
2D and 3D mapping of microindentations in hydrated
and dehydrated cortical bones using confocal laser scanning
microscopy

Ling Yin • Sudharshan Venkatesan •

Daryl Webb • Shankar Kalyanasundaram •

Qing-Hua Qin

Received: 8 November 2011 / Accepted: 25 January 2012 / Published online: 14 February 2012

� Springer Science+Business Media, LLC 2012

Abstract We report on responses of hydrated and dehy-

drated cortical bone tissues to mechanical loading applied

by a Vickers indenter. The Vickers indentations were

imaged in two- and three-dimensions (2D and 3D) using

confocal laser scanning microscopy (CLSM) to understand

mechanical behavior of bone tissues. Serial optical sections

of indentation patterns of dry and wet bones were collected

using CLSM. The indention surface structures were map-

ped using topographical CLSM imaging. The observation

of CLSM shows the fundamental indentation responses for

both the hydrated and dehydrated bone tissues were plastic

deformation. No visible fracture was observed in the

Vickers indentation patterns in the wet bone tissue, while

non-propagating lamellar microcracks occurred in the dry

bone tissue. This indicates that drying resulted in increased

brittleness of the bone tissue. The Vickers hardness values

of dry bone tissue were significantly higher than those of

wet bone tissue at any applied loads (analysis of variation,

ANOVA, p \ 0.05). The resolution limits of confocal

microscopy were also discussed for bone tissue scanning.

Introduction

Cortical bone is compact, mineralized connective tissue with

a porosity formed from the vascular network and osteocytes

of approximately 5% [1]. Long bones are mostly cortical

bone, which represents approximately 80% of the skeletal

mass [2]. Bone contains approximately 60% nanocrystal-

line-carbonated hydroxyapatite, 10% water, and 30% type I

collagen fibrous polymer matrix by weight [2]. Because bone

is a hierarchical composite with multiple linked length scales

[3–5], the nature and type of damage in bone could also be

hierarchical at multiple length scales [4, 6].

Microindentations have been applied to examine the

mechanical properties of both cortical and trabecular bones

at the microlevel [7–10]. It is generally conducted on a

single specimen using appropriate loads and a Vickers or

Knoop indentor [8]. The Vickers test uses a pyramid-

shaped indenter made of diamond. It is based on the

principle that impressions made by this indenter are geo-

metrically similar regardless of load [8]. Different from

nanoindentation probing individual osteons or interstitial

tissues [11], microindentation examines much larger tis-

sues covering osteons and interstitial tissues [9].

Bone has a water content of approximately 10%, which

is an essential element in bone structure and can influence

bone strength [11–13]. Water removal was found to influ-

ence the strength and toughness of cortical bone [14, 15].

Dehydration generally increases bone Young’s modulus

and decreases its toughness. However, the degrees to which

microhardness and microdeformation or damage are

affected due to dehydration are not fully understood. Fur-

thermore, many investigations of bone mechanical prop-

erties have been reported on dry samples or semi-dry bone

tissues [16, 17]. Deformation or damage in dry bones was

often observed using conventional techniques for imaging
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bone tissue which often involve dehydration [18]. Micro-

indentation patterns of bone were previously viewed using

optical microscopy and scanning electron microscopy [7].

Wide field optical microscopy resulted in poor, unfocused

images for wet samples, and scanning electron microscopy

caused dehydration of bone. Confocal laser scanning

microscopy (CLSM) offers the powerful imaging tech-

nique for biological samples without altering water con-

tents in their structures [19–24]. It enables not only

production of in-focus images of thick specimens but also

reconstruction of 3D images for topologically complex

objects [19, 23, 25–28]. It has been used successfully to

study microdamage in trabecular bone [29], microcracks

in compressive and bending testing of cortical bone

[30–34], and ultra-microcracks in human tibiae [35].

Tensile microdamage in bovine, equine, and human long

bone loaded in vitro and whole specimens of rat ulnae

loaded in vivo was also examined using CSLM [36].

Although CLSM has advantage in observation of original

states of biological materials, it has been mainly used in

2D imaging of bone tissues.

The purpose of this article was to study the Vickers

indentation behavior of the wet and dry cortical bone tis-

sues. Vickers indentation testing was conducted on both the

hydrated and dehydrated cortical bone tissues at loads

0.245–9.8 N. With the assistance of powerful computing

imaging software, CSLM enabled to record an image series

in the three directions in space and spatial image stack

consisting of indentation sections. The indented dehydrated

and hydrated bones were scanned in both 2D and 3D using

CLSM to identify the mechanical deformation and damage

of bone tissues. Serial optical sections of indentation pat-

terns of hydrated and dehydrated bone were collected.

