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Bone cells are deformed according to mechanical stimulation they receive and their mechanical characteristics. However, how
osteoblasts are affected by mechanical vibration frequency and acceleration amplitude remains unclear. By developing 3D osteoblast
finite element (FE) models, this study investigated the effect of cell shapes on vibration characteristics and effect of acceleration
(vibration intensity) on vibrational responses of cultured osteoblasts. Firstly, the developed FE models predicted natural frequencies
of osteoblasts within 6.85-48.69 Hz. Then, three different levels of acceleration of base excitation were selected (0.5, 1, and 2 g)
to simulate vibrational responses, and acceleration of base excitation was found to have no influence on natural frequencies of
osteoblasts. However, vibration response values of displacement, stress, and strain increased with the increase of acceleration.
Finally, stress and stress distributions of osteoblast models under 0.5 g acceleration in Z-direction were investigated further. It
was revealed that resonance frequencies can be a monotonic function of cell height or bottom area when cell volumes and material
properties were assumed as constants. These findings will be useful in understanding how forces are transferred and influence
osteoblast mechanical responses during vibrations and in providing guidance for cell culture and external vibration loading in

experimental and clinical osteogenesis studies.

1. Introduction

It is widely accepted that bone is a dynamic tissue, because
bone remodelling cells (including bone formation cells
(osteoblasts) and bone degrading cells (osteoclasts)) can
be activated under mechanical stimuli [1]. To analyse the
exterior mechanical stimulation received by bone cells and
their cellular responses, various mechanical stimuli have been
used in in vitro studies since 1970 [2], for example, strain
[3], fluid shear stress [4], and vibration [5]. An in vivo
investigation of mice subjected to high-frequency mechanical
signals suggested that some diseases or metabolic condi-
tions can be inhibited or attenuated by vibrational stimuli,
for example, adiposity [6]. Similarly, bone formation at the
implantation sites and thus the osseointegration of bone-
anchored implants can be enhanced by the vibrational stimuli

[7, 8]. One in vitro sine-shaped vibration experiment with
a displacement amplitude of 25 ym and frequencies of 20-
60 Hz applied to the cultured osteoblasts revealed that the
vibration with an acceleration amplitude of 0.05g and fre-
quency of 20 Hz was optimal for cell proliferation and that
the vibration with 0.13 g and 60 Hz was optimal for metabolic
activity [9]. In a later study, a sinusoidal inertia force (at
an acceleration amplitude of 0, 0.125g, 0.25g, or 0.5g and
frequency of 50 Hz) applied to cultured osteoblasts caused
levels of gene expression of alkaline phosphatase (ALP) (a
marker of osteogenic differentiation) to increase with the
acceleration amplitude [10]. Furthermore, when MLO-Y4
osteocytes were exposed to low-magnitude, high-frequency
vibration (0.3 g, 30, 60, and 90 Hz, 1 hour), their promoting
effect on the osteoclast formation was inhibited [11]. These
biomechanical experimental studies clearly illustrate that
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FIGURE 1: Geometry of idealized finite element models of osteoblasts of different shapes.
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FIGURE 2: 3D osteoblast finite element modelling.

mechanical stimuli including vibration can affect bone cell
formation and activity.

Human skeleton and bone cells are frequently subjected
to vibration force experienced through activities or exercise,
and the vibration is described often by frequency and by
acceleration (acceleration < 1g as low intensity and acceler-
ation > 1g as high intensity) [12, 13]. While the acceleration
values of human walking, running, and jumping hurdles are
1g,3-4g,and 5 g, respectively [14], exercise can be considered
as a repetitive vibration force with low frequency (~1-2 Hz)
and high intensity [13]. Although the above and some other
studies, using either experimental methods, computational
methods, or finite element (FE) methods, have suggested
that mechanical vibration can affect osteoblast prolifera-
tion, differentiation, and metabolic activity [9], as well as
bone formation [7, 8], the biomechanical responses and the
mechanisms of their responses of osteoblasts are unclear in
responses to vibration stimuli of different acceleration and/or
frequency.

In the present work, we aimed to investigate the biome-
chanical responses (displacement, von Mises stress, and
strain) of osteoblasts of various shapes to mechanical vibra-
tion of different levels of acceleration. The main objectives
of this study were fivefold: (1) to develop the idealized con-
tinuum FE models of osteoblasts of six different shapes;
(2) to obtain the natural frequencies and mode shapes of
all osteoblast FE models; (3) to determine the harmonic
responses (like displacement and von Mises stress of nucleus
centre) to base excitation vibration of osteoblast FE models;
(4) to investigate the effect on osteoblast responses of base
excitation under three levels of acceleration, that is, 0.5g,1g,
and 2 g, respectively; and (5) to investigate the effect factor on
resonance frequency.

