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ABSTRACT
This paper presents the review concerning mechanical properties of bone and the miniature specimen test techniques. For developing a realistic understanding of how factors such as moisture content, mineralization, age, species, location, gender, rate of
deformation etc. affect the mechanical properties of bone, it is critical to understand
the role of these factors. A general survey on existing research work is presented on
this aspect. The essential features of miniature specimen test techniques are described,
along with the application of small punch test method to evaluate the mechanical behavior of materials. The procedure for the determination of tensile and fracture properties, such as: yield strength, ultimate strength, ductility, fracture toughness etc. using
small punch test technique have been described. The empirical equations proposed by
various investigators for the prediction of tensile and fracture properties are presented
and discussed. In some cases, the predictions of material properties have been essentially made through the finite element simulation. The finite element simulation of
miniature specimen test technique is also covered in this review. The use of inverse
finite element procedure for the prediction of uniaxial tensile constitutive behaviour
of materials is also presented.
Keywords: mechanical properties, compact bone, miniature specimen, small punch
test, finite element simulation and inverse finite element procedure.

INTRODUCTION
Bone mechanical properties have been an important topic of study for many years. Thus, from
a materials science perspective, understanding the
mechanical properties of bone becomes a matter of
paramount significance in order to develop a synthetic bone substitute with load bearing capability. Understanding mechanical properties of bone
also enables more accurate models for analysis of
implants and prospective bone-replacement materials. Biological hard materials like bones are difficult to test mechanically in standard sizes because
they come in small pieces and awkward shapes.
These constraints may be overcome by employing
miniature specimens for mechanical testing. The
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advantage of such miniature specimens includes
the possibility of sampling very small volume of
material within a heterogeneous structure such as
cortical bone. This may also be used for studying biological materials that are not available in
large enough volumes for conventional mechanical testing. Miniature specimen test technique has
emerged to solve this practical problem. To date,
the mechanical behavior of cortical bone has not
been described by using miniature specimen technique which is very handy in describing the mechanical behavior of metallic alloys. Therefore a
study has been proposed for the characterization
of bovine cortical bone using miniature specimen testing. This technique is especially useful in
evaluating the properties in transverse direction of
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the bone as it is very difficult to extract specimens
in the transverse direction because of the size and
shape limitations.

FACTORS AFFECTING THE MECHANICAL
PROPERTIES OF COMPACT BONE
Effect of Moisture Content and Mineralization
Moisture and mineralization are the major factors affecting the mechanical behavior of compact
bone tissue. Melnis et al. [59] studied the nature of
relationship between stress and deformation which
permits evaluation of the degree of nonlinearity of
the mechanical properties of bone tissue and the
effect of moisture conditions and various other
factors on the behavior of bone under stress. The
samples were selected for study from the middle
region of diaphysis of the tibia of five males from
20 to 30 years of age who had died in accidents.
The samples were studied along the longitudinal
axis of the bone dissected in the form of plates.
Currey [24] reported that the post-yield behavior of the least and the highly mineralized specimens differ greatly. He observed that in highly
mineralized specimens the stress-strain curve is
almost flat in the post-yield region where as in the
less mineralized specimens, the stress continued
to increase quite markedly with the strain.
In the work reported by Martin [57], the mechanical properties were assumed to depend on
the composition (porosity and mineralization) and
organization (trabecular or cortical bone architecture, collagen fiber orientation, fatigue damage) of
the bone. He reviewed the possible means of noninvasively estimating the strength or other mechanical properties of a bone, employing quantitative computed tomography, photon absorptiometry
and ultrasonic measurements. It is reported that
the strength and stiffness decrease with increasing
porosity. Various relationships between Young’s
Modulus and porosity proposed by different investigators were also given. The other factor which
influences the bone mechanical properties is mineralization. The latter is defined as the ratio of ash
mass to dry mass. Many studies reported a linear
or exponential increase in bone’s Young’s Modulus
with increasing mineralization. It is also observed
that the two regions of the bone having similar porosity and mineralization may still have different
material properties because of the organizational
variability of the solid matrix of the bone.
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Nyman et al. [24] studied the effect of water
removal on the strength and toughness of cortical bone. They observed that loss of water in the
collagen phase decreased the toughness of bone,
whereas loss of water associated with the mineral
phase decreased both bone strength and toughness.
Recently Kotha and Guzelsu [45] compared
the mechanical behavior of bovine bone with
the mechanical behavior of bones with less mineral content obtained by fluoride treatment. They
reported an increase in elastic modulus, yield
strength and ultimate tensile stress and a decrease
in yield strain and ultimate strain with the increase in bone mineral content.
Effect of Age
Aging related changes to the musculoskeletal
system are known to increase the susceptibility
of bone fracture and in the case of very elderly
persons; consequent fractures can lead to mortality. To characterize the deterioration of bone with
age, most studies have utilized the fracture toughness or the strain energy release rate as a single
parameter approach to characterize the resistance
to fracture.
Vinz [85] examined mechanical properties of
compact bone tissue of the human femur in different age groups. For the mechanical tests, about
200 samples of bone tissue were prepared from
the middle section of the femur taken from 48 individuals consisting of seven age groups ranging
from 0.1 to 100 years. Following kind of age dependences were noted:
• The ultimate tensile strength increases from
55 MPa in the newborns to 104 MPa in the
adults and then drops to 82 MPa in the aged
persons.
• The modulus of elasticity E increased from 11
GPa in the new born to 35 GPa in the adults
and drops to 23 GPa in the aged persons.
Courtney et al. [21] observed that the agerelated differences in post-yield behavior of human cortical bone were associated with increase
in damage in the form of micro cracks. They
also found that the mechanical properties from
elderly femora were reduced compared to those
from young adult femora. They reported that
specimens from elderly femora had more micro
cracks per unit area than those from young adult
femora. Stein et al. [80] investigated age-related
and gender related differences in bone size and
bone mechanics at the femoral diaphysis. They

