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The influence of the cumulated deformation energy
in the measurement by the DSI method
on the selected mechanical properties of bone tissues
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Purpose: The goal of the study was to determine the influence of DSI test conditions, i.e., loading/unloading rates, hold time, and
the value of the maximum loading force on selected mechanical properties of trabecular bone tissue. Methods: The test samples were
resected from a femoral head of a patient qualified for a hip replacement surgery. During the DSI tests hardness (Hy, Hy;, H;r) and elastic
modulus (EIT) of trabecular bone tissue were measured using the Micro Hardness Tester (MHT, CSEM). Results: The analysis of the
results of measurements and the calculations of total energy, i.e., elastic and inelastic (W1, Welastico Winelasiic) and those of hardness
and elasticity made it possible to assess the impact of the process parameters (loading velocity, force and hold time) on mechanical
properties of bone structures at a microscopic level. Conclusions: The coefficient £ dependent on the E;;/H;r ratio and on the stored
energy (AW = Wioal — Wenasiic) 18 @ measure of the material reaction to the loading and the deformation of tissue.
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1. Introduction

In biomechanics the main research trends are re-
lated to experimental and numerical techniques of
visualization and estimation of tissue material proper-
ties [15]. This research provides results that are very
helpful in diagnosis and monitoring processes in clini-
cal and rehabilitation procedures. Determination of
material parameters of tissues, especially at a micro-
or nanostructural level, is a significant difficulty in
studies on tissues properties. The previous classical
experimental studies on mechanical properties of tis-
sue are based on static tests, i.e., tensile tests, com-
pression tests, rotational tests, three-point bending
and hammer or ultrasound tests [4]. Contemporary
microstructural studies require integration of classi-
cal measurement methods with contactless ones or
application of new methods, i.e., spot interferometry

electronic method or digital image correlation [25].
A perspective direction in development of experi-
mental tissue research is depth-sensing indentation
(DSI), which is also applied in measurements of mi-
crohardness of thin layers.

The DSI method [18] is more and more applied to
estimate mechanical properties of solids [22]. Its
popularity results from the fact that it makes it possi-
ble to determine mechanical properties for materials
of a relatively low volume without complicated sam-
ple preparation procedure. In addition, this method
enables to determine all the needed values without
optical measurement of the indenter impression. Dur-
ing indentation tests both force and displacement of
the indenter are measured in the non-elastic and elas-
tic domain [9]. Applying the DSI method one can
determine Martens hardness (HM), the DSI hardness
(Hr) and elastic modulus (E£;7) according to the stan-
dard [19]. However, using Oliver—Pharr’s method to
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evaluate the mechanical properties, it is necessary to
take into account the nature of the tested material
(isotropy, anisotropy, porosity, viscoelasticity, etc.).
So far, a number of theoretical and experimental
works devoted to the analysis of the influence of the
process factors (hold time, loading/unloading velocity,
maximum loading force, indentation depth) on the test
results on metals [29], [10], plastics [17], [27] or
composites [8] have been published. The dependence
of hardness and elasticity parameters is particularly
evident in the case of materials having rheological
properties [9], [23]. The classical (contact) method
should not produce correct results in the case of test-
ing the materials dependent on time ([1] based on
FEA). In addition, the loading/unloading velocity
must also be taken into account. According to Tang et
al., who evaluated PVDF, PMMA and epoxy resins in
the study of nanoindentation using different loading
forces, loading/unloading velocity, if the unloading is
inflicted quickly enough, the viscoelastic effects can
be overcome and the yield indicator becomes inde-
pendent on the loading force, but dependent on the
polymer structure and chemical composition. In the
study of composite materials with complex internal
structure, the applied loading and the indentation
depth will significantly affect the resulting material
parameters such as hardness and elasticity.

The DSI is also very useful in measurements of bone
properties. A bone tissue is marked by a hierarchical and
anisotropic structure [6]. However, the anisotropy of
material properties is revealed only in the study of com-
ponent elements at the level of trabecula: osteon, bone
lamellae. The DSI and the Reference Point Indentation
(RPI) were used to measure anisotropic behaviour of
a bovine bone [5]. The aim of this study was a compari-
son of the results obtained from these two methods.

