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for Hydrodynamic Detachment of Cells   
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Abstract: Hydrodynamic shear force along the bottom 
microchannel wall has been utilized in cell adhesion studies to 
detach cells in microfluidic channels. Due to the small dimensions 
of microfluidic channels, the shear stress produced in a 
conventional microchannel is dependent mainly on the fluid 
velocity and channel height. The wall shear force magnitude 
increases as the channel height is reduced. However, a reduced 
channel height decreases the sample volume to be contained in the 
fluidic channel and also increases the pressure drop significantly 
which may fail the fluidic device. In this study, a novel 
microchannel with a trapezoidal structure was investigated using 
computational fluid dynamics simulations. The key fluidic 
properties, including wall shear stress, sample volume, and 
pressure drop of the trapezoidal microchannel are compared with 
those of a conventional straight channel with a reduced channel 
height. We found the trapezoidal structure produces a wall shear 
stress of 5 Pa in the region of interest similar to that of the straight 
channel with a small channel height (50 μm) while having less 
than 30 percent pressure drop. Additionally, the pressure drop can 
be reduced by modifying the geometry of the trapezoidal channel 
to minimize pressure loss.  

Keywords: computational fluid dynamics, microchannel, 
microfluidics.  

I. INTRODUCTION 

Cell adhesion has been investigated for many cell biology 
and biomedical applications, such as studying cell signaling 
pathways, tissue engineering, biomaterials for implantable 
sensors, cancer metastasis, and the adhesion properties of 
normal and cancerous cells [1]. Cell adhesion studies can be 
classified into attachment or detachment events, both of 
which can be further categorized into population or single 
cell approaches. Methods to study cell population attachment 
include wash assays, resonance frequency, and microfluidics. 
Techniques to study the detachment of cell populations 
include centrifugation, spinning disk, flow chamber, or 
microfluidics. Methods to study single cell attachment 
include micropatterning, 3D hydrogels, and 
polyacrylamide-traction force microscopy (PA-TFM). Single 
cell detachment studies either focus on whole cells or single 
bonds. Whole cell detachment methods include 
cytodetachment, micropipette aspiration, or microfluidics. 
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Single bond detachment events are studied using single cell 
force spectroscopy (SCFS), such as atomic force microscopy 
(AFM) probe, biomembrane probe, or optical tweezer. Of the 
whole cell detachment methods, cytodetachment, which uses 
an AFM probe, and optical tweezer methods require 
specialized equipment and can damage the cell. 
Alternatively, microfluidics is straightforward, non-invasive, 
and allows for real-time measurement. Therefore, the 
microfluidics can be an effective tool for both population or 
single cell-based cell adhesion studies [1].     For the effective 
microfluidic detachment of cells, a sufficient wall shear stress 
must be produced in order to remove a cell from a 
microchannel surface. However, the flow rate in microfluidic 
channels is generally low due to the low Reynolds number 

[2], where      
    

 
 is a measure of the relative importance of 

fluid inertia compared to viscous forces (h,   ,  ,   are the 
channel height, the mean fluid velocity, the fluid density, and 
fluid viscosity, respectively). In a conventional microfluidic 
channel the only way to achieve large shear stress while 
preserving the low volumetric flow rate is to reduce the 
channel height [3,4]. However, as the microchannel height is 
reduced, the pressure drop across the channel input and 
output will be significantly increased and the total volume 
contained in the fluidic device will be limited.     We propose 
a novel trapezoidal microchannel to resolve this challenge. 
The main benefit of the new design is the lowered pressure 
drop across the channel. Other benefits include increasing the 
sample volume, while maintaining high shear stress at the 
region of interest (ROI) where the cell detachment occurs. 
The trapezoidal channel exhibits a reduced height only at the 
ROI; as a result, a higher shear stress is achieved with other 
benefits of larger channel height retained. The larger channel 
volume on the two sides of the trapezoidal structure allow for 
a greater sample volume to be held, while conserving a 
modest pressure drop. We, first, investigated conventional 
straight channels to determine the channel height that 
produces a critical shear stress on the surface to detach a 
model cell based on a reference analytically and numerically 
using a computational fluid dynamic (CFD) solver, Gerris 

[5]. Then, the CFD simulation was used to optimize the 
trapezoidal structure to minimize the pressure loss at the 
sharp corners and finally determine the shear stress at ROI, 
pressure drop, and fluid volume of a trapezoidal structure 
compared to a straight channel. 