2. Materials and Methods

2.1. Geometry Information Used for Osteoblast FE Modelling.
The shapes of osteoblasts used for the FE modelling in the
current study were from the results of experimental investiga-
tion [15] and computation modelling [16]. The osteoblast con-
sists of three components, that is, the nucleus, cytoplasm, and
cell membrane. In this geometry, the nucleus is embedded
in the cytoplasm, the cytoplasm is between the nucleus and
the cell membrane, and the cell membrane is the outermost
surface of the whole cell (Figures 1and 2). The fibrous materi-
als (including microfilament and the microtubules) of the cell
were neglected/ignored in all modelling in this present study.
The geometry shapes and dimensions are shown in Figure 2
and Table 1.

The geometry of the osteoblasts is selected as part of
a sphere. The nucleus is modelled as ellipsoid because the
nucleus is normally modelled as sphere [17] or ellipsoid [16,
18, 19]. In this study, the volumes of the cell and nucleus are
~3000 um® and 104.5 um?, respectively, which are based on
the study of McGarry et al. [16]. The thickness of cell mem-
brane is 6 nm [20, 21], and the endothelial cell membrane
thickness also varies between 0.1 and 0.5 ym [17]. The cell
height is ~2-20 ym [16, 21-23]. The bottom surface of the cell
can be circle [16, 22-24] or ellipse [18, 19, 25] for the idealized
models.

2.2. 3D Osteoblast FE Modelling. Here, the 3D osteoblast FE
models were developed based on the corresponding geome-
try data. The FE models of different shapes are shown in Fig-
ure 1. Using software ABAQUS 6.14 (SIMULIA, Providence,
RI, USA), eight-node hexahedral elements (C3D8) were used
for the solid regions, that is, the nucleus and cytoplasm.
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TABLE 1: Geometry property and element data for osteoblast finite element models.
Models I I 111 v \Y% VI
Cell height (ym) 15.45 12.75 10.96 9.41 8.03 6.82
Surface (ymz) 898.98 835.24 799.52 825.35 891.97 985.89
Bottom area (yrnz) 125.09 243.84 421.28 549.88 696.53 842.90
Volume (‘umS) 2988.40 2998.36 3000.60 3000.49 3010.90 3019.02
Nucleus volume (ptm3) 104.72 104.72 104.72 104.72 104.72 104.72
Number of elements
Nucleus 20472 20092 20668 25248 23424 17388
Cytoplasm 148020 127884 115060 130880 111808 88592
Membrane 7480 7288 8056 9856 10048 8932

TABLE 2: Material properties and density for the osteoblast finite
element models.

Components  Young’s modulus  Poisson’s ratio Density

Membrane 1kPa 0.3 600 kg/m’
Cytoplasm 1.5kPa 0.37 1500 kg/m’
Nucleus 6kPa 0.37 1800 kg/m’

Also, for the nucleus and cytoplasm, the hexahedral FE
mesh was mapped according to the high quality geometries
using eight-node C3D8 elements. At the same time, the cell
membrane was meshed as shell element S4. The total element
numbers of the nucleus, cytoplasm, and membrane were
given in Table 1, respectively, for the six different models. To
prevent any relative movement during subsequent vibration
simulation analyses, in the FE modelling, the tie constraints
were used to ensure attachment of the cytoplasm to the
membrane and nucleus. In this study, we assumed there are
no relative motions between cytoplasm and membrane and
between cytoplasm and nucleus.

In this study, the materials were assumed isotropic/linear/
elastic for the osteoblast FE models; and their properties
and density for the osteoblast are given in Table 2. The
density ratio 0.4:1:1.2 (600 kg/m’ : 1500 kg/m” : 1800 kg/m”)
of membrane, cytoplasm, and nucleus was assumed [26].
Young’s modulus of membrane, cytoplasm, and nucleus was
chosen at 1kPa, 1.5 kPa, and 6 kPa, respectively, and Poisson’s
ratio was 0.3, 0.37, and 0.37 for membrane, cytoplasm, and
nucleus, respectively.

For endothelial cells, Young’s modulus of membrane,
cytoplasm, and nucleus was set at 775 Pa, 775 Pa, and 5.1kPa,
respectively. Poisson’s ratio of membrane, cytoplasm, and
nucleus was set at 0.33 [27]. Normally, the elastic modulus
of the cytoplasm is only one-quarter that of the nucleus [28].
It was reported that Young’s modulus of the cytoplasm and
nucleus was chosen at 100 Pa and 400 Pa, respectively, and
Poisson’s ratio was 0.37 for the cytoplasm and nucleus [16, 19,
29]. Previously, Young’s modulus of 6.5 kPa and Poisson’s ratio
of 0.5 were assigned to the cytoplasm of an osteoblastic cell
[22]. Elastic modulus of cytoplasm of osteocyte-like MLO-
Y4 cell was set at 1.5 kPa [26]. Similarly, based on the mea-
surements by atomic force microscopy, Young’s modulus of
6 kPa was assigned to the osteoblast nucleus [30]. The elastic

modulus of 1kPa and Poisson’s ratio of 0.3 were selected for
the membrane of the adherent eukaryotic cell [16, 26].