Advances in Science and Technology Research Journal Vol. 10 (32), 2016

found that older individuals had bones of greater
external dimension than younger subjects. They
also observed that cortical bone area was highest
in young adulthood and lower in old age. Wang
et al. [86] studied the age related changes in the
toughness of bone. They found that the change in
the integrity of collagen with age was responsible
for the decreased toughness of aged bone.
Effect of Gender
Martin et al. [58] reported that the material strength of femoral bone decreases with age
equally in males and females. They observed
that in males this decrease was compensated by
increase in section modulus so that the overall
strength of the shaft remained constant where as
in females, the section modulus decreases with
age, exacerbating the effects of material weakness
and leading to greatly reduced femoral strength in
old age. Stein et al. [80] investigated age-related
and gender related differences in bone size and
bone mechanics at the femoral diaphysis. They
observed that the women had smaller bones, less
cortical area and higher static stresses than men.
It is reported by Cordey et al. [20] that the
number of fractures is three to four times larger
for men than for women up to the age of 50 years
and also three to five times larger for women than
for men after 50 years of age. The increase in the
number of fractures with age reported to be more
‘flat’ for men than for women.
Effect of Rate of Deformation
Melnis et al. [60] carried out an experimental study of the effect of deformation rate on the
mechanical properties of human compact bone
tissue upon tensile stressing which is the most
dangerous form of stressing. The samples were
taken from the middle portion of the diaphysis of
the left tibia of nine males who died in accidents
at ages from 20 to 30 years. They observed that
the ultimate tensile stress increased with increasing deformation rate from 10-5 to 1 sec-1 and the
initial elastic modulus remained virtually constant. In the study by Katsamanis et al. [43], the
Hopkinson bar stress technique and a universal
testing machine had been used to investigate the
dynamic and static mechanical properties of cortical bone taken from a human femur. Furthermore, it is observed that the Poisson’s ratio did
not exhibit any significant variation for the two
different types of loading. It is reported that the

Young’s Modulus and Ultimate tensile stress increased and the strain to failure decreased with
increasing strain rate.
Courtney et al. [22] used elderly (mean age
73.5+7.4 years) and younger adults (32.7+12.8
years) cadaver femurs to investigate whether the
strength, stiffness and energy absorption capacity of the femur increased under high deformation
rate. They observed that for displacement rates of
100 mm/sec the strength and stiffness increased
about 20% and 100% respectively, compared
with previous results from tests conducted at a
strain rate of 2mm/sec. They noted that because
of the increased stiffness at the higher rate, there
was no significant increase in energy absorption.
Ferreira et al. [30] investigated the mechanical properties of fresh bovine cortical bone at different strain rates using Split Hopkinson Pressure
Bar (SHPB) method. They reported an increase in
ultimate strength and a decrease in elastic modulus
with an increase of strain rate for both longitudinal
and transverse directions of the bone.
Effect of Species and Location
Saulgozis et al. [75] reported that the elastic
deformation and strength properties of the compact bone tissue of the human tibia were non
uniform both over the various zones of the cross
section and along the length. One of the factors
determining this difference in the mechanical
properties is the non uniformity of the biochemical composition of the bone. Wang et al. [87]
reported that the fracture toughness of bovine
femoral bone is a function of sampling sites and
crack orientations.
Brown et al. [88] studied the variation of
toughness with anatomic sites. They observed
that the femoral neck had a greater resistance to
crack initiation in both tension and shear-loading
modes than the femoral diaphysis.
Fracture toughness of bone
Fracture toughness has been shown to be a
good index to assess the mechanical performance
of bone by Yan et al. [92]. Fracture toughness
measures material’s resistance to fracture when
a crack like defect is present. It has been suggested that the fracture toughness provides a better index regarding the mechanical performance
of bone than strength or elongation at fracture by
Bonfield [10]. There is a considerable interest in
cracking of a bone because the cracks can grow
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to cause fracture in bones (known clinically as
‘stress fractures’); a practical problem which occurs frequently in human subjects (e.g. athletes,
dancers and army personnel) and in animals (e.g.
race horses, battery chickens) by Hazenberg [37].
The fracture of bone is better characterized by
linear-elastic fracture mechanics. In this case, for
a linear-elastic material, any inelastic (e.g., yielding) behavior is limited to a small distance near
the tip region, and the stress and displacement
fields local to the tip of a preexisting crack are
described by the stress-intensity factor, K. The
stress-intensity factor, K may be defined for mode
I (opening mode), mode II (shear loading), and
mode III (tearing or anti shear loading) in terms
of the geometrical crack configuration, applied
stress, σapp, and crack size, a as follows:
K(I,II,III) = Q. σapp. (πa)1/2

