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Fluid flow in blood vessels or interstitial fluid flow within tissue cavities plays important roles in tissue re-
generation. One of the fundamental issues for in vitro study of the effects of fluid shear stress (FSS) on cells is the
development of a flow chamber that can provide a controlled FSS field. In this study, we developed a novel cone-
and-plate flow chamber based on viscometry technology, in which the cone's shape was optimized to produce a
uniform wall FSS field on the surface of a standard six-well cell culture plate. By using a FSS finite element
method, the effects of different geometric parameters of cone and plate, viscosity coefficient of fluid, and angular
velocity on wall FSS at the bottom surface of the culture plate were investigated. Results of the simulation
demonstrated that the cone with polyline or truncated generatrix (TG) could produce wall FSS as high as 1 or
2 Pa with uniform distribution, in which the area of the identical region for the cone with TG accounts for more
than 69% of the total area. In addition, with the cone in close proximity to the plate surface, a gap distance of
0.1 mm can produce a uniform FSS field with a magnitude as high as 2Pa over the majority of the plate.
Furthermore, particle image velocimetry was utilized to measure the distribution of wall FSS, through which the
numerical simulation results were experimentally demonstrated. This study presents a powerful new device for

in vitro fluid flow loading at the cellular level.

1. Introduction

Fluid flow is one of the vital mechanical factors regulating the
biological behaviors of blood cells, such as adhesion, migration, pro-
liferation, and differentiation. For example, wall fluid shear stress
(FSS), which is caused by the flow of blood against the endothelial cells
of the blood vessel, plays an important role in regulating blood coa-
gulation, vasomotor tone, and endothelial-immune cell interactions
[1]. Additionally, FSS has been demonstrated to promote osteogenic
lineage commitment of mesenchymal stem cells to further stimulate
bone formation or repair [2]. The in vivo fluid flow in blood vessels or
within bone cavities is very difficult to observe [3,4], thus developing in
vitro loading devices to exert and observe fluid flow on cells is neces-
sary.

One of the most commonly used devices to simulate FSS is the
parallel-plate flow chamber. It is a traditional loading device that
produces shear stress on the substrate, with the fluid flow driven by a
peristaltic pump. This equipment has been extensively used to observe
the biological responses of various kinds of cells [5,6,7]. The ad-
vantages of a parallel-plate flow chamber include its convenient

application under a microscope and the ability to accurately control
wall FSS on cells. However, this device may not be suitable in experi-
ments where long-term fluid loading is required due to its tedious op-
erational procedures and high occurrence of cell contamination [8].
The cone-and-plate viscometer has been used to conduct rheological
measurements on non-Newtonian liquids since the 1930s [9]. This in-
strument consists of a rotating cone with a narrow angle in close
proximity to a stationary flat plate. According to fluid mechanics, the
shear rate between the cone and the plate is constant at any given ro-
tational speed, as the primary flow moves along the circumferential
direction. The secondary flow phenomenon, i.e., the radial component
of motion in the cone-and-plate flow, was first observed by Cox using a
dye-visualization technique [10]. When the cone-and-plate system was
utilized to study the effects of FSS on adherent endothelial cells, nu-
merical analysis by finite element method (FEM) showed a minimal
region on the plate with a uniform FSS distribution, where FSS was
almost constant [11]. Recently, Spruell and Baker developed a high-
throughput cone-and-plate system of rotating cone-tipped shafts in a
standard 96-well culture plate [12]. Numerical simulation was used to
investigate the effects of changing the angular velocity and the gap
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Fig. 1. Cone-and-plate flow chamber for applying FSS on a standard six-well culture plate. (A) Image of the cone-and-plate device. (B-D) Schematic diagram of LG,
PG and TG with one-well plate, respectively. (E) A typical image of fluorescent bead's trajectory. (F) The chart showing the location of the fluorescent bead (red dot)
during PIV measurement. (G) Side-view mesh and (H) bottom-view mesh of the FEM model.

distance between the cone and the base of the well. It was observed that
when the gap distance was larger than 1pum, FSS displayed a linear
distribution along the radial direction and no constant-FSS region was
apparent.

Various computational approaches have been applied in order to
understand the impact of such devices on overall cell growth. However,
these models cannot provide a comprehensive perspective regarding
the system dynamics, due to the limitations inherent of the underlying
approaches. A novel multi-paradigm modeling platform capable of si-
mulating the bidirectional relationship between cells and their micro-
environment has also been demonstrated [13], and Massai et al. de-
veloped a versatile bioreactor suitable for suspension cell culture under
tunable FSSconditions [13,14].

