
Politechnika Warszawska

Warsaw University of Technology

http://repo.pw.edu.pl

Publikacja / Publication
Stress–strain characteristic of human trabecular bone based on depth sensing 
indentation measurements, 

    Pawlikowski Marek, Skalski Konstanty, Bańczerowski Jakub, Makuch Anna,
Jankowski Krzysztof

DOI wersji wydawcy / Published version DOI http://dx.doi.org/10.1016/j.bbe.2017.01.002
Adres publikacji w Repozytorium URL / 
Publication address in Repository http://repo.pw.edu.pl/info/article/WUT2cc7e6005bd54a9aa1a9be8bbd1b825a/

Data opublikowania w Repozytorium / 
Deposited in Repository on 15 lutego 2018

Rodzaj licencji / Type of licence Attribution (CC BY)
Identyfikator pliku / File identifier WUTc94015f879ba4c51805f44236709f439
Identyfikator publikacji / Publication identifier WUT2cc7e6005bd54a9aa1a9be8bbd1b825a

Cytuj tę wersję / Cite this version

    Pawlikowski Marek, Skalski Konstanty, Bańczerowski Jakub, Makuch Anna,
Stress–strain characteristic of human trabecular bone  Jankowski Krzysztof:

based on depth sensing indentation measurements, Biocybernetics and 
Biomedical Engineering, vol. 37, no. 2, 2017, pp. 272-280, DOI:10.1016/j.
bbe.2017.01.002



Po
br

an
o 

z 
ht

tp
://

re
po

.p
w

.e
du

.p
l /

 D
ow

nl
oa

de
d 

fr
om

 R
ep

os
ito

ry
 o

f W
ar

sa
w

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y 

20
23

-0
5-

26
Original Research Article

Stress–strain characteristic of human trabecular
bone based on depth sensing indentation
measurements

Marek Pawlikowski a,*, Konstanty Skalski b, Jakub Bańczerowski b,
Anna Makuch b, Krzysztof Jankowski a

a Institute of Mechanics and Printing, Warsaw University of Technology, Warsaw, Poland
b Institute of Precision Mechanics, Department of Mechanical Properties, Warsaw, Poland

b i o c y b e r n e t i c s a n d b i o m e d i c a l e n g i n e e r i n g 3 7 ( 2 0 1 7 ) 2 7 2 – 2 8 0

a r t i c l e i n f o

Article history:

Received 4 July 2016

Accepted 11 January 2017

Available online 15 February 2017

Keywords:

Nanoindentation

Constitutive relation

Trabecular structure

a b s t r a c t

In the paper a relation between stress and strain for trabecular bone is presented. The

relation is based on the results of depth sensing indentation (DSI) tests which were

performed with a spherical indenter. The DSI technique allowed also to determine three

measures of hardness, i.e. Martens hardness (HM), nanohardness (HIT), Vickers hardness (HV)

and Young modulus EIT of the trabecular bone tissue. The bone samples were harvested from

human femoral heads during orthopaedical procedures of hip joint implantation.

In the research the Hertzian approach is undertaken. The constitutive relation is then

formulated in the elastic domain. The values of hardness and the Young modulus obtained

from the DSI tests are in good agreement with those found in literature. The stress–strain

relation is formulated to implement it in the future in finite element analyses of trabecular

bone. Such simulations allow to take into account the microstructural mechanical proper-

ties of the trabecular tissue as well as remodelling phenomenon. This will make it possible to

analyse the stress and strain states in bone for engineering and medical purposes.

© 2017 The Authors. Published by Elsevier B.V. on behalf of Nalecz Institute of Biocy-

bernetics and Biomedical Engineering of the Polish Academy of Sciences. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.elsevier.com/locate/bbe
1. Introduction

The primary aim of the paper is to elaborate a method of
constitutive model formulation for human trabecular bone. The
formulation is based on nanoindentation tests carried out on
samples of trabecular tissue extracted from human femoral
heads. Another goal of the research is also to determine
material properties of the tissue, such as elastic modulus,
* Corresponding author at: Institute of Mechanics and Printing, Warsa
E-mail address: m.pawlikowski@wip.pw.edu.pl (M. Pawlikowski).

http://dx.doi.org/10.1016/j.bbe.2017.01.002
0208-5216/© 2017 The Authors. Published by Elsevier B.V. on behalf of
the Polish Academy of Sciences. This is an open access article under
hardness, and its ability to harden in the deformation process.
The approach proposed by Olivier-Pharr is adapted in the study.

