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“When you can measure what you are speaking about, and express it in numbers, you 

know something about it; but when you cannot express it in numbers, your knowledge is 
of a meager and unsatisfactory kind; it may be the beginning of knowledge, but you have 

scarcely, in your thoughts, advanced to the stage of science.” 
 

— William Thompson, Lord Kelvin.  Popular Lectures and Addresses, 1891-1894 
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The objective of my research was to improve understanding of microindentation in 

bone.  Pursuit of that objective required that I: investigate the capability and limitations 

of a microindentation tool; investigate the tool effect on the bone surface; and apply the 

tool to derive hardness and elastic moduli of bone using the elastic recovery method 

(ERM). 

Microindentation hardness results were found to be sensitive to selection of applied 

mass on the tool.  The previous value of minimum applied mass for bone (0.05 kg) was 

found to be too low and was replaced with a new value (0.1 kg). 

Observation of the post indentation affected region on the bone surface found 

differential elastic recovery between wet-indented and dry-indented specimens.  Using a 

simple series spring model, an estimate of the wet-indented recovered material elastic 

modulus resulted in a value of about 1 GPa.  Additionally, an estimate was made of bone 

fracture toughness using a novel method through scanning electron microscopy. 



xiv 

The ERM, for deriving elastic modulus, was adapted from the materials' 

community for its first use in bone.  It was applied, with a coordinate transformation 

process, to map elastic moduli and principal material direction along the mediolateral 

midline of a natural hole (foramen) in bone.  The ERM based process detected the 

cortical to trabecular bone transition zone in the specimen.  ERM based longitudinal 

elastic modulus results, over the initial distance from the foramen edge, compared 

favorably with correlation method (CM) derived elastic modulus map. 
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CHAPTER 1 
INTRODUCTION 

Designers of prostheses interfaced to bone rely on fundamental findings from bone 

research.  Information about bone mechanical properties and their temporal and spatial 

variations govern prostheses material and fixation selection [McKoy 2000, pg 440].  One 

important aspect of bone research is the effect of the prostheses on bone.  

Microindentation is an experimental tool for interrogating material properties on the 

surface of bone where it contacts a prostheses. 

The objective of my work was to investigate microindentation as a tool to derive 

material properties of bone.  During the investigation I explored a variety of materials in 

addition to bone.  Investigation of the other materials was done to assess the accuracy, 

precision and usefulness of the elastic recovery method for derivation of elastic modulus.  

These materials were: glass; Plexiglas; and the dentin and enamel of monkey teeth.  

Pursuit of my objective required investigation of the microindentation tool; the 

microindentation tool effect on the bone; and microindentation techniques. 

Microindentation is the action of forming an impression in a surface at the micro 

(10-6 m) scale.  That action uses a tool that applies a known load to a specimen through a 

specific shaped point.  The process leaves a residual impression in the material specimen.  

Length dimensions of the residual microindentation impression in bone, dentin, and 

enamel, about 20 to 200 µm, are measured through a microscope.  The measurements are 

used to derive specimen properties of hardness, elastic modulus, and fracture toughness. 
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Hardness is defined as resistance to penetration and is derived by dividing applied 

load by the projected area of the residual impression.  Hardness units are typically given 

in kg/mm2.  I have found typical values for bone to be about 45 kg/mm2.  Elastic modulus 

is the ratio of stress to strain in the linear region of the stress-strain curve.  Elastic 

modulus has units of Pascals, typically giga-Pascals (GPa) for bone.  A typical value for 

cortical bone is 20 GPa [Guo 2001, p. 10-7].  Fracture toughness is the resistance of a 

brittle material to sudden failure.  It can also be thought of as resistance to crack growth.  

Fracture toughness is derived from length measurements of cracks associated with the 

residual impression.  The derivation uses the derived quantities of hardness and modulus 

in empirical relationships.  Fracture toughness units are typically given in MPa/m1/2.  A 

typical value for cortical bone is 2 MPa/m1/2 [Akkus et al. 2000]. 

History 

Microindentation was first used in the 1920s [Amprino 1958].  Amprino [1958] 

investigated bone hardness variation with applied microindentation load and found no 

correlation.  He also investigated hardness anisotropy and found no correlation between 

the relative orientation of the indenter point and the grain of the specimen.  Those 

findings have been subsequently shown not to be accurate by Ramrakhiani et al. [1979], 

Riches et al. [1997], and my work.  Microindentation methods continued to be developed 

and expanded. 

During the 1970s and 1980s microindentation was used mostly to derive bone 

hardness.  In that period considerations of contact mechanics led to an indentation 

method for measuring elastic modulus.  Loubet et al. [1984] adapted Sneddon’s [1965] 

load and penetration flat ended cylindrical punch solution to the pyramidal Vickers 

indenter point.  Their treatment equated the Vickers projected contact area with the flat 
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punch area.  The resulting equation describes the analytical relationship between load and 

indenter penetration depth.  The equation was differentiated with respect to penetration 

depth and solved for reduced elastic modulus.  That approach was a major step in 

extending microindentation from hardness to elastic modulus measurement.  I call the 

method the load and displacement method (LDM). 

In 1990 Currey et al. [1990] correlated microindentation hardness with elastic 

modulus.  Their method involved deriving hardness from a range of different bone types 

from different species.  They then performed macro uniaxial tension tests to derive elastic 

modulus.  Plotting hardness against elastic modulus, they found a correlation by linear 

regression.  I call this method the correlation method (CM). 

Microindentation based derivation of elastic modulus, using only the residual 

impression dimensions, has been mostly used in ceramics and polymer research [Lawn et 

al. 1980, Amitay-Sadovsky and Wagner 1998].  The method has also been used in dental 

[Meredith et al. 1996] and pharmaceutical research [Lum and Duncan-Hewitt 1996].  

However, it had not been used in bone.  The method uses the post indentation residual 

impression dimensions and indenter point geometry.  I describe the method in detail in 

Chapter 4.  I call that method the elastic recovery method (ERM). 

Microindentation has been used to derive fracture toughness of ceramics and tooth 

enamel [Lawn et al. 1980, Xu et al. 1998].  It also had not been used in bone. 

Motivation 

Hard biologic materials, like bone, dentin and tooth enamel, present challenges in 

determination of their material properties.  One challenge is no universal material 

property standards exist for bone, dentin, or enamel.  A second challenge is that biologic 

material property derivations are performed at a variety of scales. 
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Material Property Standards 

Material standards allow investigators to determine the accuracy and precision of 

their results.  Materials like ceramics, plastics, and crystals have standard values for their 

material properties.  Bone, dentin, and enamel on the other hand do not have such 

standards.  In determining whether a given set of bone hardness or elastic modulus results 

are correct, reference must be made to published results from other researchers.  Such a 

situation is less than completely satisfying.  However, an accepted set of hardness and 

elastic modulus values for specific types of bone currently exists in available handbooks 

[Huja 2000, p. 248; Guo 2001, p.10-7]. 

Handbooks also contain research results that are not accurate.  Bone researchers 

who rely on the incorrect information can report results that may not be reproducible. 

Scales 

Bone, dentin, and enamel are hierarchical structures (Figures 1-1, 1-2, 1-3).  Scales 

include: the macro scale of whole bones and teeth which is of several millimeters or 

larger; the micro scale of osteons which is of hundredths of a millimeter; and the nano 

scale of collagen fibers, fibrils, and mineral crystals of thousandths of a millimeter.  

Selection of the scale for investigation is important because it is over that scale that 

measurement results are averaged or homogenized.  Microindentation homogenizes over 

surface dimensions of about 200 µm and indentation depth of about 6 µm.  I have shown 

in Chapter 2 that the affected region around the indentation site in bone extends no more 

than about 35 µm from the edge of the residual impression.  In specimens where the 

spatial variations of bone microstructure is close to that of the residual impression 

homogenization breaks down because the measured length reflects a single constituent. 
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Significance 

The results of my research are significant because: 

• I provide bone researchers who use microindentation, a new value for minimum 
applied mass.  The new value helps ensure reproducibility of results among 
researchers. 

• I provide bone researchers with new experimental evidence that bone does not pile 
up at the edges of the indentation residual impression.  This new evidence enhances 
confidence that bone is a material that exhibits strain hardening behavior.  It also 
corrects the misinformation that bone exhibits pile-up as has been used in bone 
research. 

• I provide prostheses designers with new information about the material in the 
indentation affected region.  Specifically, I report an elastic modulus of about 1 
GPa for bovine femur indentation recovered material.  That value is more than a 
factor of 10 less than the well-accepted average value of 16 GPa for bovine femur 
[Guo 2001, p. 10-7]. 

• I provide bone researchers with new information on limitations and use of the ERM 
for deriving elastic modulus.  Specifically, I report that ERM derived elastic 
modulus is not completely accurate for bone or dentin but is accurate for tooth 
enamel, glass, and Plexiglas.  I demonstrate that ERM can be used for relative 
comparisons exploring bone, dentin, and enamel elastic anisotropy.  I also 
demonstrate use of the ERM, combined with edge detection image processing and a 
coordinate transformation process, to map elastic moduli distribution and principal 
material directions in the vicinity of a bone nutrient foramen. 

• I report an average fracture toughness of 0.22 
1
2MPa / m  ±0.03 (mean ± SD) for the 

material in the indentation affected region on bone that has been processed for 
scanning electron microscopy.  The published mean value for unprocessed bone is 

2.4 
1
2MPa / m  ± 0.7 (mean ± SD) [Akkus et al. 2000].  By determining the fracture 

toughness of the material in the microindentation affected region, I have established 
the foundation for future work on a more simple method of determining bone 
fracture toughness.  Such a method could save other researchers' resources. 
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Figure 1-1  Schematic representation of bone hierarchy.  Taken from: Rho JY, Kuhn-

Spearing L, Zioupos P. Mechanical properties and the hierarchical structure of 
bone. Medical Engineering and Physics 1998.  © IPEM 1998 
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Figure 1-2  Macro and micro structures in osteonal bone.  © Elaine N. Marieb.  Human 

Anatomy and Physiology.  Benjamin/Cummings Science Publishing. 1998
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Figure 1-3  Schematic of monkey tooth cross section showing the macro and micro scale.  

Tooth is approximately 2 cm in length.  Dentine tubules are approximately 1 
µm in diameter.  Enamel tubes, approximately 5 µm diameter, begin at the 
dentoenamel junction and end at the occlusal (biting) surface.  E = enamel, D 
= dentin, P = pulp cavity.

dentin 
tubules 

enamel 
rods 

dentoenamel 
junction 

P 

D 

E 
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CHAPTER 2 
MICROINDENTATION IN BONE: HARDNESS VARIATION WITH FIVE 

INDEPENDENT VARIABLES 

Introduction 

The objective of the research described in this chapter was to investigate the 

microindentation tool.  Indentation at the micro scale is an often used and effective tool in 

materials research [Amitay-Sadovsky and Wagner 1998, Lawn et al. 1980, Lum and 

Duncan –Hewitt 1996, Marshall et al. 1982].  It is used to derive various material 

properties including hardness, elastic modulus, and fracture toughness.  More specifically 

indentation has become a method of choice for deriving the hardness and elastic modulus 

of bone and other hard tissue like tooth dentin and enamel [Currey et al. 1990, Meredith 

1996, Xu 1998].  Bone hardness and elastic modulus are directly related to the 

microstructure and composition of the material at the indentation site [Currey et al. 

1990].  Bone is an anisotropic and inhomogeneous composite at the micro and nano 

scale.  The degree of anisotropy can vary and has been described as transversely isotropic 

or orthotropic [Cowin 2001 p. 6-12 to 6-19]  The constituents at the nano and micro 

scales are hard calcium mineral crystals and a softer collagen matrix.  While there are 

observable macro, micro, and nano structures, estimation of material properties is far 

from straightforward and requires a range of tools to elicit the bone properties at the 

different scales. 

The research reported in this chapter revisits microindentation as a method of 

determining hardness.  Hardness measurements are carried out with an indentation 
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machine (Figure 2-1).  The fundamental process involves automatic placement of a 

discretely selectable mass on the upper end of a pointed stylus.  The point that contacts 

the specimen can be spherical or pyramidal depending on the application.  The mass is 

applied to the specimen through the stylus for a predetermined duration (dwell time), then 

automatically removed.  The dimensions of the residual impression are then measured 

and used to derive hardness at the indentation site.  Customary units of hardness are mass 

per unit projected area, typically given as kg/mm2. 

As part of my ongoing work with bovine bone, specifically the bovine metacarpus 

(MC), I questioned the effect microindentation independent variables had on hardness 

results.  The question came up because I was concerned whether the current de facto 

standard for applied mass [Huja et al. 2000 p. 252, Ramrakhiani et al. 1979, Riches et al. 

1997] was appropriate for my fresh wet specimen.  Ramrakhiani et al. [1979] used dry, 

embalmed human bone. 