In this study, we designed a new cone-and-plate flow chamber in a
standard six-well culture plate. One significant difference between our
device and those previously mentioned is that the cone's generatrix is
non-linear. We conducted numerical simulation to optimize the

geometric parameters, such as the generatrix shape, gap distance, and
cone angle; and also the physical parameters, such as viscosity coeffi-
cient and angular velocity. Finally, we conducted an experiment based
on particle image velocimetry (PIV) method to validate the distribution
of the wall FSS. This newly-designed device may be suitable for ex-
posing cells in a flow field with uniform FSS in a physiological en-
vironment.

2. Methods
2.1. Device design

A cone-and-plate device that can be used with a standard six-well
culture plate was designed (Fig. 1A), in which six motors were mounted
with a polymethyl methacrylate cover and driven to rotate by a motor
controller. Each motor was connected to a cone, and the cone's rotation
applied shear fluid flow on the cells cultured on the plates. The
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Fig. 2. The effects of geometric parameters on wall FSS profiles. Angular velocity of the cone is 31 rad/s. (A-C) FSS profiles for cone angle of 4°, 15°, and 45°,
respectively. (D, E) FSS profiles for gap distances of 1.0 and 2.0 mm, respectively. (F) The relationship between FSS and the distance to center.

Table 1

The parameters of LG for numerical simulation and PIV measurements.

No. Angular  Viscosity  Gap Cone Numerical ~ PIV measurement
velocity (mPa s) distance angle simulation
(rad/s) (mm) ©

1 31 1 0.1 45 v v

2 31 1 0.1 15 v v

3 31 1 0.1 4 v -

4 50 1 0.1 45 v v

5 100 1 0.1 45 v -

6 31 5 0.1 45 v -

7 31 10 0.1 45 v -

8 18 1 0.1 0.6 v -

9 31 1 1 45 v v

10 31 1 2 45 v

schematic diagrams of LG, PG and TG in a one-well plate are shown in
Fig. 1B, 1C and 1D, respectively. The radii of the plate and the cone
were kept at constant values of 17 mm and 16 mm throughout this
study, respectively. For the cone's generatrix, three types of shape
parameters were adopted: linear generatrix (LG, Ry =0, R.= 0),
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polyline generatrix (PG, Rs # 0, R. = 0), and truncated generatrix (TG,
Rs = R.#0). The geometric parameters to be optimized included cone
angle a and gap distance hy between the cone tip and the plate.

2.2. PIV measurement

To obtain the wall FSS at a different location under varying condi-
tions, PIV was adopted in the present study. PIV is an optical method of
flow visualization, used to measure flow direction and the velocity of
suspended particles in the fluid. Carboxylate-modified polystyrene
fluorescent red particles with 0.4-0.6 um in diameter were used (Sigma-
Aldrich, USA). Initially, 2 mL water was infused into a six-well culture
plate, and 2.5 pL fluorescent particles solution was then added and
mixed. The particles in the focal plane with 50 um away from the plate
surface were observed (Fig. 1E). The exposure duration is 30 ms and the
trajectory of particles was recorded under the excitation light of
515-560 nm in wavelength (Fig. 1F). The trajectory length was mea-
sured and then the velocity was calculated by dividing the length by
30 ms. As the density of particles is about 1.045 x 10° kg/m®, which is
similar to water, the measured velocity of fluorescent particles can be
assumed to be the local velocity of the fluid. Finally, the wall FSS was
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Fig. 3. The effects of physical parameters on wall FSS profiles. (A, B) FSS profiles for angular velocity of 50 and 100 rad/s, respectively, as well as (C) the relationship
between FSS and the distance to center. (D, E) FSS profiles for viscosity coefficient of 5 and 10 mPa-s, respectively, and (F) the relationship between FSS and the

distance to the center.

computed by dividing the local velocity with the distance of 50 um.

