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Abstract. Organ-on-a-chip allows dynamic microenvironment of the actual organ to be 
simulated in vitro. In this study, the CFD simulation is used to investigate the behaviors of 
fluid flow and shear stress due to the effect of a transversely deforming membrane caused 
by the cyclic deformation of the microchannel sidewalls in a gut-on-a-chip device. The 
result reveals that the shear stress varies linearly along the length of the microchannel. The 
average shear stress per cycle is approximately three times greater than that of the 
stationary microchannel. The amplitude and frequency of the cyclic deformation also 
significantly affect the flow and shear stress behaviors. The highly dynamic shear stress in 
the gut-on-a-chip device could be one of the major factors that makes this kind of device 
more viable than the traditional static cell culture. 
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1. Introduction 
 
Organs-on-chips are microfluidic devices that allow 

recreation of key physiological functions of organs [1]–[3] 
such as lung [4], intestine (gut) [5], liver [6], kidney [7], or 
even multiple organ systems such as intestine-liver [8], 
blood-brain [9], intestine-liver-skin-kidney [10], and other 
combinations of organs [11]–[16]. The features that most 
organs-on-chips devices have in common are the 
microchannels that are separated by the porous 
membrane where the cells of interest are cultured upon. 
The microchannels are perfused with a liquid medium in 
order to mimic the dynamic environment of nutrient 
flow and blood circulation. In some advanced devices, 
the cell culture can be further stimulated by exerting the 
cyclic deformation on the membrane, where cells are 
adhered to, in order to mimic the peristalsis motion of 
the actual organ [4], [5], [17]–[19]. 

Among these organs, the intestine is the major 
absorption site for foods as well as drugs taken orally [20], 
which is the most preferred route of administration [21]. 
Kim et. al. (2012) was the first group who developed a 
gut-on-a-chip device, which was able to closely replicate 
the behavior and features of human intestine, using the 
Caco-2 cells. The keys for this accomplishment are the 
shear stress caused by fluid flow within the device’s 
microchannels, at the volume flow rate of 30 µL/h that 
generates the shear stress of 0.02 dyne/cm2, together 
with the cyclic mechanical strain on the membrane due 
to its deformation, which is equal to 10% at the 
frequency of 0.15 Hz [5]. Previous studies confirmed that 
the intestinal cells cultured in the dynamic environment 
of gut-on-a-chip devices rapidly developed and exhibited 
better characteristic, compared to the conventional static 
cell culture models [22]–[25]. The shear stress of 0.02 
dyne/cm2 has become widely accepted as the optimal 
value to maintain in the gut-on-a-chip applications during 
the differentiation and polarization stages of the Caco-2 
cells [26], even though the underlying mechanism is still 
not fully discovered and not clearly understood until this 
day [27]. It is also believed that the effect of membrane 
cyclic deformation on the fluid flow is negligible due to 
the low frequency of periodically deforming membrane 
and the small size of microchannels [28]. However, the 
shear stress is a function of the flow velocity, the fluid 
viscosity and the geometry of the flow passage [29]–[31]. 
This means that even though the fluid flows into the 
device at a constant flow rate, if the geometry of the flow 
passage changes, the shear stress will change accordingly. 
The characteristic of Caco-2 cells was reported by Delon 
et al. (2019) to change differently depending on the shear 
stress ranges from 0.01 to 0.03 dyne/cm2. The study was 
carried out using the microchannel that was narrower on 
one side and wider on the other side to generate the 
shear stress that varied linearly along the length of 
microchannel [32]. However, so far there has been no 
detailed study on the behaviors of flow and shear stress 
within the gut-on-a-chip device, especially when 

subjected to the cyclic deformation of the membrane and 
microchannels. 

In this study, the temporal and spatial behaviors of 
the shear stress in the gut-on-a-chip device subjected to 
the cyclic deformation in the transverse direction are 
investigated using the CFD simulation. The goal is to 
establish the understanding of the flow pattern as well as 
the shear stress characteristic within the device, which 
might be the key factors that make this dynamic gut-on-
a-chip model superior to the traditional static models, so 
that it will be beneficial for researchers who are 
interested in the gut-on-a-chip as well as other organs-
on-chips applications. 
 

2. Materials and Methods 
 

2.1. Governing Equations 
 
In order to study the flow and shear stress behaviors 

in the gut-on-a-chip device, ANSYS Fluent Academic 
version 2019R3 is used to perform the CFD simulation. 
The flow is governed by the continuity equation and the 
Navier-Stokes equations as follows: 
 

 ∇ ∙ �⃑⃑� = 0 (1) 
 

 
∂�⃑⃑� 

∂t
+ (�⃑⃑� ∙ ∇)�⃑⃑� = −

1

ρ
∇P + ν∇2�⃑⃑�  (2) 

 

where �⃑⃑�  is the velocity vector, t is the time, ρ is the fluid 

density, P  is the pressure and ν  is the fluid kinematic 
viscosity. 