II.  METHODOLOGY 

Many studies have focused on theoretical models and 
experimental demonstration for cell detachment under a 
shearing flow [6-9].  
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Gaver and Kute demonstrated the fluid shear stress on a 
cell is equal to the shear stress at the wall for R/h < 0.25 
where R is the cell diameter and h is the height of the 
microchannel [7].  

Couzon et al. furthered this work to develop an equation 
for critical wall shear stress (  ) or the shear stress needed to 
remove an adhered cell to a channel wall,  

         
 

   

     
 
 
 
 

 

 
 

           
 
 
        

 
 
 
 
 

(1) 

where     is the force of each focal adhesion site on the cell 
(binding mechanism of cell to substrate) in the direction of 
flow, and N is the number of focal adhesion sites [6]. For 
small channel height (h < 100 µm),    increases rapidly with 
h. The    for channels with larger height increases much 
slower and plateaus when h becomes large. Equation (1) was 
used to estimate the average force per focal adhesion site of 
cancer cells adhered to a microchannels of varying heights . 
They used a T24 cell with a cell diameter, R, of 15 µm, 
c  nnel  eig ts  rom    to     μm,   wi t  o    mm, to 

estimate a total binding force,     , of 12 nN, and    = 5 
Pa. This result is similar to available or estimated values of 
cell adhesion for different cell types [6]. 

We used a simplified version of (1) to perform analytical 
calculations to the critical wall shear that would be produced 
for a given flow rate and channel height. We also calculated 
the pressure gradient that would result from the same 
parameters. Then we calculated the channel height needed to 
detach a cell with a certain diameter and total binding force. 
From these analytical calculations, we identified key 
limitations in the geometry of traditional straight microfluidic 
channels.  

To overcome the limitations of the straight microchannel, 
we designed a novel microfluidic design that would enable a 
high shear stress and low pressure drop. The unique geometry 
does not allow for the analytical calculations to solve for wall 
shear stress, so we relied on CFD simulations. The 
simulations were performed using the solver, Gerris, on the 
Baylor University supercomputing cluster, Kodiak. The 
computational domain is a rectangle. The length of the 
domain is 20 times of the height. The geometry of the bottom 
wall of the channel was specified as immersed solid in the 
computational domain. No-slip boundary condition is 
invoked on the immersed solid surface. The details of the 
channel geometry are given later. The fluid density was 
defined as 997 kg/m3 and fluid viscosity of 0.89 mPa·s. The 
inlet fluid velocity was calculated from the calculated flow 
rate, discussed later. The computational domain was 
discretized by a quad-tree mesh and the mesh was refined 
with a maximum level of 8 and minimum level of 3, based on 
the estimated discretization error for the fluid velocity. The 
top boundary of the channel was defined as a no-slip wall. 
The numerical results were visualized with the software 
VisIt.   

 

 

III. RESULTS 

A. Straight Microchannel 

 
Fig. 1a shows a map of the log of wall shear stress (  ) in a 

microchannel with different flow rates and channel heights. 
The fluid viscosity of water was used (  = 0.89 mPa·s), which 
is similar to the viscosity of phosphate buffered saline (PBS), 
a commonly used buffer solution in microfluidic 
applications. 
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 For the ranges shown, there is the inverse relationship 
between channel height and wall shear stress. It is clear that 
changing the channel height affects the wall shear stress more 
than changing the flow rate. The pressure drop, ΔP, in a 
microchannel is directly proportional to the flow rate, Q, and 
channel length, L. Channel geometry such as convergence, 
divergence and corners can affect the pressure drop. Pressure 
is an important consideration in microfluidics because high 
pressure build-up can lead to the deformation or delamination 
of the microchannels, which are commonly fabricated using 
soft lithography or photolithography [10]. The equation 
  

 
  -

    

w 
  was used to create a map of the log of pressure 

gradient in microchannel with different flow rates and 
channel heights (Fig. 1b). Note that we used a 1:10 channel 
height to channel width ratio, based on the standard geometry 
for a rectangular microchannel where w >> h [11].  In order to 
produce a wall shear stress above 1 Pa, the microchannel 
height must be less t  n    μm  or  ll t e  low r tes (Fig    )  
However, the pressure gradient for channel heights less than 
   μm is   – 3 times greater than that with larger channel 
heights. 