Katsamenis et al. [14] investigated mechanical be-
haviour of a cortical bone from a human femur. The
study was made at three levels: osteonal, microstruc-
tural and tissue, using nanoindentation, the RPI and
a fracture toughness experiment. The authors show
that bone’s fracture toughness and crack growth re-
sistance at a tissue level are correlated with mechani-
cal properties at micro- and osteonal levels. Jenkins
et al., [11] carried out a study on the optimization of
testing parameters based on RPI measurement. The
RPI was applied to a bovine bone (femoral midshaft)
and a human bone (femoral heads and a neck). Coutts
et al., [3] is used the RPI as a new clinical tool to aid
the diagnosis of osteoporosis. This testing could im-
prove the understanding of bone mechanical proper-
ties. Indentations were made on human, bovine, por-
cine and rat femurs along three axes.

Performing the DSI tests on osteons of a cortical
bone or trabeculae of a cancellous bone mechanical
properties of those bone tissues at nano- and micro-
levels can be established [16]. In the paper the results
of a series of the DSI tests performed on a cancellous
bone are presented. The indentations were made on
trabeculae and the areas where two or more trabeculae
connect with each other. The characteristics of the
cancellous bone microstructure provide information
that is useful to understand at a cell level the complex
biological interactions and mechanisms taking place
during the process of remodelling and various bone
disease, e.g., osteoporosis [26]. Therefore, an effective
application of the DSI method in microstructural
measurements of bone tissue mechanical properties
becomes crucial.

Examination of in the progress of osteoarthritis of
a hip joint the selected micromechanical properties of
a cancellous bone change was carried out [28]. Per-
formed indentation tests allowed the authors to meas-
ure the characteristic parameters of hardness (Hy) and
elasticity (E;r) of the tissues affected by the disease.
During the additional evaluation of the degree of bone
mineralization (Raman analysis) and of density
changes (LCT), the conclusions concerning the source
of changes in the structure of the bones in arthrosis
(AO) were formulated.

The indentation method was used not only to meas-
ure the parameters of hardness and elasticity at the
micro level, but also to determine the properties and
coefficients related to the viscoelasticity [7], [22],
cracking, creep and relaxation [30].

In many works the authors emphasize that the im-
portant factors influencing the measurement are: the
quality and the way of preparation of the sample, the
state of humidity of the sample, thermal conditions of
the test, stiffness of the measurement system, the type
and the condition of the indenter, as well as the proc-
ess parameters, i.e., the value of the force, velocity
and time of sample loading [13], [28].

The chief aim of the studies presented in the paper
is to determine the influence of the DSI test condi-
tions, i.e., force rate, constant pick force time and
maximal force value, on selected mechanical proper-
ties of a trabecular bone tissue. During the DSI tests
hardness and elastic modulus of a trabecular bone tis-
sue were measured. Also, an analysis of deformation
energy curves for various test conditions is presented in
this paper. The analysis comprises the determination
of the ability of the material to use a strengthening
phenomenon.

This type of comprehensive research and analysis
performed on human preparations at different pa-
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rameters of the nanoindentation process will comple-
ment the existing knowledge about the mechanical
properties of bone structures at the level of micro-
structure. Entering into the subject of energy in the
DSI method and the strengthening in reference to
hard, porous tissues on the basis of the DSI method
makes the undertaken research original.

2. Material and methods

2.1. Models of penetrators
and their field of contact

The analytical solution for an elastic contact when
pressing an axially-symmetric penetrator into a half-
space was presented by Sneddon in his fundamental
work [24] based on Boussinesqu’s earlier approach.
As a result, he obtained simple relations: the loading
force (P) — the depth of penetration (%) for a wide
variety of penetrator shapes — for spherical, conical
shapes. These relations are expressed in the form of

a power law:
P(h)=CER", 2.1

where: £ — Young’s modulus, C — coefficient, n — work
hardening exponent

Fig. 1. Diagram presenting pressing the spherical indenter (a),
conical indenter (b), by the force P into an elastic half-space
— the geometry of the penetrators f, R and the characteristic values,
i.e., penetration depth /4, the relevant dimensions of the projection
of the contact radius r

Geometric models and their characteristic values
are shown in Fig. 1 based on the interpretation of Sa-
kai [23]. An important parameter in the description of
the mechanics of contact are the mentioned depths
related to the field of direct contact (projection) 4.,
which can be expressed for the flat penetrator, the

spherical penetrator and the conical penetrator, re-
spectively:
A =7xr, A.. =7r? =ghf =(ﬂcot2ﬂ)hf. (2.2)

C,s

An important relation, as shown in Fig. 1, is a lin-
ear correlation of the penetrator hollow depth (%) and
the depth of contact (k,), i.e.:

h=yh,, (2.3)

where the coefficient takes the values y, = 2; . = 7/2,
for the spherical penetrator, the conical penetrator,
respectively.