2.3. Numerical simulation

The flow field was numerically simulated by FEM using the
COMSOL Multiphysics software. The Navier-Stokes equations were
used to define the flow behavior of viscous fluids. The incompressible
flow of a Newtonian fluid was assumed with constant density p. The
physical parameters to be optimized included viscosity coefficient  and
angular velocity w. The mesh of the FEM model is shown in Fig. 1G and
1H. Tetrahedron mesh was used in this model and 100,000 elements
were adopted. To obtain accurate flow field on the bottom surface, we
defined three boundary layers. No-slip boundary condition was as-
sumed for all rigid surfaces in the model, and an open boundary con-
dition was used for the upper fluid surface within the well. Sliding wall
boundary condition was used for the rotating cone. For steady flow, we
solved the equations using an iterative method, and the convergence
was identified when the relative tolerance was less than 0.001. MA-
TLAB and Origin software were used for data processing.

2.4. Steady flow case

For the case of steady flow, in the numerical simulations for opti-
mizing the parameters, we adopted the Reynolds number as defined by
Sdougos et al. for a cone-and-plate chamber without gap distance [15],

_ RPwa?
12v

Re

@

where R is the radius of the cone-and-plate chamber and v is the ki-
nematic viscosity (v = /p). The study demonstrated that laminar flow
was observed in the cone-and-plate system with no gap distance when
Re < 0.5 but turbulence was observed when Re > 4. In our study, the
Reynolds number used range from 0.03 to 2100. When the case is non-
convergent and the residual error is more than 0.001, we used k-w
turbulent model and GEMRS solution to compute, otherwise the la-
minar flow model was adopted.

The azimuthal turbulence intensities were introduced to indicate
the flow case [16],

11
I=; g(u3+u§)

@

143



C. Yeetal
A LG, ®=18 rad/s
Wall FSS (Pa)

20 41.20
10 1.00
0.80
L ‘10.60
-10 10.40
0.20

-20
=20 -10 O 10 2070.00

C PG, ®=35 rad/s
Wall FSS (Pa)
20 a2.74
.50
19 i

2.00
0 1.50
1.00

-10
.50

-20
=20 -10 O 10 2070.00

Computers in Biology and Medicine 106 (2019) 140-148

B PG, ®=18 rad/s
Wall FSS (Pa)
20 41.20
10 1.00
0.80
0 10.60
-10 .40
.20
-20
-20 -10 0 10 2070.00
D AR,
Num Shape |—|—,
37— LG, 18 rad/s Exp
— PG, 18rad/s ——
— PG, 35rad/s
= 2
&
)
@
=
51
=
i }

10 15
Distance to center (mm)

20

Fig. 4. FSS profile for PG cone compared with LG cone. (A) FSS profiles for LG cone with an angular velocity of 18 rad/s. (B, C) FSS profile for PG cone with angular
velocities of 18 and 35 rad/s, respectively. (D) The relationship between FSS and the distance to the center.

Table 2

The parameters of PG for numerical simulation and PIV measurements (hy = 0.1 mm).

No. Angular velocity (rad/s) Viscosity (mPa-s) Cone angle (°) Numerical simulation PIV measurement
1 0.1 18 1 v v
2 0.1 35 1 "4 -

where u is the total velocity in the cone-plate system, and u, and u, are
radial and axial velocity respectively.
FSS is calculated according to the following equation,

dv

T=n—
77dz

3

We need to first calculate the shear strain rate y = dv/dz along the z
direction close to the plate surface based on numerical simulation re-
sults, and then FSS was obtained by multiplying with the viscosity
coefficient.

3. Results

3.1. Geometric and physical parameters of LG have different effects on FSS
distribution

First, we considered the effects of geometric parameters on FSS
distribution for the cone with LG. Three different cone angles of 45°,
15°, and 4° and three different gap distances of 0.1 mm, 1 mm, and
2mm were applied. During the numerical simulation, the viscosity
coefficient was 1 mPa-s, and the angular velocity was 31rad/s. The
simulation results showed that for gap distance hy = 0.1 mm, and cone
angle was 45° (Fig. 2C), a relatively uniform profile of FSS was apparent
in most regions of the plate compared with the other two tests where
different cone angles were used (Fig. 2A and B), but its value dropped to
zero at the center (Fig. 2F). The peak value of FSS corresponding to the
tests shown in Fig. 2C-E was approximately 0.5Pa. When the cone
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angles were reduced to 15° or 4°, the FSS distribution along the radial
direction was not time-invariant, and the maximum value increased to
1.06 or 2.21 Pa, respectively. For the tests where the cone angle was
maintained constant at 45°, together with the increase of gap distance,
the difference between the profiles of FSS distribution was negligible
(Fig. 2C-F). As flow study at the cellular level usually requires high FSS
values such as 1-2 Pa in most regions of the plate, the current geometric
parameters with linear cone generatrix did not meet the requirements
of a biological experiment. PIV measurements were adopted to validate
the simulation results with cone angles of 45° or 15°, and a gap distance
of 0.1 or 1.0 mm, respectively. The experimental and numerical simu-
lation results gave a similar distribution of wall FSS, i.e. the larger cone
angle increased the FSS level but led to non-uniform FSS distribution
along the radial direction (Fig. 2F). The parameters for numerical si-
mulation and PIV measurement are shown in Table 1.