In addition to hardness variation with applied mass, I chose to investigate hardness 

variation with the following four microindentation independent variables: dwell time; 

residence time on the instrument stage out of liquid; duration of time between indentation 

and residual impression measurement; and distance between the indentation site and 

pores.  I also investigated the interaction effect on hardness of applied test mass and 

dwell time.  These two parameters are independently selectable on the microindentation 

machine.  Additionally, I performed an assessment of the intra-observer effect.  Such an 

assessment was needed to evaluate the variability and precision of my (observer) residual 

impression dimension measurements. 
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Choice of appropriate values for the independent microindentation variables is of 

importance in assuring reproducibility and measurement precision.  Differences between 

sets of measurements on the same specimen could be caused by time domain phenomena 

such as creep and relaxation.  Differences between sets of measurement on the same 

specimen could also arise from the spatial domain due to pores.  Testing machine setup, 

calibration, and compliance (which can vary between indentation machines) is significant 

at low applied mass values [Vander Voort and Lucas 1998].  Testing machine compliance 

acts in series with the specimen compliance.  If the machine compliance is relatively low 

it can add to the compliance of the specimen producing a measurement error.  In my case 

these variables were not adjustable once the machine had been set up.  Only those 

variables over which I had control were chosen for investigation. 

Applied Mass 

Previous studies on bone showed no variation of hardness with applied load, 

[Amprino 1958] yet a later study found a value of applied test mass (0.05 kg) below 

which hardness measurements were not reliable [Ramrakhiani et al. 1979].  The later 

value had acquired the status of a de facto standard through handbook reference [Huja et 

al. 2000 p. 252] and use by other bone researchers [Riches et al. 1997]. 

Dwell Time 

Due to the creep phenomenon, the duration of time the indenter point is applied to 

the specimen, dwell time, could affect residual impression measurement results.  Dwell 

time of the microindentation machine used in my research is adjustable by the operator 

between 5 and 99 seconds. 
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Residence Time 

Because of my interest in wet specimens, the duration of time the specimen spends 

out of the water-based liquid, or residence time on the microindenter stage, was 

important.  The duration of time out of the storage liquid could affect the residual 

impression measurements because the specimen was drying out.  Rho and Pharr [1999] 

reported increased hardness with time out of liquid. 

Time between Indentation and Measurement 

Indentation site material relaxation, between the time the indentation impression is 

made and when it is measured, could also affect the measurement of residual impression 

dimensions.  I was particularly concerned about the relaxation effect because my 

specimens were wet.  I thought that the collagen component of bone would relax more 

wet than dry.  Collagen behaves somewhat like a sponge, when wet it recovers more than 

when dry. 

Distance between Indentation and Pores 

The distance between the indentation residual impression and nearby pores, 

predominately Haversian and Volkmann’s canals, could affect results because material 

properties change spatially in the vicinity of pores. 

Materials and Methods 

Specimens and Preparation 

The specimens described in this section were used for investigation of the effect on 

hardness of microindentation independent variables.  Specimens used were: a right 

bovine metacarpus (MC); a right bovine femur; and a right first molar from a monkey 

(Macaca fascicularis).  The array of specimens were available to me and presented a 

range of hard biological material for assessment of their hardness variation with one or 
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more of my chosen microindentation independent variables.  All procedures involving 

animal tissue use were conducted under the approval and auspices of the Institutional 

Animal Care and Use Committee. 

Bovine metacarpus 

One specimen from a previously fresh frozen bovine right MC was rough cut twice 

with a 10" band saw (Delta Machinery; Jackson, TN) across the distal diaphysis to 

produce a ring of bone approximately 30 mm in length.  Additional fine cuts were made 

(Low speed saw; Buehler; Lake Bluff, IL) longitudinally along the distal dorsal aspect.  

The specimen was approximately 25 mm by 45 mm by 1 mm thick with the long 

dimension parallel to the bone long axis.  The length and width dimensions were dictated 

by the polishing system capability.  The specimen was polished after cutting, using a 

semi-automated polishing system (Minimet 1000, Buehler, Lake Bluff, IL).  Polishing 

started with 6 µm diamond slurry and finished with 0.05 µm alumina and colloidal silica 

suspension.  After polishing a transverse cut was made to produce a specimen 

approximately 25 mm by 10 mm by 1 mm thick.  The bovine MC was supplied by the 

University of Florida College of Veterinary Medicine from a donor of unknown age and 

sex whose death was unrelated to this study. 

Bovine femur 

A specimen from a previously fresh frozen bovine right femur (Animal 

Technologies Inc., Tyler Texas) was rough cut twice with a 10" band saw (Delta 

Machinery; Jackson, TN) across the mid diaphysis to produce a ring of bone 

approximately 30 mm in length.  Subsequent longitudinal cuts were made (Low speed 

saw; Buehler; Lake Bluff, IL) to produce a specimen approximately 25 mm by 25 mm by 

1 mm thick.  The specimen was polished in the same manner as the bovine MC specimen. 
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Monkey tooth 

A tooth and accompanying mandible from a small monkey (Macaca fascicularis) 

were cut (Low speed saw; Buehler; Lake Bluff, IL) in the buccolingual plane on the right 

side, between the premolar and the first molar.  An additional cut was made on the 

centerline of the first molar also in the buccolingual plane.  The cuts produced a tooth 

cross section specimen approximately 2 mm thick.  After cutting the specimen was 

manually polished using the same polishing sequence as the bovine specimens.  The 

monkey tooth specimen was only used for determination of hardness variation with 

applied mass. 

Microindenter 

A microindenter (Model HM-112, Mitutoyo, Japan) fitted with a Vickers indenter 

point was used for measuring: hardness variation with applied mass; hardness variation 

with dwell time; and hardness variation with residence time out of solution on the bovine 

metacarpal specimen.  That indenter point was chosen because previous research by 

others [Ramrakhiani et al. 1979] used the Vickers indenter point and its use provided a 

basis for results comparison.  A Knoop indenter point was chosen for all other 

investigations of hardness variation with microindentation independent variables on the 

bovine femur and monkey tooth specimens.  I chose the Knoop indenter point because it 

allows investigation of hardness [Riches et al. 1997] and elastic modulus anisotropy 

[Rapoff et al. 2003]. 

The Vickers and Knoop indenter points are both four-sided pyramids.  The 

significant difference is that the Vickers point is a regular pyramid with equal diagonals 

and the Knoop point has diagonals of two different lengths (Figure 2-2).  The ratio of the 

Knoop two different diagonals is 7.114 to 1 [Mitutoyo 1998].  Both indenter points 
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exhibit sensitivity to elastic anisotropy but the Knoop indenter point is much more 

sensitive than the Vickers [Riches et al. 1997].  The increased sensitivity is due to the 

ratio of diagonals and the corresponding apex angles.  The long Knoop diagonal has an 

acute angle at its ends while the short diagonal angles are obtuse.  During indentation the 

long diagonal does not change its length [Amitay-Sadovsky and Wagner 1998, Riester et 

al. 2001] when the indenter point is removed from the specimen.  However, the short 

diagonal acts to spread or push the material away from the apex.  That dimension does 

change when the indenter point is removed.  In fact the degree to which the residual 

impression dimension departs from the actual point dimension can be used as a measure 

of the indentation site material elastic modulus [Marshall et al. 1982, Amitay-Sadovsky 

and Wagner 1998, Meredith et al. 1996, Lum and Duncan-Hewitt 1996]. 

Indentation Procedures 

Hardness variation with applied mass 

A series of five indentations was made on the wet bovine MC specimen for each of 

five available masses (0.01 kg, 0.025 kg, 0.05 kg, 0.1 kg, 0.2 kg).  A set of 3 indentations 

was made in monkey tooth dentin at the same five available masses.  The indentations in 

the bovine MC were made with the Vickers indenter point while the indentations in 

monkey dentin were made with the Knoop indenter point.  An arbitrarily selected dwell 

time of 10 s was used for the indentations.  The interaction of applied mass and dwell 

time was subsequently investigated and 10 s was found to be acceptable.  I monitored the 

time out of solution for each specimen to assure it did not exceed 30 minutes.  I held the 

time between indentation and residual impression measurement to less than 20 s for all 

indentations.  I also insured that each indentation was at least 100 µm from pores and 

previous indentations. 
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Hardness variation with dwell time 

One set of 5 indentations with the Vickers indenter point, at 5 dwell times (5 s, 10s, 

15 s, 20 s, 30 s), was made in the bovine MC.  An additional set of 5 indentations with 

the Knoop indentation point each at 4 dwell times (5 s, 10 s, 15 s, 30 s) were also made in 

bovine MC.  The Knoop indenter point long diagonal was oriented parallel to the 

specimen longitudinal direction.  I compared the 5 sets of Vickers hardness with the 

analysis of variation (ANOVA) procedure as well as the 4 sets of Knoop hardness results. 

For all the indentation sets I used an indentation applied mass of 0.1 kg.  I 

monitored the time out of solution to assure it did not exceed 30 minutes.  I held the time 

between indentation and residual impression measurement to less than 20 s for all 

indentations.  I also insured that each indentation was at least 100 µm from pores and 

previous indentations. 

Interaction effect of applied mass and dwell time 

A series of sixty indentations were made in the longitudinal aspect of bovine femur.  

They were made with the Knoop indenter point short diagonal parallel to the bone 

longitudinal direction.  Applied masses of 0.01 kg, 0.05 kg, 0.1 kg, 0.2 kg, 0.3 kg and 

dwell times of 5 s, 10 s, 20 s, 40 s were used.  An ANOVA procedure was performed on 

the resulting interaction data and then Scheffe’s a posteriori test was preformed 

(Statview, SAS Institute, Cary, NC). 

Hardness variation with residence time 

Seven sets of five indentations each were made in the longitudinal aspect of bovine 

femur.  I recorded the time each indentation was made over a period of 1.75 hours.  I 

made the 5 residual impression measurements approximately every 15 minutes during the 

period.  The indentations were made with the Vickers indenter point.  I used an applied 
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mass of 0.1 kg and a dwell time of 10 s.  I also assured that the distance between the 

indentations and pores and other indentations was at least 100 µm.  I compared all 7 sets 

with the ANOVA procedure. 

After the residence time tests the specimen was allowed to equilibrate with the 

laboratory environment for 47 hours.  After 47 hours I made five additional Vickers 

indentations and recorded derived hardness.  The mean hardness of the previous 35 

indentations was compared with the mean hardness of the 5 indentations performed after 

47 hours using the ANOVA procedure. 

Hardness variation with time between indentation and measurement 

One indentation was made in bovine MC with the Knoop indenter point long 

diagonal perpendicular to the specimen long axis.  The specimen was maintained in a 

bath surrounded by water solution.  Based on results from hardness variation with applied 

mass and hardness variation with dwell time, I used an applied mass of 0.1 kg and a 

dwell time of 10 s.  I also assured that the distance between the indentations and pores 

and other indentations was at least 100 µm. 

I repeatedly measured the indentation starting 5 minutes after the indentation event 

and repeated the measurement about every 15 minutes 3 additional times.  The total 

elapsed time between making the indentation and measuring it the last time was 57 

minutes.  I selected about 60 minutes because I did not expect measurements of 

subsequent indentation sets to require more time. 

Hardness variation with distance between indentation and pores 

A series of 176 indentations were made on the bovine MC with the Knoop indenter 

point short diagonal perpendicular to the bone longitudinal axis.  The indentations were 

made on the bovine bone in a regular pattern without regard to the location of pores.  The 
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pattern consisted of 8 equally spaced rows of 22 equally spaced indentations each.  The 

spacing between the rows, measured between the center of adjacent indentations, was 240 

µm.  The spacing between indentations, measured between the center of neighboring 

indentations, was 110 µm. 

The distance between the center of the indentation and the edge of the closest pore 

was recorded for each indentation.  The derived hardness and measured distance from the 

indentations were plotted and analyzed with commercially available software (Excel, 

Microsoft Corporation, Redmond, WA). 

Intra-observer effect 

One indentation was made in the longitudinal bovine femur specimen with the 

Knoop indenter point long diagonal perpendicular to the specimen long axis.  I measured 

the indentation residual impression 5 times during a 5 minute period. 

Results 

Hardness Variation with Applied Mass 

Hardness variation with applied mass and data variability was greatest at a low 

value (0.01 kg) of applied mass for both specimens.  I found hardness decreasing with 

increasing applied mass.  The hardness and applied mass curves for both specimens reach 

a reasonably stable value at different applied masses (Figure 2-3).  Range bars on the 

figures were computed by taking the absolute value of the difference between the mean 

and the greatest and least value. 

An ANOVA for both specimen data sets resulted in statistical significance (p<0.05) 

between hardness results at 0.01 kg and other results.  However, I found no statistical 

significance (p > 0.05) between derived hardness values at 0.05 kg and higher for bovine 

bone and 0.025 kg and higher for the monkey dentin. 
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Hardness Variation with Dwell Time 

Hardness variation with dwell time up to 30 seconds is not significant (ANOVA p 

> 0.05) for either the Vickers or the Knoop indenter points (Figure 2-4). 

Applied Mass and Dwell Time Interaction 

There was a significant difference in the applied mass by dwell time interaction (p 

< 0.05).  Subsequent multiple comparison using Scheffe’s a posteriori test showed that 

the significance was limited to applied mass of 0.01.  All other interactions were not 

significant at the 0.05 level. 

Hardness Variation with Residence Time 

The duration of time the specimen was out of the solution was not significant 

(Figure 2-5).  One-way ANOVA results between the first data set taken at about 5 

minutes after indentation and the last data set taken at about 1.6 hours later were not 

significant (p>0.05). 

The mean derived hardness of the specimen after 47 hours out of solution was 9% 

greater than that measured within 1.75 hours.  The mean derived hardness was 48.8 

kg/mm2 with a standard deviation 1.5.  One way ANOVA results were significant 

between the 2 hour hardness results and the hardness at 47 hours (p<0.05). 

Hardness Variation with Time between Indentation and Measurement 

The mean derived hardness was 42.7 kg/mm2 with a standard deviation of 0.3. 