The shear stress, τw, is the stress due to the shear 
force of the fluid flow acting on the surface of interest in 
the direction parallel to the flow which can be described 
as 

 

 τw = μ
∂u

∂y
|
y=0

 (3) 

 

where μ is the fluid dynamic viscosity. 
In case of flow in a rectangular microchannel, a 

simplified equation for calculating shear stress can be 
expressed [33]–[35] as 

 

 τw =
6μQ

WH2 (4) 

 

where  Q  is the volume flow rate, W  is the width of 

microchannel and H  is the height of microchannel. 
However, the shear stress from Eq. (4) is the average 
shear stress over a cross section of microchannel at any 
given volume flowrate. For this reason, it is only used to 
determine the fluid dynamic viscosity in this study. In 
order to determine the local shear stress, especially when 
the microchannel deforms and the flow is disturbed, Eq. 
(3) is more appropriate and therefore is used to calculate 
the shear stress in this study. 
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The problem is solved by the finite volume method, 
using the transient pressure-based solver for laminar flow 
since the fluid density is constant and the Reynolds 

number in this problem is very low, i.e. Re ≈ 0.016 , 
which can be calculated from 

 

 Re =
ρUDh

μ
 (5) 

 

where U  is the mean flow velocity and Dh  is the 
hydraulic diameter of the flow passage. 

 
2.2. Discretization Schemes 

 
The pressure and velocity are coupled using the 

SIMPLE algorithm, which employs the continuity 
equation, i.e. Eq. (1), to ensure that the mass is conserved 
throughout the calculation. The algorithm was originally 
developed by Patankar and his colleagues in 1970s [36]. 
The discretization schemes for both temporal and spatial 
derivatives in the Navier-Stokes equations, i.e. Eq. (2), 
used in this study are explained as follows: 

Let ϕ be a general scalar variable. The second-order 
implicit time integration scheme is used for the 
calculation of temporal derivatives as 

 

 
∂ϕ

∂t
=

3ϕM+1−4ϕM+ϕM−1

2Δt
 (6) 

 
where the subscript M+1 is the value at the next time 
step, the subscript M is the value at the current time step, 
the subscript M-1 is the value at the previous time step 

and Δt is the size of time step. 
For spatial derivatives, there are typically three terms 

in the Navier-Stokes equations to be considered: the 
convection term, the pressure term and the diffusion 
term. For the convection term, the value of a quantity at 

the control volume surface, ϕf , is calculated using the 
second-order upwind differencing scheme as 

 

 ϕf = ϕup + ∇ϕup ∙ r up (7) 

 

where ϕup is the value in the upstream control volume, 

∇ϕup is the gradient of the quantity ϕup in the upstream 

control volume and r up is the displacement vector from 

the upstream control volume to the control volume 
surface that is being calculated. 

For the pressure-gradient and diffusion terms, the 

second-order central differencing scheme is used and ϕf 
is calculated by 

 

 ϕf =
1

2
(ϕca

+ ϕcb
) +

1

2
(∇ϕca

∙ r ca
+ ∇ϕcb

∙ r cb
) (8) 

 

where ϕca
and ϕcb

 are the values in the control volumes 

on both sides of the surface, ∇ϕca
and ∇ϕcb

 are the 

gradients of ϕca
and ϕcb

respectively, r ca
is the 

displacement vector from the control volume “a” to the 

surface that is being calculated and r cb
is the 

displacement vector from the control volume “b” to the 
same surface. 

The variable ϕ in Eq. (6) – Eq. (8) can be the x-
velocity, the y-velocity, the z-velocity or the pressure 
depending on what is being calculated at that moment. 
Furthermore, the gradient terms in Eq. (7) and Eq. (8) 
are evaluated using the least squares cell-based method 

which assumes a linear variation of ϕ  between the 
control volume of interest and its neighboring control 

volumes. In order to determine the gradient of ϕ in the 

control volume, (∇ϕ)c0
, a linear system of equations is 

solved in a least squares manner as follows: 
 

 [J](∇ϕ)c0
= [Δϕi] (9) 

 

where J  is the coefficient matrix depending on the 

geometry of the control volumes and Δϕi is the matrix 

containing the difference of ϕ  between the control 
volume of interest and each neighboring control volume 
[37]. 
 
2.3. Domain, Boundary Conditions and Case 

Studies 
 
The device prototype has two identical main 

microchannels, each of which has the height of 150 µm 
and the width of 1,000 µm, separated by a 30-µm-thick 
membrane. The upper and lower microchannels together 
with the membrane in the middle are positioned between 
two vacuum chambers on both sides. When the pressure 
in vacuum chambers is reduced, the membrane as a 
common wall of both upper and lower microchannels is 
stretched in the transverse direction to the main flow as 
shown in Fig. 1. 