Nanoindentation or depth-sensing indentation (DSI) tech-
nique has proven to be very useful to measure mechanical
properties of various tissues at a micro-scale. Bone tissue is one
of the most commonly tested tissue by means of DSI. Localised
tests on bone samples are carried out to compare the mechanical
properties of lamellar and interlamellar bone [1–3], osteonal
bone [4] as well as compact and cancellous bone [5,6].
w University of Technology, Narbutta 85, 02-524 Warsaw, Poland.
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Fig. 1 – Femoral heads harvested during a surgery of hip joint implantation: main dimensions x = Ø50 mm; y = Ø28 mm (left);
preparation to the cutting process (right).

Fig. 2 – Cubic trabecular bone sample cut from femoral head
(dimensions: 25 mm T 25 mm T 20 mm).
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Nanoindentation technique can be also used to determine
properties of bone in the case of various diseases. Albert et al.
measured bone elastic modulus and hardness by nanoinden-
tation on samples harvested during routine surgeries from
patients suffering from osteogenesis imperfecta [7]. They
tested specimens taken from various sites of femur and tibia.
The values of the Young modulus they obtained were approx.
from 14 to 18 GPa, whereas those of hardness from approx. 0.5
to 0.65 GPa. The authors studied two types of osteogenesis
imperfecta severity and concluded that there were no
significant differences in the obtained values between the
two types. Their findings confirmed the earlier research of Fan
et al. who tried to adopt the nanoindentation technique to
distinguish a clinical type of osteogenesis imperfecta [8]. They
found that there is no significant relationship between
nanoindentation measurements (elastic modulus and hard-
ness) and osteogenesis imperfecta clinical types.

Mechanical properties of bone have been studied at
a micro- or nano-scale by means of nanoindentation tech-
nique for at least two decades (see e.g. [9,10]). Recently similar
studies have been carried out with an attempt to determine
viscoelastic properties of bone tissue [11,12].

In the present paper the nanoindentation technique is used
to determine constitutive relation at a nanoscale for human
trabecular bone. The bone samples were harvested in
cooperation with Military Institute of Medicine, Warsaw,
Poland, from femoral heads during surgery of artificial hip
joint implantation. It is assumed here that bone indicates
elasto-plastic properties.

2. Materials and methods

2.1. Preparation of samples for nanoindentation tests

The process of the preparation of the samples was conducted
in the laboratory at the Institute of Precision Mechanics.
We obtained 25 femoral heads (Fig. 1) which were kept in 95%
alcohol in temperature 4 8C. The cubic samples cut out of the
head were stored in the same conditions. The dimensions of
the specimens were 25 mm � 25 mm � 20 mm (Fig. 2).

The sign of each sample consisted of the number of the
sample, the age of the patient, the sex of the patients, the type
of tissue (cortical, trabecular), the month and the year of
extraction. After the tests the samples were disposed in the
Military Institute of Medicine, Warsaw, Poland.

The main parameters of the cutting process were
as follows:



Fig. 4 – Schema of contact between the spherical indenter
and a sample surface.
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� saw blade shaft speed, n = 3300 rpm,
� saw blade feed, p = 0.170 mm/s,
� blade appropriate to cut materials of hardness 70–400 HV.

The specimens were divided into three groups. Each group
contained specimens harvested from patients of different
range of age, i.e.:

� group I – 50–59 years old,
� group II – 60–69 years old,
� group III – over 70 years old.

Group I contained 5 patients (males), i.e. two patients 52
years old and three patients 56 years old. In Group II there were
9 patients, i.e. two 62 years old females, three 65 years old
females, two 68 years old males and two 69 years old females.
Group III counted 11 patients (females) and included three
patients 70 years old, three patients 72 years old, three patients
74 years old and two patients 83 years old. Each bone sample
was indented five times and Martens hardness (HM), nano-
hardness (HIT), Vickers hardness (HV) and the Young modulus
of trabeculae (EIT) were measured each time.