Hardness Variation with Distance between Indentation and Pores 

Microindentation distance between the center of the indentation and the edge of a 

pore shows an effect at a distance of 73 µm and below (Figure 2-6).  Two linear 

regression lines were constructed to form a bi-linear plot.  The lines reached the same 

value at 73 µm.  I fit a bi-linear function to the data.  That function is:  
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K0 D 73 m : H 0.15D 28.4µ≤ ≤ = + ; KD 73 m : H 39.5µ≥ = , where D = distance between the 

center of the subject indentation and the edge of a pore expressed in µm; HK = Knoop 

hardness expressed in kg/mm2. 

Intra-observer Effect 

The hardness mean was 51.5 kg/mm2 with a standard deviation of 0.5. 

Discussion 

Hardness Variation with Applied Mass 

My results had some similarity to previous work by Ramrakhiani et al. [1979] 

although my results were markedly different.  The similarity was that the curves leveled 

off at intermediate loads (Figure 2.3 A).  The difference was that the previous work 

reported increasing hardness with applied mass while I report decreasing hardness with 

increasing applied mass.  The other most striking observation was that one set of 

Ramrakhiani et al. [1979] results did not support their own conclusion (Figure 2-3 A).  

Inclusion of that data would have suggested a minimum applied mass value above about 

0.7 kg.  The excluded data was from a non silver plated specimen.  Their conclusion was 

based on only silver plated specimens. 

For bovine MC hardness results were not significantly different at applied mass of 

about 0.05 kg and above.  The hardness results for the monkey tooth dentin were not 

significantly different at applied mass of about 0.025 kg and above.  Those results 

suggests that for my Mitutoyo microindenter the applied mass values for bovine bone 

could be as low as 0.05 kg for bovine and 0.025 kg for monkey dentin.  However, taking 

Ramrakhiani et al. [1979] data into consideration a higher minimum applied mass seems 

appropriate.  Hypothetically, if I used a minimum applied mass of 0.05 kg for indentation 

of wet bovine bone, Ramrakhiani and colleagues would not be able to reproduce the test. 
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An additional consideration is the size of the indentation residual impression for 

measurement.  One of the advantages of microindentation is the ability to interrogate 

small regions.  The residual impression also needs to be large enough to measure with 

precision.  At low applied mass (0.01 kg) the long diagonal in a Knoop residual 

impression is about 50 µm.  At an applied mass of 0.05 kg the residual impression long 

diagonal is about 140 µm.  While at an intermediate applied mass of 0.1 kg, the long 

diagonal is about 200 µm.  Applied mass selection is governed by: the size of the region 

of interest; the size of the residual impression; and the variation of hardness with applied 

mass. 

I conclude that a minimum applied mass of 0.1 kg is appropriate for bovine bone in 

order to assure reproducible results among different microindentation machines.  

Furthermore, noting the difference in hardness results between bovine specimen and the 

monkey dentin I have also concluded that a hardness variation with applied mass study be 

performed for each new material being tested. 

Hardness Variation with Dwell Time 

Dwell time from 5 s up to a limit of 60 s does not have statistical significance.  I 

have adopted 10 s as my typical dwell time in my subsequent research. 

Applied Mass and Dwell Time Interaction 

Significant interaction between applied mass and dwell time was limited to applied 

mass of 0.01 kg.  Results from the hardness variation with applied mass suggested that 

use of applied mass of 0.01 kg is not appropriate.  The interaction results confirm that 

finding. 

Based on the interaction result I chose not to investigate interactions between the 

other microindentation variables.  The only variability in any of the microindentation 
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independent variables is in derived hardness variation with applied mass.  As long as the 

minimum applied is greater than 0.05 kg for bone and 0.025 kg for dentin, there can be 

little interaction between variables. 

Hardness Variation with Residence Time 

Derived hardness values did not significantly change with residence time out of 

solution up to 1.75 hours.  That result provided confidence that handling specimens out of 

the water solution could be done for periods up to 1.75 hours.  The result is important 

because microindentation methods, such as the ERM for deriving elastic modulus, 

require time to process.  Subsequent to the finding I have adopted a maximum time of 30 

minutes out of water solution for similar bone specimens in my subsequent work. 

A 9 % increase in hardness values after 47 hours was similar to values obtained by 

Rho and Pharr [1999].  They used nanoindentation on bovine femur and reported results 

on a much finer scale than I used.  They reported a 12.2 % hardness increase for 

interstitial lamellae and 17.6 % increase for osteonal lamellae.  Their specimen had been 

dried for 14 days while mine was dried for 2 days. 

Hardness Variation with Time between Indentation and Measurement 

Because there was no significant difference in derived hardness with the time 

between when the indentation was made and the long diagonal was measured, up to 30 

minutes, I have arbitrarily chosen 10 minutes as a standard. 

Hardness Variation with Distance between Indentation and Pores 

Distance between the center of the subject indentation residual impression and the 

edge of pores is significant with an effect at distances closer than about 70 µm.  In my 

subsequent microindentation work I have adopted the value of 100 µm between the 

indentation center point and the closest pore edge or any neighboring indentation edge. 
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Intra-observer Effect 

The results provided confidence in my ability to make repeated measurements with 

precision. 
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Figure 2-1  Microindentation machine, Mitutoyo model HM-112. 
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Figure 2-2  Typical microindentation residual impressions on bone (Vickers on left, 

Knoop on right). 
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Figure 2-3  A)  Hardness variation with applied test mass in bone.  Shown are 

Ramrakhiani et al.[1979] data from dry embalmed human rib (plotted from 
their tabular data), solid line (triangles); and my data from wet bovine 
metacarpus, dashed line (open circles).  Range bars are also shown for my 
data.  A Vickers indenter point was used for all indentations.  B)  Hardness 
variation with applied test mass in monkey tooth dentin.  A Knoop indenter 
point was used for the microindentations. 
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Figure 2-4  A) Hardness variation with dwell time in wet bovine metacarpus showing 

average values and range of results, Knoop microindentation point.  B) 
Hardness variation with dwell time in wet bovine metacarpus showing 
average values and range of results, Vickers microindentation point. 
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Figure 2-5  Hardness variation with residence time (time out of solution) for bovine 

metacarpus, Vickers microindentation point.  Shown are the average values 
and ranges for each data set. 
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Figure 3 – Vickers hardness variation with time out of solution. 
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Figure 2-6  Hardness variation with distance measured between the center of the 

microindentation and the edge of pores on wet bovine metacarpus.  Bi-linear 
plot lines have a common value at 73 µm.  Bi-linear function described by the 
dotted lines is: K0 D 73 m : H 0.15D 28.4µ≤ ≤ = + ; KD 73 m : H 39.5µ≥ =  
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CHAPTER 3 
INVESTIGATION OF THE MICROINDENTATION RESIDUAL IMPRESSION IN 

BONE 

Introduction 

The objective of the work described in this chapter was to investigate the 

interaction between the microindentation tool and the material bone.  The specific aim of 

this research was to describe the cross-sectional profile of the microindentation residual 

impression both physically and materially.  I used scanning electron microscopy (SEM) 

and atomic force microscopy (AFM) images from both wet –indented and dry-indented 

bone specimens in the work. 

I used length and angle measurements from wet-indented microindentation residual 

impression cross sections, from the SEM images, to model and derive elastic modulus of 

the material in the residual impression.  The value was lower than published values for 

bone.  I also used measurements of residual impression apex crack length, from the SEM 

images, to derive a fracture toughness value of the vacuum dried bone.  The value was 

lower than that reported by other researchers for wet bone.  I used AFM to search for 

cracks in wet and dry bone that had not been prepared for and subjected to SEM.  I found 

no cracks. 

From the SEM images I observed no material pile up in the residual impression 

cross sections.  Absence of pile up is an expected behavior for brittle material as 

described by Marx and Balke [1997] and Cheng and Cheng [1998].  Previous 

investigations by Ramrakhiani et al. [1979] reported pile up in dry embalmed human 
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bone that could not have existed.  That report continues to be used in bone research 

[Riches et al. 1997]. 

The work described in this chapter was motivated by my desire to experimentally 

determine whether the physical descriptions of indentation models accurately reflect the 

residual impression in bone.  I was also motivated by the desire to provide material 

property information to other bone researchers and prostheses designers. 

Indentation Physical Models 

Physical models of the residual impressions of micro and nano indentations in 

ceramics, metals, and polymers have been developed.  Researchers describing these 

models typically include a schematic (Figure 3-1) of the indentation cross section [Cheng 

and Cheng 1998; Dorner and Nix 1986; Marx and Balke 1997; Oliver and Pharr 1992].  

In the schematic a residual impression is shown with an apex angle larger than that of the 

indenter tip.  The schematic may include a zone of pile-up at the residual impression 

edge.  In their schematic Marx and Balke [1997] depict a zone of pile-up for ductile 

material and a zone of no pile-up for brittle material; Cheng and Cheng [1998] depict a 

zone of material pile-up at the edge of the impression; while Dorner and Nix [1986] and 

Oliver and Pharr [1992] do not depict pile-up. 

In such schematics, and the model discussions that accompany them, the indenter is 

depicted with a more acute angle than the residual impression.  Such a model assumes the 

area of contact between the indenter point and the specimen becomes less as the indenter 

point is withdrawn.  The contact area diminishes from initial full contact to only the very 

tip during unloading. 
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Materials and Methods 

Microindenter 

A microindenter (Model HM-112, Mitutoyo Corporation, Japan) fitted with a  

Knoop indenter point was used for all indentations.  The Knoop indenter point was 

chosen because it allows investigation of hardness and elastic anisotropy [Riches et al. 

1997, Riester et al. 2000] and I used it in my other investigations.  The Knoop indenter 

point is a four sided pyramid with a long diagonal and a short diagonal.  The aspect ratio 

of diagonals is 7.114 [Mitutoyo 1998].  When an indentation residual impression is 

observed it is an inverted pyramid with 2 diagonals one longer than the other (Figure 3-

2). 

Specimen 

One bovine right metacarpus (MC) was obtained from the University of Florida 

College of Veterinary Medicine from a donor of unknown age and sex whose death was 

unrelated to this study.  After 2 transverse cuts with a 10 inch band saw (Delta 

Machinery, Jackson, MS), the bone was longitudinally sectioned (Isomet Low Speed 

Saw, Buehler, Lake Bluff, IL) from the distal dorsal aspect to produce a 1 mm thick by 

25 mm wide by 45 mm long longitudinal slab (Figure 3-3).  The specimen size was 

controlled by the polishing system capabilities. 

All procedures involving animal tissue use were approved by the Institutional 

Animal Care and Use Committee. 

Polishing 

The most periosteal surface of the specimen slab, which was about 2 mm below the 

periosteal surface, was polished in a progressive manner beginning with 6µm diamond 
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slurry and final polish with 0.05 µm alumina suspension (Minimet 1000, Buehler, Lake 

Bluff, IL). 

Additional cutting 

Additional low speed saw cuts were made in the most proximal region of the 

specimen slab.  The cuts produced 2 pieces approximately one millimeter thick by 1 mm 

wide by 25 mm long.  The specimens were dried in equilibrium with the laboratory 

environment and indented with the Knoop indenter short diagonal parallel to the bone 

longitudinal axis in an ordered array (Figure 3-2 A).  I used an applied mass of 0.1 kg and 

dwell time of 10 s. 

A wet specimen, taken from the same bone region, was cut with a low speed saw to 

produce a specimen approximately 5 mm square by 1 mm thick.  The specimen was 

indented with the Knoop indenter short diagonal perpendicular to the bone longitudinal 

axis in ordered arrays (Figure 3-2 B).  I used an applied mass of 0.1 kg applied mass and 

10 s dwell time. 

Ordered indentation arrays were used because I did not have precise control over 

subsequent cutting to obtain indentation short diagonal cross sections. 

Preparation for SEM 

Dry-indented specimen 

In order to expose the cross-section of the residual impression, in a plane parallel to 

the short Knoop indentation axis, each specimen piece was further divided to produce a 

total of four pieces.  One piece was manually fractured and the other sectioned with a low 

speed saw.  The 4 specimens were imaged in an optical microscope and two of the pieces 

containing observable residual impressions were selected.  The two selected specimens 

were vacuum sputter coated with gold and imaged with SEM (JEOL 6400, Japan) using 
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15 kV excitation.  Only the fractured specimen had a residual impression with an 

unobstructed view of the cross-section at the mid point of the long diagonal (Figure 3-4).  

That indentation was used in subsequent evaluations.  The sectioned specimen residual 

impression cross-sections were not clearly observable due to cutting debris on the 

specimen edge.  Additionally, the specimen had been sectioned with the indented face 

surface perpendicular to the blade and in the same direction as the blade rotation.  This 

arrangement caused the bone material to rise up and obscure the indentation cross-

section.  Sectioning of the subsequent wet-indented specimen was performed differently. 

Wet-indented specimen 

After indentation the specimen was sectioned with a low speed saw into 2 pieces to 

expose the residual impression cross sections.  The sectioning was done with the indented 

surface facing the low speed saw blade.  This arrangement was to ensure that the low 

speed saw blade did not upset the bone material as it had done when sectioning the dry-

indented specimen. 

After sectioning the cut planes were lightly polished by manually drawing them 

across a dry polishing cloth (Texmet 1000, Buehler, Lake Park, IL) to remove cutting 

debris.  Following Zysset et al. [1999], the specimens were stored in a solution of 0.5-

mg/ml gentamicin sulfate in tap water at 2ºC when not undergoing indentation or imaging 

to retard collagen biological degradation.  Both pieces were vacuum sputter coated with 

gold and imaged with SEM. 

