the compressive strength of bone. 

Statement of significance 

Bone, the material of which bones are made, is mainly composed of a protein, collagen, and the mineral 

apatite (calcium phosphate). The crystals have long been known to be flat plates about 5 nanometers 

(nm) thick. Here we show that the crystals are bound together in curved platelets with a radius of curva- 

ture between 25 and several hundred nm, which weave between fibrils of collagen. Some platelets wrap 

tightly around fibrils. The platelets form stacks of from two to up to 30. The crystals in the platelets are 

all oriented parallel to the cylindrical fibrils even though most crystals are not in contact with collagen. 

These curved structures provide greater strength to bone. 

© 2024 Acta Materialia Inc. Published by Elsevier Ltd. All rights are reserved, including those for text 

and data mining, AI training, and similar technologies. 
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. Introduction 

Bone is a composite material largely composed of equal vol- 

mes of mineral (apatite) and collagen fibrils. Since the late 20th 

entury studies of the ultrastructure of bone were carried out by 

ransmission electron microscopy (TEM) to examine sections of 

one prepared by ultramicrotomy [ 1–4 ]. Based on TEM study of 

icrotome-cut sections, it was widely believed that the mineral 

s largely or wholly enclosed inside collagen fibrils [ 5–7 ], an idea 

hich was reinforced by the study of mineralized turkey leg ten- 

ons in which this is actually true [ 8 , 9 ]. 

Ion milling was first employed to examine bone in the 1980′ s 
 10 ] but this method did not become more widely used until the 

010′ s [ 11–14 ]. Using this method, it was possible to show that the 
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ineral phase of bone mainly lies outside the fibrils in the form of 

ineral platelets (MPs) 2 to 6 nanometers (nm) in thickness which 

urround the fibrils and lie in the spaces between them [ 13 ]. This

learly seen in sections cut normal to the axes of collagen fibrils 

CFs) ( Fig. 1 a). 

The fibrils themselves appear as approximately circular hole- 

ike features in the sections. Using electron energy loss spec- 

roscopy (EELS), Lee et al. [ 16 ] showed that C and N were present

n holes in sections cut with a microtome, showing the presence 

f collagen. In ion milled sections much of the collagen in these 

oles is removed by the Ar+ ions used to cut the section. 

TEM images of ion-beam milled sections of bone cut parallel 

o the CF axes ( Fig. 1 b) show the presence of weakly electron-

bsorbent bands 40 nm wide which define gaps in the structure of 

he collagen fibrils. They contain significantly high concentrations 

f Ca and P [ 11 , 17 ]. Many publications over the last decades state

hat the mineral component of bone largely occurs in these gap 

ones, e.g., [ 18–22 ], while some recent papers suggest that both 
ncluding those for text and data mining, AI training, and similar technologies. 
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Fig. 1. TEM images of ion milled sections of human cortical bone: a) section cut normal to axes of collagen fibrils; solid arrow: collagen fibril cross section; dashed arrow: 

single mineral platelet; yellow arrow: stack of mineral platelets; scale = 100 nm; b) section cut parallel to collagen fibril axes: dashed arrow: mineral platelet; two solid 

arrows: stack of mineral platelets; dashed line highlights an electron dense band in the collagen gap zones of multiple superimposed fibrils; yellow arrow: space between 

two stacks of MPs; scale = 50 nm; from [ 15 ] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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ntrafibrillar and extrafibrillar mineral are present in bone (e.g., 

 23 , 24 ]). Micheletti et al. [ 17 ] confirm, using tomography, that

ntrafibrillar mineral exists at these sites although some gap zones 

ad none; however they fail to find crystals of apatite at these 

ites. Dark field analyses [ 25 ] also showed that no significant 

mount of apatite crystals resides in these gaps. The precise 

ature of the Ca,P-rich material occurring in gap zones of CFs is 

ot definitively known as yet. 

Mineral occurs as platelets surrounding and filling the space be- 

ween CFs. The spaces visible between stacks of MPs in sections 

ut parallel to the CFs (e.g., yellow arrow in Fig. 1 b) are also filled

ith apatite in the form of approximately flat-lying MPs which 

ompletely surround the CF. They are not recognizable as platelets 

n this orientation, however. 