 

 
Fig. 1. Device prototype fabricated with PDMS and the 
illustration of the cell culture area within the device. The 
main microchannels are shown in blue (upper) and 
orange (lower). Two vacuum chambers are shown in 
green (far left and far right). The white arrows indicate 
the main flow direction and the black arrows indicate the 
deforming direction. 
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In this study, only a quarter of the upper 
microchannel is considered as a simulation domain 
because it is symmetrical in both y and z directions. The 
symmetry boundary condition is imposed on the xy-
plane (yellow), which is located in the middle of the 
upper microchannel, as well as the top surface at y = H 
= 75 µm, which is located at the half-height of the upper 
microchannel. The bottom surface (grey), where the cells 
are cultured, is specified as the no-slip wall condition. 
The side surface (blue) is also specified as the no-slip wall 
condition but is subjected to the oscillation movement in 
the z-direction where its original position is located at z 
= W = 500 µm. The inlet and outlet are located at x = 0 
and x = L = 1 cm respectively, as shown in Fig. 2. 

 

 
Fig. 2. The simulation domain with its reflection at the 
xy-plane. The red lines indicate the plot locations for 
shear stress. 

 
It is assumed that the sidewall moves and oscillates 

as a rigid body and its motion is modeled using the 
dynamic mesh user-defined function (UDF) as described 
by Eq. (10) for its displacement and Eq. (11) for its 
velocity [38]. 

 

 SD(t) =
1

2
ε (1 − cos(2πf ∙ t)) (10) 

 

 SV(t) =
πfε sin(2πf∙t)

max(
dSD(t)

dt
)

 (11) 

 

where ε is the mechanical strain and f is the frequency of 
cyclic deformation. The temporal behaviors of the 
displacement and velocity of the sidewall during a 
deformation cycle are shown in Fig. 3.  
 

 
Fig. 3. Plots of sidewall displacement and velocity during 

a deformation cycle with ε = 10% and f = 0.15 Hz. 
 
The simulation is performed for five different cases 

using the same domain as shown previously in Fig. 2. In 

this study, the fluid density is 997.0 kg/m3, which is equal 
to that of water at 37°C [39], and the dynamic viscosity is 
9.0×10-4 Pa·s which is calculated from Eq. (4) with the 
parameters reported in Kim et al. (2012). The different 
boundary conditions are used in different cases as 
summarized in Table 1. Case A serves as the reference 
case where only the fluid flow is present without domain 
deformation. Case B is the contrast where the main flow 
is absent while the domain deforms according to the 
prescribed motion of the sidewall. Case C is what actually 
happens in the device where both the main flow and the 
domain deformation are present. Cases D and E are 
considered to further investigate the flow and shear 
stress behaviors in the device by doubling the mechanical 
strain and frequency from Case C respectively. 
 
Table 1. Summary of boundary conditions used in 
different cases in this study. 
 

Case A B C D E 

Main 
flow 

Yes No Yes Yes Yes 

Inlet 
BC* 

Q = 
7.5 

µL/h 

P = 
0 

 Pa 

Q = 
7.5 

µL/h 

Q = 
7.5 

µL/h 

Q = 
7.5 

µL/h 

Outlet 
BC 

P = 0 Pa 

Side 
wall 

motion 
No Yes Yes Yes Yes 

𝛆 - 10% 10% 20% 10% 

𝐟 - 
0.15 
Hz 

0.15 
Hz 

0.15 
Hz 

0.30 
Hz 

*The volume flow rate of 7.5 µL/h in this study is 
equivalent to 30 µL/h as reported in Kim et al. (2012) 

 

The area-weighted average shear stress, τw , at the 
bottom surface in each case is computed by 

 

 τw =
∑ (τwi

∙Ai)
n
i=1

∑ (Ai)
n
i=1

 (12) 

 
where n is the number of control volumes at the bottom 

surface, τwi
 is the shear stress of each control volume at 

the bottom surface, calculated from Eq. (3), and Ai is the 
surface area of each individual control volume at the 
bottom surface. 

For Cases B – E, which are time-dependent, Eq. (12) 

is used to compute τw  at every time point in the 

simulation and, when each cycle is complete, τw is used 
to compute the time-averaged shear stress as 

 

 τw̿̿̿̿ =
1

T
∑ [

(τwj+τwj−1)

2
∙ Δt]N

j=1  (13) 

 

where N is the number of time steps in a cycle, τwj and 

τwj−1  are calculated from Eq. (12) at the current and 
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previous time points respectively, Δt is the size of time 

step and T = 1/f. The area-weighted average equivalent 

volume flow rates, Qo, and the time-averaged equivalent 

volume flow rates, Qo
̿̿̿̿ , at the outlet are calculated in the 

same manner. 
 

3. Grid-independent Analysis and Time-step-
size Verification 
 
The grid-independent study is carried out in Case C 

using three different grid levels as shown in Table 2. The 

representative grid size, Δs , of each grid level is 
calculated by  

 

 Δs = (
ΔV

n
)

1

3
 (13) 

 

where ΔV  is the domain volume and n is the total 
number of control volumes in the domain. The initial 

size of the time step, Δtinit, is calculated based on the 
CFL convergence condition [40] as 

 

 Δtinit =
Δs

U
 (14) 

 

where U = 55.5556 µm/s in this study. 
 
Table 2. Summary of different grid levels in this study. 
 