Atomic force microscopy specimen 

Following discovery of indentation apex cracks in specimens previously indented 

both wet and dry, an additional specimen, approximately 4 mm square by 1 mm thick, 

was prepared.  The specimen preparation was the same as previous specimens except it 
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was not prepared for SEM imaging.  There was no vacuum gold sputter coating nor 

bombardment by electrons in the SEM chamber.  The specimen was indented at two 

different times, once while wet and then again after 14 days drying time in equilibrium 

with laboratory environment.  A set of 5 indentations was made at a range of applied 

mass (0.1 kg to 1.0 kg), with the Knoop indentation point  short diagonal perpendicular to 

the bone longitudinal axis.  Another set of 5 indentations was made in the same specimen 

after 14 days.  The Knoop indenter point short diagonal was oriented parallel to the bone 

longitudinal axis.  Immediately post indentation, for both wet-indented and dry-indented 

cases, the specimen was imaged with an optical microscope  (BX-60; Olympus; Melville, 

NY) and with an atomic force microscope (AFM) (Nanoscope III; Hysitron; Minneapolis, 

MN). 

Fracture toughness confirmation specimen 

Fracture toughness of the bone subjected to SEM preparation and imaging was 

derived using indentation apex crack length measurements from 3 wet-indented residual 

impressions.  The 3 indentations had been made at the same applied mass.  In order to 

determine whether the indentation apex cracks were artifacts of the SEM preparation and 

imaging process or were related to the applied mass, an additional wet specimen was 

prepared.  The specimen was prepared in a manner as close to the original SEM wet-

indented specimen as possible. 

The specimen was cut from the same region of the bovine MC specimen as the 

original wet-indented SEM specimen.  A Knoop indenter point was used with the short 

diagonal perpendicular to the bone long axis.  The specimen was indented with a range of 

indentation masses (0.05 kg, 0.1 kg, 0.2 kg, 0.3 kg, 1.0 kg).  Five indentations were made 
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at each mass level.  The specimen was prepared for and imaged using the same 

equipment as the original SEM specimens. 

Evaluation Procedures 

Scanning electron microscope 

Optical evaluation of the SEM images revealed that 3 of the wet-indented specimen 

cross sections were clearly observable at the midpoint of the long diagonal.  One typical 

cross section is shown in Figure 3-5.  The average length, width, and depth of the 3 

indentations were used in subsequent evaluations.  Only one of the dry-indented cross 

sections was measurable (Figure 3-4). 

Elastic modulus 

The difference in residual impression side-wall angles between the wet-indented 

and dry-indented cross sections suggested that an estimate of wet recovered material 

elastic properties could be made.  The difference between the wet and dry indentation 

depths could be due to the material recovering more when wet than dry.  More recovery 

in the wet-indented specimen suggested to me that the recovered material (that material 

between the maximum indentation depth and the final residual indentation depth) has a 

different elastic modulus than the bone outside the indentation affected region.  

Hengsberger et al. [2002] suggested that damaged bone does not recover its intact elastic 

modulus like metals after indentation.  They [Hengsberger et al. 2002] also pointed out 

that the degree of elastic modulus recovery for bone is likely a function of indentation 

depth and collagen architecture. 

I calculated the maximum depth for both indentations using the simple geometric 

relationship between the length of the Knoop diagonal and depth.  The calculated value 

was about 6 µm for both wet-indented and dry-indented residual impressions  The actual 
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difference in maximum depths was about 5%.  However, the wet-indented depth 

recovered 5 µm while the dry-indentation depth recovered 4 µm.  The wet-indented 

measurements were used to estimate the elastic modulus of the recovered material. 

For the first estimate of the wet-indented recovered material elastic modulus, I used 

the derivation reported by Loubet et al. [1984].  That derivation assumes simple elasticity 

although bone is known to have a degree of viscoelasticity.  I have not added viscoelastic 

behavior to the model in order to preserve simplicity.  The following equations were 

taken from Dorner and Nix [1986]: 
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where rE  = reduced modulus, dP
dh

 = slope of load and displacement plot, A  = projected 

area of the indenter residual (recovered) impression, i  = indenter point material, ν  = 

Poisson’s ratio, E = elastic modulus.  For the Knoop indenter point, 1 2d dA
2

= , where 1d  

= length of long diagonal, 2d  = length of recovered short diagonal. 

I calculated the load and displacement slope, dP
dh

, from 2 data points.  The first was 

at the maximum indentation depth (6 µm) and maximum applied mass (0.1 kg).  The 

second was at the final indentation depth (1 µm ) and final applied mass (0.0 kg).  I then 

computed the reduced elastic modulus, rE , using equation (1).  I used equation (2) to 

computed the elastic modulus with an assumed Poisson's ratio of 0.3 for the specimen.  I 
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also used a Poisson's ratio of 0.2 and an elastic modulus of 925 GPa for the diamond 

indenter [MatWeb 2003]. 

A refinement of the recovered material elastic modulus derivation for the wet-

indented specimen was made through a simple elastic model.  Equation (1) assumes that 

the modulus found was for the entire elastic half space.  In reality there is a spectrum of 

elastic moduli ranging from that of the intact bone to that of the material in the immediate 

indentation affected region.  Observation of a typical load –displacement data [Oliver and 

Pharr 1992] shows the changing slope of the load-displacement curve.  I constructed a 

simple model that estimated the thickness of a finite column equivalent to the elastic half 

space.  Then I divided that column into two regions, one of competent bone and one of 

recovered material.  I then used a simple two series springs model for the two materials.  

I assumed that the modulus of bone was 11 GPa [Guo 2001 p. 10-7] because the wet 

specimens were indented with the short Knoop diagonal perpendicular to the bone 

longitudinal direction.  A sensitivity evaluation was also performed to determine 

variation of results with the value of crush depth.  The recovered material depth was not 

known. I estimated the depth to be twice the maximum depth of the Knoop indentation 

point at full load.  That value was chosen based on the extensive modeling work by 

Giannakopoulos et al. [1994].  They [Giannakopoulos et al. 1994] had shown that the 

maximum tensile residual stress was located close to twice the indentation maximum 

depth for strain hardening material after complete unloading.  Details of the elastic 

modulus estimation procedure are contained in the Appendix. 

Fracture toughness 

Cracks in the dry SEM prepared specimens were very small and I was unable to 

measure their width or length.  Wet-indented crack lengths were 91 µm ± 4 µm (mean ± 
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SD).  The measured crack lengths were used in an empirical equation to derive fracture 

toughness.  The relationship between fracture toughness and crack length, taken from Xu 

et al. [1998] was: 

3

2

cK
P

c
=

χ ,         (3) 

where Kc = fracture toughness (
1
2MPa / mm ), χ   = 0.076, P = indentation load (N), 2c = 

total crack length (mm).  The constant, χ , depends on the hardness to modulus ratio of 

the material.  I assumed that the material was brittle after SEM preparation and imaging.  

I also assumed that it had a hardness to modulus ratio similar to other brittle materials 

like ceramics and dental enamel.  Based on those assumptions I selected χ  to be the same 

(0.76) as that used by Xu et al. [1998] in their ceramic and tooth enamel investigations. 

Results 

The results fall into two major categories.  The first relates to the observation of 

cracks in the apices of SEM specimens and the second to the physical description of the 

microindentation residual impression cross section. 

Cracks 

Midline cracks were observed along the apex of the residual impression long axis 

for both wet-indented and dry-indented SEM specimens (Figure 3-5).  There were no 

cracks observed in the AFM specimens whether they were wet-indented or dry-indented, 

regardless of indentation point (Vickers or Knoop) or test mass. 

Cracks in the first SEM specimens (Figure 3-6) were measured optically and 

resulted in a mean fracture toughness of 0.22 MPa/m1/2 ± 0.01 (mean ± SD) using 

equation (3).  The average of results from the fracture toughness confirmation specimen 
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(Figure 3-7) was 0.22 MPa/m1/2 ± 0.04 (mean ± SD).  The crack length is directly 

proportional to applied mass (Figure 3-8).  A one way ANOVA was performed on the 

fracture toughness confirmation data.  There was no significant difference between the 

fracture toughness at any value of applied mass (p > 0.05). 

Cross-section 

The computed estimate of elastic moduli were 3.2 GPa and 4.8 GPa wet and dry 

respectively.  The detailed calculation is provided in the Appendix.  The result for the 

wet-indented specimen, 3.2 GPa, represents a modulus between that of cortical bone (11 

to 20 GPa) [Guo 2001 p. 10-7] and demineralized bone (0.2 to 0.9 GPa) [Catanese et al. 

1999].  A further refinement using the series spring model resulted in elastic modulus 

value of 1.0 GPa.  That value was based on an assumed recovered material depth of twice 

the maximum indentation depth.  That depth was taken from Giannakopoulos et al. 

[1994] and is the point of maximum tensile stress.  It is at this point that maximum bone 

damage would be expected. 

Measured residual impression sidewall angles of 153º and 168º, dry and wet 

respectively, were greater than the 130° of indenter tip geometry (Figures 3-4, 3-5). 

There was no evidence of pile-up on the short diagonal sides of the residual 

impression where the sidewalls meet the initial material surface (Figures 3-3, 3-4).  In 

fact there was no indication of pile-up on any of the several hundred indentations made in 

the course of this study. 

Also notable was the unevenness of the polished specimen surface and lack of well-

defined edge or boundary between the impression and the initial surface (Figure 3-5). 
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Discussion 

In this section I discuss: fracture toughness of SEM prepared specimens; the 

derived elastic modulus of the recovered material in the indentation affected region; and 

absence of  pile-up on the residual impression edge. 

The objective of this study was to better understand microindentation through 

investigation of the residual impression indentation site.  The observations and simple 

calculations in this study appear to verify that post indentation material at the indentation 

site is not representative of the undisturbed bone as suggested by Hengsberger et al. 

[2002]. 

Fracture Toughness 

The microindentation residual impression site was investigated through SEM and 

optical microscopy.  Cracks in the SEM prepared specimens were directly related to the 

applied mass.  The relationship between the fracture toughness values derived in this 

work and that of unprocessed bone is unknown.  Future research could help understand 

the relationship. 

It may be possible to more easily derive fracture toughness of bone through 

development of a regression model.  Specimens from bones with a range of fracture 

toughness could be tested macroscopically and compared with fracture toughness values 

derived using SEM preparation and crack length measurement.  A good regression 

relation (R2 > 0.8) could greatly simplify derivation of fracture toughness for a wide 

range of bones. 

Recovered Material Elastic Modulus 

The estimated elastic modulus of the wet-indented recovered material can be 

interpreted as the modulus of a material that is not intact bone, it is damaged.  I could not 
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determine the nature of the damage.  The results of my work can only estimate an elastic 

modulus for the material.  My method assumed a depth of the damaged material.  A 

difference of 1 µm in assumed depth is equivalent to about 90 MPa estimated modulus.  

Future research could examine that assumption. 

The objective of the future work described in Chapter 5, is to experimentally 

determine the depth of the recovered (damaged) bone material and use it in finite element 

models like those developed by Giannakopoulos et al. [1994], for ultimate use as a bone 

model.  Such a model could provide a better value for the elastic modulus of the material 

in the microindentation affected region. 

Pile-up 

Some time ago other researchers had found evidence of pile-up during 

microindentation hardness tests when the applied mass was above 0.1 kg [Ramrakhiani et 

al. 1979].  Their result was likely due to the silver plate they had applied to the bone 

specimen.  Bone, as a brittle material, exhibits strain hardening behavior with a relatively 

large strain hardening exponent of about 0.7.  The strain hardening exponent, n, comes 

from the stress-strain relationship after the material yields.  The constitutive law is 

expressed as: nEσ = ε .  Materials with large strain hardening exponents over about 0.5, 

are not expected to exhibit pile-up [Cheng and Cheng 1998], they sink in.  Therefore, 

pile-up should not have been expected in bone microindentation.  The absence of pile-up 

provides additional confirmation that bone behaves as a work hardening (brittle) material. 

Absence of pile-up also suggests that bone compacts, sinks in, under the 

microindentation point because material is conserved.  The compaction or sinking in 

suggests that the material under the microindenter tip is different than the intact material.  
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Extending this idea to elastic modulus measurement methods it seems reasonable that the 

ERM measures different material than does the LDM.  I suggest it may be so because the 

ERM takes its measurements after all recovery is complete while the LDM takes its 

measurements when the indenter point is in full and intimate contact with the specimen.  

The compacted material is between the indenter point and the intact material and remains 

compacted.  During the very first part of the unloading while the indenter point is in full 

contact with the specimen the elastic response of the intact material will be manifest in 

the load and displacement measurements.  It is the initial unloading slope of the load 

displacement curve that is used to derive elastic modulus. 

Such an interpretation would predict that ERM derived elastic modulus values of 

bone would be less than LDM derived elastic modulus values.  Such a prediction has in 

fact been demonstrated in my related work described in Chapter 4. 
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Table 3-1  Values for dry-indented and wet-indented cross sections.  Measured quantities 

are: angle = angle between side-walls, brec = recovered short diagonal, a = 
long diagonal, h = depth of residual indentation, P = applied load.  Derived 
quantities are: HK = Knoop hardness, E = elastic modulus. 