Note that Fig. 1 a and b are not exceptional views of features of

on-beam milled sections of bone. They have been seen in many 

ections of cortical and trabecular bone, in bones of humans, cows, 

igs and many other vertebrates (Schwarcz, in preparation). 

. Methods 

All TEM images in this paper were obtained on sections which 

ad been prepared using ion beam milling. Methods for this pro- 

edure have been summarized in [ 13 ] and [ 26 ]. Fig. 1 a was ob-

ained using a Zeiss NVision40 gallium focused ion beam (FIB) 

illing machine instrument and the image was obtained on a 

EOL 2010F scanning transmission electron microscope, operated at 

00 keV. The sample shown in Figs. 1 b, 2 a,b, 3 and 4 were pre-

ared on a Fischione 1010 low angle ion milling and polishing sys- 

em equipped with a cryostage. The images were obtained on a 

hilips CM12 electron microscope operated at 120 keV and on a 

EI Titan 80–300 Cryo operated in the range from 80 to 300 keV. 

ig. 2 c,d were of a sample prepared on the above FIB device, and

maged on a Titan 80–300 microscope operated at 300 keV, us- 

ng high-angle annular dark-field (HAADF) electron optics. All these 

nstruments are at McMaster University in the Canadian Center 

or Electron Microscopy (CCEM). Fig. 5 a,b were obtained on a FEI 

hemis G2 Cs corrected microscope (FEI, Thermo Fischer, Schottky 

EG electron source). 

For Fig. 7 a, a sample of bone was ground in a ceramic mortar, 

hen treated with commercial, undiluted bleach (NaClO solution) 
2

or 24 h at room temperature, rinsed with water, suspended in 

00 % EtOH, spun for 10 min on a centrifuge; supernate was trans- 

erred to a carbon-coated Cu TEM grid; see [ 27 ]; sample for Fig. 7 b

as similarly prepared, but treated only with chloroform (CHCl3 ). 

EM images were obtained on the Philips CM12 microscope. 

.1. Samples 

Samples of bone from which TEM sections were obtained are 

s follows: Figs. 1 , 2 a,b and 3 : FIB section prepared from samples

xtracted during preparation for insertion of screws into femora 

f patients at the Hospital for Special Surgery and New York- 

resbyterian Hospital, as described in [ 28 ]; Fig. 1 b: Section of 

emoral diaphysis of a healthy 60 y old human male remaining 

rom an allograft procedure, provided by Dr. N Colterjohn, McMas- 

er University; see [ 13 ]; Fig. 2 c,d, Fig. 10 : cortical bone from the fe-

ur of a healthy, 19-year-old male obtained with ethical approval 

s a by-product of restorative surgery; see [ 26 ]; Fig. 4 : section of

emoral diaphysis from bovid (from local source). Fig. 5 : Cortical 

one from human femur, courtesy of Prof. Szekanecz, University of 

ebrecen. Material for samples in 7a: same as Fig. 10 ; 7 b: same as

ig. 5 . 

. Results 

The experimental results on which this paper is based are 

argely published TEM images of bone as well as some unpublished 

ata from as-yet unpublished studies in our laboratory. 

Schwarcz et al. [ 29 ] used dark-field (DF) illumination to show 

hat discrete crystals about 30 nm in length were illuminated in- 

ide MPs, showing that the MPs were polycrystalline. Indepen- 

ently, Scherrer-method analyses of the X-ray diffraction patterns 

f bone showed that the average length of single crystals along 

heir c-axes ((002) reflection) was about 34 nm [ 30 ], consistent 

ith the dark-field image data. 

Most of the MPs are arranged in stacks of multiple platelets 

between 2 and 30) in which the minimum space between any 

wo adjacent MPs is < 1 nm. As a result, the space between the 

Fs is filled with curved stacks of multiple MPs. As well, discrete, 

ensely-packed “rosettes” of stacked MPs form elliptical masses 
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Fig. 2. TEM images of ion beam milled sections of cortical human bone: a) bright field image of three collagen fibrils, surrounded by close-fitting curved mineral platelets 

(red arrow); b) triangular arc of mineral platelets (arrow) ∼ 180 nm across; c: HAADF image; red dots outline open arc of mineral platelets; d) HAADF image; approximately 

circular arc (red arrow) surrounding two collagen fibrils; left-hand fibril shows three ranks of mineral platelets surrounding fibril (white arrow) From [ 26 ]. Scales: 100 nm. 