Density is an important parameter in vibration simula-
tion. The initial cellular density was assumed as 1000 kg/m’
[31], and 1250 kg/m® was used as the density of cytoplasm,
nucleus, and membrane in the endothelial cell [27]. Previ-
ously, the density of an osteoblast was assumed as 125 kg/m’
[19], and, for osteocyte-like MLO-Y4 cell, 1500 kg/m3,
1800 kg/m”, and 600 kg/m> were set as the densities of cyto-
plasm, nucleus, and membrane, respectively [26].

2.3. Modal Analyses

2.3.1. Natural Frequency Extraction. Natural frequency ex-
traction is an eigenvalue analysis procedure, which deter-
mines the natural frequencies and shapes of mode for a struc-
ture. In this study, software ABAQUS was used to conduct
the natural frequency extraction. The governing dynamic
equation of the response in ABAQUS can be expressed as
follows [32]:

Mii+Cu+ Ku =P, (1)

where M, C, and K (symmetric and positive definite) are the
mass matrix, damping coefficient matrix, and spring stiffness
matrix in the system, respectively. P is harmonic loading, and
i1, 4, and u are the acceleration vector, velocity vector, and
displacement vector, respectively.

The free vibration structure without damping may be
represented as

Mii+ Ku = 0. (2)
The solution of u may be expressed as
u = ¢sin (wt) or e’ (3)
Then, (2) may be rewritten as
(-’M+K)¢ =0, (4)

where w is the frequency and ¢ is the eigenvector (vibration
mode).

Here, the natural frequencies of the six osteoblast models
(Model I, Model 11, Model III, Model IV, Model V, and Model
VI) were obtained through the natural frequency extraction,
and the corresponding mode shapes of the six osteoblast
models were presented by the FE analysis.
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FIGURE 3: Resonance frequencies of the first ten modes for the 6
finite element models of osteoblasts.

2.3.2. Harmonic Vibration. In this study, the free vibration of
the system was considered with only one degree of freedom.
In the simulation, the different levels of acceleration of base
excitation were applied to analyse the effect of acceleration on
the cell, that is, 0.5g,1g, and 2g (g = 9.8 m/sz), respectively.
It is well known that acceleration (g forces, g = 9.8 m/s”) is
the best term to describe vibration intensity [12]. In addition,
the translational directions of bottom surface of FE models
were constrained, which means that zero displacement was
applied for the bottom surface of the cell model due to the
fixed boundary condition.

2.3.3. Effect Factor on Resonance Frequency. A previous
human vibration test was conducted under the acceleration
of 0.04-19.3 g, and it was found that the resonant frequency
values of ankle, knee, hip, and spine are 10-40 Hz, 10-25 Hz,
10-20 Hz, and 10 Hz, respectively [33]. In this study, the
effect of geometry on resonance frequency was investigated.
The relationship between resonance frequency and the effect
factor can be expressed through a fitted formula. The relation-
ships of resonance frequency with cell height and with bottom
area were analysed when the volume and density of the cell
were assumed as constants. Cell height or cell bottom area
can be considered as the effect factor, and the relationships of
resonance frequency with cell height or with cell bottom area
can be expressed as the formula based on the data of Figures
12(a) and 12(b).

3. Results

3.1. Natural Frequency Extraction. The natural frequencies
and vibration mode shapes of the six osteoblast models were
obtained after completing the FE modal analyses. Figure 3
gives the resonant frequencies of the first ten modes for the
six models. The first natural frequency values of osteoblasts
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for Model I-Model VI were 6.85, 11.35, 17.42, 21.40, 24.96,
and 28.57 Hz, respectively. The corresponding mode shapes
of Model VI are presented in Figure 4, and the natural
frequencies for the first ten modes of Model VI were found
at 28.57 Hz, 28.61 Hz, 33.79 Hz, 41.13 Hz, 41.22 Hz, 42.60 Hz,
42.71Hz, 43.53 Hz, 48.68 Hz, and 48.69 Hz, respectively.

3.2. Responses to Harmonic Vibration

3.2.1. The Displacement Response. Based on the natural
frequencies and the assumed uniform acceleration of base
excitation within the frequency range between 1 and 50 Hz,
the harmonic responses of the six FE models were computed.
To investigate the responses of the different directions (X-,
Y-, and Z-directions) to the harmonic vibration, the displace-
ment values at the centre of the nucleus (Figure 1) were plotted
in Figure 5 for the different levels of acceleration (0.5g, 1g,
and 2g). The frequency values of the peak displacement
in X-direction for Model I-Model VI are 6.85 Hz, 11.35 Hz,
17.42 Hz, 21.40 Hz, 24.96 Hz, and 28.57 Hz, respectively. The
frequency values of the peak displacement in Y-direction for
Model I-Model VI are 6.88 Hz, 11.38 Hz, 17.46 Hz, 21.44 Hz,
25.00 Hz, and 28.61Hz, respectively. The frequency values
of the peak displacement in Z-direction for Model I-Model
VT are 17.69 Hz, 23.38 Hz, 30.59 Hz, 34.97 Hz, 38.99 Hz, and
43.51 Hz, respectively.

