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Response analysis of primary cilia of the cell to the oscillatory fluid flow by using

fluid-structure interaction method
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ABSTRACT: Primary cilia is appendage that extrudes from cell surface into the extracellular matrix.
These organelles play a sensor role for mechanical stimulation in the cell and due to stretch ion channels
in its base, play critical role in inducing osteogenic differentiation of stem cells. Primary cilia deflected
under fluid flow passing through the surface of the cell, which deflection causes tensile ion channels
to be opened. In this study, cilia is assumed as linear elastic. The innovative aspect of this research is
exerting oscillatory fluid flow to the primary cilia and evaluating the response of cilia to the fluid flow.
The results show that under conditions of exerting the oscillatory fluid flow, maximum strain occurs in
the base of the cilia which experienced by tensile ion channels, is 0.5 and in the condition of steady flow
is 0.3, accordingly, mechanical stimuli are sensed by the tensile ionic channels during oscillatory flow
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higher than steady flow. Osteogenic differentiation of stem cells, in addition, the result showed that by

using the oscillatory fluid flow the mechanical stimulation better senses by cilia and it is anticipated that
exerting oscillatory fluid flow facilitate osteogenic differentiation of stem cell.

Mechanotransduction
Cell mechanics

Fluid-structure interaction.

1- Introduction

Cilia is appendage that extrudes from the cell surface to
the extracellular region [1]. This organelle is present in all
mammalian cells and is divided into two categories of motile
and primary cilia in the body [2, 3], motile cilia are known as
the cause of movement in some cells, including respiratory
cells. While the primary cilia act as sensors of fluid flow,
pressure and vibration in the body [1, 3].

In the models performed [2, 4, 5] to study the response
of the primary cilia to the fluid flow, a steady flow has been
used, while laboratory observations show that the primary
cilia have critical role in differentiating mesenchymal stem
cells to bone cells in response to oscillatory fluid flow [6].
Because TRPV4-type of tensile activated ion channels,
which play the role of receiving mechanical stimulation and
osteogenic induction, are located at the base of the cilia [7].

In the previous studies [2, 4, 5], steady fluid flow is used
to evaluate the response of cilia to the fluid flow, but in this
study, three dimensional model of cilia is generated and the
response of it to the oscillatory fluid flow is evaluated. In this
modeling, to justify different movements of the cilia a two-
dimensional elastic layer is used at the base of the cilia.

2- Materials and Methods

In this study, a rectangular cube with a height of 7 um, a
length of 9 pm and a width of 6 pm was used to model the
fluid domain. A cylinder with a diameter of 200 nm and a
height of 4 um is used for modeling of cilia and on top of this
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cylinder a hemisphere with a radius of 0.1 pm was modeled
as the head of the cilia. The cilia connect to the surface of
the fluid domain by a fillet with a radius of 0.1 pm and two-
dimensional elastic layer was used to connect the base of the
cilia to the surface of the channel. (Fig.1)

The equations used for the incompressible oscillatory
fluid flow are solved time-dependently. The governing
equations include the momentum conservation equation
(Navier-Stokes) and the continuity equation, which are given
in Egs. (1) and (2), respectively [2].
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which p is the fluid density, uFluid is the fluid velocity
vector, t is the time, p is the pressure, I is the unit tensor and
u the fluid viscosity.

2- 1- Solid Domain

In this research, a linear elastic model has been used for
the solid domain [11]. Accordingly, the equations of isotropic
linear elastic material were used as follows [10]:
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where v is the Poisson’s ratio and xSolid is the displacement
of the solid domain. The basic boundary conditions of the cilia,
which use the elastic layer constraint, are as follows [10]:

n =_k (xSolid _xO)O- (4)

where k is the spring constant.

In the finite element numerical simulations, a
computational grid must be used to solve the problem. In this
research, COMSOL software version 5.3 was used in which
the computational network was created by the software itself.
The proposed model has narrow areas in some parts and
deformation and stress distribution in those areas are of great
research importance. For this reason, manual computational
grid is used and small elements are applied in narrow areas to
increase computational accuracy.

3- Results and Discussion

As shown in Fig. 2, most of the stress changes occur at
the base of the cilia, and most of the cilia under the fluid flow
experience small von Miss stress. Observations have shown
that TRPV4-type of activate ion channels are located at the
base of the cilia [12]. Accordingly, to investigate the strain
distribution at the base of the cilia at a time interval of t =0.25
s, where the highest amount of displacement occurred at the
tip of the cilia, strain distribution at different heights in the
base of the cilia has been investigated (Fig. 2).

Experimental studies [12] have shown that TRPV4-type
ion channels, which play an important role in the osteogenic
induction process of stem cells, are located in the areas where
the most strain occurs. As shown in Fig. 2. most strain occurs
in the ciliary base membrane. Therefore, it can be concluded
that TRPV4 tensile activated ion channels are located in the
ciliary membrane, which is consistent with the experimental
observations of Praetorius et al. [13].
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Fig. 1. Complete view of the model
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Comparing the strain distribution at the base of the cilia
under the influence of oscillatory and steady fluid flow
showed that magnitude of strain created at the base of the
cilia under oscillatory flow is higher than the steady fluid flow
condition. By increasing the strain around the membrane of
cilia, mechanical stimulation is sensed better by cilia [10].
Accordingly, it is predicted that the use of oscillatory fluid
flow is more efficient than steady fluid flow in activating
these channels and inducing osteogenic differentiation.

In the research of Rydholm et al. [4], a viscoelastic
layer was used on the ciliary membrane and the cilia were
attached to the surface of the channel by cantilever constraint.
Comparing results of this study with the model of Rydholm et
al. [4] showed that von Mess stress in both models are in the
range of kPa and the difference between the results is due to
differences in the geometry of the two models.

4- Conclusions

In this study, the cilia were examined under oscillatory
fluid flow. The innovative aspect of this study is the evaluation
response of cilia to the oscillatory fluid flow, which has been
neglected in previous studies. In this research, the method of
fluid-structure interaction has been used to investigate the
response of the cilia to the fluid flow. The results show that
the starch active ion channels when exposed to oscillatory
fluid experience more strain than the steady-state flow
pattern. Accordingly, mechanical stimulation by starch active
ion channels is sensed better and the osteogenic induction
process is facilitated.
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Fig. 2. (A) response of cilia to the fluid flow. Strain distribution

at cilia base under oscillatory flow in height of b) 0.03 pm, c) 0.05
pm and d) 0.07pm
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Table. 1 Independency of the solution from the computational grid
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Fig. 5. Maximum stress in cilia versus stiffness of the elastic layer in logarithmic scale
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Fig. 6. Maximum stress in the cilia versus stiffness of the elastic layer
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Table. 2. The response of Cilia to the oscillatory flow at different times
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Table. 3. The effect of fillet radius on cilia’s response to fluid flow
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Fig. 10. View of base of cilia with fillet radius of 0.02 pm
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