Based on a simplified version of (1) for h <     μm [ ], we 
derived an equation for critical channel height (hc), the 
channel height necessary to detach a cell with certain 
diameter and total binding force (2), 

      
         

    w
 (2) 

where Q is the volumetric flow rate, and w is the 
microchannel width. Fig. 2 shows the critical channel height 
based on R r nging  rom   to    μm  n       ranging from 

1 to 12 nN, where a constant Q/w = 2.34 x 10-6 m2/s, and N = 
40 was used. As an example, for a 2D flow rate of Q/w = 2.34 
x 10-6 m2/s, the critical channel height (hc) is 50 μm (   nnel 
A) to achieve a τw = 5 Pa that matches the τc = 5 Pa, the critical 
shear stress for a T24 cell (           . For this 
Channel A with the channel height of  50 μm, t e c lcul te  
pressure drop (                  ) for a channel length 
(L) of 1 cm is 2,000 Pa based on Q/w= 2.34 x 10-6 m2/s while 
fluid velocity (U) is 46.8 mm/s, calculated from U = Q/wh.  
The sample volume capacity of microchannel was calculated, 
based on a 1:10 channel height to channel width ratio. In 
Channel A with a width of 500 µm and L = 1 cm, the total 
volume o  t e microc  nnel is only      μl  One w y to 

increase the volume of Channel A is to increase the channel 
length. However, that could significantly magnify the 
pressure drop, which can be risky as previously discussed. 

To compare the results with a larger channel, we chose a 
 eig t o      μm (   nnel B) b se  on  imensions in 

literature for cell detachment studies [12,13]. We used Q/w = 
2.34 x 10-6 m2/s, L = 1 cm, and 1:10 channel ratio as the 
baseline parameters to compare calculations and simulations 
throughout this paper. The τw produced by Channel B is 0.05 
Pa which is obviously insufficient to detach cells from the 
surface. However, the    for this channel is 2 Pa which is 
three orders of magnitude smaller than that for Channel A. 
The sample volume for channel B with a w    ,    μm is    
μl,     times gre ter t  t o     nnel A  T e  eynol s 

number is also calculated to ensure laminar flow (Re < 2300). 
With a constant flow rate for both Channel A and B, the 
Reynolds number is calculated using the fluid velocities in 
Table I to be 2.62 which is reasonable for 
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microfluidics. The proposed trapezoidal microchannel 
takes advantages of both small and large height channel 
designs. With the trapezoidal microchannel, the critical shear 
stress is achieved at the region of interest (ROI), where cell 
detachment studies could be performed, while minimizing 
the overall channel pressure drop and increasing the sample 
volume capacity. The analytical calculation results for 
Channel A and B are summarized in Table I along with the 
CFD simulation results for straight channels and trapezoidal 
structures. 

B. Trapezoidal Microchannel  

Before we perform the CFD simulations for the trapezoidal 
structure, we validated the CFD simulation accuracy 
comparing to analytical calculation results using two straight 
channel cases. The simulated straight channels, Channel C 
and D, are exactly same as Channel A and B, respectively. As 
shown in Table I, the calculated wall shear stress (C: τw = 
4.98 Pa, D: τw = 0.049) and pressure drop (C:    = 1999 Pa, 

D:    = 1.98 Pa) agree well with the analytical solutions (A: 
τw = 5 Pa and    = 2000 Pa, B: τw = 0.05 Pa and    = 2 Pa).  

The proposed trapezoidal microchannel design is shown in 
Fig. 3. It has a narrower It has a channel height at the ROI in 
the center of the channel (i.e., detachment area) to achieve a 
higher shear stress. A conventional trapezoidal channel with 
sloped sides and a flat top surface (red dashed line in Fig. 4) 
was first investigated. The calculated pressure drop for that 
channel was 372 Pa. To test the pressure loss due to the sharp 

