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Abstract
Mechanical loading, such as fluid shear stress (FSS), is regarded as the main factor that regulates the biological responses of 
bone cells. Our previous studies have demonstrated that the RAW264.7 osteoclast precursors migrate toward the low-FSS 
region under the gradient FSS field by a cone-and-plate flow chamber, in which the FSS in the outer region is larger than 
that in the inner region along the radial direction. Whether the FSS distribution on a cell depends on the gradient direction 
of FSS field should be clarified to explain this experimental observation. In this study, the finite element models of the dis-
cretely distributed or closely packed cells adherent on the bottom plate in a cone-and-plate flow chamber were constructed, 
and cells were regarded as compressible isotropic Hookean solid. Results showed that the average FSS of each discretely 
distributed cell at the quarter sector far from the center (SFC) was about 0.1% greater than that at the quarter sector near 
the center (SNC). In the bands with different orientations for a cell, the relative difference between the average FSS in the 
SFC and the SNC becomes smaller with increased band height. For the hexagonal closely packed cells, the relative value 
of SFC and SNC increases with increasing cell spacing. The difference between the local wall FSS in the SFC and the SNC 
may activate mechanosensitive ion channels and further regulate the migration of osteoclast precursors toward the low-FSS 
region under the gradient FSS field.
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1  Introduction

Bone remodeling is an important physiological process char-
acterized by bone formation and absorption. Once subjected 
to mechanical loading, the structure of the bone tissue is 
optimized through the bone remodeling process (George 
et al. 2020, 2018; Giorgio et al. 2020; Robling et al. 2006). 
One key issue in clarifying the mechanism of the mechanical 
loading-induced bone remodeling is to explain the migration 
of osteoclast precursors for the targeting of the sites of bone 
resorption especially around the microdamages within the 
bone matrix. Our previous studies have demonstrated the 

field of the gradient fluid shear stress (FSS) around bone 
microdamages (Gao et al. 2019b). Two types of flow cham-
ber (i.e., cone-and-plate and parallel-plate flow chambers), 
which can apply the gradient FSS on the cells adherent on 
the bottom plate, are constructed (Gao et al. 2019a, b; Ye 
et al. 2019). Experimental results show that the osteoclast 
precursor RAW264.7 cells can sense this gradient FSS and 
migrate toward the region with low FSS (Gao et al. 2019b). 
However, the underlying mechanism of this experimental 
observation has not been clarified.

The parallel-plate flow chamber is commonly used to 
apply the FSS on cells in vitro (McAllister et al. 2000), 
but the prominent disadvantage of this device is its tedious 
operation procedure and high frequency of cell contamina-
tion. The cone-and-plate flow chamber is constructed in our 
laboratory on the basis of a standard 6-well culture plate 
to exert fluid flow on cells for long-term culture (Ye et al. 
2019). By modifying the cone’s generatrix, this device can 
provide FSS as high as 1 or 2 Pa with uniform distribution 
or constant gradient over the majority of the plate. The finite 
element analysis (FEA) shows that for the cone-and-plate 
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flow chamber with the gradient FSS field, the FSS in the 
center of the bottom plate is lower than that in the outer 
region (Gao et al. 2019b). However, whether the distribution 
of the wall FSS on the surface of one cell depends on the 
gradient of FSS remains unknown. Some studies have found 
that the cell migration may be influenced by the intracellular 
calcium distribution but is important to explore whether the 
calcium ion channels in different locations of the cell mem-
brane are activated at different levels through the distribution 
of the FSS on the cell.

In the present study, finite element (FE) models for the 
discretely distributed or closely packed cells on the bottom 
plate are constructed. The FEA is performed on the models 
to investigate the effect of the cell distance on the FSS dis-
tribution on a cell and clarify whether the FSS at different 
locations of the cell depends on the gradient of the FSS field.

2 � Methods

2.1 � Cone‑and‑plate flow chamber

A custom-made cone-and-plate chamber was adopted to 
produce a flow field with the gradient wall FSS. This device 
consisted of motor, cone, and regular 6-well culture plate. 
Each motor was connected to a cone, and the cone’s rotation 
applied shear fluid flow on the cells cultured on the plates. 
The photograph and schematic of the 1-well plate device 
are shown in Fig. 1A and B. The FE meshing for this device 
with five cells placed on the plate along the radical direction 

and that for one of the cells is shown in Fig. 1C and D. The 
motorized rotation of the cone drives the medium in culture 
plate to flow over cells cultured on the plate. The wall FSS 
exerted on the cell was controlled by specifying the cone’s 
rotation speed.