Geometric and material characteristics described
by the coefficient C for the models of spherical and
conical penetrators is expressed as follows:

4R 2 YV
Co=r| |
30—\ ik,

_ tgp zcot’
T 2(1-v?) (h/h)?

(2.4)

Reflections on the analytical solution of an elastic
contact of an axially-symmetric penetrator can be easily
used to formulate the constitutive equation. Thus, the
conversion from the space of force-penetration depth
P-h to the space of average values of stress—strain, can
be made according to Johnson et al. [12].

2.2. Deformation work
in the penetration process

Assuming that the dependence of the force on the
penetration depth is described by the following equa-
tion (2.1), where the index exponent for the case of
the spherical or conical penetrator can be assumed as
n = 2 (the power law has the form o= E&"), thus:

P=CEh*. (2.5)

Cheng et al. Let [2] introduced the concept of
a scaling function, which can be interpreted as a di-
mensionless function:

C= C(v, nﬂ,ﬂj , (2.6)
E

where: o= oy (limit value of elastic strains), depend-
ent on four parameters (independent variables), which
will be used in the further proceedings.

In the process of indentation during loading by the
maximum (total) work used during deformation by the
penetrator, it can be noted:
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h=hpax

Piax
W= [ Pdi= | CL(v,n,ﬁ,%thzdh, 2.7)
0 0

VVtot = CL (V,I’l, ﬂa%thfnax s (28)

where C; — the scaling function in the process of loading.

P A

Pmax

Welastic

S=dP/dh
Wlne\asuc

—
hmax
he for =1 hc for &=0.72

Fig. 2. Dependence of the load P on the depth 4
in the penetration process

The unloading process which is typical in the DSI
processes (Fig. 2), can be determined by the equation
work:

h

[ pdn= Cu(v,n, ﬂ,%}Elf’

max ?
h=h,

Wnl =

Uu

(2.9)

where the final depth after unloading, as shown in
Fig. 2, is determined from the condition:

h
P:0:Eh2C{v,n,ﬁ,%,—f] (2.10)

h

max

by the scaling function of five variables.

Potential cutting
planes - lateral

The relative work of unloading in the indenta-
tion process (IT) is interesting because of the sig-
nificant correlation with the values measured by the
DSI method, which include, among others, the
modulus E;r and the hardness of the center H;r [18],
[24], i.e.:

o
W W C“(v’n’ﬂ’EYj H
ot nl ] fp—— 2L 1k (2.11)

W o Oy Ey
C L(v,n, 5, z )
where:

k — the factor that interprets the ability of the center
to deform (or to strengthen [18]),

C,, C; — the scaling functions,

Hir, E;r— respectively indentation hardness, modulus
of elasticity.

Energetic parameters for different conditions of
the deformation process in the DSI research were
determined on the basis of the measurements of mi-
crohardness (H;r, Hy, Hy) and elasticity (£;r), which
were carried out with the use of Micro Hardness
Tester MHT (CSEM Instruments Company) with the
Vickers indenter.

2.3. Materials

A patient qualified for a hip replacement surgery
had a femoral head routinely resected. With the ap-
proval of the Bioethics Committee of the Military
Medical Institute, the specimen taken could be used
for the studies of biomechanical properties of bone
tissues. Figure 3 shows the method and the place of
cutting the test specimen. Preparation of the samples
was done in a mechanical way by cutting the speci-
men with the dimensions of 25 x 25 x 20 mm by
a precision cutter in the axial and lateral directions of
a femoral head (Fig. 4a). The following cutting pa-

-

\ Axial direction(head

neck)

Fig. 3. A diagram showing the method of cutting the sample from the preparation
according to the femoral bone anatomical planes
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Fig. 4. Characteristic dimensions of the human femoral bone head x = & 50 mm; y = & 28 mm (a),
the rectangular sample of the cancellous tissue of the dimensions: x, y, z (25 x 25 x 20 mm) (b)

rameters were used: rotations of a dial » = 3300 rpm,
feed p = 0.170 mm/s, while there was assumed a range
of material hardness for cutting 70-400 HV, which
determined the selection of an appropriate dial.