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. TEM of human cortical bone sectioned normal to the axes of collagen fibrils, showing a complex of arcs (outlined by red dots) made up of several mineral platelets 

whose sense of curvature changes along the feature; arrows point towards hypothetical centers of fitted circular cylinders. Scale = 100 nm. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 
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cattered through bone; these are only clearly recognizable in sec- 

ions cut normal to the CFs [ 31 ] and have been related to features

dentified by McKee et al. [ 32 ] as mineral tessellation. 

.1. Characteristics of the mineral platelets 

The mineral component of bone which surrounds and lies be- 

ween the CFs is entirely in the form of stacks of thin platelets. 

n this paper we shall investigate the form of these platelets and 

he stacks in which they occur. Electron tomographic studies have 
3

een able to obtain only sketchy images of the 3D form of MPs 

 33–36 ] and have so far failed to provide definitive notions of their 

orm. Other instrumental analyses reveal some characteristics of 

he MPs. Selected-area electron diffraction (SAED) studies show 

hat the c-axes of the apatite crystals are oriented approximately 

arallel to the axes of the CFs [ 13 , 37 ]. Also, small-angle X-ray scat-

ering (SAXS) shows that the average thickness of the MPs remains 

onstant in mm-sized regions of cortical bone [ 38 ]. Here we shall 

ainly use TEM images of ion-beam milled sections. Some will be 

right field images like Fig’s 1a,b in which mineral platelets are 
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Fig. 4. TEM image of section of bovine cortical bone, cut parallel to long axes of 

collagen fibrils; white line defines this axis. Yellow arrow: gap between two stacks. 

Scale = 100 nm. (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.) 
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ark against a light background; others will be high-angle annu- 

ar dark field (HAADF) images in which the mineral appears light 

gainst a dark background. 

Images such as Fig. 1 a and b show that the appearance of 

Ps varies greatly depending on the orientation of the section 

ith respect to the CF axes. Here we shall try to derive the 
ig. 5. Demonstration of presence of mineral between stacks: a. Bright field TEM image o

ndicated in a, scale = 1 nm. Fourier transform of the area indicated with white corner

ormal of the flat plane (010). White arrow is parallel to apatite c axis, which roughly c

his figure legend, the reader is referred to the web version of this article.) 

4

hree-dimensional physical form of MPs in cortical bone from 2D 

mages of sections cut parallel and perpendicular to their CF axes. 

.2. Mineral platelets viewed normal to collagen fibril axes 

In sections cut normal to the CF axes such as Fig. 1 a, essen-

ially every MP appears to be curved. In stacks of MPs, all are 

urved in parallel. The curvature is approximately circular, with the 

mallest radii of curvature (Rc ) found in MPs wrapping around CFs 

 Fig. 2 a,d). 

In TEM sections of bone, the CFs have average diameters of 

0 nm [ 39 ] although unmineralized collagen fibrils can have larger 

iameters [ 40 ]. The radii of curvature of the MPs adjacent to them 

re ≥ 25 nm. In the stacks of MPs surrounding the CFs the Rc val- 

es gradually increase away from the CF. The circular form of these 

urved MPs is determined by the cylindrical shape of the CF which 

hey surround. It is likely that the MPs immediately adjacent to 

Fs were deposited at these loci because the collagen fibril surface 

cted as an epitaxial locus for growth of apatite [ 41–43 ]. In [ 17 ]

re shown images of ion-beam milled three-dimensional needle- 

haped sections of osteonal bone in which curved MPs surrounding 

Fs can be clear resolved (e.g., their Fig. 2 F). 

Larger circular or curved arcs of MP stacks occur between the 

Fs ( Fig. 2 b), with Rc ‘s ranging up to 100′ s of nm. These larger

rcs continue to be approximately circular, although their circular 

orm is clearly not determined by proximity to a cylindrical target 

urface acting as an epitaxial site. 