2.2 � Material property of cells

In this study, the hyperelastic model with compressible 
isotropic Hookean material property was adopted for the 
cells with 10 μm in the radius. A simple non-negative strain 
energy density Ws for a compressible isotropic Hookean 
material is proposed here (Attard 2003; Simo and Pister 
1984):

in which Iλ and J are the invariants of stretch tensors. The 
material constants G and Λ are defined by:

In the above expression, E, G, μ, and Λ denote the elastic 
modulus, shear modulus, Poisson’s ratio, and the Lamé con-
stant, respectively. The Poisson’s ratio must be less than 0.5 
and greater than − 1 to guarantee that the strain energy den-
sity is positive for all deformations (Attard 2003). Table 1 
presents the specific material properties for the cells used 
in this study.
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Fig. 1   Cone-and-plate flow 
chamber and FE model. A Cus-
tom-made cone-and-plate flow 
chamber. B Schematic of the 
cone-and-plate flow chamber, 
where h0 is the distance of the 
cone’s tip above the bottom of 
the plate, hc is the height of the 
cone, θ is the angle between the 
cone’s generatrix and the plate, 
ω is the angular velocity of the 
cone (18 rad/s), and R is the 
radius of the well. C Mesh of 
the FE model for the cone-and-
plate flow chamber. D Enlarged 
view of one cell’s mesh
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2.3 � Data analysis considering the secondary flow

The secondary flow of fluid flow should be considered in 
a cone–plate apparatus when the nondimensional Reynold 
number (Re) is between 0.5 and 4.0 (Sdougos et al. 2006). 
The cone-and-plate flow chamber used in this study modi-
fied the cone’s shape. The cone’s generatrix was not as lin-
ear as the traditional cone–plate apparatus. The FEA results 
showed that this may cause secondary flow revealed by the 
streamline around a cell (Fig. 2A). The angle between the 
fitted line and the x axis was about 10°. The FSS contour on 
the cell surface was ellipse-like with an angle of about 10° to 
the x axis (Fig. 2B, C), which was caused by secondary flow. 
The surface of each cell was divided into two parts, whose 
projections at the bottom plate were quarter sectors with 
central lines perpendicular to the actual flow direction, i.e., 
the sector far from the center (SFC) and the sector near the 
center (SNC), to consider the effect of the secondary flow on 
the FSS distribution. In addition, two types of data analysis 
methods, i.e., average FSS values of whole SFC and SNC 
regions and bands with orientations of 30°, 45°, and 60° 
relative to the sphere center, were established (Fig. 2D–G).

2.4 � Numerical simulation

The flow field was numerically simulated using the FEA 
through the COMSOL Multiphysics software. Navier–Stokes 
equations were used to describe the flow behavior of the 
momentum conservation in the cone-and-plate chamber, and 
the fluid was assumed to be viscous and incompressible with 
density (ρ) of 1 × 103 kg/m3 and viscosity of 1 × 10−3 Pa·s. 
The cone’s generatrix was polyline to establish a wall FSS 
field with constant gradient on the plate surface. The radius 
of the polyline point (Rs) was 8 mm, and its vertical distance 
(hs) to the cone’s tip was 0.05 mm. The total radius (Rc) of 
the cone was 16 mm, and its vertical distance (hc) to the 
tip was 0.15 mm. The gap (h0) between the cone’s tip and 
the plate surface was 0.4 mm. The angular velocity of the 
cone was 172 rpm. The radius (R) of a well for the 6-well 
culture plate was 17 mm. The no-slip boundary condition 
was assumed for all rigid surfaces in the model except for 
the cone, and a free-surface boundary condition was used for 
the upper fluid surface within the well. The circular surface 

at the bottom of each cell was identified as a fixed constraint. 
Data analysis was performed using the MATLAB software.

