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Abstract
In this study, the influence of the microstructure in a microchannel on the three-dimensional (3D) flow field and shear stress 
distribution on the wall was investigated with 3D velocity measurement method. In a micro-total analysis system or a lab-
on-a-chip application, the control of the flow is necessary. Thus, microstructures are often applied to the fluidic system for 
passive flow control. However, the flow field which interacts with microstructures becomes complicated three-dimensionally. 
The 3D measurement of such microfluidic flow would give insight on the interaction of the flow with the structures and be 
also useful for other applications. In this study, micropillar array was introduced in a microchannel and we investigated the 
influence of the micropillar on the 3D flow field by the astigmatism particle tracking velocimetry which enables to determine 
three-dimensional and three-component velocity by single-viewing. Furthermore, the wall shear stress distribution was also 
investigated. From measurement results, it was confirmed that the pillar changes the wall shear stress distribution and 3D 
velocity distribution. Compared to a flat channel (no-pillar array), the wall shear stress in our channel varied spatially in a 
range of approximately − 80 to + 20%. Moreover, we also conducted a numerical simulation to consolidate the measurement 
results.

Keywords Wall shear stress distribution · Astigmatism particle tracking velocimetry · 3D3C velocity measurement · 
Micropillar array

1 Introduction

With the drastic growth of microfluidic devices like micro-
total analysis systems (µTAS) and lab-on-a-chip all over the 
world, precise control of the fluid motion in a microchannel 
has received considerable attention for biological processing 
(Toner and Irimia 2005), chemical reaction control (Elvira 
et al. 2013), and creating advanced materials (Blossey 2003). 
In passive microfluidic devices, flow fields are modified by 
a combination of channel geometry and microstructures like 
pillars on the surface, and correspondingly the mass and 

momentum transfer is altered. As well as mass and momen-
tum transport/mixing mechanism, understanding how the 
fluid flow interacts with microstructures on the surface has 
been focused upon (Stroock et al. 2002). When the fluid 
flow interacts with microstructures, the flow field often 
becomes complex three-dimensionally (Stone et al. 2004; 
Amini et al. 2013; Stoecklein et al. 2014). Thus, to reveal the 
actual influence of the structured surface on the flow field 
and wall shear stress, three-dimensional (3D) flow measure-
ment should be conducted.

The shear stress on the wall τw is defined as a product of 
viscosity and the velocity gradient at the wall, as represented 
in Eq. (1):

Here, µ is the fluid viscosity, u is the streamwise flow 
velocity, and z is the distance from the wall. The wall shear 
stress measurement is often essential and important in 
many fields; for example, to evaluate drag reduction effect 

(1)�w = �
�u

�z
||z=wall .
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of superhydrophobic surfaces (Rothstein 2010; Cierpka 
et al. 2015; Lee et al. 2016), or to understand the function 
of endothelial cells, or for protective action against various 
vascular diseases (Rossi et al. 2009; Conway et al. 2013; 
Booth et al. 2014; Shemesh et al. 2015). For precise meas-
urement of the wall shear stress, the wall surface informa-
tion is very essential to determine the velocity gradient. 
However, the precise determination of surface position 
over the structured or complicated configuration like supe-
rhydrophobic surfaces or biological cells is very difficult. 
Sugii (2010) and Rossi et al. (2009, 2010) overcame this 
difficulty by combining the micro-PIV (µPIV, Lindken et al. 
2009) with a focal plane-scanning system to obtain both the 
shear stress distribution and 3D shape of cells which were 
cultured inside the microchannels. However, in such cases, 
highly accurate positioning systems and a thin focal plane 
are necessary to obtain the 3D velocity fields because µPIV 
is a two-dimensional and two-component (2D2C) velocity 
measurement technique; therefore, velocity fields in different 
depth positions are required to reconstruct the 3D velocity 
field. Another method applicable to the structured wall is the 
digital holography microscopy (DHM), which can measure 
the 3D flow field (Katz and Sheng 2010). This technique can 
be used to determine the location of 3D particles and their 
velocity volumetrically; however, interferences of hologram 
occur at near-wall regions where the channel wall contains 
microstructures due to the difference in the refractive index 
between the structure and the fluid. Usually, such problems 
are overcome by matching the refractive indices of the fluids 
and the structured surfaces, but sometimes the index match-
ing fluids limit the applications because of their high toxicity 
and concentration (for example, high concentration of NaI 
solution) (Talapatra and Katz 2012; Bocanegra Evans et al. 
2016).