Many curved shapes are more complex than a simple circular 

rc. Fig. 2 c shows an open curved arc surrounding a CF. The arc is

omposed of three platelets: the lower one is ∼180 nm long, while 

he upper two platelets are 40 and 50 nm long. Some of these MPs 

ay, however, be connected at a lower or higher level in the bone 

hich was sectioned. Additional MPs form a stack with the lower- 

ost of these three platelets. In Fig. 2 d shows a quasi-circular arc 

red arrow) composed of three platelets 215, 130 and 50 nm long. 

dditional, parallel MPs are stacked with all of these. A CF occur- 

ing within the quasi-circular structure of Fig. 2 d (white arrow) is 
f ion-milled section of human femur; scale = 50 nm; b) HRTEM image of the area 

s is in the insert. According to the Fourier transform, apatite is viewed down the 

oincides with the long axis of CFs. (For interpretation of the references to color in 
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Fig. 6. Schematic drawing of a section of bone. Curved white sheets are mineral 

platelets (with edges shown as straight lines). Blue cylinders are two collagen fib- 

rils. Blue line shows plane of a section parallel to the axes of the collagen fibrils. 

Scale = 50 nm. (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.) 

o

j

b

r

4

i

i

e

b

p

t

(

fl

s  

a

d

b

t

fl

d

b

f

c

t

p

nwrapped by correspondingly smaller circular MPs. Generally, the 

ongest arcs are defined by stacks of two or three close-spaced MPs 

Some MPs change their sense of curvature and have inflection 

oints ( Fig. 3 ); generally, the Rc ’s of these platelets are very large.

n Fig. 3 arrows point in the direction of curvature of the succes- 

ive arcs which make up a complex of several MPs stacked to- 

ether. 

Some MPs ( < 5 %) are almost planar but even these have slight

iggles in them. It appears that, when viewed in sections cut nor- 

al to the CFs, all MPs are curved to varying extents. 

.3. Mineral platelets viewed parallel to collagen fibril axes 

In Fig. 1 b we see that MPs are also collected into stacks, but 

he degree of curvature is much less. In Fig. 1b all the stacks con-

orm approximately to one curve with Rc ∼ 730 nm. Fig. 4 shows 

nother image in which there is no curvature of the MPs, although 

ome of the MPs are misaligned with respect to the principal di- 

ection in the section. This degree of straightness is seen in all 

ections cut parallel to the CFs [ 13 , 15 , 26 ] and varied vertebrate

pecies (unpublished results). 

The average open space between the most prominent stacks of 

Ps is 34 ± 20 nm wide. This is because they are surrounding 

ineral-free CFs with radii of ∼50 nm. However, curved MPs must 

lso extend over these apparently open regions since MPs com- 

letely surround the CFs. They are unresolvable along these open 

paces, because MPs can only be recognized, at low magnifica- 

ion, as electron-dense linear features (dark in a bright field im- 

ge) when they are viewed edgewise. The effect is the same as 

iewing a flat pane of glass normal to the pane vs edgewise. How- 

ver, the presence of these flat-lying MPs between the stacks can 

e seen using high resolution TEM (HRTEM) on a region between 

wo stacks ( Fig. 5 ) 

Darker patches 40 nm wide within these open spaces between 

tacks define sites where Ca and P are present in the gap zones 

f the CFs. Schwarcz et al. [ 29 ] suggested these could be regions

f amorphous calcium phosphate (ACP). Conversely, 31 P solid-state 

MR studies indicate that ACP only exists around the mineral crys- 

alline core [ 44 ], although apatite is not present in gap zones in

tudied bone samples. 

.4. Collective 3D view of bone ultrastructure 

By combining images such as Fig. 1 a and b, we now see that

he 3D structure of normal bone would at least partly consist of 

ylindrical curved sheets whose axes of curvature are consistently 

arallel to the axes of the collagen fibrils. The technical (mathe- 

atical) name for these sheets is “developable surfaces", defined 

o be two-dimensional surfaces which have zero curvature in one 

irection and are curved in the direction normal to that. This is 

chematically illustrated in Fig. 6 . 

We have only sketched a few of the MPs that would be in this 

eld of view and have only sketched the extent to which these 

ould be stacks of multiple platelets. The thin blue lines define 

he position and orientation of a section cut parallel to the colla- 

en fibril axes. In such a section the MPs would appear as straight 

inear features as in Fig. 4 . In a section normal to that plane and to

he CF axes, the MPs would appear as curved linear features and 

he CFs would appear circular in cross section. 