We next examined the effects of physical parameters, such as an-
gular velocity and viscosity, on FSS distribution for the case of LG
(Fig. 3). During this numerical simulation, the gap distance and cone
angle were set at 0.1 mm and 45°, respectively. When the viscosity
coefficient was set as a constant value of 1 mPa:-s, three different an-
gular velocities of 31rad/s, 50rad/s, and 100rad/s were adopted
(Figs. 2C, 3A and 3B, and 3C). The results showed that along with the
increase in angular velocity, the peak value of FSS improved from
0.53 Pa to 2.57 Pa, but uniform FSS profile only occurred at low angular
velocity of 31 rad/s. The PIV result for 50 rad/s showed a similar dis-
tribution of wall FSS with the corresponding numerical result (Fig. 3C).
For the case with constant angular velocity of 31 rad/s, along with the



C. Yeet al

A R =1mm
Wall FSS (Pa)
20 41.20
1.80
10 1.60
1.40
1.20
0 1.00
0.80
-10 0.60
40
.20
-20
20 -10 0 10 2070.00
() R =5mm
Wall FSS (Pa)
20 .1.20
1.80
10 1.60
1.40
1.20
0 1.00
0.80
-10 0.60
.40
.20
20l ==
20 -10 0 10 2070.00
E R =5mm
Velocity (cm/s)
20 YY" A 1 .00
el
Ll Io.so
0 0.60
0.40
-10 0.20
0.00
220
20 -10 o0 10 207000

Computers in Biology and Medicine 106 (2019) 140-148

B R =3mm
Wall FSS (Pa)
20 a1.20
1.80
10 1.60
1.40
1.20
° 1.00
0.80
-10 0.60
0.40
.20
-20
=20 -10 O 10 2070.00
SR
1 ;e Num R, Exp
—— 3 mm
_— ——Smm ——
£ ™~
wn
A -
=
= 06 ;
z
0.0 T - . ,
0 5 10 15 20
Distance to center (mm)
F R =5mm
Pressure (Pa)
20 h12.60
12.60
10 |11.20
9.80
8.40
0 7.00
5.60
o 4.20
0 |2.80
1.40
=20 ”0.00

=20 -10 O 10 20
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increase of viscosity coefficient from 1 mPa-s to 10 mPa-s (Figs. 2C, 3D
and 3E and 3F), the peak value of FSS increased to 0.82Pa, but its
profile was not radially uniform. Therefore, for the case of LG, adjusting
only the physical parameters of angular velocity or viscosity will not
change the FSS value, nor will it produce a uniform distribution.

3.2. The shape of the cone's generatrix for PG or TG significantly influences
the region with uniform FSS distribution

To broaden the region with uniform FSS distribution and improve
the FSS value, the cone with PG was adopted, in which R; = 8 mm and
h; = 0.05mm (Fig. 4). During the numerical simulation, parameters
hp=0.1mm, h = 0.2mm, ® = 18rad/s, and n = 1 mPas were used.
The results showed that compared with LG, PG broaden the region of
the FSS distribution uniform and increases the size, from 8.0 mm to
14.8 mm relative to the center, with the value of FSS at the uniform
region 1Pa (Fig. 4A, B, and 4D). Furthermore, after angular velocity
was increased to 35rad/s, the corresponding FSS was enhanced up to
2Pa (Fig. 4C and D). Moreover, PIV experimental results for angular
velocity of 18 rad/s showed that FSS distribution in most region has a
similar tendency with numerical simulation but displayed more fluc-
tuation. Furthermore, the FSS level in different locations obtained by

PIV measurement is slightly lower than that predicted by FE calcula-
tion. The parameters for numerical simulation and PIV measurement
are shown in Table 2.