Recently, an astigmatism particle tracking velocimetry 
(APTV) has been proposed for obtaining the 3D3C veloc-
ity using single-view imaging (Cierpka et al. 2010, 2011, 
2013). The APTV technique is a scan-free, low-cost, and 
easy technique for the 3D flow field measurement. APTV 
exploits the distortion of fluorescent particle images—that 
is induced when the particles are out of focal plane—by 
placing a cylindrical lens (CL) in front of the image sen-
sor. Because the magnitude of the distortion of the particle 
image depends on the distance between the location of the 
particle and the focal plane of the objective lens, it becomes 
possible to obtain the 3D3C velocity in a measurement vol-
ume in a single-viewing by tracking each particle whose 
depth location can be calculated from the distortion. In 
previous studies, Cierpka et al. (2010) utilized the APTV 
to the laminar flow channel measurement and obtained the 
cross-sectional velocity distribution precisely. Additionally, 
the 3D configuration of an electrothermal microvortex and 
AC electroosmotic flows in microchannel were visualized 

by APTV (Kumar et al. 2011; Liu et al. 2014, 2015). In 
contrast to the confocal µPIV (Kinoshita et al. 2006) and 
scanning stereoscopic µPIV (Lindken et al. 2006) which can 
also measure the 3D velocity, the APTV technique does not 
require scanning.

In this study, using the APTV technique, we demonstrate 
a measurement of a flow field and the wall shear stress dis-
tribution over the structured surface which has a circular 
micropillar array in a microfluidic channel. In addition, the 
measured results were compared with a numerical simula-
tion. Recently, understanding the flow through porous media 
becomes a focused topic for the both life science and indus-
trial application, for example, bacterium attachment, biofilm 
deformation, colloidal dispersion, oil recovery and so on 
(Valiei et al. 2012; Gunda et al. 2013; Debnath et al. 2017). 
In such studies, the micropillar array is used as an alterna-
tive to the porous media. Additionally, other studies which 
investigate the phenomena such as wetting and wicking 
(Saha et al. 2009; Luo and Xian 2014; Texier et al. 2016), 
particle and cell sorting (Sajeesh and Sen 2014), and drag 
reduction (Schäffel et al. 2016; Kim and Rothstein 2017) 
also used micropillar array. Although these studies suggest 
that the flow measurement around the micropillar array is 
of significant importance, the detailed information about 
flow field around the micropillar is still lacking. Recently, 
Bocanegra Evans et al. (2016) investigated flow fields in a 
microchannel with a micropillar array by DHM and obtained 
the 3D flow configuration and apparent wall shear stress 
distribution above the pillars. However, the flow measure-
ment between the pillars was not achieved because the tracer 
particle concentration in their study was not sufficient for 
their PIV-based analysis method. To extend the knowledge 
put forward by Bocanegra Evans et al. (2016) further, we 
investigate the details of the entire flow field around the pil-
lars and the wall shear stress distribution at the bottom wall 
of the channel using the APTV technique. Our observation 
would be helpful to understand the influence of microstruc-
tures in microchannels on 3D fluid structures and the wall 
shear stress distribution on the channel surface.

2  Experimental system

2.1  Experimental setup

A schematic of the APTV system used in this study is shown 
in Fig. 1. This system is the same as used in our previous 
study (Ichikawa et al. 2017). All optical elements and the 
imaging system are contained in an inverted microscope 
(ECLIPSE Ti-S, Nikon). To capture the distorted particle 
images, a 20× objective lens (NA 0.45, CFI S Plan Fluor 
ELWD 20×, Nikon) and a scientific CMOS (sCMOS) cam-
era (960 × 720 pixels, 45 fps, ORCA-Flash 2.8, Hamamatsu 
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Photonics) were used. Pixel size of the imaging sensor on the 
camera is 3.63 µm × 3.63 µm and we used the binning mode 
of the camera. Therefore, the spatial resolution of the image 
corresponded to 0.363 µm/pixel. As an illumination source, 
a mercury lamp (Intensilight C-HGFI, Nikon) was used. To 
generate the distortion of the astigmatism, a CL of focal 
length f = 700 mm was placed in front of the imaging sensor 
of the camera. As the working fluid, ultrapure water (Direct-
Q, Merck Millipore) that contains fluorescent polystyrene 
particles (1 µm in diameter, FluoSpheres, life technologies) 
as tracer particles was infused into the flow channel using 
a syringe pump (Pump 11 Elite, Harvard). The flow rate Q 
was controlled using the syringe pump. In this study, we 
used a microchannel which has a circular pillar array whose 
geometry is shown in Fig. 2. The streamwise, spanwise, and 

depth directions correspond to x, y, and z axes, respectively. 
The upper side of the channel with the pillar array was made 
from PDMS (polydimethylsiloxane) and fabricated using the 
standard soft lithography technique. The bottom of the chan-
nel was made of a 1-mm-thick glass slide. The measure-
ment area was sufficiently far from the inlet (approximately 
10 mm) where the flow is fully developed.