. Discussion 

We see that the extrafibrillar volume of bone is filled with 

urved, polycrystalline platelets of mineral stacked together at dis- 

ances as close as < 1 nm. The crystals inside these platelets are 
5

riented so that their c-axes are approximately parallel to the ad- 

acent collagen fibrils. These are the forms that the mineral of 

one is precipitated in as it grows from the extracellular fluid. This 

aises some questions: 

.1. Why are the MPs curved? 

Curvature is clearly advantageous from the standpoint of ensur- 

ng the largest volume of mineral to exist between the CFs. This 

ncreases the physical strength of the CF-MP assemblage. It is rel- 

vant, however, to compare these images with images obtained 

y grinding samples of bone to a fine powder, deproteinizing the 

owder with an oxidant such as bleach (NaClO), and dispersing 

he residual mineral particles on a carbon-coated TEM grid [ 45 ] 

 Fig. 7 ). 

Fragments of MPs (larger than the size of single crystals) lie 

at on the carbon-coated grid; a few standing edgewise are quite 

traight, unlike the images seen in Figs. 1 a, 2 . No curved flakes at

ll are seen in other published images of deproteinized bone pow- 

er [ 27,46,47 ]. 

The fact that the MPs lie flat when surrounding protein has 

een oxidized away implies that they do not have a spontaneous 

endency to be curved. Rather, it seems more likely that these thin 

akes and even stacks of them are passively curved to accommo- 

ate the space available for them. Even when multiple plates are 

ound together in stacks, they maintain this degree of flexibility. A 

raction of the MPs (about 1/3 or less) are closely wrapped around 

ollagen fibrils where they may have crystallized epitaxially; when 

he collagen is oxidized away, apparently these also unroll into flat 

lates. 
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Fig. 7. TEM images of powdered bone, Fragments of MPs (white arrow) lie flat on underlying carbon grid. Some fragments standing edgewise (red arrow) are also flat. a) 

human cortical bone deproteinated with bleach (NaClO) (from [ 15 ]); b) sheep bone, treated with chloroform (CHCl3 ). Scale = 50 nm in both images. (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Sheets (platelets) of synthetic CO3 apatite produced by vapor-diffusion of NH3 into low-pH aqueous solution of Ca2 + , PO4 
3− and HCO3 

2− ions : a. Sheets are folded 

along c axis (arrow). From [ 48 ], Fig. 4 ; red star: flat sheet; scale = 100 nm; inset: higher magnified view of a folded platelet with visible 002 lattice planes; b : TEM image 

showing flexibility of polycrystalline sheets of apatite; scale = 200 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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For the MPs surrounding CFs, at least, their curved form is de- 

ermined by the shape of the fibril around which they have grown, 

ut this would not account for the curvature of most of the MPs 

hich lie between the CFs. The proximity of fibrils and MPs causes 

hem to take curved configurations. Nassif et al. devised a method 

or growing apatite crystals with compositions somewhat similar 

o that of bone [ 48 ]. In Fig. 4 of their paper, mineral platelets (i.e.,

uch larger than individual crystals as determined by Scherrer 

nalysis) are folded along axes parallel to the (001) axis ( Fig. 8 a);

hese curved forms resemble cylindroidal curved platelets in bone 

 Fig. 5 ). Most of the platelets in Fig. 8 a are curved because at their

ther ends (not seen in this figure) they are crowded together in a 

undle of similar plates. A flat platelet is shown at the bottom of 

he image (red star). 

The consistent orientation of the c axes parallel to the axes of 

urvature suggests that this is the weakest zone in these plates and 

herefore the preferred axis of folding. This fact has an interesting 

onsequence as we shall see below. The slight degree of curvature 

n varying directions seen in some MPs ( Fig. 3 ) is explicable by the

act that the MPs are very flexible ( Fig. 8 b). They take whatever
6

orm the space available to them allows, resulting in additional 

olds, but still with cylindroidal axes parallel to (001). 

.2. Why are the axes of curvature parallel to the collagen long axes? 

All the curved sheets appear to be curved along axes parallel to 

r close to the axes of the collagen fibrils. This is because, as they 

row, they also encircle CFs. This requires the axes of curvature to 

e parallel to the CFs. If the spaces between CFs had been larger, it 

ould have been possible for the MPs to curve around cylindrical 

xes pointing in any direction, but the limited space available in 

one does not allow this. 

