
J O U R N A L O F T H E M E C H A N I C A L B E H AV I O R O F B I O M E D I C A L M A T E R I A L S 4 ( 2 0 1 1 ) 8 4 1 – 8 4 8

available at www.sciencedirect.com

journal homepage: www.elsevier.com/locate/jmbbm

Research paper

Hierarchies of damage induced loss of mechanical properties
in calcified bone after in vivo fatigue loading of rat ulnae

J. Macioneb, N.B. Kavukcuogluc, R.S.A. Nesbittb, A.B. Mannd, N. Guzelsue,
S.P. Kothaa,b,∗

aOral Biology, University of Missouri – Kansas City, 650 E. 25th Street, Kansas City, MO 64108, United States
bDepartment of Biomedical Engineering, Center for Biotechnology and Interdisciplinary Studies, 110 8th Street, Troy,
NY 12180, United States
cDepartment of Mechanical Engineering, Temple University, Philadelphia, PA 19122, United States
dDepartment of Materials Science and Engineering, Rutgers University, 607 Taylor Rd, Piscataway, NJ 08854, United States
eDepartment of OMM/Biomechanics, UEC1400 Stratford, NJ 08084, United States

A R T I C L E I N F O

Article history:

Published online 12 March 2011

Keywords:

Fatigue loading of bone

Damage

Depth-sensing microindentation

Nanoindentation

Rat forearm compression

A B S T R A C T

During fatigue loading of whole bone, damage to bone tissue accumulates, coalesces

and leads to fractures. Whether damage affects tissue material properties similarly at

the nanoscale (less than 1 µm), microscale (less than 1 mm), and whole bone scale has

not been fully evaluated. Therefore, in this study, we examine scale-dependent loss of

calcified tissue material properties in rat ulnae, after fatigue loading of rat forearms

using the forearm compression model. In vivo fatigue loading was conducted on the right

forearms until a displacement end-point was reached. The non-fatigued left forearms

served as contralateral controls. Subsequently, three-point bending tests to failure on

excised ulnae demonstrated a 41% and 49% reduction in the stiffness and ultimate strength

as compared to contralateral control ulnae, respectively. Depth-sensing microindentation

demonstrated an average decrease in material properties, such as elastic modulus and

hardness, of 28% and 29% respectively. Nanoindentation measured elastic modulus and

hardness were reduced by 26% and 29% in damaged bone relative to contralateral controls,

respectively. The increased loss of whole bone material properties compared to tissue

material properties measured using indentation is mainly attributed to the presence of a

macrocrack located in the medial compressive region at the site of peak strains. The similar

magnitude of changes in material properties by microindentation and nanoindentation is

attributed to damage that may originate at an even smaller scale, as inferred from 10%

differences in connectivity of osteocyte canaliculi in damaged bone.
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