2.2  Calibration of the particle location 
and the velocity measurement accuracy

The depth position of tracer particles in the microchannel 
can be determined from a distorted feature of the particle 
images. As shown in Fig. 3, the shape of the particle images 
is distorted transversely when particles locate closer to the 
imaging sensor than the focal point of the objective lens, 
and it is distorted longitudinally when the particles locate 
beyond the focal point. In this study, a calibration which 
correlates the degree of the distortion in the elliptical image 
and the depth position of a particle was conducted. In the 
calibration procedure, images of particles, which attached 
on glass wall and surrounded by water, were obtained with 
a 0.78 µm span in depth direction by scanning the objective 
lens using a piezo-electric stage as shown in Fig. 4. As the 
degree of the distortion, we employed Eq. (2) (Nishiwake 
and Motosuke 2014; Ichikawa et al. 2015):

Here, ax and ay are width and height of the distorted parti-
cle image, respectively (Fig. 3), and |F| is equal to the square 
of the length between two focal points of the ellipse. The 
calibration curve between scanning distance ztrv and F is 
depicted in Fig. 5. In Fig. 5, the influence of the refractive 

(2)F = a2
y
− a2

x
.

Fig. 1  Schematic of the APTV system. All setup is built in an 
inverted microscope

Fig. 2  Schematic of the microchannel made of PDMS and glass 
plate having dimensions H = 40 µm in height and W = 2 mm in width. 
One side of the channel has an array of circular pillars of diameter 
D = 50 µm and height of h = 20 µm. The pitch l between the pillars is 
100 µm. The small spheres represent the tracer particles with a diam-
eter of 1 µm

Fig. 3  Schematic of astigmatic particle imaging. a The actual particle 
location and the dashed line indicates the focal point of the objective 
lens. b The particle images without cylindrical lens. The particles a, 
b, d and e are on off-focus point and they are defocused. c The par-
ticle image is distorted elliptically according to the depth position 
using a cylindrical lens. The width and height of the distorted particle 
are defined as ax and ay, respectively
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index of water (n = 1.333) is included at each plot. Error bars 
are corresponded to the standard deviation of F at each posi-
tion. Here the fifth-order polynomial fitting was employed 
as the calibration function. The calibration curve indicates 
that the measurement depth of the system is larger than the 
height of the channel (40 µm). Therefore, it is possible to 
determine the velocity field in the entire depth direction in 
the channel (the measurement volume in this study was set 
as 348 × 261 × 40 µm3). The resulting depth resolution was 
approximately 1 µm.

Before the flow measurement in the microchannel, as 
shown in Fig. 2, an evaluation of the calibration curve 
(Fig. 5) and the wall shear stress determination were per-
formed by a measurement of the Poiseuille flow in a Hele-
Shaw cell (W = 2 mm and H = 30 µm). A temporally and 
spatially averaged streamwise velocity component u dis-
tribution in z direction is shown in Fig. 6. As the veloc-
ity determination procedure, we utilized a particle tracking 
method devised by Ishida et al. (2012). The uncertainty on 
determining the center of mass of particle was up to ± 1 
pixel (= 0.363 µm), thus the uncertainty of velocity u was 

within ± 16.5 µm/s by considering the frame rate of cam-
era (45 fps). Here, the Reynolds number Re was 4.2 × 10− 3 
based on the hydraulic diameter of the channel Dh (= 2WH/
(W + H)) of 29.6 µm and the cross-sectionally averaged 
velocity uave of 69.4 µm/s (Q = 15 µL/h). Error bars in the 
diagram correspond to the standard deviation of the veloc-
ity component u normalized by uave at each z location. Also, 
the height location z was normalized by H. Moreover, the 
measured u value was compared with that from theoretical 
calculation. The theoretical u of the two-dimensional Poi-
seuille flow is described as follows:

The experimental u/uave showed good agreement with 
the theoretical calculation (Fig. 6). At the near-wall loca-
tion (z/H < 0.07 and 0.93 < z/H), the measured values did 
not correspond to the theory. This could be due to the bias 
error caused by the particle–wall interaction (Goldman et al. 
1967; Li and Yoda 2008; Kikuchi and Mochizuki 2015). 
In this study, u of 0.07 ≤ z/H ≤ 0.93 was employed for the 
wall shear stress determination. The wall shear stress was 
calculated using Eq. (1) based on the measured u, excluding 
the near-wall region. This calculation agreed well with the 
theoretical value, within a ± 5% uncertainty.

2.3  Numerical simulation for comparison

To consolidate the velocity components obtained in the pre-
sent experiment, 3D numerical simulations were conducted. 
In Fig. 7, the calculation domain in the present simulation 

(3)utheory =
6

H2W
Q

(

z −
z2

H

)

.