The shape of the cone's generatrix was then changed into TG, with
h = 0.2mm (Fig. 5). During the numerical simulation, parameters were
defined as hy = 0.1 mm, @ = 18rad/s, and n = 1 mPa-s. The numerical
results indicated that with the increase of R, value, the region with
uniform FSS was significantly enlarged from 5mm to 15mm, and its
value was also improved to 1 Pa. The fluctuation of FSS distribution was
increased in the outer region of the circular plate, especially for higher
R, value (Fig. 5A-D). The wall FSS measured by PIV for R. = 5mm
increased along with the distance to the center in the region of 0-6 mm
and then displayed a fluctuation feature relative to 1 Pa with about 20%
difference (Fig. 5D). The distribution of velocity at 10 um away from
the plate revealed a distinct uniform velocity in the region of
R.=5-15mm (Fig. 5E), which should be driven by the constant
pressure gradient (Fig. 5F).

3.3. Geometric or physical parameters in TG have different influences on
FSS and secondary flow

The effects of gap distance and angular velocity on FSS for the TG
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Table 3
The parameters of TG for numerical simulation and PIV measurements.

No. Gap distance (mm) Angular Velocity (rad/s) Viscosity (mPa s) Truncated radius (mm) Numerical simulation PIV measurement
1 0.1 18 1 1 v -
2 0.1 18 1 3 v -
3 0.1 18 1 5 v v
4 0.2 18 1 5 v -
5 0.5 18 1 5 v -
6 0.1 35 1 5 v -

cone was investigated (Fig. 6). During the numerical simulation,
parameters used were © = 18rad/s, = 1mPa-s, and h = 0.2 mm.
Results showed that the decrease in gap distance increased the mag-
nitude of wall FSS. With a gap distance of 0.1 mm, FSS distributed
uniformly in a wide region of 5-15 mm along a radial direction, and the
magnitude of FSS was 1 Pa. This finding means that the cone needs to
be close enough to the plate surface for the fluid between the cone and
the plate to be easily driven to flow. With a high angular velocity of
35rad/s, the magnitude of FSS reached up to 2Pa in the region of
5-15mm and the tendency was similar to the results for 18 rad/s. For
TG, this region ranged from 5um to 15pm radially, with the area
covering 69% of the total area of the bottom surface. For PG, this
percentage was only 54%. The parameters for numerical simulation and
PIV measurement are shown in Table 3.

For the LG cone with high or low cone angle and angular velocity,
and for the optimized PG and TG cones, the flow direction at different
locations on the bottom surface is shown in Fig. 7A-D, indicating the
occurrence of secondary flow. The average angle of secondary flow for
LG was 1.2°-4.7°, which is considerably higher than that of PG and TG.
Therefore, TG with larger R. of 5mm is beneficial in reducing the
secondary flow (Fig. 7E). We then computed azimuthal turbulence in-
tensity with different cone angles, angular velocities and cone type
(Fig. 7F). For the LG cone with w = 100rad/s, @ = 45° (h = 16 mm),
the average azimuthal turbulence intensity is about 0.1, and for the LG
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with @ = 18rad/s, h = 0.2 mm as well as for the PG with @ = 18 rad/s,
the average azimuthal turbulence intensity is about 0.01, which is
significantly lower than LG with high angular velocity and cone angle.
For the TG with w = 18rad/s, R. = 5 mm, the average azimuthal tur-
bulence intensity is the least among these cones, suggesting that this
particular type of cone is beneficial for the reduction of turbulence and
providing optimized flow field.

4. Discussion

We constructed a novel cone-and-plate flow chamber based on a
standard six-well cell culture plate. The cover with cones and motors
was placed on the six-well plate, forming a flow chamber between the
cone and the plate. According to traditional fluid mechanics theory, the
wall FSS on the plate is constant if there is no gap distance and well
boundary existed for the cone with LG. Therefore, the cone-and-plate
configuration is suitable for exposing cells cultured on the plate to a
uniform and controlled FSS for long-term investigation. Several at-
tempts have been made with this type of device, and the corresponding
numerical simulations showed only a minimal region with uniform FSS
distribution was formed [11,12]. However, the study of cell mechanics
requires a vast region of uniform FSS flow field to ensure that all cells
are exposed to the same mechanical environment. In addition, as
physiological FSS values are within 0.1-3Pa [17], a flow chamber
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Fig. 7. Secondary flow and turbulence intensity for different types of cones at 10 um away from the bottom surface. (A, B) For LG with different cone height h and
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15 mm, respectively. (C, D) Velocity vectors for PG and TG, respectively. (E, F) The relationship between the angle of secondary flow and the azimuthal turbulence

intensity with the distance to the center.

should be able to provide enough FSS stimulation on the cells. In this
study, we numerically and experimentally investigated the effects of
geometric and physical parameters on wall FSS, and optimize them so
as to construct a uniform FSS field in an extensive region with suffi-
ciently high magnitude.