3 � Results

3.1 � Average FSS in the SFC is significantly higher 
than that in the SNC for discretely distributed 
cells

When cells were discretely distributed on the plate along the 
radial direction, FE models were constructed to calculate 
the FSS field on the plate and the cell surface (Fig. 3A). 
The mesh sensitivity test revealed that when the number 
of total elements was bigger than about 1.02 million, the 
calculation of FSS on the cell surface converged (Fig. 3B). 
Therefore, this element number was adopted in all models in 
this study. The wall FSS distribution on the plate displayed a 
linear relationship with the distance to the center and ranged 
from 0.1 to 0.65 Pa (Fig. 3C, D). This finding also indicated 
the existence of a gradient wall FSS field on the plate for a 
cone-and-plate flow chamber. When different numbers of 
cells were radially arranged, the FSS on the top region of the 
cell surface was higher than that close to the adhesion region 
(Fig. 3E, F). For models with 1, 3, or 5 cells, the average 
FSS in the SFC was higher than that in the SNC in most cells 
(Fig. 3G–I). The relative difference was statistically summa-
rized, and almost all values were positive except the #3 cell 
in the second group, indicating that the average FSS in SFC 
was larger than that in the SNC (Fig. 3J). If the secondary 
flow was not considered, all relative values were positive 
(Supplementary Fig. 1A–D). The above results showed that 
the gradient FSS field in the whole plate of a cone-and-plate 
flow chamber led to the gradient distribution of average FSS 
within a cell along the radial direction, i.e., high in SFC and 
low in SNC (abbreviated to HFLN).

3.2 � FSS in the region of a cell close to the adhesion 
substrate reveals high level of HFLN 
for discretely distributed cells

The average values of FSS on the bands with different ori-
entations of 30°, 45°, or 60° in the SFC and the SNC were 
compared to investigate whether different regions along the 
height direction of a cell also had the HFLN phenomenon 
(Fig. 4A–I). The relative values of the average FSS between 
the bands in the SFC and the SNC with the same orientation 
in each cell were obtained (Fig. 4J). Almost all relative values 
were positive, and only the relative value at 60° was nega-
tive, suggesting that the average FSS in the bands in the SFC 
were larger than that in the SNC. In addition, the relative value 
became smaller with increasing band orientation. When the 
section choice did not involve the secondary flow, the average 

Table 1   Parameters used in the FEA

Material property Values for osteoclast precursors

Cell density (ρ, kg/m3) 1100 (Grover et al. 2011)
Poisson’s ratio (μ) 0.3 (McGarry and Prendergast 2004)
Young’s modulus (E, N/m2) 5000 (Xue et al. 2015)
Lamé constant (Λ, N/m2) 2885
Shear modulus (G, N/m2) 1923



1070	 X. Zhang et al.

1 3

FSS of some bands in the SFC were smaller than that in the 
SNC, and the relative value became small or even negative in 
the region close to the top of a cell (Supplementary Fig. 2A–J).

3.3 � HFLN phenomenon is reduced for hexagonal 
closely packed cells approaching each other

The hexagonal closely packed arrangement with two cell 
spacing was constructed in different locations along the radial 

direction to study the effect of neighboring cells on the FSS 
field on the surface of a cell (Fig. 5A). Only central cells were 
analyzed, and their meshes were refined to maintain the com-
putation accuracy (Fig. 5B). Results showed that the FSS dis-
tribution on the cell surface also revealed higher level on the 
top than that close to the adhesion substrate (Fig. 5C). Except 
two cases, most central cells still revealed the HFLN phenom-
enon (Fig. 5D–F). The statistical results of the average FSS in 
the SFC and the SNC showed that most relative values were 

Fig. 2   Effect of the secondary 
flow on the FEA. A Streamline 
flowing around a cell. The green 
line is obtained by linearly 
fitting the black dots. B The 
contour map of FSS on the cell 
surface is ellipse-like with a 
certain angle to the x axis. C A 
contour ellipse labeled with a 
red dash line is fitted with the 
FSS contour with 0.32 Pa. The 
angle between the short axis of 
the fitted ellipse and the y axis 
is about 10°. Two types of data 
analysis methods are introduced 
in D and E. D Surface of one 
cell divided into two sectors 
with ± 45° relative to the x axis. 
Gray parts of the SFC and the 
SNC are used to calculate the 
average FSS. When considering 
the direction of the second-
ary flow, the above sectors are 
rotated anticlockwise by 10° 
and labeled by red dotted lines, 
which are used in most cases 
in this study. E Bands on the 
cell surface with three orienta-
tions, i.e., 30°, 45°, and 60°, 
shown in red lines in the SFC 
and in green lines in the SNC. 
Top views of the bands with 
different orientations in the sec-
tors considering F with and G 
without the secondary flow
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positive. If the effect of the secondary flow was not considered, 
all relative values were positive (Supplementary Fig. 3A–D). 
The results in the bands with different orientations for central 
cells showed that the average FSS on the top was smaller than 
that close to the adhesion substrate (Fig. 6A–J). Statistical 
results indicated that almost all relative values were positive 

and that only one relative value was negative, suggesting that 
the HFLN phenomenon occurred in most locations around 
a cell (Fig. 6J and Supplementary Fig. 4A–J). Three kinds 
of patterning models were constructed to study the effect of 
different cell spacing values on the relative value of the FSS 
on the cell surface (Fig. 7A). When the distance between 