 
SEM Specimen Parameters 

 
Quantity 

 
Dry-indented Wet-indented 

Angle (°) 153 168 
HK (kg/mm2) 40 36 

brec (µm) 20.5 22.8 
a (µm) 188.3 198.7 
h (µm) 2.5 1.2 
P (N) 0.98 

E (GPa) elastic half 
space model 

4.8 3.2 

E (GPa) series 
spring model 

n/a 1.0 
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Figure 3-1  Typical schematic accompanying indentation models.  A region of material 

pile up is not shown on all such schematics.  It is shown for models of ductile 
material.  Brittle materials do not exhibit material pile up. 
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Figure 3-2  Typical indentation set for SEM investigation prior to SEM preparation.  

Indentations made with the Knoop indenter point.  Scale is the same in A and 
B. A) Dry-indented bovine MC specimen B) Wet-indented bovine MC 
specimen 

 

1 mm

A 
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200 µm 
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Figure 3-3  Bovine metacarpus.  Dashed boxes indicate area from which indentation 

specimens were taken. 
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Figure 3-4  A)  Knoop residual impression array line containing 9 microindentations.  

Indentations made in dry specimen with short Knoop diagonal parallel to the 
bone long axis.  One observable indentation is indicated by the dashed box. B) 
Cross section of Knoop microindentation short diagonal of the indentation 
with approximate side-wall angle depicted by dashed lines. 

 

 

153º 
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Figure 3-5  A) Knoop residual impression area.  Indentations made in wet specimen with 

short Knoop diagonal perpendicular to the bone long axis. One of the 
observable indentations is indicated by the dashed box.  B) Cross section of 
the indentation with approximate side-wall angle depicted by dashed lines. 

 

168º 
20µm 

 

A

B 
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Figure 3-6  Linear crack at the apex of the indentation residual impression.  Other non 

indentation related cracks can be seen in the lower left section of the image.  
Note lack of well defined edge.  Specimen was indented wet.  Dotted lines 
indicate the edge of half of the indentation residual impression.  Solid circles 
indicate approximate end of residual impression long diagonal.  Note that the 
apex crack is shorter than the long diagonal of the indentation. 

 

apex crack 

residual impression edge 
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Figure 3-7  Typical Knoop indentations in the fracture toughness confirmation specimen.  

Specimen was indented wet with the Knoop short diagonal perpendicular to 
the bone longitudinal axis.  Cracks appear as white lines.  Other non 
indentation related cracks are visible on the left side of the image. 

 

apex 
crack 

cracks
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Figure 3-8  Plot of applied mass (Load) with crack length, where “C” is the total 

measured crack length divided by 2.  Dotted line is linear regression, R2=0.98. 

0

0.5

1

0.0E+00 1.0E-06 2.0E-06 3.0E-06 4.0E-06

C^1.5 (m3/2)

L
oa

d 
(k

g)



 

53 

CHAPTER 4 
INVESTIGATION OF THE ELASTIC RECOVERY METHOD FOR DERIVING 

ELASTIC MODULUS OF BONE, DENTIN, AND ENAMEL 

Introduction 

The objective of the work described in this chapter was to evaluate the elastic 

recovery method (ERM) for deriving elastic modulus of bone, dentin, and enamel.  The 

aims were to: adapt and validate the ERM using well documented material (glass, 

Plexiglas, bovine femur); and apply the ERM to bone, dentin, and enamel. 

In addition to those aims I used the ERM to map elastic modulus distribution in the 

mediolateral direction along the centerline of bovine metacarpus nutrient foramen and I 

investigated the elastic anisotropy of monkey dentin and enamel. 

History 

The ERM was originally developed within the materials research community and 

used on ceramics by Marshall et al. [1982].  Marshall et al. [1982], using the Knoop 

indenter point, had observed a relationship between the post indentation ratio of short to 

long Knoop diagonal measurements and the hardness to elastic modulus ratio.  Using a 

spectrum of ceramic materials, with a range of hardness and moduli, they constructed a 

mathematical relationship.  The relationship equated elastic modulus to hardness divided 

by a measure of departure from perfect elasticity.  Their resultant equation for elastic 

modulus was: 

rec
K

b
E C1 / C2

a
H= − 

 
 

,        (1) 
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where E  = elastic modulus, C1 and C2  = constants, KH  = Knoop hardness (MPa), recb  

= recovered short diagonal, a  = long diagonal.  The constants were chosen through curve 

fitting from a plot of microindentation residual impression dimensions ratio (brec/a) and 

hardness to elastic modulus ratio (HK/E).  Constant C1 is the slope of the linear 

regression and constant C2 is the intercept on the brec/a ordinate.  The resulting linear 

regression equation as taken from Marshall et al. [1982] is: 

rec Kb HC2 C1
a E

= − .        (2) 

Subsequent work by Amitay-Sadovsky and Wagner [1998] extended ERM to 

polymers.  They also used a spectrum of polymers with a range of hardness to modulus 

ratios.  Their constants, C1 and C2 in equation (2), were also derived through curve 

fitting.  Amitay-Sadovsky and Wagner [1998] concluded that the ERM was applicable 

for polymers.  Use of appropriate indentation applied mass was their only caveat because 

they had found a dependence of derived hardness on applied indentation load while 

Marshall et al. [1982] had found none for ceramics. 

In addition to work in polymers the ERM has been applied in dental research by 

Meredith et al. [1996] and pharmacological work by Lum and Duncan-Hewitt [1996].  

Lum and Duncan-Hewitt compared ERM derived elastic modulus results with those 

derived from use of ultrasonic methods.  They criticized ERM for producing negative 

values of elastic moduli.  Meredith et al.[1996] reported that their ERM derived elastic 

modulus results were limited by enamel cracking.  They also reported success with 

deriving dentin elastic modulus.  Such cracks did not allow measurement of the 

microindentation residual impression dimensions.  During the period from 1982 to my 

research, the ERM had not been used in bone. 



55 

 

Motivation 

Success of the ERM in ceramics, polymers, and dentin, reported by Marshall et al. 

[1982], Amitay-Sadovsky and Wagner [1997], and Meredith et al. [1996], encouraged me 

to use the method in bone.  Equipment required by the ERM was available to me and the 

method appeared to be reasonably straightforward.  I also wanted to explore the tooth 

enamel limitation reported by Meredith et al. [1996]. 

In addition I wanted to use the ERM to map elastic modulus distribution on the 

mediolateral midline of the bovine metacarpus dorsal foramen. 

Methods and Materials 

This section is divided into 3 subsections.  The first describes the method used in 

adapting the ERM for use in bone.  The second describes the methods and materials used 

in validation of the ERM.  The third describes the methods and materials used in 

application of the ERM to bone, dentin, and enamel. 

A microindenter (Model HM-112, Mitutoyo, Japan), equipped with a Knoop 

indenter point, was used for all microindentations unless otherwise stated.  The Knoop 

indenter point was selected because it allows investigation of elastic anisotropy as 

demonstrated by Riches et al. [1997] and Riester et al. [2000]. 

For bovine and monkey specimens, I used a dwell time of 10s and followed the 

limitations on: time out of solution; time between indentation and measurement; and 

distance between the indentation and pores from Chapter 2.  I did not perform hardness 

variation with independent variables evaluations for bovine or monkey specimens except 

applied mass. 
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Animal tissue from bovine and monkey were used in the work described in this 

chapter.  All procedures involving animal tissue use were approved by our Institutional 

Animal Care and Use Committee. 

Adaptation of Elastic Recovery Method to Bone 

Adaptation of the ERM for use in bone involved the selection of constants C1 and 

C2 for equation (1).  In this subsection I describe my selection of those constants. 

The constant C1, as derived by Marshall et al. [1982] and Amitay-Sadovsky and 

Wagner [1998], is the slope of a linear curve fitted through the brec/a and HK/E data 

(Equation (2)).  Derivation of the constant C1 requires that the value of hardness to 

modulus ratio be known for the material being indented.  The values for forming the ratio 

brec/a are simply measured from the microindentation residual impression. 

While I could measure the residual impression dimensions in bone, I did not know 

the HK/E values for bone.  Indeed, it was the elastic modulus that I was trying to find.  

Moreover, I did not have available a range of bone specimens with known elastic moduli 

with which to work. 

Without a range of bone specimens from which to determine a value for C1, I 

decided to use a simple linear relationship between the value of the constant C1 for 

ceramics and the value of the constant C1 for polymers.  It also turned out that the ERM 

equation is sensitive to the value of C1 (Figure 4-4).  I chose the ordinate to be the value 

of C1 and for the abscissa I chose the corresponding average value of elastic modulus for 

the subject material.  The first data point set was the value of C1 for ceramics (0.45) 

[Marshall et al. 1982] at an elastic modulus of 70 GPa.  The second data point set was the 

value of C1 for polymers (0.473) [Amitay-Sadovsky and Wagner 1998] at an elastic 

modulus of 2.6 GPa.  An elastic modulus of 70 GPa was selected for the material glass as 
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it is representative of ceramics.  The value for elastic modulus of 2.6 GPa was selected 

for the material acrylic polymer as it is representative of polymers.  The values for elastic 

modulus were taken from an available internet source [Mat Web 2003].  The resulting 

equation was:  

C1 0.4739 0.0003(E)= − ,       (3) 

where C1 = constant, E = elastic modulus (GPa).  I then used an elastic modulus of 16 

GPa to pick off a value for C1.  I chose the value of 16 GPa because it is the average  

value of bovine femur elastic modulus [Guo 2001, p 10-7].  I chose the bovine femur 

values for the computation because I planned to use that bone for ERM validation.  I then 

computed a value of 0.47 for the constant C1 for use in deriving the elastic modulus of 

bone (Table 4-1). 

In selecting the value for the constant C2, I again did not have a range of specimens 

with known elastic moduli from which to find the ordinate intercept.  I selected the value 

of 0.14 for the constant C2 following Marshall et al. [1982] and Meredith et al. [1996].  

Marshall et al. [1982] and Meredith et al. [1996] had used 0.14 because it is the largest 

physically possible value for brec/a.  That value follows directly from the geometry of the 

Knoop indenter. 

Elastic Recovery Method Validation 

In this subsection: I state the hypotheses for the ERM validation; describe specimen 

preparation and indentation procedure for each specimen; and provide the method for 

ERM equation sensitivity evaluation. 

Hypotheses 

The null hypotheses for ERM validation were: 
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1. Glass specimen. 

a. Mean value of ERM derived elastic modulus is equal to the mean 

published value. 

b. Mean value of ERM derived elastic modulus, using edge detection, 

is equal to the mean ERM derived elastic modulus, using optical 

measurements alone. 

2. Mean value of ERM derived elastic modulus for Plexiglas is equal to the 

mean published value. 

3. Bovine femur longitudinal specimen. 

a. Mean value of ERM derived elastic modulus is equal to the mean 

published value. 

b. There is no difference in the mean value of ERM derived elastic 

modulus between indentation orientations. 

4. Bovine femur transverse specimen. 

a. Mean value of ERM derived elastic modulus is equal to the mean 

published value of elastic modulus. 

b. There is no difference in the mean value of ERM derived elastic 

modulus between indentation orientations. 

The alternate hypotheses were all two-tailed. 

Specimen Preparation and Indentation Procedures 

Glass 

A glass slide, 27 x 46 x 1.25 mm (Petrographic slides, Buehler, Lake Bluff, IL), 

was cleaned with 100% ethyl alcohol and air dried.  A range of indentation applied mass 

was evaluated against derived hardness.  That investigation resulted in selection of 0.3 kg 
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as the minimum appropriate applied mass for subsequent indentations.  A dwell time of 

10 seconds was used based on my experience and other related work (Chapter 2). 

Ten indentations were performed in 2 groups of 5.  The microindentation residual 

impressions were well defined which resulted in ease of short diagonal measurement 

using optical means.  The indentation residual impressions were measured with the 

installed measuring system of the microindenter.  Edge detection was evaluated on the 

specimen to access its accuracy.  Two groups of 3 indentations were made for optical and 

edge detection measurement. 

Plexiglas 

A piece of transparent optical acrylic polymer (Plexiglas) approximately 36 mm by 

40 mm by 12 mm thick was cleaned with tap water and blotted dry with paper wipes.  

Again, a range of indentation applied mass were evaluated against the derived hardness.  

The investigation resulted in selection of 0.1 kg as the applied load for subsequent 

indentations. 

Ten indentations were performed and the elastic modulus results averaged.  The 

indentation residual impressions were well defined and the short diagonal easy to 

measure with optical means. 

Bovine femur 

In this subsection I describe: the specimen preparation; indentation procedure; and 

indentation residual impression evaluation with edge detection image processing.  The 

image processing used for the these specimens was also used on the glass and Plexiglas 

specimens. 

Two bovine femur specimens were used in ERM validation.  Specimen size was 

dictated by specimen mounting and polishing requirements.  The specimens were sized to 
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fit on a standard petrographic slide (Buehler, Lake Park, IL).  The specimens were taken 

from a previously fresh frozen right femur in the mid diaphysis anterior aspect (Animal 

Technologies Inc., Tyler Texas).  One of these specimens was sectioned parallel to the 

long bone axis, longitudinal (Figure 4-1) and the other was sectioned transverse to the 

long bone axis (Figure 4-2).  Both specimens were approximately 25 mm by 45 mm by 1 

mm thick. 