(1)

where: Q is a dimensionless parameter dependent
on component and crack geometry as well
as loading mode (i.e., mode I, II, or III)
as shown in Figure 1. by Knott (44). The
resistance to fracture is then defined for a
particular mode of loading as the critical
value of the stress intensity factor, KIC, KIIC
or KIIIC at the onset of unstable fracture.
An alternative fracture mechanics description, which has also been used in studies on the
toughness of bone, expresses toughness in terms
of a critical value of the strain-energy release rate,
GC, defined as the change in potential energy per
unit increase in crack area at fracture, which may
be expressed as:
(2)

where: PC is the critical load, B the specimen
thickness, and dC/da is the change in
sample compliance with crack extension
(the compliance, C, being the displacement per unit load). It is important to note
that for linear-elastic materials, G and K
are uniquely related as:
(3)
where: E` is the appropriate elastic modulus (E
= E in plane stress, E/(1 – υ2) in plane
strain, where E is Young’s modulus and
υ is Poisson’s ratio), and G is the shear
modulus. If linear-elastic conditions prevail (i.e., inelastic deformation is limited
to a small zone near the crack tip), both
GC and KC should give a geometry-independent measure of toughness, provided
plane-strain conditions are met, as described below.
In applying fracture mechanics, the specimen
thickness, B, may affect the measured toughness values as loading conditions change from a
state of plane strain to that of plane stress. Plane
strain here refers to a condition where the outof-plane strain is essentially zero, whereas with
plane stress, the out-of-plane stress is zero. If the
sample has a thickness significantly larger than
the scale of local inelasticity, KC or GC values
should be thickness, geometry, and crack-size independent and a condition of plane strain is said
to exist. However, with thinner specimens, the
toughness values may be significantly higher and
not independent of such factors as conditions approach that of plane stress. The ASTM standard
for mode I fracture toughness testing of materials
(i.e., ASTM E-399) requires that:
(4)

Fig. 1. Different modes of loading: mode I (opening
mode), mode II (shear loading), and mode III (tearing
or antishear loading) from Knott [44]
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for plane-strain conditions to exist, where σy is the
yield stress of the material. As a result of variations in KIC and σy with factors such as species, location, and orientation, the condition in Equation
4 may not always be strictly met for fracture testing of cortical bone, particularly for human bone,
which is of the most clinical interest. It should be
noted, however, that Equation 4 is considered conservative for most engineering materials. However, Wright and Hayes [89] reported no thickness
dependence for mode I longitudinal cracking in
bovine femora for 1.8–3.8 mm thick specimens.
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The details of the orientation designation for the
specimens are shown in Figure 2. The first letter
in the designation refers to the direction normal to
the crack plane, whereas the second letter refers
to the direction of crack propagation. Behiri and
Bonfield [7] also observed a similar conclusion for
mode I fracture of bovine tibia, also in the longitudinal direction, where no thickness dependence
was seen between 0.5 and 2 mm.
Similar to most of the engineering materials,
cortical bone shows the least resistance to fracture under mode I loading. Indeed, Norman et al.
[63] had shown average ratios of GIIC/GIC to be
12.7 for longitudinal fracture in human tibia for
persons aged between 50 and 90 years. Similarly,
Yeni and Norman [93] also reported higher GIIC
values relative to GIC for human femoral neck
as well. As mode I fracture is the easiest failure
mode, it has received the most attention in the
literature. The anisotropy of the microstructure
of compact bone in the major support bones,
(i.e. with osteons aligned in a preferred orientation parallel to the longitudinal axis of the bone)
produces a corresponding anisotropy in the fracture characteristics [1]. At a given strain rate, it
requires a smaller stress or energy to fracture
bone sections in the longitudinal direction (i.e.
mainly between the osteons) than in the transverse direction (i.e. mainly across the osteons)
[8]. Compact bone is also notch sensitive and the
presence of surface cracks significantly reduces
the energy absorbed during fracture for both longitudinal and transverse fracture directions by
Nalla et al. [62].
Studies concerning the effect of orientation
on the toughness of bone have shown transverse
cracking directions (i.e., where the crack must
cut the osteons) to be consistently tougher than
orientations with longitudinal cracking, where
the crack splits osteons along the longitudinal
axis of the bone. Behiri and Bonfield [9] demonstrated a progressive increase in toughness from
3.2 to 6.5 MPa√m as the orientation of specimens
was varied rotationally from the longitudinal to
transverse cracking directions in the bovine tibia.
Feng et al. [29] reported the KIC for transverse
cracking to be twice of the longitudinal cracking
in bovine femora. Similarly, Lucksanambool et
al. [50] observed KIC for transverse orientation
of cracking to be twice of the longitudinal orientation of cracking in bovine tibia and femora.
Furthermore, Phelps et al. [69] in their study on
baboon femora showed an even larger effect of