Fig. 3   Average FSS in the SFC and the SNC on discretely distributed 
cells along the radial direction. A Schematic of five cells arranged 
along the radial direction. B Mesh dependency analysis. The one 
quarter circle in each cell is divided into 26 segments. C Wall FSS on 
the cell surface. D Average wall FSS at different distances away from 
the center and linearly fitted by the dotted red line (goodness of fitting 

= 0.99207). E Top and F side views of FSS on the cell surface. G–I 
Average FSS in the SFC and the SNC in a cell when 1, 3, or 5 cells 
are placed on the plate along the radial direction. J Relative average 
FSS between the SFC and the SNC. The positive relative value repre-
sents that the FSS on the cell surface in the SFC is larger than that in 
the SNC, whereas the positive relative value is the opposite
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Fig. 4   Average FSS within the 
bands with different orientations 
in the SFC and the SNC on 
discretely distributed cells. A–I 
Average FSS within the bands 
with different orientations in the 
SFC and the SNC in a cell when 
1, 3, or 5 cells are placed on the 
plate along the radial direction. 
J Relative average FSS within 
the bands between the SFC and 
the SNC
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adjacent cells decreased to 0, the relative value of central 
cells significantly decreased, indicating that the HFLN was 
reduced (Fig. 7B, C). If the effect of the secondary flow was 
not considered, the relative values of the FSS in the central 
cells became negative when the cells in a location were placed 
together without spacing (Fig. 7D, E).

4 � Discussion

This study aims to explain our previous experimental 
observation that osteoclast precursors move toward the 
low-FSS area in the gradient FSS field, evidently deviating 

Fig. 5   Average FSS in the 
SFC and the SNC on hex-
agonal closely packed cells. A 
Schematic of five cell groups 
arranged along the radial direc-
tion. Central cells are repre-
sented by a purple solid circle. 
B Mesh division of one group, 
in which the mesh of central 
cell is refined. C FSS map on 
the cell surface for a cell group. 
D–F Average FSS in the SFC 
and the SNC in 1, 3, and 5 cell 
groups. G Relative average FSS 
between the SFC and the SNC
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Fig. 6   Average FSS within 
bands with different orientations 
in the SFC and the SNC on hex-
agonal closely packed cells. A–I 
Average FSS within the bands 
with different orientations in the 
SFC and the SNC in 1, 3, and 5 
cell groups. J Relative average 
FSS within the bands between 
the SFC and the SNC
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Fig. 7   Effect of cell spacing on the relative FSS in the SFC and the 
SNC on hexagonal closely packed cells. A Schematic of hexagonal 
closely packed cells with different cell spacing. Relative average FSS 
(B) in the SFC and the SNC on hexagonal closely packed cells with 

different cell spacing when considering the secondary flow and C 
within bands. Relative average FSS (D) in the SFC and the SNC on 
hexagonal closely packed cells with different cell spacing when the 
secondary flow is not considered and E within bands
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from the direction of the actual fluid flow. The custom-
made cone-and-plate flow chamber is mimicked using the 
FEA to construct the gradient FSS field, and hyperelastic 
cells are discretely distributed or hexagonal closely packed 
on the plate with the gradient FSS. The local FSS on the 
surface of one cell along the radial direction is computed 
to reveal whether its intracellular distribution is relevant 
to the whole FSS distribution on the plate.

The cone–plate configuration has been extensively used 
in many studies. Cox have obtained the uniform FSS field 
through the rotation of a cone with linear generatrix (Cox 
1962). A novel cone-and-plate flow chamber with truncated 
generatrix is previously designed, and the FSS field on the 
plate in this new flow chamber can be controlled compared 
with that in the traditional system. This cone-and-plate flow 
chamber is adopted to construct the gradient FSS field and 
discover that osteoclast precursors move toward the low-FSS 
region on the plate in this flow chamber (Gao et al. 2019b). 
The microfluidic technology is also adopted to construct the 
gradient FSS field, demonstrating that tumor cells prefer to 
adhere and grow in a curved vessel with the gradient FSS 
field by activating increased adhesion ligands (Yan et al. 
2012).