Grid level Coarse Medium Fine 

𝚫𝐕 (µm3) 3.75×108 

Directional 
grid size 

𝚫𝐱 
(µm) 

200 100 50 

𝚫𝐲 
(µm) 

15 10 5 

𝚫𝐳 
(µm) 

15 10 5 

n  8,500 40,000 300,000 

𝚫𝐬 35.3349 21.0858 10.7722 

𝚫𝐭𝐢𝐧𝐢𝐭 0.6360 0.3796 0.1939 

 
The size of the initial time step in Table 2 is then 

adjusted such that when multiplied by the number of 
time steps per cycle, N, the resulting multiplication is 
always equal to the cycle time period, T. The smaller 
sizes of the time step are also used together with their 
corresponding number of time steps per cycle, as 
summarized in Table 3, to further observe any change 
that may happen. The simulation is performed for at 
least three cycles to ensure that the results are converged. 

In order to find the optimum grid level and size of 

time step to be used in this study, first, the smallest Δt of 

those adjusted from Δtinit , i.e. Δt = 0.1111 s, is used in 
the preliminary simulation for all three grid levels. Then, 
the area-weighted average shear stress at the bottom 

surface, τw , and the area-weighted average equivalent 

volume flow rate at the outlet, Qo, are plotted as shown 
in Fig. 4 and Fig. 5 respectively. 

 
Table 3. The size of time step and the number of time 
steps per cycle used in the grid-independent study. 
 

Cycle time 
period,  
T (s) 

Size of time step,  

Δt (s) 
Number of time 

steps per cycle, N 

6.6667 

0.6667* 10 

0.3333* 20 

0.1111* 60 

0.0556 120 

0.0185 360 

*Adjusted from Δtinit in Table 2. 
 

 
Fig. 4. Plots of the area-weighted average shear stress at 
the bottom surface in each cycle, using three different 

grid levels with Δt = 0.1111 s. 
 

 
Fig. 5. Plots of the area-weighted average equivalent 
volume flow rate at the outlet in each cycle, using three 

different grid levels with Δt = 0.1111 s. 
 

It can be seen from Fig. 4 that there appears a sharp 
peak in the shear stress at the beginning of cycle-1 on all 
three grid levels. This is due to the initialization of the 
solver which requires some iterations before the solutions 
become smooth. The solution from the same grid level in 
each cycle is plotted on top of each other to make it 
easier to observe any variation between cycles. The 
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equivalent volumetric flow rate in Fig. 5 exhibits similar 
behavior in the first cycle, even though the peak is so 
small that it is almost unnoticeable.  

In both Fig. 4 and Fig. 5, the results from cycle-2 
and cycle-3 are aligned perfectly which indicate that three 
cycles are sufficient for the simulation. The time-averaged 

shear stresses, τw̿̿̿̿ , and equivalent volume flow rates, Qo
̿̿̿̿ , 

for each grid level are summarized in Table 4 along with 
the relative errors between two consecutive grid levels. 
 
Table 4. The time-averaged shear stresses and 
equivalent volume flow rates in three different grid levels 

with Δt = 0.1111 s. 
 

Grid level Coarse Medium Fine 

τw̿̿̿̿  
(dyne/cm2) 

0.0601 0.0590 0.0583 

%Error - 1.7523% 1.2123% 

Qo
̿̿̿̿  

(µL/h) 
30.1807 30.1827 30.1833 

%Error - 0.0066% 0.0021% 

 
The medium grid is thus used to verify the size of 

the time step by performing additional simulations with 

two smaller time step sizes in order to calculate τw̿̿̿̿  and Q̿  
as summarized in Table 5. 

 
Table 5. The time-averaged shear stresses and 
equivalent volume flow rates in medium grid level with 
different sizes of time step. 
 

𝚫𝐭 (s) 0.1111 0.0556 0.0185 

τw̿̿̿̿  
(dyne/cm2) 

0.0590 0.0589 0.0586 

%Error - 0.1370% 0.5558% 

Qo
̿̿̿̿  

(µL/h) 
30.1827 30.0464 30.0051 

%Error - 0.4515% 0.1375% 

 
From grid-independent analysis and time-step-size 

verification, it is confirmed that the medium grid with Δt 
= 0.0556 s and three cycles of the sidewall deformation 
are sufficient to obtain the converged solution for this 
study. 

 

4. Results and Discussion 
 

4.1. Primary Flow in the Stationary Microchannel 
 

In Case A, a constant flow rate in the stationary 
microchannel produces the very smooth flow pattern and 
uniformly distributed shear stress throughout the 
microchannel as can be seen by the streamlines and 
velocity vectors in Fig. 6 and the contour of shear stress 
in Fig. 7. Moreover, the shear stress profiles at four 

different locations, i.e. along the AE, BB⸍, CC⸍ and DD⸍ 

lines, are shown in Fig. 8 to better visualize the shear 
stress distribution in this case. 

 

 
Fig. 6. Streamlines (colorized) and velocity vectors 
(black) at the top surface in Case A. 

 

 
Fig. 7. Contour of shear stress at the bottom surface in 
Case A. 

 

 
Fig. 8. Plots of shear stress in Case A at four different 

locations: (a) AE line, (b) BB⸍ line, (c) CC⸍ line and (d) 

DD⸍ line. The plot locations are shown in Fig. 2. 
 