An important characteristic of bone is seen in selected area 

lectron diffraction (SAED) images of TEM sections of bone ( Fig. 9 ). 

eflections from the c-axes ((002) and (004)) form two opposed 

lusters with dispersions of about ± 150 around the axis of the 

Fs. 

This alignment which has been noticed by many researchers 

 37 , 49 , 50 ] has generally been attributed to the fact that the apatite

rystals were nucleated on collagen fibrils. We have shown that 
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Fig. 9. Selected-area electron diffraction pattern from a sample of human femoral 

bone; the long axis of the bone was oriented parallel to the vertical edge of the 

image. The (002) and (004) reflections are clustered around a line almost parallel 

to the bone axis. From [ 13 ] Fig. 1 b. 
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his is not always true, and most of the platelets are not found next 

o collagen but rather growing in the spaces between CFs. There is 

o suggestion that they are formed at such sites and migrate away 

o fill the space between CFs. Also, most CFs have MPs attached to 

heir surface ( Fig. 2 b,d), so the collagen itself could have no influ-

nce on the crystallization of MPs further away. 

One can only tentatively speculate on the reasons for this align- 

ent. One possibility is that either the apatite crystals themselves 

r organic molecules attached to them might have an electrical 

ipole moment which could interact with an electrical field asso- 

iated with the collagen molecules. This could cause the crystals 

o rotate into alignment with the fibrils. However, most of the MPs 

re > 20 nm away from the CFs and, if a dipole moment existed 

n the CF, it is doubtful that its electrical field would be able to 

ove the MPs located at such distances. 

A simpler explanation might arise from the curvature of the 

Ps. We saw in Fig. 8 a that the mineral plates bend in a cylin-

roidal manner with the c axis of the crystals parallel to their axis 

f curvature. But we also see (e.g., in Fig. 2 a,d) that the MPs curve

round the CFs. As they curve, the axis of curvature must also be 

arallel to the crystallographic c-axis of the MPs. The result is that 

he c-axes of the apatite crystals are aligned parallel to the CFs. As 
ig. 10. a) HAADF TEM image of ion-beam milled (FIB) section of femoral human cortical

ion is much lower than in Figs. 1, 2, 3 . Scale = 1 μm; from [ 26 ]; b) single rosette; from [

7

ell, some MPs will be aligned this way because they grew epitax- 

ally on the CFs. Thus, crystal alignment in bone may be for two 

iscrete reasons. 

.3. How do stacks of MPs form? 

Mineral platelets, both those around collagen fibrils, and those 

etween fibrils, occur closely associated in stacks; these have been 

ecognized by many other people studying bone both in TEM 

 33 , 51 ], in FIB-SEM [ 52 ], in small angle X-ray scattering [ 53 , 54 ] and

n atomic-force microscopy [ 55 ]. 

Wang et al. [ 44 ] showed that suspensions of synthetic 

arbonated- or bone apatite self-assembled into stacks of up to 30 

latelets in the absence of collagen or any other binding agents. By 

sing nuclear magnetic resonance analysis, they showed that both 

patite crystals present a layer of ACP on their surfaces. Using wide 

ngle X-ray diffraction (WAXD) measurements of the relative in- 

ensities of (002) compared to the merged 2 θ = 31.90 peak (CuK α
adiation) they conclude that the presence of an amorphous layer 

ncreases the tendency of the MPs to form coherent stacks with 

utually aligned c-axes in water. 

Pang et al. [ 27 ] showed that the existence of stacks in bone con-

ributed significantly to the compressive strength of bone. Under 

ompression testing, bone treated to remove collagen but leaving 

ther organic molecules intact was initially as strong as untreated 

one. They inferred that there must be an organic glue holding the 

lates together. This glue molecule could also nucleate the growth 

f an additional platelet on the surface of an existing one, with the 

ame lattice orientation. This would help account for the parallel 

rientation of c-axes of crystals in stacks (which is also indicated 

y the clustering of c-axes orientations in SAED patterns). 