corners, a hyperbolic tangent function was used to optimize 
the trapezoidal structure with a smoother profile as shown in 
Fig. 4. The width of the hyperbolic tangent (l) was varied, 
while the LT,2 (median length of trapezoidal structure) was 
kept constant at 2 mm and l = l*. The results show the 
pressure drop decreases linearly with increasing l (Fig. 5a). 
For l = 200 μm, the pressure drop was 331 Pa compared to a 
pressure drop of 125 Pa for l = 800 μm. We chose l       μm 
and simulated the trapezoidal channel structure with 
hyperbolic tangent sides to find the relationship between the 
pressure drop and LT (the top surface length of the trapezoidal 
structure). As shown in Fig. 5b, the results show the pressure 
drop increases proportionally to the LT . An LT  = 0.5 mm 
results in a    = 200 Pa while an LT  = 2.5 mm produces a    
= 589 Pa.   
Channel E shown in Table I is a trapezoidal microchannel 
with a LT of 0.5 mm and its fluid velocity distribution 
calculated with CFD is shown in Fig. 6a. A close up view of 
the ROI at the top of the trapezoidal structure shows a 
uniform parabolic fluid velocity distribution. The fluid 
velocity profile for Channel F in Table I, at 2 mm and l = l*. 
The results show the pressure drop decreases linearly with 
increasing l (Fig. 5a). For l       μm, t e pressure  rop w s 
331 Pa compared to a pressure drop of 125 Pa for l   8   μm  
We chose l       μm  n  simul te  t e tr pezoi  l c  nnel 
structure with hyperbolic tangent sides to find the 
relationship between the pressure drop and LT (the top surface 
length of the trapezoidal structure). As shown in Fig. 5b, the 
which has a LT of 2.5 mm, is almost same as that of Channel E 
except the longer top surface length. Fig. 6b shows the 
velocity profiles for Channels E and F at x = 4.75 mm 
compared to the straight channel (Channels A (analytical) 
and C). The profiles are all similar to each other as expected, 
likely due to fully developed flow profile at the center of the 
LT. The wall shear stress for the trapezoidal microchannels 
shown in Table I was calculated using the velocity profiles 
shown in Fig. 6b. As shown in Table I, Channel E and F 
produced similar wall shear stresses (4.96 Pa). 
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 The pressure drop of trapezoidal channels are 259 Pa in 
Channel E and 589 Pa in Channel F due to longer shallow 
channel ROI. Comparing to the straight channel, the wall 
shear stress in Channel E is 99.5% of the wall shear stress in 
Channel C with 13% of the pressure drop. The wall shear 
stress in Channel F is the same as Channel E, with 29% of the 
pressure drop of Channel C. Additionally, the calculated fluid 
volumes (E: 21.8 µL and F: 19.8 µL) are similar to Channels 
B and D with a larger channel height (25 µL). The reduced 
channel height at the ROI does not limit the volume 
capability of the trapezoidal microchannels. 

IV. CONCLUSION 

Analytical calculations showed a channel with a smaller 
 eig t (   nnel A:    μm) c n pro uce    w        w ic  is 

sufficient to detach a T24 cell for cell adhesion study while a 
channel with larger height (Channel B: 500 um) only 
pro uce     w           wit  t e s me  low r te  However, 

the pressure drop is much greater in Channel A (2000 Pa in A 
vs 2 Pa in B)  n  t e  lui  volume is muc  less (A:      μ  
vs  B:    μ )    

Fig. 6. (a) CFD simulation color plot of the velocity in 
Channel E, with a close up of the center of the channel where 
the shear stress was evaluated. (b) Plots of the velocity 
profiles for all 4 simulations compared to the analytical 
solution  or      μm c  nnel,  t t e center x-axis point of the 
channel. The velocity profile of the trapezoidal matches that 
of the straight channel cases. 
As a solution to these limitations, we investigated a 
trapezoidal microchannel. CFD simulations demonstrated a 
similar wall shear stress was produced (E and F: 4.96 Pa) 
with much smaller pressure drop (E: 259 Pa and F: 589 Pa) 
and larger fluid volumes (E: 21.8 µL and F: 19.8 µL). The 
ability to generate a high critical wall shear stress with 
lowered pressure drop is a clear benefit to this design. 
Additionally, the isolation of the reduced height area to just 
the ROI allows for flexibility in the rest of the channel to 
incorporate other microfluidic components, and hold a larger 
fluid volume. These outcomes of this study demonstrate an 
approach to design a trapezoidal microchannel to achieve a 
critical wall shear stress for microfluidic applications such as 
cell detachment. Analytical equations can be used to 
determine the necessary gap height to achieve the desired 

wall shear stress. The ideal sample volume and pressure drop 
can be used to design the channel height of the microchannel 
other than ROI, and curvature of the hyperbolic functions of 
the trapezoidal microchannel.  
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