The leftmost areas of Fig. 6 and Fig. 7 are affected 

by the fixed inlet boundary condition. This effect is also 
visible in Fig. 8(a) where small numerical oscillation can 
be seen at x/L < 0.1. This is due to the insufficiently fine 
mesh locally near the inlet in this case. However, the 
mesh is used regardless of this numerical oscillation in 
order to preserve the uniformity and consistency of the 
meshes in all cases. This effect should not be taken into 
account when interpreting the results in this case. 

The profiles of shear stress in Fig. 8(b), (c) and (d) 
are identical because there is no disturbance in the flow 
field. The shear stress at the center of the microchannel, 
i.e. |z/W| ≤ 0.5, is not affected by the sidewalls and the 
magnitude is equal to 0.0229 dyne/cm2. However, the 
wall shear stress in the outer region, i.e. 0.5 < |z/W| ≤ 
1.0, drastically decreases as approaching the sidewalls. 
The further analysis of the shear stress in this region 
reveals that the difference between the maximum and 
local shear stresses is an exponential function of the 

dimensionless transverse distance, τw,max − τw =

A𝑒B|z W⁄ | where A = 5×10-7 and B = 10.606, as can be 
seen in Fig. 9. At |z/W| = 1.0, the shear stress is 0.0036 
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dyne/cm2, which is approximately 6 times lower than 
that at the center. The area-weighted average shear stress 

on the bottom surface, τw , is 0.0210 dyne/cm2 in this 
case.  

 

 
Fig. 9 Plot of the difference between maximum and local 
shear stresses at 0.5 < |z/W| ≤ 1.0 in Case A. 

 
4.2. Secondary Flow due to the Deforming Surfaces 

 
The flow in Case B occurs solely because of the 

motion of the sidewalls, which expand and contract as a 
function of time. The fluid is drawn toward the center of 
the device when the sidewalls are expanding and then 
squeezed through both ends of the device when the 
sidewalls are contracting. In order to visualize the flow 
field and shear stress distribution in this case, the 
streamline and velocity vectors are shown in Fig. 10 and 
the contour of shear stress is shown in Fig. 11 at nine 
different time points in a deformation cycle. The top and 
bottom horizontal lines shown in magenta indicate the 
original positions of the sidewalls.  

 

 
Fig. 10 Streamlines (colorized) and velocity vectors 
(black) at the top surface in Case B at nine different time 
points (a – i) during a deformation cycle. 

 
Fig. 11 Contours of shear stress at the bottom surface in 
Case B at nine different time points (a – i) during a 
deformation cycle. 

 
The oscillating movement of the sidewalls in the 

transverse direction induces the symmetrical flow pattern 
as can be seen by the streamlines in Fig. 10. The farther 
the position away from the center of the device, the 
higher the flow velocity and hence the greater the shear 
stress compared to that at the center as can be seen by 
the contours in Fig. 11. It should be noted that, at the 
same position of the sidewalls during a deformation cycle, 
the distribution of shear stress is not identical. This can 
be seen clearly in Fig. 11(d) and (f) where the sidewalls 
are at 75% of the maximum deformation in both figures 
but the former is during the expansion while the latter is 
during the contraction. The other pairs, i.e. Fig. 11(c) and 
(g) as well as Fig. 11(b) and (h), are also different from 
each other but less noticeable. The shear stress profiles 

along the AE, BB⸍, CC⸍ and DD⸍ lines are shown in Fig. 
12 – Fig. 15 respectively for detailed analysis. 

 

 
Fig. 12. Plots of shear stress in Case B along the AE line 
at nine different time points (a – i) during a deformation 
cycle. 
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Fig. 13. Plots of shear stress in Case B along the BB⸍ line 
at nine different time points (a – i) during a deformation 
cycle. 
 

 
Fig. 14. Plots of shear stress in Case B along the CC⸍ line 
at nine different time points (a – i) during a deformation 
cycle. 
 

 
Fig. 15. Plots of shear stress in Case B along the DD⸍ 
line at nine different time points (a – i) during a 
deformation cycle. 

 
The observation of the shear stress profiles at 

different positions and time points leads to the deeper 
understanding of the shear stress behavior due to the 
membrane deformation, especially when the sidewalls are 
expanding and contracting.  

In Fig. 12, the shear stress has the V-shape profiles, 
which indicate the linear relationship between the shear 
stress and the position along the AE line. The local shear 
stress due to the flow induced by the transverse 
deformation can reach up to 0.0881 dyne/cm2 as can be 
seen at time point c during the expansion and at time 
point g during the contraction, when the sidewalls move 
at the maximum velocity.  

In Fig. 13, the distribution of shear stress along the 

BB⸍ line is relatively constant in the center area where 
|z/W| ≤ 0.5 and the shear stress gradually decreases 
where 0.5 < |z/W| ≤ 0.95. The shear stress increases 
again when |z/W| > 0.95 because the flow starts to 
change the direction from parallel to perpendicular to the 
bottom surface in this area.  