The samples (Fig. 4b) between the DSI tests were
stored in a refrigerator at the temperature of 5 °C, in the
solution of ethanol, in tightly closed containers.

3. Results and discussion

3.1. Study of the influence
of the DSI method parameters
on the hardness and elasticity
of the cortical bone and cancellous bone

3.1.1. Study of the influence
of the velocity v change

The first series of tests was carried out for the
cancellous tissue at the constant load of 500 mN
and the shifting loading rate of 5000, 10 000, 20 000,
30 000, 35 000 mN/min, and the hold time of 20 s.

The measurements were repeated many times in
different places of the tissue sample of the symbol
2.L62.KB.Sb.VIII15.A (preparation no. 2, 62-year-old
patient, sex: female, area: hip, Sb — cancellous struc-
ture — trabecula, date of the collection: 08.2015, sample
no. from the preparation: A) on the surface a, i.e. per-
pendicular to the axial direction of the femoral head
neck, in the central region of the trabecula (Fig. 5).

Fig. 5. Microscopic view of the bone trabecula
in the sample 2.L62.KB.Sb.VIII15.4 with the selected exemplary
place of the measurement in the study of indentation

Table 1. Comparison of the mean values including the standard deviation measurements

for the microhardness and elasticity of a trabecular bone; 7= 20 s, P,,= 500 mN

Parameter v = 5000 mN/min v=10 000 mN/min | v=20000 mN/min | v=30000 mN/min | v=35 000 mN/min
Hir 301.06 £ 61.45 292.58 £39.13 318.80 + 34.59 357.68 £42.79 279.40 £ 59.56
Hy 195.37 £43.36 174.69 £ 30.32 205.02 £19.78 238.60 £36.07 171.60 £ 47.36
Hy 28.42 +5.80 27.61 £3.69 30.09 £3.26 33.76 £ 4.04 26.37 £5.62
Epr 4.64+1.29 3.85+1.46 4.62+£0.54 5.69£1.39 355+147
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Fig. 6. Comparison of the average values of hardness H,r [MPa] (a), H,, [MPa] (b), H, [MPa] (c)
and the elastic modulus E;7[GPa] (d) for a trabecular bone; 7= 20 s, P,x = 500 mN at different loading velocities

Table 1 presents the results of the measurements of
microhardness H, (classical measurement), Hy; and Hir
and E;r for the series of 7 measurements performed in
the above-mentioned conditions The adopted velocities
correspond to the literature research [6] carried out for
another material with a non-linear viscoelastic proper-
ties, i.e., of Cheddar cheese.

The measurements were performed under the
controlled environmental conditions (temperature of
20 £ 0.5 °C, air humidity 32 + 5%).

The figures 6a—c show in the measurement of the
indentation the dependence of the average value of
microhardness on the loading rate at the constant
hold time and the maximum loading force, based on
the measurement of indentation. Similarly to the
studies of hardness, the influence of the measure-
ment conditions on the elastic properties of the tis-

sues was evaluated. The bar graph in Fig. 6d reveals
these studies.

3.1.2. Study of the influence
of the hold time 7 change

In order to determine the influence of the hold
time on the studied material properties of the tissues,
a series of studies was performed for the cancellous
tissue at the constant load of 500 mN, the constant
loading rate of 600 mN/min, and the variable hold time
of 0.1, 1, 10, 100 and 1000 sec. As previously, the
measurements were repeated several times at different
places of the tissue sample number 1 in the area of the
trabecula.

Table 2 presents the measurement results of mi-
crohardness Hy, Hy and H;r and E;r for the series of

Table 2. Comparison of the mean values including the standard deviation measurements
for the microhardness and elasticity of a trabecular bone; Py, = 500 mN, v = 600 mN/min