Furthermore, CLSM was applied to project an imaging

stack using its projection function to select or calculate

specific intensity data from an image stack and display

them in a 2D image. The indention surface structures were

mapped using topographical CLSM imaging. The appli-

cation limitation of CLSM was also discussed.

Experimental procedure

Preparation of bone samples

Lamb femurs from industrially raised, 6-month-old lambs

were selected for this investigation. Clinical X-ray com-

puted tomography (CT) imaging of these femurs showed

healthy bone structures without visible damage. Detergent

maceration was applied to clean soft tissues of bone with

details described in [9]. Then, the bone samples were

stored in a phosphate buffered saline (PBS) solution with

0.2% sodium azide as preservative at room temperature.

Transverse-section bone samples of 10-mm thickness

were cut from the central femurs using a diamond saw

machine. According to established metallographic tech-

niques, top surfaces of each sample were ground, lapped,

and polished progressively using a series of silicon carbide

papers of grit sizes 60–9 lm and water as coolant. Fine

polishing was conducted progressively using diamond

suspension slurries with grades 6–0.25 lm on polishing

cloth to achieve mirror surfaces. The wet bone samples

were stored in the PBS solution at room temperature. The

dry samples were dehydrated at room temperature for

2 weeks in air [37].

Vickers indentation

Microindentation was performed using a Vickers diamond

indenter (MHT-1, Matsuzawa Seiki, Japan). Within each

sample, 30 indentations were conducted at loads of 0.245,

0.49, 1.96, 4.9, and 9.8 N, i.e., six indentations made at

each load. Indentation processes were monitored using an

optical microscope to avoid the occurrence of indentation

on the large pores formed from Haversian canals. Inden-

tations were randomly conducted in both osteon and

interstitial lamellae. Three repeats were conducted. For the

wet samples, the indentations were completed within

45 min. The indented dehydrated samples were stored in an

oven at 42 �C for 48 h and then coated with carbon for

scanning electron microscopy before they were observed

using CLSM. Analysis of variation (ANOVA) of two-

factor with replication at a 5% significant level was applied

for statistical analysis [11].

Confocal laser scanning microscopy

The indented hydrated and dehydrated bone samples were

examined using a CLSM (Leica TCS-SP2-UV, Leica

Microsystems Heidelberg GmbH, Germany). This CLSM

consists of illumination (excitation) system, confocal

scanning and detection (emission) system, microscope

system, data control system, and application software. An

apochromatic water-immersion objective with 20 times

(209) magnification and 0.70 numerical aperture (NA) was

applied to observe both hydrated and dehydrated bone

samples. A dichromatic mirror, a 488-nm illumination, and

a 485–495-nm detection window were selected in the

testing. Three reflection photomultiplier tubes were used as

detectors. The reflection scan mode was selected. In 2D

scanning, the laser beam was scanned in X and Y direction

in the focal plane by moving the scan mirror to view the

top bone sample surfaces perpendicular to the bone lon-

gitudinal direction. To observe a full picture of the cross

sections of an indentation pattern, the 3D scanning with
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mode XYZ was also conducted, i.e., an image stack was

recorded from XY sections in Z direction. When the laser

beam was scanned in X and Y direction while the bone

sample was moved in Z along the bone longitudinal

direction via the electronic focus of microscope. The image

dimension in Z was the height of the entire image stack

which was determined between the begin point and the end

point of image series. For one indentation pattern, the 3D

scan started from the apex of the indentation and finished

on the top surface of the indentation at the section step of

0.57 lm in Z direction. The number of configurated sec-

tions for one indentation was about 30–40 depending on

the depth of the indentation. The series scan was used to

create a multidimensional image data block of the section.

The maximum projection was conducted which used the

maximum values as the representative. The intensity with

the maximum center mass was then assigned, the real

Z position of the corresponding sampling point and color

codes were then determined. Based on this assignment, a

topographical image mapped the real surface structure of

the indentation pattern.

Results

Figure 1a shows a 2D CLSM image of the hydrated bone

tissue. In the microstructure of the hydrated cortical bone,

the pores are visibly observed which were formed from

canaliculi, osteocyte lacunae, and blood channels. The

secondary osteons are also observed, which were formed

from Haversian systems and consisting of Haversian

canals and lacunae as well as osteon lamellae. Interstitial

tissues are also observed. No visible damage is found, in

particular, at the boundaries of the porosities. Figure 1b is

a 2D CLSM image of the dehydrated bone tissue.

Although the main structure of bone is similar to that of

the hydrated bone, the structural details are much more

clearly observed. Microcracks indicated with white arrows

in Fig. 1b can be easily observed, in particular, from the

larger Harversion channel boundaries and smaller osteo-

cyte lacuna.