In Fig. 14, the shear stress has the U-shape profiles, 
which share similarity between the profiles in Fig. 12 and 
Fig. 13. The profiles have the linear variation where 

|z/W| ≤ 0.85 which is similar to those in Fig. 12 
although the magnitude of shear stress in Fig. 14 is much 

lower because the velocity along the CC⸍ line is almost 
zero. When |z/W| > 0.85, the wall shear stress abruptly 
increases due to the deviation of the flow direction, 
similar to those in Fig. 13.  

In Fig. 15, the shear stress profiles are identical to 
those in Fig. 13, except that the flow is in the opposite 
direction.  

Additionally, it should be noted here that the shear 
stress is zero across the domain when the sidewalls are at 
the original position (time point a and i) and at the 
maximum deformation (time point e). 

In this case, the area-weighted average shear stress at 

the bottom surface, τw , is plotted in Fig. 16 and the 
time-averaged shear stress at the bottom surface during a 

deformation cycle, τw̿̿̿̿ , is 0.0282 dyne/cm2. Furthermore, 
it can be observed that there are small phase shifts 
between the time points where the sidewalls are at the 
maximum velocity and the time points where the 
maximum shear stress occur, as indicated by the vertical 
lines shown in red and blue respectively. 

 

 
Fig. 16 Plot of area-weighted average shear stress at the 
bottom surface and the sidewalls velocity during a 
deformation cycle in Case B. The vertical lines shown in 
red and blue indicate the time points where maximum 
sidewalls velocity and shear stress occur respectively. 
 
4.3. Flow and Shear Stress Behaviors in the Gut-on-

a-chip Device 
 

In Case C, the fluid flows into the device at a 
constant flow rate while the moving sidewalls of the 
main microchannels in the device expand and contract in 
cycles. The primary flow is disturbed by the deformation 
of the microchannels that moves in the transverse 
direction to the primary flow. This alters the flow field 
and shear stress distribution within the device. In order 
to visualize the flow field and shear stress distribution in 
this case, the streamlines together with velocity vectors 
are shown in Fig. 17 and the contours of shear stress are 
shown in Fig. 18 at nine different time points in a 
deformation cycle. 
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Fig. 17 Streamlines (colorized) and velocity vectors 
(black) at the top surface in Case C at nine different time 
points (a – i) during a deformation cycle. 

 

 
Fig. 18 Contours of shear stress at the bottom surface in 
Case C at nine different time points (a – i) during a 
deformation cycle. 
 

At the beginning of the cycle where the sidewalls are 
at the original position, the fluid flows directly from the 
inlet on the left to the outlet on the right as indicated by 
relatively straight streamlines in Fig. 17(a). During the 
expansion as shown in Fig. 17(b) – (d), the fluid is drawn 

back into the device from the outlet side while the 
constant flow from the inlet side tries to push the fluid 
out of the device. This creates the stagnation point in the 
flow field as indicated by the deflection of streamlines 
toward the sidewalls and the flow velocity becomes zero 
at this point. Once the sidewalls are fully expanded, the 
stagnation point disappears and the fluid starts to flow 
out of the device as can be seen in Fig. 17(e). During the 
contraction, the fluid is accelerated toward the outlet and 
the flow velocity increases in the streamwise direction as 
can be seen in Fig. 17(f) – (h) before the sidewalls return 
to the original position in Fig. 17(i). 

The contours of shear stress at the corresponding 
time points shown in Fig. 18 reveal that the shear stress 
is distributed almost evenly across the microchannel 
when the sidewalls are at the original position as well as 
at the maximum deformation as can be seen in Fig. 18(a), 
(e) and (i). However, the sidewalls stay at these positions 
only for a brief moment and then move in either an 
expanding or contracting manner that generates gradient 
of shear stress in streamwise direction as can be seen in 
Fig. 18(b) – (d) and (f) – (h). The shear stress profiles 

along the AE, BB⸍, CC⸍ and DD⸍ lines in this case are 
shown in Fig. 19 – Fig. 22 respectively for further 
analysis. 

 
Fig. 19. Plots of shear stress in Case C along the AE line 
at nine different time points (a – i) during a deformation 
cycle. 
 

 
Fig. 20. Plots of shear stress in Case C along the BB⸍ line 
at nine different time points (a – i) during a deformation 
cycle. 
 

 
Fig. 21. Plots of shear stress in Case C along the CC⸍ line 
at nine different time points (a – i) during a deformation 
cycle. 
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Fig. 22. Plots of shear stress in Case C along the DD⸍ 
line at nine different time points (a – i) during a 
deformation cycle. 

 
In Fig. 19, it is revealed that the shear stress in the 

streamwise direction starts off at 0.02 dyne/cm2 from the 
inlet at x/L = 0. During the expansion, the shear stress 
decreases to zero at the stagnation point before linearly 
increases as approaching the outlet at x/L = 1. During 
the contraction, the shear stress increases monotonically 
along the flow path up to 0.20 dyne/cm2 as can be seen 
at time point g, which is ten times greater than that at the 
inlet, as well as when the sidewalls are stationary. 