After cutting to size the specimens were polished using a semi automated polishing 

system (Minimet 1000, Buehler, Lake Bluff IL).  Both specimens were polished 

progressively beginning with 6 µm diamond slurry and finishing with 0.05 µm alumina 

and colloidal silica suspension.  Following Zysset et al. [1999], the specimens were 

stored in a solution of 0.5 mg/ml gentamicin sulfate in tap water at 2º C when not 

undergoing indentation or imaging to retard collagen biological degradation. 

A series of 10 indentations each were made in the transverse (Figure 4-1) and 

longitudinal specimens (Figure 4-2).  For the longitudinal specimen 5 indentations were 

made with the short Knoop diagonal perpendicular to the bone long axis (L1, Figure 4-3) 

and the other 5 with the short Knoop diagonal parallel to the bone long axis (L2, Figure 

4-3).  For the transverse specimen 5 indentations were made with the short Knoop 

diagonal perpendicular to the bone circumferential direction (T1, Figure 4-3) and 5 

indentations were made with the Knoop short diagonal parallel (T2, Figure 4-3) to the 

bone circumferential direction. 

Knoop hardness (kg/mm2) and long diagonal (µm) were recorded for each 

indentation.  Optical microscopy images of each indentation were then taken within about 

20 minutes.  Use of strictly optical measurement means introduced subjectivity into the 
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measurements.  Reproducible measurement of the short Knoop diagonal length was not 

possible.  In order to minimize the subjectivity an edge detection step was added to the 

indentation procedure for bone. 

The optical microscopy images were converted to grayscale and subjected to edge 

detection with image processing software (MatLab, MathWorks, Inc., Natick, MA).  A 

variety of edge detection filters are available in the software.  Each filter was used on a 

representative residual impression grayscale image of the bovine femur.  The Canny filter 

was selected for subsequent edge detection due to its superior ability to detect edges of 

this type. 

The significant difference between the Canny filter and other available filters is an 

edge linking feature.  This feature links discrete picture elements (pixels) into chains to 

form lines.  One weakness of the Canny filter occurs at junctions of several lines.  The 

linking function fails to enhance the edge at these junctions.  The critical measurements 

for ERM are between large angles across the short diagonal.  The linking function does 

not appear to fail at these junctions. 

The differences between all other filters and the Canny filter were obvious and 

profound.  The edge-detected images were used in image handling software (Paint Shop 

Pro, JASC, Eden Prairie, MN).  The short diagonal ( )recb  and long diagonal ( )a  

measurements were made using pixels and the known value of pixels per µm for the 

given optical microscope magnification.  The diagonal length measurements were made 

by identifying and subtracting pixel location coordinates and dividing by the known 

pixels per µm.  Identification of pixel location was a manual task and involved some 

degree of subjectivity. 
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Sensitivity evaluation of ERM equation 

A sensitivity analysis was performed on the ERM equation (Equation (1)) to 

determine the variation of elastic modulus results to a ± 5% change in each of the 5 

equation variables.  The evaluation used reference values for the equation variables from 

1 representative indentation residual impression on the bovine femur longitudinal 

specimen. 

Application of ERM to Bone, Dentin, and Enamel 

In this subsection I describe the methods and materials used for application of the 

ERM.  Three different materials from 2 different specimens were used: bovine 

metacarpus (MC); and monkey tooth dentin and enamel. 

I also describe the methods used to investigate the ERM derived elastic modulus 

distribution in the mediolateral direction along the centerline of the bovine MC foramen 

minor axis. 

Hypotheses 

Three hypotheses were tested for the application of ERM. 

1. The mean ERM derived value of elastic modulus for bovine MC was equal to 
the correlation method (CM) derived elastic modulus for bovine MC; 

2. The mean ERM derived value of monkey tooth dentin elastic modulus was 
equal to the mean published value; 

3. The mean ERM derived value of monkey tooth enamel elastic modulus was 
equal to the mean published value. 

Specimen Preparation and Indentation Procedures 

In this subsection I describe: specimen preparation; indentation procedures and 

correlation method used for answering the 1st hypothesis; specimen preparation and 

indentation procedures for answering the 2nd and 3rd hypotheses; and indentation 

procedures used for investigation of the nutrient foramen elastic modulus distribution. 
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Bovine MC 

One bovine right metacarpus (MC) was obtained from the University of Florida 

College of Veterinary Medicine from a donor of unknown age and sex whose death was 

unrelated to this study.  After 2 transverse cuts with a 10 inch band saw (Delta 

Machinery, Jackson, MS), the bone was longitudinally sectioned (Isomet Low Speed 

Saw, Buehler, Lake Bluff, IL) from the distal dorsal aspect to produce a 1 mm thick by 

25 mm wide by 45 mm long longitudinal slab (Figure 4-5).  The specimen size was again 

controlled by the polishing system capabilities.  The specimen was polished in the same 

manner as the bovine femur specimens.  The specimen was to be used to map elastic 

properties along the mediolateral midline through the foramen minor axis. 

Correlation method (CM) 

In mapping elastic constants, along the midline of the bovine MC foramen, I 

compare ERM derived results with those obtained by CM.  I use the linear correlation of 

Vickers hardness with elastic modulus developed by Currey et al. [1990].  The equation 

is: 

VE 0.58 0.36H= + , (R2=0.93)       (4) 

where E = elastic modulus (MPa), HV = Vickers hardness (kg/mm2). 

Bovine foramen elastic modulus distribution 

A series of 19 sets of 4 indentations each was made along the bovine MC foramen 

midline in the lateromedial direction, parallel to the foramen minor radius (Figures 4-6).  

Each of the 4 indentations were made at angles of 0º, 45º, 90º, and 110º as measured 

between the bone longitudinal axis and the Knoop short diagonal. 

Ideally all indentations would be made at the same point.  Placing the 4 

indentations in the same place would overlap them.  Measurements of the residual 
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impressions would represent the effect of other indentations and not the bone itself.  For 

that reason the indentations were grouped as close together as reasonable allowing for 

pores.  In general a spacing of at least 70 µm was maintained between the short diagonals 

of the neighboring Knoop indentations within a group.  This distance has been found in 

previous work (Chapter 2) to eliminate the effect of one indentation on another. 

Mapping of ERM derived elastic modulus based results for elastic constants 

distribution on the bovine MC lateromedial midline consisted of the following steps. 

1. Locating a representative distance from the foramen edge for each set of 4 
indentations. 

2. Deriving elastic modulus values for each of the 76 indentations. 

3. Calculating the principal longitudinal and transverse elastic moduli and 
shear modulus for each of the 19 indentation sets. 

Mapping the CM derived elastic modulus distribution on the bovine MC 

mediolateral midline involved making microindentations with the Vickers indenter point.  

A set 44 indentations was made along the midline of the foramen in the mediolateral 

direction (Figure 4-7). 

Representative Distance from Foramen Edge 

I chose the distance between the edge of the foramen and the center of the 

indentation made at 45° as reasonable representative of the indentation set distance.  The 

decision was based on inspection of the completed indentation sets. 

Deriving Elastic Modulus for Indentations 

Elastic moduli values were computed for each indentation except one.  The one 

exception was the 45° indentation in set 2.  I was unable to obtain a reproducible 

measurement of the residual impression short diagonal.  That left 18 viable indentation 

sets with all 4 ERM derived values of elastic modulus. 
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Principal Elastic Moduli Calculation 

The principal longitudinal and transverse elastic moduli and the shear modulus 

were calculated using an iterative process.  The process was constructed because I did not 

know the principal material directions.  The apparent material directions were evident for 

some indentation sets but not for all. 

The first step in the iterative process was to use an in-plane coordinate 

transformation to obtain values for longitudinal, transverse, and shear elastic moduli at 

coordinate rotation angles between 0° and 90°.  The transformation equation was taken 

from Rapoff et al. [2003]: 

( ) ( )( ) ( ) ( ) ( )( )

( )( ) ( ) ( )( )

4 2 2
'

L

4 2 2

T LT

1 1 sin 2 cos sin
E E

1 1cos cos sin
E G

 = φ + θ − ν φ + θ φ + θ θ

+ φ + θ + φ + θ φ + θ
,   (5) 

where ( )'E θ  = measured modulus at angle θ , θ  =  angle between the Knoop short 

diagonal and the transverse axis of the specimen (Figure 4-6 B), φ  = angle of in-plane 

coordinate transformation rotation, LE  = elastic modulus in the principal material 

direction, TE  = elastic modulus in the transverse principal material direction, LTG  = 

shear modulus, ν  = Poisson's ratio. 

For each of the 18 viable indentation sets, 3 of the 4 values (θ = 0°, 45°, 90°) of 

ERM derived elastic modulus were used, with an assumed Poisson's ratio of 0.3, to form 

a set of 3 linear equations in 3 unknowns.  Poisson's ratio of 0.3 is representative of 

bovine long bones.  Values of EL, ET, and GLT were calculated as the angle of rotation, φ , 

was iterated from 0° through 90º, in 5º steps.  These calculations resulted in a range of 

physically possible values for EL, ET, and GLT.  In order to select the best set of values, 
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the 4th data point (110º) in each of the 18 indentation sets, was used.  At each angle of 

rotation, φ , the predicted value of elastic modulus at 110º was calculated using the same 

transformation equation.  The result of the calculation was compared with the actual 

ERM derived value to determine the percent error.  I established criteria to select the best 

angle and the corresponding values for EL, ET, and GLT.  That criteria was: the values 

were possible (0 < EL > GLT, ET > GLT > 0); the error between the ERM derived value 

and calculated value was ≤5%; and that the minimum error were single valued, that is 

there was only one minimum in the interval 0º to 90º.  The computations were carried out 

with a commercially available software (Mat Lab, MathWorks, Inc, Natick, MA).  The 

best angle was the angle corresponding to the principal material direction.  An angle of 0° 

means a principal direction parallel to the bone longitudinal axis. 

Monkey teeth 

I describe the specimen preparation and indentation procedures for both tooth 

dentin and enamel because the dentin and enamel are part of the same specimen. 

The first molars from both sides of a skeletally mature female monkey (Macaca 

fascicularis) were sectioned from a previously cleaned and fresh mandible using a 

diamond blade saw (Low Speed Saw, Buehler, Lake Park, IL).  On each side one cut was 

made in the buccolingual plane between the premolar and the first molar.  A second cut 

on each side was made also in the buccolingual plane at the centerline of the first molar.  

A third cut was made again on both sides in the buccolingual plane between the first and 

second molars.  These cuts produced four specimens about 2 mm thick, with both a cross 

section and an exterior surface.  The right side specimens are shown in Figure 4-8. 



67 

 

The posterior aspect of the first right side molar was particularly flat and afforded 

the opportunity to indent the exterior surface of enamel with minimum removal of 

material through cutting and polishing.  These specimens were manually polished using 

the same polishing and storage protocol used with the bovine specimens. 

In order to determine the appropriate microindentation applied mass for dentin and 

enamel I followed the same hardness variation with applied mass method I described in 

Chapter 2, I found an appropriate applied mass of 0.1 kg for used for dentin and 0.2 kg 

for enamel.  The indentations made at 0.1 kg applied mass in dentin were also used to 

answer the 2nd hypothesis.  The indentations made at 0.2 kg applied mass in enamel were 

also used to answer the 3rd hypothesis. 

In the dentin of the right side first molar cross section, 2 sets of 5 indentations were 

made.  One set of 5 with the short Knoop diagonal parallel and the second set of 5 

perpendicular to the dentin tubule orientation (Figure 4-9).  The indentations were used to 

investigate in-plane elastic anisotropy. 

A series of 3 indentations were made in the cross section of enamel with the short 

diagonal approximately perpendicular to the enamel prism tubes in the crown of the 

tooth.  These indentations cracked and were not useable for ERM (Figure 4-9 A). 

Two series of 3 indentations were made in the surface enamel on the posterior 

aspect of the right first molar.  The first series was with the short diagonal approximately 

parallel to the occlusal surface and the second with the short diagonal 90º from the first 

set (Figure 4-10).  One indentation in the first series exhibited cracking and was not used. 

Results 

This section is divided into 2 major subsections.  In the first subsection I report 

results from the ERM validation activities.  In the second subsection I report the results of 
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the ERM application to bovine MC elastic modulus mapping and monkey dentin and 

enamel. 

Elastic Recovery Method Validation 

In this subsection I report the results of hypotheses tests and ERM equation 

sensitivity evaluation. 

Hypotheses Tests 

Glass 

The mean ERM derived elastic modulus was not significantly different (ANOVA, 

p > 0.05) from the published value (Table 4-3). 

The ERM derived elastic modulus using optical measurement of the residual 

impression dimension, was not significantly different (ANOVA, p > 0.05) from the ERM 

derived elastic modulus results using edge detection (Table 4-4). 

Plexiglas 

The ERM derived elastic modulus was not significantly different (ANOVA, p > 

0.05) from the published value (Table 4-3). 

Bovine Femur 

The ERM derived elastic modulus was significantly different (ANOVA, p < 0.05) 

from published values for both longitudinal and transverse specimens (Table 4-3).  There 

was no significant difference (ANOVA, p > 0.05) in ERM derived elastic modulus 

between Knoop indenter point orientations for either the longitudinal or transverse 

specimens (Table 4-4). 

Elastic Recovery Method Equation Sensitivity 

The least sensitive variables are constant C1 and Knoop hardness.  The most 

sensitive variables are constant C2, measured long diagonal, a, and measured short 
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diagonal, brec (Table 4-2).  Results are also provided graphically as normalized sensitivity 

plots for each of the 5 variables (Figure 4-4). 