The mode shapes of the FE models at the peak frequency
under 0.5 g acceleration in X-direction, Y-direction, and Z-
direction are presented in Figures 6(a), 6(b), and 6(c), respec-
tively. In addition, the displacement values of the models
under the different levels of base excitation acceleration in X-
direction, Y-direction, and Z-direction are given in Figure 7.
The order of displacement of the centre of the nucleus for
the different acceleration in X-direction, Y-direction, and
Z-direction is 2g > 1g > 0.5g. The order of displacement
of the centre of the nucleus for the different models in X-
direction, Y-direction, and Z-direction is Model I > Model
II > Model ITI > Model IV > Model V > Model VI. The lowest
displacement values of the centre of the nucleus for Model
VI under 0.5 g acceleration in X-direction, Y-direction, and
Z-direction are 0.565 ym, 0.565 ym, and 0.146 um, respec-
tively. The largest displacement values of the centre of the
nucleus under 2 g acceleration in X-, Y-, and Z-direction are
12.749 pm, 12.756 pum, and 2.188 um, respectively.

3.2.2. 'The von Mises Stress and the Strain. In addition, the
von Mises stress values of the centre of the nucleus under the
different levels of base excitation in X-, Y-, and Z-directions
are given in Figure 8. The lowest von Mises stress values of
Model I under 0.5g in X-, Y-, and Z-directions are 1 for all
of them. The order of von Mises stress values of the centre
of the nucleus for the different base excitation in X-, Y-, and
Z-directions is 2g > 1g > 0.5 g. The order of von Mises stress
values of the centre of the nucleus for the different models in
X-, Y-, and Z-directions is Model I > Model II > Model III
> Model IV > Model V > Model V1. The lowest von Mises
stress values of the centre of the nucleus for Model VI under
0.5gin X-, Y-, and Z-directions are 0.145kPa, 0.16 kPa, and
0.094 kPa, respectively. The largest von Mises stress values of



BioMed Research International

28.61 Hz 33.79Hz

28.57Hz

(@ (b) (©)
40.60 Hz 42.71Hz 43.53 Hz

) (® (h)

5
41.13Hz 41.22Hz
Y
Lx
z
(d) (e)
48.68 Hz 48.69 Hz

. ‘ Y
-
Z
® G

FIGURE 4: Mode shapes of the first ten vibration modes for Model VI (from top view). (a) 1st mode at 28.57 Hz; (b) 2nd mode at 28.61 Hz; (¢c)
3rd mode at 33.79 Hz; (d) 4th mode at 41.13 Hz; (e) 5th mode at 41.22 Hz; (f) 6th mode at 42.60 Hz; (g) 7th mode at 42.71 Hz; (h) 8th mode at

43.53 Hz; (i) 9th mode at 48.68 Hz; and (j) 10th mode at 48.69 Hz.

the centre of the nucleus for Model I under 2 gin X-, Y-, and
Z-directions are 3.05kPa, 3.33 kPa, and 1.57 kPa, respectively.

Moreover, the von Mises stress contours of the FE models
under 0.5 g base excitation in Z-direction at the frequency
of 1Hz, peak value, and 80 Hz are shown in Figure 9. The
peak frequency values in Z-direction for Model I-Model
VI are 17.69 Hz, 23.38 Hz, 30.59 Hz, 34.97 Hz, 38.99 Hz, and
43.51 Hz, respectively. The maximum von Mises stress values
of the cell at the peak frequency for Model I-Model VI
under base excitation in Z-direction are 590.4 Pa, 327 Pa,
197.7 Pa, 174.7 Pa, 158.9 Pa, and 129.5 Pa, respectively. At 80 Hz,
the maximum von Mises stress values are 1.229 Pa, 1.255 Pa,
1.363 Pa, 1.675 Pa, 1.99 Pa, and 2.175 Pa, respectively.

Similarly, the strain values of the centre of the nucleus
under the different base excitation in X-, Y-, and Z-directions
are given in Figure 10. The lowest strain values for Model I
under 0.5 g in X-direction, Y-direction, and Z-direction are
1 for all of them. The order of strain values of the centre of
the nucleus for the different base excitation in X-direction,
Y-direction, and Z-direction is 2g > 1g > 0.5g. The order
of strain values of the centre of the nucleus for the different
models in X-, Y-, and Z-directions is Model I > Model II >
Model IIT > Model IV > Model V > Model VI. The lowest
strain values of the centre of the nucleus for Model VI under
0.5g in X-, Y-, and Z-directions are 19095.4, 21096.5, and
14827.6 microstrains, respectively. The largest strain values of
the centre of the nucleus for Model I under 2 g in X-, Y-, and
Z-directions are 401550, 438575, and 252340 microstrains,
respectively.