In Fig. 20 – Fig. 22, the shear stress profiles are 
similar at most time points and locations, with increasing 
magnitude along the microchannel length. Except for Fig. 
20 at time points b – d, which are in close proximity to 
the stagnation point during the expansion of the 
sidewalls. At these particular time points, the shear stress 
in the center area of the device is lower than that near the 
sidewalls.  

In this case, the area-weighted average shear stress at 

the bottom surface, τw , is plotted in Fig. 23 and the 
time-averaged shear stress at the bottom surface during a 

deformation cycle, τw̿̿̿̿ , is 0.0589 dyne/cm2. Similar to 
Case B, small phase shifts between the time points where 
maximum sidewall velocities and maximum shear stress 
occur can be noticed. 

 

 
Fig. 23 Plot of area-weighted average shear stress at the 
bottom surface and the sidewalls velocity during a 
deformation cycle in Case C. The vertical lines shown in 
red and blue indicate the time points where maximum 
sidewalls velocity and shear stress occur respectively. 

 
4.4. Effects of Deformation Amplitude and 

Frequency 
 

In order to investigate the effects of deformation 

amplitude and frequency, the mechanical strain, ε , is 

increased up to 20% while the frequency, f, remains at 

0.15 Hz in Case D. On the contrary, the mechanical 

strain, ε , remains at 10% while the frequency, f , is 
increased up to 0.30 Hz in Case E. In Case D, the 
streamlines and velocity vectors are shown in Fig. 24 and 
the contours of shear stress are shown in Fig. 25 at nine 
different time points in a deformation cycle. Similarly, in 
Case E, the streamlines and velocity vectors are shown in 
Fig. 26 and the contours of shear stress are shown in Fig. 
27 at nine different time points in a deformation cycle. 

It should be noted that the ranges of velocity in both 
Fig. 24 and Fig. 26 are the same as those in Fig. 17 and 
the ranges of shear stress in both Fig. 25 and Fig. 27 are 
the same as those in Fig. 18 in order to make it easy to 
observe the differences between Cases C, D and E. 

It is revealed that when the mechanical strain and 
frequency increase, the flow velocity and shear stress also 
increase during both expansion and contraction. This is 
because both mechanical strain and frequency appear as 
parts of the coefficient in Eq. (11). Additionally, it can be 
noticed that the stagnation points in both Cases D and E 
are closer to the inlet, as can be seen at time points b – d 
in Fig. 24 and Fig. 26 respectively, compared to Case C.  

 

 
Fig. 24 Streamlines (colorized) and velocity vectors 
(black) at the top surface in Case D at nine different time 
points (a – i) during a deformation cycle. 
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Fig. 25 Contours of shear stress at the bottom surface in 
Case D at nine different time points (a – i) during a 
deformation cycle. 

 

 
Fig. 26 Streamlines (colorized) and velocity vectors 
(black) at the top surface in Case E at nine different time 
points (a – i) during a deformation cycle. 

 

 
Fig. 27 Contours of shear stress at the bottom surface in 
Case E at nine different time points (a – i) during a 
deformation cycle. 

 
In order to further investigate the effect of 

deformation amplitude and frequency, the shear stress 

along the AE, BB⸍, CC⸍ and DD⸍ lines in Cases D and 
E are plotted together with those in Case C as shown in 
Fig. 28 – Fig. 31 respectively. However, only five time 
points (a, c, e, g and i) are considered to distinguish the 
difference between the cases. 

 

 
Fig. 28. Plots of shear stress in Case C (solid lines), Case 
D (dashed lines) and Case E (dotted lines) along the AE 
line at five different time points (a, c, e, g and i) during a 
deformation cycle. 
 

 
Fig. 29. Plots of shear stress in Case C (solid lines), Case 

D (dashed lines) and Case E (dotted lines) along the BB⸍ 
line at five different time points (a, c, e, g and i) during a 
deformation cycle. 
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Fig. 30. Plots of shear stress in Case C (solid lines), Case 

D (dashed lines) and Case E (dotted lines) along the CC⸍ 
line at five different time points (a, c, e, g and i) during a 
deformation cycle. 
 

 
Fig. 31. Plots of shear stress in Case C (solid lines), Case 
D (dashed lines) and Case E (dotted lines) along the 

DD⸍ line at five different time points (a, c, e, g and i) 
during a deformation cycle. 
 

By comparing the shear stress profiles between Cases 
C, D and E, the results show that when the sidewalls are 
at the original position (time points a and i) and at the 
maximum deformation (time point e), the shear stress 
profiles are identical in all three cases. However, during 
the expansion (time point c) and contraction (time point 
g), even though the shear stress profiles are very similar, 
the magnitude in Case E is slightly greater than that of 
Case D, while both Cases D and E gain much greater 
magnitudes compared to Case C.  