Fig. 2. The orientation code used by the ASTM
E399 fracture toughness standard
[ASTM E-399 (1997)]
orientation, with a mean KIC for fracture in the
transverse direction to be around 3.5 times higher than that of the longitudinal direction. Finally,
Nalla et al. [61] observed similar behavior in human humeri, with cracks kinking approximately 900 toward the longitudinal direction when
cracking in the transverse direction was attempted, with transverse toughness reported to be 1.5
times that of the longitudinal.

MINIATURE SPECIMEN TEST
TECHNIQUE
Various Miniature Specimen Tests
A good number of approaches have been
given by researchers in literature for developing a miniature specimen test technique. This includes straightforward scaling down of standard
specimen geometry (such as miniaturization of
Charpy V notch specimen and tensile specimen
etc.) in combination with a test technique which
could be used on a small volume specimen. An
important consideration in specimen miniaturization is, whether the results from miniaturized
testing match the data from standard tests or at
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least can be scaled by a well founded correlation
which holds good for a variety of materials and
testing conditions. The various test techniques
proposed in literature include instrumented microhardness test, bulge test, shear punch test,
indentation method, creep and load relaxation
test and miniaturized fracture tests for obtaining strength, ductility, time-dependent flow and
fracture behavior on specimens as small as those
used in TEM (Transmission Electron Microscope). Kundan Kumar et al. [46] presented a
comparative study of methods used for evaluation of mechanical properties of materials using
miniature and sub-size tensile test specimens and
established the potential of miniature tensile tests
which can be useful for life estimation of any inservice-equipment and for development of new
materials. Both these applications intend to use
very small amount of material for evaluation of
the mechanical properties. Jürgen Olbricht et al.
[65] discussed a miniature creep specimen test
method that uses small scale specimens (3 mm
diameter) which can be extracted from thinwalled power plant components like e.g. superheater tubes. In this way, creep property variations resulting from manufacture and heat treatments of the component or the exposure to stress,
temperature and atmospheres during service can
be captured. Quang-Bang Tao et al. [83] focused
on the design of a micro-testing machine used for
evaluating the mechanical properties of solder
alloys. The different parts of the testing device
have been developed and assembled in a manner
that will facilitate the study of miniature solder
joints as used in electronic packaging.
Small Punch Test Technique and Prediction of
Strength Property
Small punch test technique (using miniature
specimens) has been extensively employed for
the evaluation of mechanical properties in metallic alloys. This is used to extract mechanical
properties (tensile properties and fracture toughness etc.) from disk type specimens. In this technique, a supported disk or coupon is loaded with
a penetrator of particular geometry until the failure occurs. The output of the test is in the form
of a load-displacement curve which is analyzed
for getting the mechanical properties. Although
different researchers attempted with different
penetrator geometry, the use of spherical and cylindrical geometries are quite common. The test
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carried out with the spherical indenter is called
“ball punch test” and the one with the cylindrical
indenter is called “shear punch test”.
Ball punch test is of two types: “disk bend
test” and “bulge test”. In general, disk bend refers
to a test in which the disk specimen is simply supported and in bulge test the specimen is clamped
between the two dies using a fixed number of
screws. The initial use of the ball punch test was an
attempt made by Manahan et al. [51, 52], in which
a disk of 3 mm diameter and 0.25 mm thickness
was used where the disk got displaced axially by a
hemispherical punch of 1 mm diameter.
Apart from strength and ductility properties,
there have also been attempts to obtain fracture and
impact data from small punch test. Baik et al. [3]
used penetrators with different tip geometries to
punch the small coupon of ferritic steel over a range
of temperature. The optimum tip geometry was
found to be 2.4 mm diameter ball. Mao and Takahashi [54] investigated the deformation behaviour
using small punch test. They also used recrystallization-etch technique and semi analytical method
to find equivalent fracture strain. They proposed an
empirical correlation for yield strength (σy) as:

σ y = 0.36

Py
t02

(5)

where: σy is yield strength (in MPa) and Py is the
load at breakaway from linearity (in N)
and t0 is the original thickness of small
specimen (in mm). Further, Mao et al.
[55, 56] used small punch test to determine the yield and ultimate strength on
irradiated specimens of size 10 mm x 10
mm x 0.5 mm as well as subsized compact tension (CT) specimens to measure
the fracture toughness.
Xu and Zhao [91] used a modified miniature
specimen test where the mechanical properties
were obtained by analyzing elastic-plastic bulge
deformation behaviour of a circular plate specimen loaded at the centre. Following empirical
relation was obtained, where the terms have the
usual meaning:

σ y = 0.477

Py
t02

(6)

Foulds et al. [33] used small punch test to estimate the fracture toughness of the components
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in the fossil power plants. Foulds and Viswanathan [34] described a technique for material removal and a test approach for in-service integrity
assessment of power plants etc by using the small
punch test to estimate the tensile properties and
the fracture toughness.
Kameda et al. [41] used small punch test on
disk specimens of 6 mm diameter and 0.50 mm
thickness with the hemispherical punch having tip diameter of 2.4 mm which was used to
investigate the mechanical properties of CoNiCrAlY coating on gas turbine blades. Fong and
Fraser [31] developed a small ellipsoidal shape
punch to evaluate the mechanical properties of
anisotropic Zircaloy-2 tube material which was
further employed to find the burst properties of
the tube.
Foulds et al. [33] used the miniature disk
bend test to successfully estimate the conventional tensile and fracture properties of steel reactor pressure vessel using specimens of 6.35 mm
diameter and 0.5 mm thickness. Similarly Geary
and Dutton [35] used small punch test on 3 mm
diameter discs of structural steels and relationships were developed to obtain tensile properties,
fracture toughness etc. Lee et al. [49] developed
a small punch test using rectangular specimens to
determine the fracture energy.
Brookfield et al. [95] employed the small
punch test and bulge test to determine the material
properties and also used the finite element analysis
for simulation purpose. Finite element model was
used to establish a relationship between the yield

stress and the punch force (F) for elastic-perfectly
plastic situation as:

σy =

F + 49.20
2.35 ×10−6

(7)

where: σy is in MPa and F is in N.
Song et al. [79] used small punch test (0.5
mm thickness) and subsize Charpy test to estimate the temper embrittlement of neutron irradiated 2.25Cr-1Mo steel. Karthik et al. [42] employed the shear punch test to determine the mechanical properties of heat affected zone (HAZ)
formed in 2.25Cr-1Mo weldments and established a correlation to obtain the tensile properties. Zidan and Brookfield [95] determined the
post yield material properties of stainless steel
from the small punch test by comparing the experimental curve with a large set of previously
determined finite element curves for different
post yield properties.
Husain [39] employed small punch test on different steels (H11 steel, D3 steel, structural steel)
having varying strength to establish a general relationship to obtain yield strength using circular,
rectangular and square shaped specimens with
three different hemispherical punches. The empirical equations proposed for the determination
of yield strength are shown in Table 1. Eskner
and Sandstrom [29] obtained the yield strength of
steels from small punch test by analyzing the initial elastic deformation with the use of classical
bending theory.

Table 1. Empirical equations for yield strength for various shapes of the miniature specimen [39]
Shape of the Specimen

Yield strength in MPa

Circular

Square

Rectangular

Where: ʋ = Poisson’s ratio = 0.3, r = 0.80 r0, r0 = tip radius of hemispherical headed punch in mm, r = the contact tip radius of rigid
punch up to yielding in mm, R = radius of the sample in mm, σy = Yield strength in MPa, Py = Load at breakaway from linearity
in N, a = side of square shape specimen in mm, t0 = original thickness of the specimen in mm, l = length of rectangular shape
specimen in mm, b = width of rectangular specimen in mm
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Wang et al. [88] conducted small punch test
on reactor vessel steel using miniature specimens
of varying thickness i.e. 0.4mm, 0.5mm, 0.63mm,
0.75mm, 0.86mm and 1mm. They proposed empirical correlations for the yield strength and ultimate tensile strength based on the results of small
punch test is as follows:
Pu = 0.644 X 2πrtoσu + 202.17

(8)