2.2. DSI tests

The measurement data used to generate stress–strain curves
for trabecular bone was obtained from nanoindentation tests.
Each trabecular bone sample was tested 5 times in an
arbitrarily chosen region (Fig. 3). The tests were conducted
with the indenter spherical tip of the diameter 0.200 mm. The
maximum load was Pmax = 500 mN and the loading rate
500 mN/min. The tests included both loading and unloading
phases with no hold at peak force. The measured loading P as a
function of indentation depth allowed to determine a
hysteresis loop and HIT, HM, HV, EIT. The estimation of
trabecular bone mechanical properties was made using the
hardness parameters (HM, HV, HIT) and elastic modulus (EIT).

2.3. Theoretical background for spherical indenter

The first analysis of the problem related to indentation
of a spherical body into an elastic halfspace was done by
Fig. 3 – Microscopic pictures showing the areas of
indentation.
Hertz [13]. The elastic displacement of a sphere (Fig. 4) into a
material may be calculated by:

he ¼ 3P
4Er

� �2=3 1
R

� �1=3

; (1)

where P is the load applied to the indenter, R is the sphere
radius, and Er is the reduced modulus of the material. It is
defined as:

Er ¼ 1�n2

EIT
þ 1�n2i

Ei

� ��1

; (2)

where v and EIT are the Poisson's ratio and elastic modulus of
the indented material, respectively, vi and Ei are the Poisson's
ratio and elastic modulus of the indenter, respectively.

For the spherical shape of an indenter, which can be
approximated by a paraboloid of revolution, the contact depth
for purely elastic contact depends on total elastic penetration
depth by the following relation [14]:

hc ¼ he

2
: (3)

If the elastic-plastic regime is reached the total depth h of the
indenter penetration is a superposition of the elastic depth he
and the plastic depth hp:

h ¼ he�hp: (4)

The total contact depth can now be written in the following
form:

hc ¼ he

2
þ hp: (5)

On the other hand hc can be calculated by means of commonly
used relation:

hc ¼ h�e
P
S
; (6)
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where e is a geometric constant, which equals 0.75 for a
paraboloid of revolution [15] and S is the contact stiffness that
can be calculated using the formula [15]:

S ¼ 2ffiffiffi
p

p Er
ffiffiffiffi
A

p
; (7)

where A is the projected area of the contact.

In some studies S is measured by means of the continuous-
stiffness technique, i.e. continuously throughout the duration
of loading [15].

The contact radius a can be also estimated using Hertzian
relationship:

a ¼ 3PR
4Er

� �1=3
(8)

By definition, the elastic modulus is the ratio of the true stress
over the true strain. As long as true stress can be determined,
then true strain can be also calculated. The definition of true
indentation stress is

s ¼ cP
pa2

; (9)
Fig. 5 – Force–depth curves obtained from nanoindentation test (a
of Group I.
where c depends on a parameter called the constraint factor
[16]. The average value of this factor has been found to be �0.9
when a material is in the purely elastic regime. In the elastic-
plastic regime the value decreases to 0.61. In the case of pure
plasticity it tends to 0.35 [17]. In the work [18], it has been found
experimentally that a suitable expression for c true for the
three loading regimes is:

c ¼ 0:9
h
hc

�1
� �

: (10)

For pure elasticity the ratio of h/hc is equal to 2 while in the
case of pure plasticity it is equal to 1. According to [18] the
value of c tends to zero if a purely plastic condition arises,
unlike tending to 0.35, as in [17]. Eq. (10) cannot be used for
highly plastic materials tested with an indenter of a relatively
small radius, e.g. 3 mm. This is due to the fact that the
indentation stress decreases significantly when plastic be-
haviour is the dominating mechanism. Substituting Eq. (10)
into Eq. (9), we obtain the expression for true indentation
stress [18]:

s ¼ 0:9P
pa2

h
hc

�1
� �

: (11)
) and corresponding stress–strain curves (b) for the patients



Table 1 – The properties of trabecular bone obtained from DSI measurements for the patients of Group I.