To quantify these differences, the area-weighted 

average shear stresses at the bottom surface, τw, in Cases 
C, D and E are plotted together on the primary axis (left 

axis) and the ratios of τw between Cases D and C as well 
as Cases E and C are plotted on the secondary axis (right 
axis) as shown in Fig. 32. It is revealed that although the 
mechanical strain of Case D is twice greater than that of 
Case C and the frequency of Case E is twice greater than 
that of Case C throughout a deformation cycle, the ratios 

of τw  are not always equal to two. The ratios mostly 
range between 2.0 and 2.5 during the expansion, while 
they are mostly between 1.5 and 2.0 during the 
contraction. The time-averaged shear stresses at the 

bottom surface during a deformation cycle, τw̿̿̿̿ , in Cases 
D and E are 0.1071 dyne/cm2 and 0.1118 dyne/cm2, 
which are approximately 1.84 times and 1.91 times 
greater than that of Case C respectively. It should be 
noted that Fig. 32 is plotted versus a percentage of 
deformation cycle. However, when the frequency is 
doubled in Case E, not only the shear stress is increased, 

the deformation happens twice as fast compared to 
Cases C and D as shown in Fig. 33. 

 

 
Fig. 32 Plots of area-weighted average shear stress at the 
bottom surface in Case C (solid lines), Case D (dashed 
lines) and Case E (dotted lines) with their corresponding 
ratios during a deformation cycle. 

 

 
Fig. 33 Plots of area-weighted average shear stress at the 
bottom surface in Case C (solid lines), Case D (dashed 
lines) and Case E (dotted lines) on the true time scale. 

 
By breaking the simulation into five separate cases, 

the shear stress behaviors due to the effects of fluid flow 
and deforming surfaces are clearly distinguishable. In 
Case A, where only the main flow is present, it is 
revealed that the shear stress distributes evenly across the 
membrane surface on the bottom. From the simulation, 

the area-weighted average shear stress, τw, in this case is 
equal to 0.0210 dyne/cm2 which is in good agreement 
with the shear stress reported earlier by Kim et. al (2012) 
at 0.02 dyne/cm2 [5]. In Case B, where the main flow is 
absent and the cyclic deformation of the microchannel 
generated by transversely moving sidewalls is present 
which induces the secondary flow, the shear stress is low 
in the middle region and linearly increases toward both 
ends of the device during both expansion and 
contraction. In this case, the time-averaged shear stress 

during a deformation cycle, τw̿̿̿̿ , is equal to 0.0282 
dyne/cm2. It should be noted that the shear stress due to 
the cyclic deformation alone is even greater than that due 
to the main flow, even though the size of microchannel 
and deformation amplitude are relatively small. In Case C, 
where both main flow and cyclic deformation are present, 
the CFD simulation result reveals that the shear stress is 
greater than 0.02 dyne/cm2 most of the time. During the 
expansion, the shear stress only drops below 0.02 
dyne/cm2 for a short time after the sidewalls start to 
expand and before the sidewalls reach the maximum 
deformation. The time-averaged shear stress during a 

deformation cycle, τw̿̿̿̿ , is equal to 0.0589 dyne/cm2 
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which is approximately three times greater than the 
average shear stress due to the fluid flow alone in case of 
the stationary microchannel. Furthermore, in Case D 
where its mechanical strain is twice larger than that of 
Case C, the simulation reveals that the time-averaged 
shear stress during a deformation cycle is approximately 
1.84 times larger.  Finally, in Case E where its frequency 
is twice larger than that of Case C, the result shows that 
the behavior occurs twice as fast and the time-averaged 
shear stress during a deformation cycle is approximately 
1.91 times larger. 

Additionally, according to the behavior of the shear 
stress in Cases C, D and E, which varies linearly along 
the flow path. It is speculated that it is possible to utilize 
the device that has the streamline-shape microchannel to 
generate the similar flow pattern and shear stress 
behaviors by controlling the flow rate within the device 
such that the shear stress profile is time-dependent. Such 
device was proposed in 1993 [41] and was used recently 
to investigate the characteristic of Caco-2 cells as a 
function of shear stress [32], [42], although there is only 
one compartment in the device used in these studies and 
the peristalsis motion is absent. 

Finally, in order to estimate the cell shear stress, τc, 
an approximation that treats the cell as a bulge-body [43] 
is sometimes applied by researchers; however, only the 

wall shear stress, τw, is discussed in this study. 
 

5. Conclusion 
 
This study clearly reveals the behaviors of flow and 

shear stress in the gut-on-a-chip device subjected to the 
cyclic deformation of the microchannel in the transverse 
direction to the main flow. The CFD simulation shows 
that even though the microchannel length does not 
appear in the shear stress formula (Eq. (4)), the shear 
stress actually varies linearly along the microchannel 
length when the flow is disturbed by the deformation of 
the membrane and the moving sidewalls. The average 
shear stress in the present gut-on-a-chip device subjected 
to the cyclic deformation is approximately three times 
greater than that of the stationary microchannel. Further 
investigation also reveals that, by increasing the 
mechanical strain twice, the average shear stress is 
increased by the factor of 1.84. Additionally, by doubling 
the deformation frequency, the average shear stress is 
increased by the factor of 1.91 and the overall 
phenomenon happens twice during the same amount of 
time. The highly dynamic range of shear stress 
experienced by the Caco-2 cells in the present gut-on-a-
chip device could be one of the key mechanisms that 
accelerates cell differentiation and enriches their 
characteristic and thus making the dynamic gut-on-a-chip 
model superior to the traditional static cell culture model. 
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