Application of the Elastic Recovery Method 

In this subsection, for the bovine MC foramen region, I report, : the ERM derived 

elastic modulus based results for elastic constants distribution; the distribution of 

principal material directions; and the CM derived elastic modulus distribution.  I also 

report ERM derived elastic modulus results for monkey tooth dentin and enamel. 

Elastic Constants Distribution 

The distribution of longitudinal elastic modulus (EL), transverse elastic modulus 

(ET), and shear modulus (GLT), with distance from the foramen edge in the lateromedial 

direction, is shown on Figure 4-12.  Longitudinal elastic modulus had the most variability 

(Table 4-7).  That variability occurs between 1 and 2 foramen radii from the foramen 

edge.  Shear modulus had the least variability. 

The distribution of coordinate rotation angle variation with distance from the 

foramen edge in the lateromedial direction, is shown on Figure 4-13.  The coordinate 

rotation angle was least (0º) at about 1 foramen radii from the edge of the foramen.  The 

greatest coordinate rotation angle occurred at about 1.5 foramen radii from the foramen 

edge. 

The distribution of CM derived elastic modulus with distance from the foramen 

edge in the mediolateral direction, is shown on Figure 4-13.  The maximum value 

occurred at approximately 1.5 foramen radii from the foramen edge. 

The values of longitudinal modulus (ET) and CM derived elastic modulus, between 

the foramen edge and a distance of 1 foramen radius, are significantly different 

(ANOVA, p < 0.05).  The values of longitudinal modulus (ET) and CM derived elastic 
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modulus, between the foramen edge and a distance of 2.3 foramen radii, are not 

significantly different (ANOVA, p> 0.05). 

Monkey Teeth 

In this subsection I report the results of hypotheses tests for dentin and enamel.  I 

also report results of investigation of dentin and enamel elastic anisotropy.  I describe my 

experience with enamel cracking during testing. 

There was significant difference (ANOVA, p=0.05) between ERM derived elastic 

modulus of dentin compared with ERM derived elastic modulus results reported by 

Meredith et al. [1996].  There was significant pair wise difference between (ANOVA 

p<0.05 for each pair) ERM derived elastic modulus and elastic modulus derived by the 2 

load-displacement methods (Table 4-6).  The standard deviation was greater in my 

measurements than others.  My data contained 10 points while Meredith et al. [1996] data 

contained 5.  Data from the load displacement methods in inherently less variable due to 

its automated nature. 

There was no significant difference (ANOVA p>0.05) between ERM derived 

elastic modulus of enamel and the published values (Table 4-6). 

There was no significant difference (ANOVA p>0.5) in the dentin ERM derived 

elastic modulus either parallel to or perpendicular to the dentin tubules.  These results 

agree with those of Kinney et al. [2001], who used small angle X-ray scattering (SAXS) 

to investigate dentin microstructural anisotropy. 

There was no significant difference (ANOVA p>0.5) in enamel ERM derived 

elastic modulus either parallel or perpendicular to the ends of the enamel prisms. 

Indentations in the buccolingual cross-section exhibited cracking, and I was unable 

to measure the short diagonal of the residual indentation with accuracy.  Therefore, I have 
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no enamel elastic modulus results in that plane.  That result is similar to Meredith et al. 

[1996].  However, indentations in the posterior surface of the first molar were generally 

well defined with little evidence of cracking (Figure 4-10) 

Discussion 

In this section I discuss: results from ERM validation; ERM equation sensitivity;  

and the application of the ERM to bovine MC and monkey tooth dentin and enamel. 

Elastic Recovery Method Validation 

Agreement between the mean values of ERM derived elastic modulus and 

published values for glass and Plexiglas was good (Table 4-3).  Agreement was also good 

between the mean values of ERM results using optical microscopy and edge detection for 

glass (Table 4-4).  Those results provided confidence in the ERM technique and edge 

detection method. 

Agreement between ERM derived elastic modulus results and published values for 

the bovine femur was not good (Table 4-3).  The Bovine femur results seemed reversed 

between the longitudinal and transverse specimens based on an elastically transverse 

isotropic or orthotropic model.  The lack of significant difference in elastic modulus, 

between indentation orientations for both the longitudinal and transverse specimens, 

implies elastic isotropy in those planes.  In Knoop indentations the short diagonal 

surfaces spread the indented material.  For these bovine specimens it was easier for the 

indenter to spread the material on the longitudinal surface than on the transverse surface.  

Such a difference could be due to directionally dependent mineralization in the plexiform 

bone.  Higher mineralization means harder bone.  In addition to higher mineralization 

some unidentified microstructural features may reduce post indentation material 

recovery. 
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Elastic Recovery Method Equation Sensitivity 

For the representative values used in the evaluation, the most sensitive are: C2, the 

linear regression intercept; the long diagonal length, a; and the recovered short diagonal 

length, brec.  Of these variables C2 is chosen based on the physical limits of the indenter 

geometry.  Once chosen it is no longer a source of variation in the derivation of elastic 

modulus.  The long residual impression length, a, is easy to measure.  I have shown, in 

intra-observer effect evaluation (Chapter 2), that the measurement has little error.  

However, the short diagonal, brec, is not easy to measure. 

Operationally, the ERM results rely on the accuracy of measuring the short 

diagonal.  The measurement is made between the apices of 2 obtuse angles (Figure 4-3 

B).  The angle formed by the edges of the diamond tool on the specimen at the short 

diagonal is about 130°.  As previously described (Chapter 3) I found the residual 

indentation impression edges are rounded where they meet the virgin material.  In glass 

and Plexiglas the surfaces are uniform or can be made uniform with polishing.  The 

uniform polished surface allows for well-defined indentation edges, that is, the distance 

between the large angle apices can be measured with repeatable accuracy.  The bovine 

specimens used in this work (MC and femur) do not present a uniform surface nor well 

defined indentation edges for indentation.  Polishing removes softer material 

preferentially leaving the harder material proud.  The polished surface is uneven and 

difficult to accurately determine the residual impression edge.  Measurement of the short 

diagonal is problematic and care should be exercised in acquiring the dimension. 

The least sensitive variables were C1 (linear regression slope) and Knoop hardness 

(HK).  Again, once the constant has been selected it is no longer an operational variable.  
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Knoop hardness derivation relies on measurement of the long diagonal, a.  Measurement 

of the long diagonal is not problematic as I previously mentioned. 

Application of the Elastic Recovery Method 

In this subsection, for the bovine MC foramen I discuss: the ERM derived elastic 

modulus based results for elastic constants distribution; the distribution of principal 

material directions; and the CM derived elastic modulus distribution.  I also discuss the 

ERM derived elastic modulus results for monkey tooth dentin and enamel. 

Elastic Constant and Principal Material Direction Distribution 

The transition zone between cortical and trabecular bone, on the lateromedial side 

(right side of the foramen in Figure 4-5), occurs between 1 and 2 foramen radii from the 

foramen edge.  That distance corresponds to the rapid change in both longitudinal and 

transverse elastic moduli (Figure 4-12) and with the largest coordinate rotation angle 

(Figure 4-13). 

On the mediolateral side (left side of the foramen in Figure 4-5), there is no cortical 

to trabecular transition zone along the minor axis midline. 

There was statistically significant difference, at the 0.05 level, between the 

longitudinal elastic modulus (ET) and the CM derived elastic modulus over the distance 

of 1 foramen radius.  However, the attained significance level of 0.47, was very close to 

the a priori level of 0.05.  That result suggests that there is some degree of similarity 

between the elastic modulus derivation methods (Figure 4-15).  Had I chosen 0.01 as the 

a priori level of significance, I would have concluded that the results of both methods 

were not significantly different.  Agreement between the method results adds confidence 

in the ERM. 



74 

 

I conclude that the ERM, with edge detection on sets of 4 indentations and the 

iterative computations based on rotational planar coordinate transformation, can be useful 

for mapping principal material directions and elastic constants in bone, based on the 

following: 

1. The symmetry between ERM based longitudinal elastic modulus (ET) and 
CM derived elastic modulus. 

2. ERM based elastic constants mapping detection of the cortical to trabecular 
bone transition zone. 

The CM has an advantage in operational simplicity.  However, while the ERM 

based elastic constants mapping process has many steps, it provides more information.  

The ERM based process provides: longitudinal (ET) and transverse (EL) elastic moduli 

and shear modulus; and principal material directions.  The CM provides only elastic 

modulus with no sense of direction. 

Monkey Teeth 

In this subsection I discuss the ERM derived elastic modulus results of dentin and 

enamel. 

Dentin 

The lack of elastic anisotropy in dentin was of some surprise.  I expected, noting 

the dentin tubules and enamel prism tubes, was to expect elastic anisotropy, as found in 

osteonal bone with its analogous repeating structural “tubules” (the osteons).  Other 

researchers have found strength anisotropy in dentin [Lertchirakarn et al. 2001].  Dentin 

tubules are small, about 1 µm diameter compared with osteons (about 200 µm) or osteon 

lamellae (about 5 µm).  The Knoop microindentation residual impression size, 

approximately 165 µm by 19 µm, was much greater than the dentin tubule diameter.  

While I found isotropy there must be some structural basis for strength anisotropy.  The 
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ERM, at the microindentation scale, may not be small enough to determine the basis for 

strength anisotropy. 

Enamel 

Our measured elastic modulus of enamel from averaged 103.9 GPa.  There was no 

statistical evidence (p = 0.37) to conclude that there was a difference in elastic modulus 

measured parallel or perpendicular to the occlusal surface.  We also found that 

microindentations made in the enamel surface specimen did not experience cracking that 

confounded measurements in the transverse specimen reported by Meredith et al. [1996]. 

Cracking of enamel during indentation occurred predominantly on the enamel cross 

section surface and was minimal on the posterior surface.  The difference between the 

surfaces is the orientation of the enamel prisms.  In the cross section the prisms appear as 

the side of a tube bundle.  On the posterior surface, or any occlusal surface, the ends of 

the tubes are at the surface (Figure 4-16).  Indentations made against the ends of the tubes 

are less likely to crack because the prism tubes are in compression.  Indentations in the 

cross section subject the slender tubes to bending.  Meredith et al. [1996] also 

experienced difficulty with cracking of the molar enamel during indentation.  However, 

their specimens were all in the buccolingual cross section. 

The absence of elastic anisotropy in the surface enamel seemed reasonable due to 

enamel prism tube orientation.  The posterior surface had been cut and polished and 

presented the prism tube ends to indentation.  The posterior surface indentations were 

made against the ends of enamel prism tubes while the cross section indentations were 

made across the enamel prism tubes (Figure 4-16).  The microstructural architecture 

clearly leads to my observed isotropic results. 
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I conclude that the ERM is an effective tool for investigation of the enamel elastic 

modulus but is limited to occlusal surfaces. 
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Table 4-1  Values for ERM equation constants.  Values for ceramics (glass) were taken 
from Marshall et al. [1982].  Values for polymer were taken from Amitay-Sadovsky and 
Wagner [1998]. 
 

Constant Ceramics 
(glass) Polymers Bone 

C1 0.45 0.473 0.47 
C2 0.14 0.148 0.14 
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Table 4-2  Sensitivity of the ERM equation (1) to a ± 5% change in each variable taken 

one at a time.  Percent difference is with respect to the reference.  A value 
greater than 0.14 for C2 is not physically possible. 

 

 
Elastic 

Modulus 
(GPa) 

Elastic Modulus 
Difference (%) 

Variable Reference 
Value Reference +5% -5% 

C1 0.47 16.9 4.7 -5.3 
HK (MPa) 585 16.9 4.7 -5.3 

C2 0.14 16.9 n/a 75 
brec (µm) 19.1 16.9 -61 28 
a (µm) 154.4 16.9 27 -66 
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Table 4-3  ERM elastic modulus validation results.  Significance levels computed 
through ANOVA procedure.  (* = MatWeb 2002, ** = Guo 2001 p. 10-7) 
 

Bovine Femur  Glass Longitudinal Transverse Plexiglas 

ERM (GPa) 
Mean ± SD 69.8 ± 9.0 9.3 ± 1.3 18.3 ± 5.5 2.6 ± 0.3 

Published 
(GPa) 68* 20** 11** 2.6* 

Significance 
level (p) > 0.05 < 0.05 < 0.05 > 0.05 
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Table 4-4  ERM derived elastic modulus results for 2 indentation orientations in bovine 

femur specimens.  Knoop indenter short diagonal orientation was either 
parallel or perpendicular to the long axis of the bone for the longitudinal 
specimen and parallel or perpendicular to the radial direction of the transverse 
specimen. 

 

 Longitudinal 
Specimen 

Transverse 
Specimen 

Parallel (GPa) 
Mean ± SD 9.1 ± 1.9 18.3 ± 7.0 

Perpendicular 
Mean ± SD 9.3 ± 1.3 18.4 ± 5.0 

Significance (p) 0.9 0.99 
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Table 4-5  Comparison of edge detection and optical microscopy measurement precision 

in glass specimen.  Significance level determined by ANOVA procedure. 
 

Optical (GPa) 
Mean ± SD 69.7 ± 9.0 

Edge detection (GPa) 
Mean ± SD 68.4 ± 5.4 

Significance level (p) 0.76 
 



82 

 

 
Table 4-6  Comparison of ERM derived elastic modulus results for monkey tooth dentin 

and enamel results with 3 published sources.  (LDM-m = Load displacement 
method with microindentation, LDM-n = Load displacement method with 
nano indentation.) 