Patient 1 (52 y.o.) Patient 2 (52 y.o.) Patient 3 (56 y.o.) Patient 4 (56 y.o.) Patient 5 (56 y.o.)

HM � SD [MPa] 99.52 � 8.1 107.24 � 7.9 109.47 � 13.2 111.64 � 12.9 110.72 � 24.2
HIT � SD [MPa] 137.73 � 7.9 141.29 � 8.0 155.5 � 13.5 181.38 � 13.0 147.14 � 30.7
HV � SD [Vickers] 14.04 � 0.8 14.40 � 0.82 15.85 � 1.4 18.5 � 1.2 15.0 � 3.1
EIT � SD [GPa] 4.46 � 0.82 5.64 � 0.80 4.92 � 1.35 4.28 � 1.3 5.8 � 1.9

Table 2 – The properties of trabecular bone obtained from DSI measurements for the patients of Group II.

Patient 1 (62 y.o.) Patient 2 (62 y.o.) Patient 3 (65 y.o.) Patient 4 (65 y.o.) Patient 5 (65 y.o.)

HM � SD [MPa] 104.96 � 15.7 129.18 � 14.8 70.5 � 8.11 79.22 � 8.9 76.0 � 7.2
HIT � SD [MPa] 156.01 � 19.3 153.5 � 18.6 121.35 � 6.0 117.95 � 5.1 130.87 � 6.7
HV � SD [Vickers] 15.9 � 1.96 15.65 � 1.82 12.37 � 0.6 12.02 � 1.1 13.34 � 1.4
EIT � SD [GPa] 4.27 � 1.31 5.27 � 1.12 2.02 � 0.8 3.1 � 1.2 2.25 � 0.9

Patient 6 (68 y.o.) Patient 7 (68 y.o.) Patient 8 (69 y.o.) Patient 9 (69 y.o.)

HM � SD [MPa] 90.13 � 10.5 92.7 � 9.4 107.28 � 10.18 112.98 � 10.9
HIT � SD [MPa] 126.75 � 20.8 125.93 � 18.5 138.22 � 17.66 135.34 � 18.1
HV � SD [Vickers] 12.92 � 2.12 12.84 � 1.8 14.09 � 1.8 13.8 � 2.1
EIT � SD [GPa] 3.75 � 0.94 4.20 � 1.1 5.85 � 0.76 6.34 � 0.83

Fig. 6 – Force–depth curves obtained from nanoindentation test (a) and corresponding stress–strain curves (b) for the patients
of Group II.
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Fig. 7 – Force–depth curves obtained from nanoindentation test (a) and corresponding stress–strain curves (b) for the patients
of Group III.

Table 3 – The properties of trabecular bone obtained from DSI measurements for the patients of Group III.

Patient 1 (70 y.o.) Patient 2 (70 y.o.) Patient 3 (70 y.o.) Patient 4 (72 y.o.) Patient 5 (72 y.o.) Patient 6 (72 y.o.)

HM � SD [MPa] 100.78 � 6.5 111.74 � 9.72 110.55 � 8.41 123.91 � 13.25 118.27 � 15.2 114.91 � 14.5
HIT � SD [MPa] 141.3 � 9.14 157.95 � 9.6 160.45 � 9.02 170.04 � 20.13 170.14 � 9.6 162.04 � 9.1
HV � SD [Vickers] 14.4 � 0.93 16.10 � 0.82 16.36 � 0.92 17.33 � 2.05 17.34 � 0.98 16.52 � 0.9
EIT � SD [GPa] 4.23 � 1.11 5.11 � 0.98 4.84 � 0.8 6.18 � 1.03 5.37 � 1.5 5.34 � 1.8

Patient 7 (74 y.o.) Patient 8 (74 y.o.) Patient 9 (74 y.o.) Patient 10 (83 y.o.) Patient 11 (83 y.o.)