Furthermore, the strain contours of the 6 FE models
under 0.5 g base excitation in Z-direction at the frequency
of 1Hz, peak value, and 80 Hz are given in Figure 11. The
maximum strain values of the cell for Model I-Model VI in

Z-direction at the peak frequency are 327300, 225700, 101200,
90750, 83890, and 67010 microstrains, respectively. There is a
fluctuation of the maximum strain value of the cell at the peak
frequency. At 80 Hz, the maximum strain values are 680.3,
866, 689.7, 860.1, 1056, and 1128 microstrains, respectively.

3.3. Effects of Cell Height and Bottom Area on Resonance Fre-
quency. The relationships of resonance frequency with cell
height and with bottom area were analysed when the volume
and density of the cell were assumed as constants. The results
are shown in Figures 12(a) and 12(b), respectively. Moreover,
the relationship between frequency and different models was
also analysed and is shown in Figure 12(c). These results
suggest that the resonance frequency depends on cell height
and bottom area. If h (cell height) or s (bottom area)
(Figure 2) is an independent variable, the value f, (resonance
frequency) is the function of & (cell height) or s (bottom area)
and can be expressed through a fitted formula in (5) or (6)
based on the data of Figures 12(a) and 12(b) as follows:

f, = pilogh + p, (log h)2 + p; (log h)3 + Py (5)

where h is the cell height and the values of p; are coeflicients
that are given in Table 3.

f, = pilogs + p, (log 5)2 + p; (log 5)3 + Py (6)

where s is the bottom area and the values of p; are coefficients
that are given in Table 4.

4. Discussion

There have been many previous studies using various mod-
els that were developed to reveal bone cell mechanical
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FIGURE 5: The displacement of the centre of the nucleus versus vibration frequency of osteoblasts. (a) 0.5 g acceleration in X-direction; (b)
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behaviours. Some numerical computational models of cul- a three-dimensional (3D) soft matter cell model was devel-
tured cells have been developed to examine the responses of ~ oped using the multiscale moving contact line theory [31, 34].
cultured cells to various mechanical stimulations. For exam- On the other hand, the finite element (FE) method has been

ple, to study the universal dynamic behaviours of osteoblasts, = more widely used to analyse the biomechanical behaviours
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of osteoblasts or other cell types, using the biorealistic or
idealized cell models. Based on confocal microscopy data, a
3D cell-specific FE model was created to simulate the cel-
lular mechanics tests such as large deformation [35]. For
the idealized FE models, both the continuum model [17,
23, 36] and the tensegrity model [16, 24, 29, 37] have been

developed. Although the above prior studies have made
significant advancements in revealing bone cell mechanical
behaviours, it still remains a great challenge to understand
the mechanisms of biomechanical behaviours of osteoblasts
in response to vibration signals and their characteristics of
deformations under various mechanical stimuli.



BioMed Research International

S, Mises
SNEG (fraction = —1.0)
(avg.: 75%)

S, Mises
SNEG (fraction = —1.0)
(avg.: 75%)

1Hz

S, Mises
SNEG (fraction = —1.0)
(avg.: 75%)

S, Mises
SNEG (fraction = -1.0)
(avg.: 75%)

+6.391e — 09

1Hz

+2.37% — 08
+2.180e — 08
+1.982e — 08
+1.784e - 08
+1.586e — 08
+1.388e — 08
+1.190e — 08
+9.918e - 09
+7.936e — 09
+5.955e — 09
+3.974e - 09
+1.993e - 09
+1.164e — 11

+1.329¢ - 08
+1.219e - 08
+1.108e — 08
+9.972e — 09
+8.865¢ — 09
+7.757e — 09
+6.650e — 09
+5.543e — 09
+4.436e — 09
+3.328e - 09
+2.221e - 09
+1.114e - 09
+6.824e — 12

+7.960e — 09
+7.297e — 09
+6.634e — 09
+5.970e — 09
+5.307e - 09
+4.644e — 09
+3.981e — 09
+3.318¢ - 09
+2.655e — 09
+1.992e - 09
+1.328e — 09
+6.652e — 10
+2.060e — 12

+7.076e — 14

S, Mises
SNEG (fraction = —1.0)
(avg.: 75%)