Several arrangements of cells on the plate are investigated 
in this study. First, 1, 3, or 5 cells are arranged discretely 
along the radial direction to mimic the FSS field on the cell 
surface when no intercellular interaction of flow field is pre-
sent. Interestingly, most cases have an average FSS in the 
SFC larger than that in the SNC, indicating that the whole-
gradient FSS field can cause the gradient FSS distribution 
in one cell, i.e., so-called HFLN phenomenon. However, 
some cells with average FSS value in the SFC bands are 
smaller than those in the SNC bands, which may be due to 
computation error. In addition, the hexagonal closely packed 
arrangements with different intercellular spacing values are 
applied to clarify whether the central cells in one location 
have the HFLN phenomenon. Results show that when neigh-
boring cells approach central cells, the HFLN distribution of 
the FSS on central cells is reduced and finally disappears for 
zero spacing. These results are consistent with our experi-
mental observation that the migration toward the low-FSS 
region only occurs for the discretely distributed osteoclast 
precursors.

This gradient FSS-induced HFLN intracellular FSS dis-
tribution may be used to explain the migration of osteo-
clast precursors toward the low-FSS region under the gra-
dient FSS field. Some previous studies have found that 
the cytosolic calcium concentration is mediated by the 
fluid flow through mechanosensitive ion channels, such 
as transient receptor potential channels or Piezo channels 
(Li et al. 2012, 2014, 2018; Liu et al. 2014; Yoshikawa 
et al. 1997). In addition, the gradient distribution of intra-
cellular calcium ions regulates the orientation of the cell 

migration by mediating adhesion molecules (Boudot et al. 
2010; Ishii et al. 2010; Koizumi et al. 2009; Wheal et al. 
2014). However, whether the calcium ion channels in dif-
ferent locations of the cell membrane are activated by the 
gradient FSS on the cell surface remains unknown and 
should be clarified in the future.

Many mechanical models of living cells have been estab-
lished depending on the cell types or the status to be studied. 
For example, the cortical shell–liquid core (or liquid drop) 
models are applied to the suspended cell (Evans and Kukan 
1984). The solid model is generally used for adherent cells 
(Bilodeau 1992; Petersen et al. 1982; Shin and Athanasiou 
1999). The power–law structural damping model is suited 
for studying the dynamic behavior of adherent cells (Alcaraz 
et al. 2003; Fabry et al. 2001; Mahaffy et al. 2000; Maksym 
et al. 2000). The biphasic model is widely used to study 
musculoskeletal cells (Guilak and Mow 2000; Shieh and 
Athanasiou 2002, 2003). Compared with other models, the 
most significant feature of the solid model is that the entire 
cell is usually assumed to be homogeneous, in which the 
proposed materials include the incompressible elastic solid 
or the viscoelastic solid. The elastic model is a simplifi-
cation of the viscoelastic model, in which the time factor 
is neglected and extensively used in experiments, such as 
micropipette aspiration, atomic force microscope indenta-
tion, cytoindenter, and magnetic bead twisting cytometry 
(Bilodeau 1992; Mijailovich et al. 2002; Petersen et al. 1982; 
Shin and Athanasiou 1999; Theret et al. 1988). Several types 
of cells, including endothelial cells, osteoblasts, and chon-
drocytes, have been suggested to exhibit the viscoelastic 
behavior (Guilak and Mow 2000; Jones et al. 1999; Koay 
et al. 2003; Theret et al. 1988). In the present study, the 
hyperelastic model with compressible isotropic Hookean 
material is adopted for the cells, which is simple but accu-
rately describes the mechanical properties of cells in good 
agreement with AFM experimental data (Sebastian et al. 
2020).

In summary, the FEA results in this study show that the 
gradient FSS field leads to the intracellularly gradient FSS 
distribution on the cell surface and that the decreased cell 
spacing reduces this phenomenon. The difference of local 
FSS on the cell surface under the gradient FSS field may 
be the fundamental reason for the migration of osteoclast 
precursors toward the low-FSS region.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10237-​022-​01574-5.
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