HM � SD [MPa] 98.43 � 10.6 105.6 � 9.6 87.25 � 10.18 117.1 � 8.82 108.9 � 8.9
HIT � SD [MPa] 125.72 � 10.9 111.55 � 11.5 118.85 � 10.6 165.31 � 8.9 152.26 � 8.1
HV � SD [Vickers] 12.82 � 1.11 11.37 � 1.7 12.1 � 1.3 16.85 � 0.9 15.52 � 1.1
EIT � SD [GPa] 5.28 � 1.52 5.69 � 1.3 3.77 � 1.6 5.46 � 1.24 5.01 � 1.05
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The same authors introduce the following equation for true
strain:

e ¼ 0:9P
pa2ð1�n2Þ

� h
hc

�1
� �

4
2:7Pððh=hcÞ�1Þ

2ðh�hcÞ
ð2hc=ða2 þ h2

cÞÞ1=3
  !3=2

�1�n2i
Ei

0
@

1
A:

(12)

All variables in Eq. (12) depend on the indentation load,
total displacement and contact depth.
3. Results

The stress-strain curves for trabecular bone were generated by
means of formulae (11) and (12). The values of stress and strain
in the measurement points were calculated for all five tests
that were conducted for each bone sample. Then the mean
values were determined. To minimise the number of curves
we decided to build the stress-strain curves using those mean
values. The values of hc were determined using Eq. (6). The
contact stiffness S was calculated with Eq. (7). The contact
radius a was estimated using formula (8). In Fig. 5a the results
of nanoindentation tests performed on the bone specimens



Fig. 8 – Correlation between hardness measures and elastic modulus.

Fig. 9 – Elastic modulus (a) and three measures of hardness (b) as functions of the patients' age.
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from Group I are shown. Fig. 5b presents corresponding stress–
strain curves. The mean values of the Martens hardness (HM),
nanohardness (HIT), Vickers hardness (HV) and elastic modulus
for Group I are shown in Table 1. Similar results are presented
in Fig. 6 and Table 2 (Group II) as well as in Fig. 7 and Table 3
(Group III). It can be seen that different hardness measures
reflect the mechanical properties of trabecular bone in the
similar way, i.e. the higher value of EIT the higher hardness
(Fig. 8). This proves strong correlation between the measures
of hardness and elastic modulus.

The measurement values shown in Tables 1, 2 and 3 show
relatively high standard deviation (SD) in some cases. This is,
however, a frequently occurring phenomenon in the case of
studies on living tissue. The maximal value of elastic modulus
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was noted for a patient of 69 years old (6.34 � 0.83 GPa), while
the maximal hardness HM was measured for another patient
who was 62 years old (129.18 � 14.8 MPa). It is also interesting
that the maximal values of the other hardness measures were
noted for a relatively young patient, i.e. one of the three 56
years old patients (HIT = 181.38 � 13.0 MPa, HV = 18.5 � 1.2
Vickers). The value of HM for this patient is approx. 13.6%
lower than the maximal HM. The study presented in the paper
did not show any correlation between the mechanical
properties of trabecular bone and age (Fig. 9). The graph in
Fig. 9 shows mean values of EIT, HM, HIT and HV for each age of
the patients. The trend lines of the measurements indicate
that the difference in the considered mechanical properties of
trabecular bone tissue between the young and old patients is
lower than 10%.

4. Discussion

In the paper the results of the nanoindentation tests carried
out on human trabecular bone samples were presented. In this
study 25 human trabecular bone samples were tested. The
samples were harvested from femoral heads during hip joint
prosthesis implantation. The patients from whom the samples
were taken suffered from osteoarthritis. Among the patients
there were 7 male subjects (28%) mainly from Group I, i.e. from
the range between 52 and 56 years old. Most subjects (44%)
were 70 years old or older (Group III). The patients of the age
between 60 and 69 years old (Group II) constituted 36% of the
studied patient population. The main mechanical properties
of the bone tissue were determined, i.e. hardness (HM, HIT, HV)
and elastic modulus (EIT).