1Hz +7.076¢ — 14

Model I
S, Mises S, Mises
SNEG (fraction = —1.0) SNEG (fraction = —1.0)
(avg.: 75%) (avg.: 75%)
+5.904e - 07 +1.229% - 09
+5.412e - 07 +1.127e — 09
+4.921e - 07 +1.024e — 09
+4.429% — 07 +9.219 - 10
+3.937e - 07 +8.195e — 10
+3.445e — 07 +7.171e - 10
+2.953e - 07 +6.148¢ — 10
+2.462e — 07 +5.124e - 10
+1.970e - 07 +4.100e — 10
+1.478e — 07 +3.077e — 10
+9.864e — 08 +2.053e - 10
+4.947e — 08 +1.030e — 10
+2.914e - 10 +5.912e - 13
17.69Hz 80 Hz
(a)
Model II
S, Mises S, Mises
SNEG (fraction = —1.0) SNEG (fraction = —1.0)
(avg.: 75%) (avg.: 75%)
+3.270e - 07 +1.255¢ — 09
+2.998¢ — 07 +1.150e — 09
+2.725¢ - 07 +1.046¢ — 09
+2.453¢ - 07 +9.411e - 10
+2.181e - 07 +8.366¢ — 10
+1.908¢ — 07 +7.321e - 10
+1.636e — 07 +6.276¢ — 10
+1.363¢ — 07 +5.231e - 10
+1.091e — 07 +4.186¢ — 10
+8.188¢ — 08 +3.14le — 10
+5.464e — 08 +2.096¢ — 10
+2.741e - 08 +1.051e - 10
+1.725¢ - 10 +6.287¢ — 13
23.38 Hz 80 Hz
®)
Model IIT
S, Mises S, Mises
SNEG (fraction = —1.0) SNEG (fraction = —1.0)
(avg.: 75%) (avg.: 75%)
+1.977¢ - 07 +1.363¢ — 09
+1.813¢ - 07 +1.250e — 09
+1.648¢ — 07 +1.136e — 09
+1.483¢ - 07 +1.023¢ - 09
+1.318¢ — 07 +9.089% — 10
+1.154¢ - 07 +7.954¢ — 10
+9.88% — 08 +6.818¢ — 10
+8.242¢ — 08 +5.682¢ — 10
+6.595¢ — 08 +4.546¢ — 10
+4.947¢ - 08 +3411e - 10
+3.300e — 08 +2275¢ - 10
+1.653¢ - 08 +1.13% - 10
+5.459% — 11 +3.462¢ — 13
30.59 Hz 80 Hz
()
Model IV
S, Mises S, Mises
SNEG (fraction = —1.0) SNEG (fraction = —1.0)
(avg.: 75%) (avg.: 75%)
+1.747e — 07 +1.675e — 09
+1.602e - 07 +1.536e — 09
+1.456e - 07 +1.396e — 09
+1.310e - 07 +1.256e — 09
+1.165e — 07 +1.117e — 09
+1.019e - 07 +9.773e — 10
+8.736e — 08 +8.377e — 10
+7.280e — 08 +6.981e — 10
+5.824e - 08 +5.585¢ — 10
+4.369¢ — 08 +4.18% - 10
s Aoy
+ e— + e -
34.97 Hz +9.890¢ - 12 80 Hz +87382¢ - 14
(d)
Model V
S, Mises S, Mises
SNEG (fraction = —1.0) SNEG (fraction = —1.0)
(avg.: 75%) (avg.: 75%)
+1.589%¢ - 07 +1.990e — 09
+1.457e - 07 +1.824e — 09
+1.325e - 07 +1.658e — 09
+1.192e - 07 +1.492e - 09
+1.060e - 07 +1.327e — 09
+9.272e - 08 +1.161e — 09
+7.947e - 08 +9.94% - 10
+6.623e — 08 +8.291e - 10
+5.298¢ — 08 +6.633e — 10
+3.974e — 08 +4.975e — 10
+2.64% - 08 +3.316e — 10
+1.325e - 08 +1.658e — 10
38.99 Hz +1.675¢ — 12 80 Hz +2.183¢ — 14

(e)

F1GURE 9: Continued.



10 BioMed Research International
Model VI

S, Mises S, Mises S, Mises

SNEG (fraction = -1.0) SNEG (fraction = —1.0) SNEG (fraction = —1.0)

(avg.: 75%) (avg.: 75%) (avg.: 75%)
+5.179% - 09 +1.295e - 07 +2.175e — 09
+4.747e — 09 +1.187e — 07 +1.993¢ - 09
+4.316e — 09 +1.07% - 07 +1.812e — 09
+3.884e — 09 +9.715e — 08 +1.631e — 09
+3.452e - 09 +8.636e — 08 +1.450e — 09
+3.021e - 09 +7.556e — 08 +1.269%¢ - 09
+2.589% - 09 +6.477e — 08 +1.087e — 09
+2.158e - 0 +5.397e — 08 +9.061e — 10
+1.726e - 09 +4.318¢ — 08 +7.24% - 10
+1.295e - 09 +3.238e — 08 +5.437e — 10
+8.631e — 10 +2.15% — 08 +3.624e — 10
+4.316e — 10 +1.079% — 08 +1.812e — 10
+2.134e — 14 +5.170e — 13 +8.914e — 15

1Hz 43.51 Hz

®

FIGURE 9: von Mises stress contours of the different cell models in Z-direction under 0.5 g base excitation. (a) Model I; (b) Model I; (c) Model

III; (d) Model IV; (e) Model V; and (f) Model V1.

TABLE 3: Values of p,.