First, a traditional cone-and-plate configuration with LG was in-
vestigated in this study. The numerical results showed that a large cone
angle of 45° and a small angular velocity of 31 rad/s could form a gently
varied FSS field but with a relatively low magnitude of approximately
0.2-0.4 Pa, which could not meet the requirement of cell mechanics
experiment (Figs. 2F, 3C and 3F). To increase the magnitude of FSS,
angular velocity or viscosity coefficient had to be increased, while the
cone angle had to be decreased. In the experiments of hemodynamics or
blood rheology, dextran is usually used to increase the viscosity of a
solution without influencing the biological behaviors of cells [18]. In
these cases, however, distinct gradient distribution of FSS along the
radial direction will be produced. In previous studies on cone-and-plate,
the numerical simulation also demonstrated difficulty in constructing

an extensive region with a uniform FSS [11,12]. When a very tiny gap
distance down to 1 um was applied, a uniform FSS region could form,
and its magnitude even reached 5Pa [12]. However, for a mechanical
device, making and retaining such a minute distance between the cone's
tip and the plate surface is extremely difficult. Therefore, we had to find
an alternative way to solve this problem.

In the current study, two types of cones with PG and TG were used.
Our results demonstrated that both were able to produce a uniform FSS
distribution, although the region with uniform FSS for TG was con-
siderably larger than the one for PG (Figs. 4D and 5D). More im-
portantly, the magnitude of wall FSS in the uniform region for TG was
1Pa or 2Paat different angular velocities of 18 rad/s or 35rad/s, re-
spectively, as well as a gap distance of 0.1 mm, demonstrating that this
device is suitable to be used. This modification of TG or PG resulted in a
large radius of the cone's surface, i.e., with higher linear velocity, thus
the plate surface is in closer proximity to the cone compared to that
with a small radius. Therefore, the fluid between the cone and the plate
surface was quickly driven to flow. Additionally, as FSS distribution
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was sensitive to gap distance, the vertical location of the cone should be
accurately controlled during experiments.

The secondary flow phenomena in a cone-and-plate system was
discovered previously [10]. Some theoretical studies demonstrated that
at a sufficiently low shear rate, the secondary flow was negligible, and
the primary flow along the circumferential direction provided an ex-
cellent approximation to the flow [19,20]. Another study revealed that
the case of secondary flow should be dependent on a precise defined
Reynolds number Re = pR*wa?/(121) , or Re = pwh?/(12n) if the cone
angle is very minute (see Eq. (1)) [15]. The type of flow was found to be
a laminar flow when Re was lower than 0.5, and secondary flow would
occur when Re > 0.5. Furthermore, turbulence was found for Re > 4.
According to this definition of Re, for the cases with high angular ve-
locity, low viscosity, and especially high cone height, the Reynolds
number in the present study may be as large as 2.1 x 10° for the LG
cone, thus turbulence might cause high fluctuation of wall FSS dis-
tribution (Figs. 2F, 3C and 3F). For the newly designed PG and TG
cones, the cones' height was reduced to 0.2 mm, and the distance be-
tween the cones' surface location with high linear velocity and the plate
surface was also decreased. In these cases, the Reynolds number was
less than 0.1, such that the fluid flow could be treated as a laminar flow;
thus, the wall FSS distribution produced was uniform (Figs. 5D and 6D).

In conclusion, a new cone-and-plate flow chamber with TG was
designed in this study. The results of numerical simulation and PIV
measurement showed that the region with uniform wall FSS on the
plate was significantly larger than that of the traditional cone-and-plate
system with LG. Moreover, the magnitude of FSS in the cone-and-plate
flow chamber with TG was markedly higher than that for the conven-
tional method system. Thus, considering that this device can be easily
used with a standard six-well culture plate, it should become a powerful
tool for in vitro experiment of cell mechanics.
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