The results of the nanoindentation tests show that the
values of hardness are in most cases similar. This observation
is in agreement with previous study [19] in which it was found
that bone reaches an equilibrium state of mineralisation after
the age of 30 years. This makes bone hardness remain
constant. Such an observation is in contrast, however, to
the other findings presented in [20] where the authors noted
relatively strong relation between bone hardness and age. In
addition, the values of the elastic modulus they obtained were
lower than those presented in this study (1.28 for young
patients and 1.97 for old patients). Lower values of hardness
measures considered in the current paper were observed for
patients 65 and 68 years old. This was probably due to a bad
condition of the patients' bone tissue. It was also observed that
elastic modulus is strongly related to hardness of bone. This
finding is in line with the study presented in [21] and
observation of Wolfram et al. [22]. In the latter paper the
authors also stated that there is no correlation between elastic
modulus of trabecular bone and age. The results presented in
this paper also indicate that there is no relation between bone
hardness and gender, which is in agreement with other studies
in which human bone tissue was indented [23,24]. Thus, one
can conclude that the mechanical properties of trabecular
human bone, which were extracted from osteoarthritic
subjects, do not strongly depend on age and gender. Similar
conclusion was drawn in [25].

The values of hardness and elastic modulus obtained in the
nanoindnetation tests seem to be lower than those obtained in
previous studies. Authors of [26] determined elastic modulus
of a single trabecula extracted from a femoral head by
performing nanoindentation tests and uniaxial compression
tests. They obtained the values of the modulus EIT = 16.34
� 1.76 GPa (nanoindentation) and EIT = 9.21 � 1.26 GPa (com-
pression). Similar values were also obtained in studies
described in [27] and [28]. On the other hand, there is a
significant discrepancy in bone tissue elastic modulus
obtained by nanoindentation method. The mechanical prop-
erties of human trabecular bone tissue can vary between 1 GPa
and 15 GPa [29]. In the view of those findings the mechanical
properties of human trabeculae tested in this study are in good
agreement with other results. However, it has to be empha-
sised that the differences in the values of elastic modulus and
hardness result from sample preparation, different testing
protocols or anisotropy and asymmetry of the micro-samples.
Also liquid content in bone samples plays an important role. It
has been found that the higher hydration of bone the lower
bone stiffness [30]. This can also explain relatively low values
of EIT obtained in this study.

The main aim of the paper was to utilise the nanoindenta-
tion data to create a description of human trabecular bone
behaviour in the stress-strain domain. The data obtained from
the DSI tests allows one only to determine bone behaviour in
terms of nanoindentation force vs. nanoindentation depth.
However, it is more interesting and useful to know the
characteristics of trabecular bone in stress–strain domain. The
approach presented in the paper was based on the Hertzian
concept of contact. The formulae used here are, therefore, true
for an elastic medium. Due to this the study described in the
paper should be regarded as pilot study in formulation of a
constitutive law of trabecular bone at the nano-level. In
literature there can be found phenomenological constitutive
description of bone. This pertains both cortical bone [31,32]
and trabecular bone [33]. However, to the authors' knowledge
there is no stress–strain characteristics of human trabecular
bone obtained from nanoindentation measurements.

The indentation force-depth and stress-strain curves
shown in Figs. 5–7 indicate somewhat similar stiffness of
trabecular bone samples of Group I. However, the samples of
Group II and Group III seem to be more different. What is
interesting is that in some cases younger subjects had lower
bone stiffness than the older ones. For instance, the stress
value for a 70 years old patient was twice as high as that for a 65
years old subject at the same strain level. It also seems that
bone of the 83 years old patients responded to nanoindenta-
tion in a similar manner than 69 years old bone. The same
conclusion can be drawn comparing stress-strain curves of 74
years old and 68 years old patients and those of 72 years old
and 52 years old subjects. Such observations are not abnormal
in the context of living bone tissue. The general condition of
bone depends on many, not only mechanical, factors such as
physical activity, diet, genetic determinant, etc.

The presented stress–strain curves give a view on how
trabecular bone behave and can be used to model the material
of trabeculae in numerical simulation. Such an advanced
model completed with a model of the fluid present in the pores
would be very helpful in realistic modelling of the tissue.

In the further studies an attempt to create a constitutive
viscoelastic model for bone based on nanoindentation tests
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will be done. It is planned to adopt the approach described in
[34] where the authors developed a method to determine the
non-linear viscoelastic constitutive constants from the inden-
tation force–displacement data.
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