Independent Coefficient of p; Direction
variable X Y V4
m 852.63  856.51  607.60
h (cell height, ym) P> —874.73 87829 —-628.97
Ps 27597 27704 190.94
Da —234.36 —-235.70 -136.72
TABLE 4: Values of p;,.
Independent Coefficient of p, Direction
variable X Y Z
P -50.63 -55.41 61.23
s (bottom area, Mmz) P, 10.61 1257 -34.011
s 123 096 736
Py 5501 58.90 —29.06

In this present study, to investigate the vibrational
responses of the different shapes of an osteoblast subjected
to vibration of base excitation, six idealized FE models of an
osteoblast were created. Firstly, cell geometry was created and
FE models were developed accordingly. For these models, the
initial volumes of the cell were basically the same and the
densities were constant in the simulation. Secondly, natural
frequency (resonance frequency) of the different models was
extracted by using FE analysis. Then, harmonic vibration of
the osteoblast models was analysed with three different base
excitation acceleration values, namely, 0.5g, 1 g, and 2 g. The
response results were obtained for the harmonic vibration
including displacement, von Mises stress, and strain of the
centre of the nucleus under different acceleration values.
Finally, the effects of cell height and bottom area on resonance
frequency were analysed, and the fitted curves of resonance
frequency versus cell height and resonance frequency versus
bottom area were obtained.

Based on the previous studies, the vibration frequency is
crucial for bone cells to complete the bone resorption and
bone formation [1, 11]. Using the FE cell models developed,

the natural frequency of osteoblasts was predicted in the
current study, with the first ten resonant frequencies of
the cells being in the range ~6.85-48.69 Hz. Previously, the
vibration frequency was selected as 5-100 Hz for in vitro
bone cell studies [5, 9]. Similar natural frequency values
were computed by other FE studies; for example, the first
ten natural frequency values of bone cells were predicted at
~9.95-211.05 Hz for the first ten modes [18] and at ~18.11-
21.05 Hz for the first five modes [19]. In comparison with the
experimental data and FE studies, the natural frequency of
our FE models was within the range in the literatures; the
difference may be caused by some factors in FE modelling, for
example, the density, material property, and spreading shape.
Thus, the FE models developed in the current study can be
validated by the data of the literatures.

In this study, the osteoblast models were assumed as
one-degree-of-freedom vibrational system. The resonance
phenomenon can occur at some natural frequency and can
be observed from vibrational responses like displacement,
von Mises stress, and strain. The cell biomechanical responses
(e.g., displacement, von Mises stress, and strain of the centre
of the nucleus models of osteoblasts) were obtained when
the models were subjected to three different acceleration
values of base excitation vibration (0.5g, 1g, and 2 g). The
current study observed that the resonance frequency does not
change with the acceleration, which suggests that the natural
frequency of the bone cell is determined by the intrinsic
factors and is not affected by the external factors. The current
study has also examined the vibration responses of different
FE models of the bone cell under 0.5g acceleration in X-,
Y-, and Z-directions. It was found that the peak response
frequency is the same with the first mode frequency for the
acceleration in X-direction, and the peak response frequency
is around at the second mode frequency for the acceleration
in Y-direction. While the peak response frequency varies
with the models for the acceleration in Z-direction, the peak
frequency occurs round at the fourth mode frequency for
Model I to Model IV, sixth mode frequency for Model V, and
eighth mode frequency for Model VI. A similar resonance
phenomenon was also found by one previous study [19]; it
found that the resonance of the continuum model of bone
cell occurred at mode 1, mode 2, and mode 3 for X-direction,
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FIGURE 10: The strain value of the centre of nucleus versus frequency of the six different cell models at different levels of acceleration. (a) 0.5 g
acceleration in X-direction; (b) 0.5 g acceleration in Y -direction; (c) 0.5 g acceleration in Z-direction; (d) 1 g acceleration in X-direction; (e)
1g acceleration in Y-direction; (f) 1g acceleration in Z-direction; (g) 2 g acceleration in X-direction; (h) 2 g acceleration in Y-direction; and

(i) 2 g acceleration in Z-direction.

Y-direction, and Z-direction, respectively. Furthermore, it
can be seen from the curves of Figures 6, 9, and 11 that
the response peak values at that frequency are remarkably
larger than those at the rest. Thus, this phenomenon is typical
resonance.

The current study has investigated the displacement, von
Mises stress, and strain responses of bone cell models under
different acceleration values and in different directions. The
results showed that the values of displacement, von Mises
stress, and strain increased with the acceleration. The values

1
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FIGURE 11: Strain contours of the cell in Z-direction under 0.5 g base excitation. (a) Model I; (b) Model II; (c) Model III; (d) Model IV; (e)

Model V; and (f) Model VI.

in Y-direction are slightly larger than those in X-direction,
and the values in Z-direction are smaller than those in X- and
Y-directions. Figure 7 presents the displacement response
of the different models in X-, Y-, and Z-directions under
different acceleration values. Figure 7 further indicates the
effect of the acceleration on the displacement response of
bone cell for the external vibration.