Py = 0.15 X 2πrtoσy + 94.37

(9)

where: r – radius of the specimen in mm, to – thickness of the specimen, Pu, Py are ultimate
load and yield load in N and σu and σy are
ultimate strength and yield strength in MPa.
Hu and Ling [38] conducted small punch
test on Zirconium using disc specimens of
diameter=10mm and thickness=0.5mm to evaluate the mechanical properties. They had also implemented 3D finite element simulation to model
the plastic damage of Zirconium. They observed a
good agreement between load-displacement curves
of finite element simulation and small punch tests.
Prediction of Fracture Toughness Using
Miniature Specimen Test Technique
The most commonly used parameter for characterizing the fracture toughness of materials is
the plane strain fracture toughness, K1C, which is
based on linear elastic fracture mechanics. However, for low strength-high toughness materials,
the specimen size for plane strain becomes unduly large. In such cases, the J-integral parameter,
J1C, based on elastic–plastic fracture mechanics is
an attractive alternative.
The experimental correlation between equivalent fracture strain (εqf ) and the fracture toughness (JIC) based on the single specimen technique
proposed by Takahashi et al. [82] is linear and is
given below:
JIC = 280εqf – 50

(10)

where JIC is in kJ/m2.
It is important to find the relationship between the biaxial fracture strain and the fracture
toughness, JIC, for engineering purposes. However, the relation between fracture toughness and
biaxial fracture strain contains the yield strength
and work hardening coefficient terms. For the relationship of fracture toughness with the fracture
strain of ductile materials, Bayoumi and Bassim
[5] proposed empirical relation:
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(11)
Here S is the shape factor characterizing the
geometry of plastic zone which is approximated to be 1.0 and ρ* is the Neuber’s micro support effect constant which is approximated to
be 0.025mm. The L*ε is a characteristic distance
which depends on the microstructure of the material, f (E, K, n εy) is a function determined from
the stress vs. strain relationship of the material,
σf and E are fracture stress and elastic modulus
respectively.Mao et al. [54] estimated the biaxial
fracture strain from small punch test based on the
ductility of the material as:

1.5
δ∗ 
(12)

ε qf = 0.15 
 t 


*
where: δ is the measured displacement at fracture and to is the original thickness of the
small punch test specimen in mm. Mao et
al. [54] conducted a number of studies on
a range of materials which indicated that
the fracture toughness was related to the
biaxial fracture strain by the expression:
JIC = 427εqf – 205
where: JIC is in kJ/m2.

(13)

The fracture toughness KIC for brittle materials has been found to be a function of fracture
stress (σf ) [55] as follows:
KIC=0.07 (σf (sp))2/3
where: KIC is in MPa√m and σf is in MPa.

(14)

Suzuki et al. [81] also reported a linear trend
for a 2.25Cr-1Mo steel between fracture toughness JIC and fracture strain εqf as follows:

JIC = 357εqf – 121

(15)
where: JIC is in kJ/m . A few years later Mao et
al. [56] reported a larger number of data
points where the relationship could best
be described by the expression:
2

JIC = 339εqf – 119
where: JIC is in kJ/m2.

(16)

Lee et al. [49] recorded the following relationship for fracture toughness in plain carbon steels:
JIC = 370εqf – 40

(17)

where: JIC is in kJ/m2. At the same time Geary and
Dutton [35] carried out work on similar
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approach and reverse or inverse approach. The
forward approach is to model the miniature specimen using the known material properties and getting the results like load – displacement curve,
stress – strain diagram etc. whereas the inverse
method is applied to extract material properties
from the resultant miniature test results. In this
section the direct approach will be discussed.
The direct finite element modeling of the miniature specimen test is carried out by using the
available material property data as input. This is
done on a number of specimens made out from different materials. The output from the finite element
modeling and corresponding input material properties are kept as a data base. For an unknown material the miniature test is carried out experimentally.
The result from the experimental test is recorded
for that unknown specimen and compared against
the available finite element data base. The input
material properties of an output, which is closer to
the experimental test result is considered to be the
property of the unknown material.
Manahan [53] performed finite element analysis to convert miniature disk bend test experimental load – deflection curve into useful stress-strain
curve and for obtaining information on ductility
using ABAQUS. The miniature disk bend test
contains material, geometric and boundary nonlinearity. Out of these, the boundary non-linearity
had not been adequately addressed in general purpose finite element code at that time. He proposed
a new finite element frictional contact boundary
condition model to accurately analyze the miniature disk bend test using FEM.
Foulds et al. [32] used large deformation finite element analysis of small punch test to mea-

steels and arrived at the expression:
JIC = 123εqf + 135
(18)
2
where: JIC is in kJ/m . Saucedo-Munoz et al. [74]
proposed a correlation between JIC and εqf
for cryogenic austenitic stainless steel as:
JIC = (1304.1 ± 85 )εqf + 8.09
where: JIC is in kJ/m2.