Parameter 7=0.1s 7=1s 7=10s 7=100s 7=1000s
Hir 418.89 £ 34.32 390.46 £ 50.25 312.97 £53.60 305.41 £53.76 276.23 £90.40
Hy 287.55 £27.63 276.62 + 38.02 227.15 £ 36.42 223.69 + 36.66 199.39 + 62.82
Hy 39.54 £3.24 36.85 £4.74 29.54 £5.06 28.83 £5.07 26.07 £ 8.53
Eir 7.70 £1.24 8.01 +1.54 7.01 £0.99 7.22 £0.97 6.23 +£1.83
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Fig. 7. Comparison of the average values of hardness H;r [MPa] (a),
H,,[MPa] (b), Hy [MPa] (c), and the elastic modulus E,7[GPa] (d)
for a trabecular bone; Py, = 500 mN, v =600 mN/min at different hold times

7 measurements performed in different places of
indentation and are presented in the Figs. 7a—d. The
measurements were performed in a controlled envi-
ronment (temperature of 20 = 0.5 °C, air humidity
of 32 + 5%).

3.1.3. Study of the influence
of the maximum loading force
Prax change

The last series of tests was carried out for the can-
cellous tissue at the constant hold time 7= 20 sec and
the constant loading rate of 600 mN/min. The variable

maximum loading/unloading force was tested. The
measurements were repeated several times at different
places of the tissue sample number 1 in the area of the
trabecula.

Table 3 presents the measurement results of mi-
crohardness H,, Hy; and H;r and Ejr for the series of
7 measurements performed in the above-mentioned con-
ditions. The varying values of maximum loading/unload-
ing force P, were tested, i.e., 300, 500 and 600 mN.

The measurements were performed in the con-
trolled environment (temperature of 20 + 0.5 °C, air
humidity of 32 + 5%). The relevant comparison of the
average values of hardness and elasticity are presented
in Table 3 and in bar charts Figs. 8a—8d.

Table 3. Comparison of the average values including the standard deviation measurements|
for the microhardness and elasticity of the trabecular bone at v =600 mN/ min, 7=20s
and different values of the maximum loading/unloading force P,,.x

Parameter Pax =300 mN Ppax =500 mN P = 600 nM
Hr 734.74 £ 46.77 805.24 £22.36 583.68 £ 59.50
Hy 552.00 + 45.94 627.72 £ 19.93 421.94 £ 43.46
Hy 69.35 £ 4.41 76.00 £2.11 55.09 £5.62
E;r 19.64 + 3.56 26.26 + 1.66 12.90 £ 1.58
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Fig. 8. Comparison of average values of H;y[MPa] (a), Hy, [MPa] (b) H, [MPa] (c) and of E; [MPa] (d),
for the trabecular bone: v = 600 mN/min, 7 = 20 s at different values of maximum loading/unloading force Py,

3.2. Analysis of the deformation
energy curves for various conditions
of the processes

The P-h curves registered in the studies by means
of the DSI method include the process of loading (to
the maximum values P, — /imax) and total unload-
ing. In order to specify the ability of a bone tissue to
accumulate the total energy (inelastic work) of the
material deformation, the area under the curve P-#
— Winelastic was determined by the integration method.
The total energy Wi, was determined (Fig. 2). The
difference of these values gives the information
about an elastic response of the material to the proc-
ess of the indenter getting into the material, i.e.,
Welastic~

Knowing the parameters of hardness and elasticity
as well as a relative measure of the deformation en-
ergy (determined by the difference between the total
energy and the elastic energy), it is possible to esti-
mate (according to formula (3.1)) the constant £,
which is thought to be a measure of the ability of
a material to strengthen:

Wiot = Wetast =1- kﬁ, k — material factor .
W, E

tot.

3.1)

Tables 4-6 and in Figs. 9—14 summarize the aver-
age values of energy parameters Wielastico Wiotals Welastic
and the coefficient £ for various process conditions,
ie.:

e at the variable velocity v (loading/unloading), the
constant hold time 7 and the constant maximum
loading force Ppax;

Table 4. Determination of the hysteresis fields of the loading/unloading curves and the coefficient & of the potential evaluation
of the ability of a material to strengthen for the trabecular bone at different loading rate of the sample; =20 s, Py = 500 mN

v = 20000 mN/min

v = 30000 mN/min

v = 35000 mN/min

1.71-10° £ 1.2-107

1.76.10°+ 1.7-107

2.07-10°+3.4.107

7.37-107 £1.9-107°

722107 +6.3-10°

1.20-10°+3.4-107

244.10°+1.4-107

2.4810°+2.4-107

3.27-10°+6.8-107

Parameter y = 5000 mN/min vy = 10000 mN/min
Winas [Nm] | 1.62:10°+2.6-107 | 1.63-10°+ 1.4-10~
Waas [NM] | 6.70-107 £9.3-10° | 9.62:107 +1.2.107°
W [Nm] | 2.29-10°+3.6-107 | 2.59-10°+2.6-10
k-] 4.45+0.43 4.55 +0.98