 
Monkey Tooth 

 Enamel Dentin 
ERM (GPa) 
Mean ± SD 73.6 ± 14.0 15.6 ± 5.4 

Meredith et al. [1996] 
(ERM) 

Mean ± SD 
--- 10.3 ± 1.0 

Mahoney et al. [2000] 
(LDM-m) 

Mean ± SD 
80 ± 8 20 ± 2.0 

Marshall et al. [2001] 
(LDM-n) 

Mean ± SD 
64 ± 2 20 ± 1.0 
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Table 4-7  Elastic constants descriptive statistics 
 

Constant Mean ± SD 
EL 14.2 ± 5.0 
ET 7.3 ± 2.8 

GLT 3.2 ± 1.7 
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Figure 4-1  Bovine femur longitudinal specimen.  Insets show sets of 5 indentations 

with the Knoop indentation short diagonal perpendicular to the bone 
longitudinal direction (upper) and with the short Knoop diagonal parallel 
to the bone longitudinal direction (lower).  Double-ended arrows indicate 
the approximate local apparent principal material direction. 
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Figure 4-2  Bovine femur transverse specimen.  Insets show sets of 5 indentations 

with the Knoop indentation short diagonal parallel to the bone 
circumferential direction (upper) and with the short Knoop diagonal 
parallel to the bone radial direction (lower).  The double-ended arrows 
indicate the approximate apparent principal material direction. 
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Figure 4-3  A) Schematic of bone cube depicting locations and orientations of Knoop 

indentations.  The vertical double ended arrow indicates the longitudinal 
axis of the bone.  The horizontal double ended arrow indicates the bone 
circumferential direction.  T1 and T2 represent indentation on the 
transverse plane.  L1 and L2 represent indentations on the longitudinal 
plane.  EL indicates the direction of the longitudinal elastic modulus and 
ET indicates the direction of the transverse elastic modulus. B) Schematic 
of Knoop indentation residual impression. 

ET 

EL 

L1 
L2 

T2 T1 

short diagonal (brec) obtuse angle 

long diagonal (a) 

A 

B 



87 

 

 
 
 
 
 
 

 
Figure 4-4  Normalized sensitivity plots of the ERM equation variables for bovine 

femur transverse specimen. 
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Figure 4-5  Bovine MC distal dorsal specimen.  The numbers correspond to 

longitudinal cuts made to produce the specimen shown on the right inset.  
Double ended arrow indicates the longitudinal axis of the bone.  Foramen 
is located on the distal region of the bovine MC specimen.  Right Inset - 
The most periosteal surface specimen.  The horizontal line indicates the 
foramen mediolateral midline.  The dark freehand line below the foramen 
is the approximate location of the transition between cortical and 
trabecular bone. 
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Figure 4-6  A) Knoop indentation sets (first 5 of 19) in lateromedial direction in 

bovine right MC distal dorsal foramen midline.  Double ended arrow 
indicates the longitudinal axis of the bone.  Horizontal arrow indicates the 
lateromedial direction. B) Schematic of indentation short diagonal 
orientation with respect to the specimen transverse axis (T).
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Figure 4-7  Vickers microindentations in bovine right MC distal dorsal foramen 

midline mediolateral direction.  Double-ended arrow indicates long axis of 
the bone, horizontal arrow indicates the mediolateral direction. 
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Figure 4-8  Monkey right side first molar and mandible.  The posterior section is 

shown on the left.  Left side first molars appear very similar.  The dotted 
line indicates the tooth. 
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Figure 4-9  A)  Buccolingual partial cross section of left side first monkey molar.  

The dentine tubules (DT) are the fine lines in the dentine (D) emanating 
from the pulp cavity (PC).  The upper surface of enamel (E) is occlusal.  
Cracked indentations in enamel just left of “E” and upper center most 
dentine indentations not used.  B)  Buccolingual partial cross section of 
right side first monkey molar.  The dentine tubules (DT) are the fine lines 
in the dentine (D) emanating from the pulp cavity.  The upper surface of 
enamel (E) is occlusal and indentations are visible and well defined in the 
dentine.
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Figure 4-10  Left image - Indentation pattern on posterior aspect of right first molar.  

Upper surface is occlusal.  Parallel cutting lines can be seen.  Right inset - 
Well-defined indentations in posterior aspect of right first molar.  Note 
cracking on uppermost indentation.  That indentation was not used. 
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Figure 4-11  Elastic Recovery Method validation plot comparing results with 

published values.  Mean values and ranges are shown.  Dotted line 
represents equality between ERM results and published values. 
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Figure 4-12  ERM based derived elastic constants variation with distance from the 

foramen edge expressed in normalized foramen radii.  Circles (EL = 
longitudinal elastic modulus), triangles (ET = transverse elastic modulus), 
squares (GLT = shear modulus). 
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Figure 4-13  Coordinate rotation angle (principal material direction) variation with 

distance from the foramen edge expressed in normalized foramen radii. 
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Figure 4-14  Correlation Method derived elastic modulus variation with distance from 

the foramen edge expressed in normalized foramen radii. 
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Figure 4-15  ERM derived longitudinal elastic modulus (squares) and CM derived 

elastic modulus (circles).  The values are plotted on together for 
comparison.  The CM derived elastic modulus results are really a mirror 
image. 
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Figure 4-16  Schematic of tooth enamel prism tube orientation with respect to the 
Dentoenamel Junction (DEJ) and the occlusal (biting) surface. 
 

Dentoenamel 
Junction 

enamel prism 
tubes 

occlusal 
surface 

Cross 
section 



 

100 

CHAPTER 5 
FUTURE RESEARCH 

My research has suggested 5 future research projects.  The purpose of the suggested 

research is to extend my findings to continue improvements in understanding 

microindentation in bone. 

Bovine Plexiform Bone 

Investigate 2 ERM observations.  The first is planar isotropy in both the 

longitudinal and transverse planes in bovine femur.  The second is the larger elastic 

modulus on the transverse plane than the longitudinal plane.  A similar finding was made 

in monkey mandible.  The second observation has not been previously reported in the 

literature. 

The investigation would include: scanning electron microscopy (SEM); X-ray and 

optical microscopy determination of mineral density; microindentation; and 

nanoindentation. 

The causes for the observations could include directionally dependent 

mineralization.  There could also be microstructural features that account for the reduced 

material recovery on the bovine femur transverse plane.  In the ERM reduced material 

recovery results in larger derived elastic modulus.  

Fracture Toughness 

Fracture toughness correlation in bone.  The objective of this future work is to 

investigate the hypothesis that there is no correlation between fracture toughness 
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determined through macro specimen method and fracture toughness determined through 

microindentation and scanning electron microscopy method in bone. 

Perform traditional macro fracture toughness tests for Mode I crack in both the 

longitudinal and transverse directions.  At least 4 different bone types from different 

species should be selected.  These specimens must differ in their hardness and elastic 

modulus.  Using specimens from the same region of bone, perform microindentations in 

both longitudinal and transverse planes with the Knoop indenter.  Prepare the specimens 

for scanning electron microscopy (SEM).  From the images measure the apex crack 

length and determine the fracture toughness.  Plot the results of each test against the 

macro test results on the ordinate and the microindentation results on the abscissa.  

Determine the best curve fit. 

If the null hypothesis can not be accepted and the coefficient of determination (R2) 

is large (>0.8), the resulting regression equation would represent a more simple method 

for derivation of fracture toughness in bone. 

Microindentation Affected Region 

Model the microindentation affected region.  The objective of the research is to 

experimentally determine the depth of the recovered (damaged) bone material and use it 

in finite element models [Giannakopoulos et al. 1994] for ultimate use as a bone model.  

Such a model could provide a better value for the elastic modulus of the material in the 

microindentation affected region. 

Elastic Recovery Method Constants 

Elastic recovery method (ERM) derived elastic modulus results are generally lower 

than those derived by other methods.  The main reason I found for the difference is the 

elastic modulus of the recovered compressed material in the indentation region.  
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However, another reason could be selection of the constants in the empirical equation 

used to compute elastic modulus. 

A set of experiments on bones with a range of harnesses and moduli could help 

apportioning the cause between the 2 competing explanations.  The method for 

performing the tests are outlined by Amitay-Sadovsky and Wagner [1998] and Marshall 

et al. [1982]. 

Principal Material Direction Mapping 

The objective of the work is to compare the ERM based derived elastic moduli and 

iterative coordinate rotation method (ERMR) results with polarized light microscopy 

method results for mapping principal material directions in bone. 

A set of experiments on the same bone region mapping the principal material 

directions.  Use the well documented equine MC foramen region.  Prepare 2 longitudinal 

specimens by sectioning the bone into 2 slabs.  One specimen should be approximately 

100 µm thick for transmission plane polarized light images.  The other specimen should 

be approximately 1 mm thick for microindentation. 
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APPENDIX 
MODULUS ESTIMATE CALCULATION 

This appendix provides the calculation details for estimation of the recovered 

indentation material elastic modulus.  The procedure involved 2 steps: using the residual 

impression measured dimensions and applied load for a first estimate then using an 

equivalent column model to refine the estimate. 

For the first estimate of the wet-indented recovered material elastic modulus, I used 

the derivation reported by Loubet et al. [1984].  Their derivation adapted Sneddon’s 

[1965] load and penetration solution for a flat ended cylindrical punch to the pyramidal 

Vickers indenter point.  Their treatment equated the Vickers projected contact area with 

the flat punch area.  The resulting equation described the analytical relationship between 

load and indenter penetration depth.  They then differentiated the equation with respect to 

penetration depth and solved for reduced elastic modulus.  I took the following 

relationships from Dorner and Nix [1986] and Oliver and Pharr [1992]: 

r
dP 1E
dh 2 A

 π
=   

 
,        (1) 

( ) ( )2 2
i

r i

1 11
E E E

   − ν − ν
   = +
   
   

,       (2) 

12
2 i

r i

1 1E (1 )
E E

−
 − ν

= − ν − 
 

,       (3) 
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where rE  = reduced modulus, i  = indenter, dP
dh

 = slope of load displacement plot, 

A  = projected area of the indenter residual impression.  For the Knoop indenter point, 

based on simple geometry, 1 2d dA
2

= , where 1d  = length of long diagonal, 2d  = length of 

short diagonal.  Two areas are computed one for the wet indentation and one for dry.  The 

second term in equation (2) was ignored due the large difference in elastic modulus 

between the specimen and the indenter diamond. 

 

A maximum depth of 6.4 µm for the wet-indented specimen was computed from 

the measured long diagonal (198.7 µm) using the known angle of 172.5º between the two 

long diagonals.  Another calculation, using the measured residual impression side-wall 

angles resulted, in a residual wet-indented depth of 1.2 µm.  The differential depth was 

computed by subtracting the residual impression from the maximum depth.  The 

projected elastic area (A) was computed from the measured residual impression long and 

short diagonals.  The maximum indentation load was 0.1 kg (0.98 N).  The wet –indented 

slope was 0.19 E6 N/m (Figure A-1).  It was computed by dividing the maximum 

indentation load by the differential depth.  With the assumption of 0.3 for Poisson’s ratio 

hw 
hd 
hm original surface 

hw = wet-indented depth 
hd = dry-indented depth 
hm = maximum indentation depth 
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and the calculated projected elastic area from the measured diagonals, the elastic modulus 

from equation (1) was 3.2 GPa for the wet-indented specimen. 

Figure A-1  Load displacement plot 

The calculated elastic modulus is an estimate of the recovered material in the 

indentation site.  The calculated value was larger than actual because it assumed that the 

elastic half space was composed totally of the recovered material.  In actuality the 

material is composed of two materials, one is the recovered material and the other is the 

intact bone. 

A refinement to the first estimate value involved constructing a simple model to 

find the effective thickness of the elastic half space that would yield the same result.  

Then using that thickness an estimate is made of a new modulus based on two regions in 

the effective thickness with an effective elastic modulus equal to that estimated in the 

first step.  The problem then becomes a simple series spring configuration. 
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Figure A-2 Schematic of the 2 material model. 

To find the effective thickness we set the indentation depth ∆h from the (1) equal to 

the depth of a column and solve for the effective thickness: 

P 1E
h 2 A

∆ π
=

∆
 ,         (3) 

P 1h
E 2 A

∆ π
∆ = ,         (4) 

effLPE
A h
∆

=
∆

,          (5) 

effPLh
EA

∆
∆ = ,          (6) 

eff
1L A
2

= π ,          (7) 

I then estimate the modulus of the recovered material assuming the recovered material 
and bone are two springs in series: 

eff c b

1 1 1
k k k

= + ,         (8) 

where c
c

c

E Ak
L

= , 
( )

b
b

eff c

E Ak
L L

=
−

. 

I then solve for cE : 

Leff = effective thickness 
keff = effective spring constant 
Lc = crushed material thickness 
kc = crushed material spring constant 
Lb = bone thickness 
kb = bone spring constant 

 

Ld, kc

Lb, kc

Leff, keff 
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1

eff eff
c

eff c b c

L L1 1E 1
E L E L

−
  

= − −     
       (9) 

For my specific case; effE 3.2GPa= , effL 42 m= µ , cL 12 m= µ , bE 11GPa= .  The result 

is 1154 MPa. 

The result sensitivity to the estimate of crushed material depth cL , is about ±6% for 

a 0.5 µm difference either increase or decrease.  The range of recovered material elastic 

modulus estimate from these calculations is 889 MPa to 1154 MPa, given a recovered 

material depth range of 9 to 12 µm. 
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