(19)

Husain [39] conducted small punch test on
three different shapes of specimens viz. circular,
square and rectangular and developed empirical
correlations for the predictions of fracture toughness as a function of equivalent fracture strain for
the different geometries. The proposed correlation is given in Table 2.
Partheepan et al. [68] estimated the fracture
toughness of in-service materials using dumbbell shaped miniature specimen tensile test and
artificial neural network model. They found the
fracture toughness by giving the miniature test
load-displacement diagram as the input to the artificial neural network model. Zhang et al. [94]
conducted shear punch test on nano structured silver to measure its fracture toughness using discs
of 11.5mm diameter and 1mm thickness.

APPLICATION OF FINITE ELEMENT
METHOD (FEM) TO MINIATURE TESTING
Simulation of Miniature Test Using FEM
Application of finite element method in the
field of miniature specimen test has attracted attention of many researchers. There are two approaches using FEM namely forward or direct

Table 2. Empirical equations for the prediction of fracture toughness and fracture strain for different geometries
Shape of the Specimen

Circular

Square

Rectangular

Fracture Toughness (kJ/m2)

(

J IC = 722.28 ε qf

(

J IC = 631.30 ε qf

(

J IC = 707.02 ε qf

)

2.837

)

2.916

)

2.799

Equivalent Fracture Strain

(

J IC = 631.30 ε qf

)

2.916

1.027
  t  
ε qf = 1.566 ln   
∗
  t  
1.248
  t  
ε qf = 3.627 ln   
  t ∗  

Where: t* is the minimum thickness at fracture in mm and to is the original miniature specimen thickness in mm.
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sure the critical strain energy density. They carried out finite element analysis of small punch
test using commercially available Lawrence
Livermore National Laboratory NIKE2D code.
The absorbed strain energy density at the observed crack initiation location was computed.
In order to account for the change of contact between the punch head and the small specimen’s
top surface, a sliding interface was used.
The deformation mode varies successively
during the small punch test and the deformation
is not homogeneous in the specimen. This complexity led to the development of empirical correlation between small punch test results and those
of conventional tests. The load at breakaway from
initial linearity has been correlated with yield
stress. Cheon and Kim [17] used small punch test
to estimate the yield stress from the initial deformation behaviour of a nuclear pressure vessel
steel and 12Cr turbine rotor steel. They used t/100
offset method to find out the load at breakaway
point. They also carried out FEM of small punch
test using the commercially available ABAQUS
code. The load-displacement curve obtained by
FEM simulation of small punch specimen was
used to find the yield stress.
Eck and Ardell [27] used the controlled-flaw
method in conjunction with the miniature disk
bend test to measure the fracture toughness of
the intermetallic alloy Ti-Al containing Cr, Nb,
and W and heat-treated to produce a duplex microstructure. This method required knowledge of
the fracture stress which could not be calculated
analytically for disk-shaped specimens deforming
plastically prior to failure. The fracture stress was
therefore determined using the finite element program NIKE2D, along with the elastic constants of
Ti-Al, the measured yield stress and the published
tensile stress-strain curve as input information.
Brookfield et al. [95] used the finite element
analysis to understand the behaviour of specimens
under the punch and the bulge test and obtained
force-displacement curve, Von-Mises stress,
equivalent plastic strain and vertical deflections
of the upper and lower surface of the disk specimen. A relationship between the yield stress and
punch force was obtained for elastic-perfectly
plastic material.
Husain et al. [39] used small punch test and
conducted 3D finite element modeling using
ABAQUS to find out the effect of punch diameter
on the load-displacement diagram. Three hemispherical headed punches were used to conduct
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the small punch test on circular disk specimen
having 10 mm diameter and 0.5 mm thickness
which was clamped along the circumference.
Inverse Finite Element Technique for
Miniature Tests
The inverse problem has attracted the attention of many researchers in diverse number of
fields. Inverse problem entails determining unknown causes based on observation of their effects. This is in contrast to the direct problem,
whose solution involves finding effects based on
a complete description of their causes.
A simple illustration may highlight the distinction. In particle dynamics, the motion of a mass in
a gravitational field depends completely on the initial position and velocity of the object. The physical description of the process (F=mg) and the corresponding initial conditions (position x0 and velocity V0) constitute the causes of the ensuing motion. If these causes are fully described, the resulting motion can be found. This motion (described
as the vector x(t)) is the effect of these causes.
Now one inverse problem can be seen. Suppose we know the mass of the object and the
strength of the gravitational field in which it
moves. By observation (experiment), we also acquire knowledge of the position and/or velocity
of the object at several known instants of time.
An inverse problem can now be formulated in the
form of a question: Can the initial position and
velocity of the body be determined?
Hainsworth et al. [36] used an alternative approach to analyze the shapes of the nano-indentation curve and thus quantitatively model the
relationship between Young’s modulus, indentation hardness, indenter geometry and the resultant
maximum displacement for a given load.
Beghini et al. [6] used numerical approach for
the evaluation of the stress-strain curve for metallic materials starting from the results of instrumented spherical indentation test. They modeled
spherical indentation process by means of finite
element for materials having different σ-ε curves.
By means of proper use of these results, they developed an iterative procedure, which allows the
σ-ε curve to be obtained with satisfactory accuracy for a large number of materials.
Dao et al. [25] had undertaken a comprehensive computational study to identify the extent to
which elasto-plastic properties of ductile materials could be determined from instrumented sharp
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indentation. They carried out large deformation
finite element computations using ABAQUS for
76 different combinations of elasto-plastic properties that encompass a wide range of parameters
commonly found in pure metals and alloys. In
this study, the Young’s modulus was varied from
10 to 210 GPa, yield strength from 30 to 3000
MPa, strain hardening exponent from 0 to 0.5 and
the Poisson’s ratio was kept fixed at 0.3. They
used dimensional analysis to construct a new set
of dimensionless functions to characterize instrumented sharp indentations. Forward and reverse analysis algorithms were thus established;
the forward algorithms allow for the calculation
of a unique indentation response for a given set
of elasto-plastic properties, whereas the reverse
algorithms enable the extraction of elasto-plastic
properties from a given set of indentation data.
The plastic properties of materials obtained from
instrumented indentation were found to be sensitive to even small variations in the indentation
load-depth responses.
Extending Dao’s approach, Bucaille et al.
[13] studied the influence of the included angle
of conical indenters and the friction coefficient on
the force penetration curves based on finite element analysis on elasto-plastic materials. Based
on this analysis, they suggested a more general
method for determining the plastic properties of
metals. They have shown that friction has a significant effect on the normal force measured on
tips having included angles lower than or equal to
50°. The accuracy of the results was improved by
using sharper indenter.
DiCarlo et al. [26] presented a method for
determining the stress-strain relationship of a
material from hardness values obtained from the
cone indentation tests with various apical angles.
The properties such as Young’s modulus, yield
strength and the work-hardening exponent could
be determined.
Lee et al. [48] proposed a simple experimental and computational method to determine stressstrain curves based on finite element modeling of
nanoindentation. The method was verified using
bulk Al by comparing the stress-strain curves obtained from tensile testing and applied to Al thin
films deposited on a Si substrate.
Husain et al. [39] performed an experimental
and a computational study of small punch test using circular disk shaped miniature specimen (10
mm diameter, 0.5 mm thickness) through inverse
finite element procedure using ABAQUS com-