Our FE models also indicate that von Mises stress is
concentrated in the nucleus and strain is basically concen-
trated around the nucleus for the harmonic response under
0.5g acceleration in Z-direction. By comparing Model I
and Model VI at the peak frequency, the maximum von
Mises stress value changed from 590.4Pa (Model I) to
129.5 Pa (Model VI), and the maximum strain value changed
from 327300 microstrains (Model I) to 67010 microstrains
(Model VI). Therefore, the maximum von Mises stress and
the maximum strain values reduce by 78.07% and 78.92%,
respectively. They reduce with the decrease of cell height or
with the increase of bottom area, and thus the cell shape has
a great influence on the harmonic response.

Based on the simulation results analysis, there is a
relationship between resonance frequency and cell height
or between resonance frequency and bottom area. The res-
onance frequency can be expressed as the function of cell
height (h) or bottom area (s) (see (5)). The resonance
frequency is a monotonic decreasing function of cell height
(h) and is a monotonic increasing function of bottom area (s).
In other words, the cell volume and material properties do not
vary and h or s is the independent variable, and the resonance
frequency will decrease with the increase of / or increase with
the increase of s. The resonance frequencies in Z-direction
are much higher than those in X- and Y-direction, and the
resonance frequencies in X-direction and Y-direction are
very close. That is because the bottom areas are assumed as a
circle, and the differences of resonance frequencies between
X- and Y-direction would be larger if the bottom areas are
not circle but an ellipse.

It must be noted that, in this study, the geometry of the
bone cell was assumed to be comprised of three components,
that is, membrane, cytoplasm, and nucleus. In the previous
studies, the tensegrity structure was used to simulate the
fibres of cells like microtubules and microfilaments [29, 37].

In those studies, the nucleus was in the centre of the cell,
and the nucleus and the cell membrane were connected by
the tensegrity structure (microtubules and microfilaments).
However, the effect of microtubules and microfilaments on
the harmonic response was not large [19]. For the present FE
models, membrane, cytoplasm, and nucleus were assumed
to be the linear elastic homogeneous materials. Although
the cell has viscoelastic characteristics, which can lead to
the damping effect, the viscoelastic material property was
ignored in all simulations in this study as the effects of
damping on the osteoblast were found to be small [19].
Furthermore, it is well accepted that the stiffness ratio of
cytoplasm and nucleus of the cell is 1:4 and the elastic
modulus of cell membrane is 1kPa. Further studies using the
nonlinear material property and biorealistic geometries are
being considered in further investigations.

5. Conclusion

In the current study, different osteoblast FE models were
developed and were used to extract the natural frequencies
and to analyse the harmonic responses under different accel-
eration values (0.5 g,1g,and 2 g). It was found that the natural
frequencies do not change with the variation of acceleration
of base excitation. The response values of displacement, von
Mises stress, and strain increase with the increase of accelera-
tion, and the response values in Z-direction are much higher
than those in the other directions (X- and Y-direction).
Moreover, the model simulation predicted that the von Mises
stress is concentrated in the nucleus and strain is basically
concentrated around the nucleus. This study also found that
the resonance frequencies can be a monotonic function of
cell height or bottom area when the cell volume and material
properties are assumed as constants. Therefore, the cell shape
has a great influence on the vibrational characteristics of
the osteoblast. Therefore, the FE simulations of osteoblast
harmonic vibration presented in this study have provided
adequate description of vibrational responses of osteoblasts
in vitro. These findings could be helpful for guiding the in
vitro cell culture biomechanical research and will help in
understanding the deformation of osteoblasts under various
mechanical stimuli.



14

45
40 +
351

30
25
20
15+

Resonance frequency (Hz)

10 +

10 12
Cell height (ym)

16

— Fitted (X-direction) —— Fitted (Z-direction)
Fitted (Y-direction) ° FEM

45

40 +
351
30
25+
20 +

BioMed Research International

20 . - . - - . - -
19.8 _
19.6 ¢ 1

—
o o
SIS

19+ 1

,_.

o

)
L

18.6 | ]
18.4 1
18.2 J

Resonance fréquency (Hz)

18 L L L L L L h L
9.8 9.9 10 10.110.210.310.410.510.6 10.7
Cell height (ym)

—— Fitted (X-direction)
Fitted (Y -direction)

©19.2

—_
o
T

18.8

15 | B l

Resonance frequency (Hz)

okl |

5 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900
Bottom area (umz)

— Fitted (X-direction) —— Fitted (Z-direction)
Fitted (Y-direction) ° FEM

) w 'S
S S S
! L )

Resonance frequency (Hz)
=

(=}
I
—

1I

EEN
ISR

III

ance frequen

ST86}
2184}
Fsal

€S0:.

18 I L 1 L I n
430 440 450 460 470 480 490 500 510
Bottom area ( ymz)

—— Fitted (X-direction)
Fitted (Y -direction)

(®)

v \Y% VI

(c)

FIGURE 12: Resonance frequency responses to the osteoblast models in different directions. (a) Resonance frequency versus cell height; (b)
resonance frequency versus bottom area of the cell; and (c) resonance frequency versus different models.
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