431+0.29

445 £0.38

4.30 £0.55
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Table 5. Determination of the hysteresis fields of the loading/unloading curves and the coefficient k of the potential evaluation
of the ability of a material to strengthen for the trabecular bone at different hold time of the indenter; P, = 500 mN, v = 600 mN/min

Parameter 7=0.1s =1s =10s 7=100s 7=1000 s
Wintast [Nm] | 1.05:10°+1.2:107 | 1.07-10°+7.6:10° | 1.26:10°+1.9-107 | 1.56:10°+1.9-107 | 1.67-10°+2.6:1077
Wease [NM] | 4.11:107 £4.2.10° | 4.12.107 £6.4.10° | 4.71-107 £ 6.0-10” | 4.33-107 £5.510° | 5.11-107 £7.4-10°®
W [Nm] | 1.46:10°+1.6-107 | 1.48-10°+1.4.107 | 1.7410°+1.9-107 | 1.99-10%+1.9-107 | 2.18-10°+3.3-1077

k[-] 5.10 £0.52 5.61 £0.33 6.12 £0.26 5.22 £0.76 537 £0.67

Table 6. Determination of the hysteresis fields of the loading/unloading curves
and the coefficient k£ of the potential evaluation of the ability of a material to strengthen for the trabecular bone
at different maximum loading/unloading force; v = 600 mN/min, 7=20 s

Parameter Ppax =300 mN Ppax =500 mN P = 600 nM

Wintase [Nm] | 4.26-107 +2.0-107 8.67-107 £2.2.107° 1.27-10°+7.2-107
W gtase [Nm] 1.14-107 £ 1.2:10° 1.89:107 £9-107'° 445107 +3.1-10°
W [Nm] 5.40-107+3.2.10°° 1.06-10°£2-10°® 1.71-10° £ 1.0-1077

k-] 6.24+0.93 5.83+0.22 5.72+0.17
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Fig. 9. Comparison of the inelastic (a) and elastic (b) deformation work
for the trabecular bone in an indentation test performed at different loading/unloading rate
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Fig. 10. Comparison of the average total work (a) and of the average coefficient & (b)
for the trabecular bone in an indentation test performed at different loading/unloading rate
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Fig. 11. Comparison of the inelastic (a) and elastic (b) deformation work
for the trabecular bone in an indentation test performed at different hold time of the indenter
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Fig. 12. Comparison of the average total work (a) and the average coefficient & (b)
for the trabecular bone in an indentation test performed at different hold time of the indenter
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Fig. 13. Comparison of the inelastic (a) and elastic (b) deformation work
for the trabecular bone in an indentation test performed at different maximum loading/unloading force
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Fig. 14. Comparison of the average total work (a) and the average coefficient & (b)
for the trabecular bone in an indentation test performed at different maximum loading/unloading force

at the variable hold time z, constant velocity v
(loading/unloading) and the constant maximum
loading force Pay;

at the variable maximum loading force Py, and
the constant: hold time 7 and velocity v (load-
ing/unloading).

The schematics indicate trend lines with the best pos-

sible fit to the existing functions, i.e., linear, expo-
nential, power, logarithmic, with a maximum cor-
relation coefficient R.

Summarizing, it is possible to state (on the basis of

the charts 9a, 10d, 11a, 12a, and 13a—14b, in which
trend lines are marked) that the potential tendency of
strengthening/weakening of the tissue is visible. These
preliminary results shall inspire further research in
this area.

4. Conclusions

The analysis of the results of measurements and
the calculations of total energy, i.e., elastic and
inelastic (VVtotala Welastic, I/Vinelastic) and of the pa-
rameters of hardness (Hy, Hy, H;r) and elasticity
(E;7r) made it possible to assess the influence of the
process parameters (loading rate, force and hold
time) on mechanical properties of bone structures
at a microscopic level.

The coefficient & dependent on the ratio E;/Hjr
and on the stored energy (AW = Wiota — Welastic) 1S
a measure of reaction of the material to the loading
and the deformation of tissue, what can be seen in
Figs. 10b, 12b and 14b.