puter code for the determination of constitutive
tensile behavior of materials. The proposed inverse technique was based on the small punch experimental load vs. displacement curve. By using
the output of experimental small punch test, they
traced constitutive stress–strain curves through
inverse technique. The computed constitutive
stress–strain curves are compared with the curves
obtained from a standard conventional tensile test
and the results obtained for all the three cases
demonstrated the effectiveness of the inverse procedure.
Partheepan [66] proposed an experimental
and a numerical study of miniature specimen test
using dumb-bell shaped specimen to determine
the tensile properties based on inverse finite element procedure.
Cheon and Joo [18] determined the flow
stress of structural materials used in nuclear and
fossil power plants using the small punch test and
inverse procedure. The methodology adopted in
their study was comparison of experimental loaddisplacement response of small punch test with
the one obtained by finite element simulation.

CONCLUSION
To the best of our knowledge, it is evident
from the review presented in this paper that no
work has been reported for evaluation of mechanical properties and fracture toughness in bones using miniature specimen technique. The miniature
small punch test appears to be the best method
existing at present which is capable of providing
the several mechanical properties of materials
and components. Direct evaluation of the material properties requires destructive testing of large
number of standard size specimens. Acquiring
standard size specimens from bones are very difficult since bones come in different shapes and
sizes, and none have the geometry and gross morphology of an ideal mechanical test specimen.
In fact, the irregular shape and the small size of
the bone make conventional material testing difficult to apply and interpret. The miniature specimen test technique has been evolved to meet this
challenge. Knowledge of mechanical properties
of bones is essential for designers of prosthetic
devices. The possibility of determining these
properties by miniature specimens is particularly
interesting since it would allow designers to personalize and so improve the design of prosthesis.
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The advantage of such miniature specimens includes the possibility of sampling very small volume of material within a heterogeneous structure
such as cortical bone. This may also be used for
studying biological materials that are not available in large enough volumes for conventional
mechanical testing.
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