Figure 2a shows a series of selective CLSM stack

images of the indentation in the hydrated cortical bone

indented at load 9.8 N. At the apex of the indentation and

the corners of the stress concentrations, no visible cracks

were generated. Along the section-scanning direction, the

series of the CLSM stack images demonstrate no visible

cracks in the indented area. Figure 2b shows a series of

selective CLSM section-scanning images of the indentation

pattern in dehydrated bone indented at load 9.8 N. Radial

cracks were not found to generate and propagate at the

apex and the four corners of indentation patterns where

the stresses were highly concentrated. However, non-

propagating lamellar microcracks were observed in the

indented section areas.

Figure 3a shows a CLSM color-coded depth projection

image of the complete indentation pattern for the hydrated

bone at load 9.8 N. Higher structures appeared light red

and deeper structures dark blue. This topographical image

represents the whole structure map of the indented area in

the hydrated bone. It demonstrates plastic deformation

associated with a consequence of indentation in the

Fig. 1 2D CLSM images of a the hydrated cortical bone and b the

dehydrated cortical bone. Osteons (O), interstitial tissue (I), and

microcracks (arrows) are shown
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hydrated bone tissue. Figure 3b shows a CLSM color-

coded depth projection image of the indentation patterns

for dehydrated bone at the applied load 9.8 N. As radial

cracks which are often observed in brittle ceramic materials

were not observed, this indicates that the indentation was

fundamentally plastic deformation. However, lamellar

microcracks were observed which showed non-propagating

characteristics. Both indentation behaviors of both the

hydrated and dehydrated cortical bone revealed ductile/

plastic deformation similar to that in ductile/plastic metal

materials.

Figure 4 shows the Vickers hardness versus the applied

load for the hydrated and dehydrated cortical bone tissues.

Each datum is the average with one standard deviation of

18 indentations in three repeated samples. For the dehy-

drated bone tissue, at higher loads larger than 0.49 N,

hardness values were found nearly unchanged. At the

lowest load of 0.245 N, hardness values are smaller than

those at higher loads. For the hydrated bone tissue, hard-

ness values fluctuated. The hardness values for the dehy-

drated bone were found to be significantly higher than the

hydrated bone hardness mean value (ANOVA, p \ 0.05).

For instance, at the lowest load of 0.245 N, the dehydrated

bone is 25% harder than the hydrated bone. At the highest

load of 9.8 N, the dehydrated bone is 38% harder than the

hydrated bone.

Discussion

Bone is a complex composite of reinforced nanoscaled

inorganic carbonated hydroxyapatite and collagens, the

major structural proteins in the extracellular matrix. Car-

bonated hydroxyapatite in bone is primarily brittle [38, 39],

while collagens provide mechanical strength and structural

integrity to the various connective tissues in bone [10, 40–

47]. The defining feature of collagens is their large triple-

helical domain [48]. It appears to make the triple-helical

domain important for self-association and binding other

molecules, which provide a framework for extracellular

matrix organization [48]. This partially explains why in

indentation, there were no visible radial cracks in both the

hydrated and dehydrated bone tissues as shown in Figs. 2

and 3, where plastic deformation was the dominant

mechanism for indentation.

In this investigation, we have found that water in cor-

tical bone played an important role in determining its

responses to indentation. In general, water plays a critical

role in maintaining the conformation of collagen molecules

and the mechanical properties of collagen fibrils [15, 49,

50]. Hydrogen atoms in water can interact with atoms of

fluorine or chlorine in anionic phosphate sites to form

hydrogen-bonded bridges. The strength of a hydrogen bond

is strong because the electronegativity difference between

Fig. 2 Selective CLSM section-scanning images of the indentation patterns at load 9.8 N for a the hydrated bone and b the dehydrated bone.

Non-propagating lamellar microcracks (arrows) appeared in the indented dehydrated bone
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hydrogen and fluorine or chlorine is large. This further

contributes to the structure of collagen by forming intra-

and inter-chain links within molecules, along with inter-

molecular bridges between neighboring triple helices [49,

50]. The high hydrogen bonding ability of water appears to

excessively plasticize the collagen. It also forms hydrogen-

bonded bridges which further contribute to the structure of

collagen by forming intra- and inter-chain links within

molecules, along with intermolecular bridges between

neighboring triple helices [51, 52]. Water may have also

redistributed the stresses around the indentation corners

avoiding the stress concentration. Loss of water in the

collagen phase decreases both the bone toughness and

strength [15]. Cortical bones, in fact, are lamellar com-

posite materials where there are discontinuities within the

material, such as fibers, lamellae, and pores [53–57]. These

discontinuities may have provided stress concentrations for

crack initiation, but they may have also served as barriers

to resist or slow down crack growth and propagation [58].