Other studies have suggested the presence of organic glue con- 

ributing to the strength of bone (e.g., [ 56 ]). Pang et al. [ 27 ] show,

owever, that the diameters of all proteins are too large ( > 2.3 nm) 

o fit in the < 1 nm wide gap between adjacent plates in stacks of

Ps. 

Stacks of two or more platelets form curved surfaces with 

idely variable radii of curvature. The smallest are stacks around 

Fs where the inner platelet has a radius of curvature determined 

y the diameter of the CF, and the next outer plate has a corre- 

pondingly larger Rc ( Fig. 2 d). 

.4. Relation to larger scale features; hierarchical structure 

Many studies of the nanoscale structure of bone have been 

one using FIB-SEM or SEM studies of exposed surfaces of bone 
 bone, cut normal to axes of collagen fibrils. Stars indicate two rosettes. Magnifica- 

 36 ], Fig. 7 a(4); scale = 200 nm. 
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 32 , 52 , 57 ]. Binkley et al. [ 31 ] identified dense ellipsoidal patches

hich resembled “rosettes” of densely clustered MPs that had 

een previously identified by Grandfield et al. [ 26 ] in TEM images 

f ion-beam milled sections made at lower magnifications than 

igs. 1 , 2 , 3 ( Fig. 10 ). 

Rosettes appear to comprise a few percent of the total volume 

f bone. They are barely perceptible in sections cut parallel to the 

xes of CFs although Binkley et al. [ 31 ] were able to identify them

s “elongate ellipsoids” in FIB-SEM images of bone. We have not 

iscussed the structure of these rosettes here because we do not 

et possess sufficiently detailed images of them to discern the re- 

ationships between MPs inside them. They appear to be deficient 

n collagen compared with the remaining volume of bone. The fact 

hat they are irresolvable in CF-axis-parallel sections suggests that 

he MPs in the rosettes are not distinctively formed compared to 

hose in the surrounding material. Consistently using in vitro mod- 

ls, the precipitation of such crystals shape (spherulites) was pro- 

osed to occur when homogenous nucleation (versus heterogenous 

n collagen) occurs possibly in spaces lacking confinement [ 43 , 58 ]. 

McKee et al.[ 32 ]. and Buss et al. [ 57 ] identified “tessellations”

f bone, ellipsoidal volumes which are isolated from one another 

y faintly defined boundaries that appear dark in FIB-SEM images 

nd therefore must be zones of lower mineral concentration; this 

s discussed in detail by [ 36 ]. 

Tessellations are not recognizable in higher-magnification TEM 

mages such as we have been referring to in this paper. This is 

onsistent with a notion that bone is constructed hierarchically 

 59 ], and that the ellipsoidal features can exist on a larger scale

n a medium which is composed of curved mineral platelets. Nev- 

rtheless, the high-magnification (“higher hierarchical level”) fea- 

ures which we have described in this paper may contribute signif- 

cantly to the gross physical behavior of bone, such as compressive 

trength and toughness [ 15 , 27 , 60 , 61 ]. 

. Conclusions 

The earliest studies of bone by TEM using sections prepared 

ith ion-beam milling [ 12 , 13 ] showed that apatite occurred in 

ell defined, curved platelets partly wrapping around collagen 

brils. However, the curvature of these platelets was hardly 

ommented on by these authors, and especially not the curva- 

ure of the platelets which lay between fibrils. In this paper we 

ave presented novel insights into the curvature of the MPs, 

ocusing specifically on the question of why the MPS are con- 

istently curved and how they achieved this status. We have 

specially emphasized the fact that the axes of curvature are 

lways parallel to the collagen fibril axes, and that the radii of 

urvature vary from the radius of individual collagen fibrils up to 

lmost 1 μm. 

We have also noted that the curvature of the platelets is only 

etectable in sections cut normal to the axes of collagen fibrils; 

n sections cut parallel to the CF axes, the MPs appear almost per- 

ectly straight or at most gently bowed with very large radii of cur- 

ature. From these two facts, we conclude that the overall form of 

he platelets must be cylindroidal sheets. In earlier studies [ 15 , 60 ]

e showed that curved platelets of varying radius of curvature 

ontribute significantly to the strength of bone. In addition, the 

urvature of these large platelets and the stacks constructed from 

hem allows a larger number of them (per unit volume) to fill the 

pace between collagen fibrils and thus to contribute strength to 

one. 
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