In the conducted research one could observe a no-
ticeable influence of the parameters, such as: load-
ing/unloading rate, hold time, and the value of the

maximum loading force on the parameters of

hardness and elasticity of the bone tissue, in par-

ticular, the cancellous bone:

— in the lower range the increase of load-
ing/unloading velocity is associated with the
increase of E;r coupled with the reduction of
the inelastic material reaction (decrease of
Winelastic and W), while in high-velocity tests
(5000-35000 mN/min), the opposite trend was
observed, i.e., the increase of deformation
(Winelastic) along with the increase of velocity;

— the increase of hold time is associated with the
decrease of hardness parameters H;r, Hy and
elasticity E;r, as well as with the increase of the
elastic and inelastic reaction of material (Wiyelastic,
Weleastic and I/Vtotal)-

— the increase of the maximum loading/unload-
ing force does not influence in any significant
way the change in the parameters of hardness
and elasticity, however, it is reflected in the in-
crease of the reaction of inelastic and elastic
bone structure in response to the increase of the
load, as indicated by the force curve analysis.

Shortening of the hold time is reflected in the re-

duction of the hysteresis field. The shorter hold

time also results in a smaller indentation depth
obtained with the same loading/unloading force
and velocity.

The increase of loading/unloading rate is associ-

ated with the reduction of the hysteresis field. The

lower velocity results in a greater depth of inden-
tation when using the same force.

It was observed that there was a slight influence

of the test parameters: v, 7, Py, on the coeffi-

cient & postulated as a measure of the tendency
to strengthen. At lower velocities, it was possible
to observe a slight increase in the coefficient val-
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ues with an increase of v, while there was an oppo-
site trend with increasing the maximum load-
ing/unloading force P.. Changes in the average
value of the coefficient are slight (they are con-
tained in the range of 4.3 to 6.24), therefore, it is
possible to formulate careful conclusions about the
universality of the coefficient £ as a constant char-
acterizing the materials ability to strengthen, not
only with respect to tissue structures. However,
further studies are needed, in particular, the im-
plementation of similar analyses of energy curves
for the materials with different characteristics
(super-hard and soft).

In the carried out tests the insertion of the indenter
into the trabecula (made up of concentrically ar-
ranged bone lamellae) occurred to the depth of
from 4 to 11 pum (depending on the test parame-
ters). The thickness of the individual bone plate
(lamella) is 2—4 microns. Thus, when the indenter
was moved in an axis perpendicular to the plane of
the section of osteon, the elastic and inelastic
(plastic viscoelastic) deformation occurred in an
axial direction of a single bone lamella formed by
the elastic collagen fibers which were arranged
spirally and reinforced with hydroxyapatite. How-
ever, when the insertion occurred in a direction
parallel to the plane of the section, probably the
compression and the deformation of several bone
lamellae, which acted as a composite of the type of
sandwich, occurred. Consequently, depending on
the loading direction the material reaction will
vary. With loading of a single lamella, the elastic
deformation and the energy absorption, due to the
viscoelastic properties of the material, occur at the
first stage. In the second case under consideration,
some micro-cracks of the lamellae may occur,
which could explain an increase in energy parame-
ters — the work of elastic and inelastic deformation,
and the total work at higher loading/unloading
force, longer retention time and higher velocities.
The lower value of the parameter £ is obtained for
hard materials (e.g., SiC, ZnQO,), and therefore the
decline in the value of this parameter with the in-
crease of v, 7, Py, induces to further research on
the potential ability of a bone tissue to strengthen
and the nature of this phenomenon.

The characteristics of the mechanical properties of
bone tissues provide some useful information to
understand the complex interactions of biological
and cellular mechanisms that occur during the re-
modeling as well as in bone diseases (e.g., osteo-
porosis). It will also serve the practical use of this
data in the design of biocompatible materials and

applications in arthroplasty and in a rehabilitation
procedure of such diseases as osteoporosis.

e [t should be emphasized that the research carried
out on human preparations yields additional in-
formation on the dependence of mechanical prop-
erties of bone microstructures on nanoindentation
process parameters. An attempt to assess the bio-
logical material, which is a porous structure, by
testing its ability to strengthen, in particular, on the
basis of the energy aspects, the parameters of
hardness and elasticity is also innovative.
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