The occurrence of indentation-induced non-propagating

lamellar microcracks in the dehydrated bone is attributed to

the water loss in bone, as shown in Figs. 2b and 3b where

the major behaviors were plastic deformation and minor

microfracture. These microcracks may also have helped

dissipate the energy in indentation, avoiding the radial

crack formation. Such a phenomenon was also found in

seashells [59], which also had lamellar microstructure.

Hardness, as measured by Vickers indentation, depen-

ded on whether the bone is hydrated or dehydrated, as

shown in Fig. 4. The increase in hardness due to dehy-

dration is consistent with previous findings and reiterates

the importance of water in determining the mechanical

properties of bone tissues [37]. In nanoindentation of

bovine femur bone, drying was found to increase the

hardness by 12.2% for interstitial lamellae and 17.6% for

osteons [37]. Nanoindentation was also used to determine

trabecular stiffness of bovine bone, both the dehydrated

and rehydrated [37]. Values of 18.3 and 14.3 GPa were

obtained for dehydrated and rehydrated trabecular bones,

respectively [37]. Rewetting dried bone restored mechan-

ical properties to values similar to those of fresh wet

specimens [60]. Research also found that dehydration also
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caused collagen fibril contraction, which changed the

mechanical properties in bone [37]. Contraction of collagen

fibrils is thought to increase stiffness and hardness of

dehydrated bone tissue [61]. During indentation, creep may

occur, therefore resulting in a lower hardness value

[62, 63]. The hydrated bone may have crept or crept more

in the indentation process.

Another contributor to the significant difference in

hardness between hydrated and dehydrated cortical bone

tissues is porosity. In the hydrated bone microstructure, the

hydraulic permeability of water stored in the pores and

lamellar layers produced additional hydraulic pressures on

the bone structure, when force was applied through the

indenter. However, in the dehydrated bone tissue there is a

lack of hydraulic pressure in the pores and lamellar layers

when indentations occurred. In fact, future studies to

examine fluid–solid interactions at fundamental length

scales in bone should be considered [64].

CSLM enables the construction of high-quality optical

images from relatively thick sections of tissue [25]. How-

ever, examination of thick sections by CSLM can prove

difficult and presents several problems. First, thick tissue

often has heterogeneous optical properties with variations

to refractive index and absorption, so light is refracted or

scattered unevenly. Second, CSLM has resolution limits in

comparison with scanning electron and atomic force

microscopy [65]. The resolution of CLSM is, at least in

part, limited by diffraction at the limiting aperture of the

imaging system. This theoretical resolution limit, or dif-

fraction limit, R, is given by:

R ¼ k
k

NA
; ð1Þ

where k is the wavelength of light, k = 0.61, and NA the

numerical aperture of the imaging system [66]. The NA is

the sine of the half-angle u subtended by the light cone

focused onto the sample multiplied by the refractive index

n of the medium:

NA ¼ n sin u: ð2Þ

In confocal microscopy, it is possible to achieve a

resolution somewhat below the diffraction limit because

the resolution is also determined by the size of the pinhole

which filters the light from the specimen. As long as the

signal-to-noise ratio remains adequate, the size of the

pinhole can be reduced and k = 0.4–0.5 can be achieved.

For the operating parameters and objective NA of our

CLSM a theoretical resolution limit of approximately

280 nm can be achieved. There are several reasons why it

may be difficult to obtain the resolution limit of the CLSM

when imaging bone specimens. One is that bone strongly

absorbs and scatters the beam that is focused into the bone

specimen and it may be necessary to lower the resolving

power of the microscope by opening up the pinhole to

obtain an acceptable signal-to-noise ratio. Another, more

subtle, reason is that the refractive index of bone

(approximately 1.6) [67] is much higher than that of

water (approximately 1.33) [68]. As a result the beam was

defocused at the water-bone boundary and the theoretical

resolution limit was difficult to achieve. This explains why

the CLSM images of the dehydrated bone shown in

Figs. 1b and 2b are much more clearer than those of the

hydrated bone shown in Figs. 1a and 2a.

Conclusions

We have investigated the responses of hydrated and

dehydrated cortical bone tissues to mechanical loading

applied by a Vickers indenter. The Vickers indentations

were section scanned using confocal laser microscopy to

understand the deformation and damage mechanisms of

bone tissues. The results show that the Vickers hardness

values of dehydrated bone tissue were significantly higher

than those of hydrated bone tissue at any applied loads

(ANOVA, p \ 0.05). The observation of CLSM shows the

indentation deformations for both the hydrated and dehy-

drated bone tissues were plastic. No visible fracture was

observed in the Vickers indentation patterns in the hydrated

bone tissue, while there were non-propagating lamellar

microcracks occurring in the dehydrated bone tissue. This

indicates that dehydration resulted in hardening of bone

tissue in the cortical microstructure, which made it more

brittle.
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