Fig. 4  Schematic of the calibration

Fig. 5  Calibration curve for the depth position of particles correlated 
with the degree of distortion F by Eq. (2) at each z position
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Fig. 6  Streamwise velocity distribution u/uave in a Hele-Shaw cell 
in depth direction obtained by the APTV. The channel geometry is 
H = 30 µm and W = 2 mm. The flow rate is Q = 15 µL/h. The theoreti-
cal calculations are also shown
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is illustrated. In this study, three pillars aligned in series 
were considered and the periodic boundary condition was 
applied in the y-direction. Additionally, the no-slip boundary 
condition was applied except for the inlet and outlet. As the 
computational grid, unstructured grid was utilized and the 
number of the grid is approximately 1.2 × 106 and the aver-
aged volume of mesh is 1.23 µm3. The mass conservation 
equation and the Navier–Stokes equation without the inertia 
term (Stokes approximation) for isothermal and incompress-
ible fluid are applied as the governing equations, as follows:

where u is the velocity vector, p is the liquid pressure, and µ 
is the viscosity of the working fluid. The Reynolds number 
Re was set sufficiently small to satisfy the Stokes approxima-
tion. To solve these equations under the calculation domain 
shown in Fig. 7, a finite-element software package COM-
SOL  Multiphysics® was utilized.

(4)∇ ⋅ � = 0,

(5)−∇p + �∇2
� = 0,

3  Results and discussion

3.1  Velocity distribution around the circular pillars

The flow field around nine pillars (3 × 3 units, as shown 
in Fig. 8a) at the channel center was measured. Then we 
summated the velocity information of the nine units for 
its symmetry (Fig. 8b, c). In this measurement, the flow 
rate Q was set at Q = 30 µL/h, and 15,000 frames were 
recorded with 45 fps. Here, the Reynolds number Re was 
8.14 × 10− 3 based on the hydraulic diameter Dh = 78.4 µm 
and uave = 104 µm/s. The velocity distribution of each com-
ponent, u, v, and w—normalized by the maximum value 
of each component—is depicted in Fig. 9. The extracted 
location of u and v corresponds to the plane of x = 50 µm, 
and that of w corresponds to the plane of z = 19  µm, 
respectively. Although a certain amount of scattering in 
the measured values were observed, the variation of the 
velocity due to the existence of the pillar could be con-
firmed in each velocity component. In this study, veloc-
ity data at each particle location were rearranged on grid 
points. The interpolated and rearranged velocity distribu-
tions after a post-processing are depicted in Fig. 9. As a 
post-processing, we utilized the procedure which is called 
an inverse distance rearrangement (Ido and Murai 2006) 
by using the weighting function based on the Gaussian 
function suggested by Agüí and Jiménez (1987). The grid 
interval is 5.0 µm × 1.8 µm × 1.8 µm (x × y × z). In the 
rearrange procedure, there was no overlap at each grid 
and an average of 13 particles contributed to the velocity 
of one grid point. From the results, it is confirmed that the 
velocity u component between the pillars in the spanwise 
direction becomes larger than that between the bottom wall 
and the tip of the pillar. This is due to the circumventing 
motion of the flow from the pillar. Therefore, the value of 

Fig. 7  Schematic of the domain based on the flow channel shown in 
Fig. 2 for the numerical calculation by COMSOL  Multiphysics®

Fig. 8  Measurement location in the microchannel. a The red-hatched circles correspond to the circular pillars and the elliptically distorted 
images are the tracer particles. Velocity determination domain and coordinate systems around a pillar in b x–y plane and c y–z plane
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velocity v component of the left and right side of the figure 
shows the difference. As the coordinate system is defined 
as Fig. 8b, c, the value of v of left side of Fig. 10b becomes 
v < 0 µm/s. On the other hand, on right side of Fig. 10b, 
v becomes v > 0 µm/s. Moreover, in z direction, the flow 
has downward and upward components at upstream and 
downstream of the pillar, respectively, to bypass the pillar. 
In the w-component distribution, a different behavior from 
the previous study was observed. According to Bocanegra 
Evans et al. (2016), the flow motion slows down before 
encountering a pillar and lifts as it passes the pillars 
directed toward the next pillar downstream. Additionally, 
these researchers mentioned that the flow field over the 
pillar array shows high three-dimensionality. On the other 
hand, in our study, streamline is attached along with the 
pillar canopy as shown in Fig. 11. From this fact, it is sug-
gestive that the channel geometry, especially the distance 
between the tip of the pillar and the bottom wall surface 
(H–h) and the distance between each pillar would affect 
the fluid motion in the z direction.

For comparison with the measurement results, the cal-
culation results around the domain of the center pillar were 
extracted. The results of the numerical simulation are shown 
in Fig. 12. Compared with Figs. 9 and 10, Fig. 12 shows 
qualitatively similar velocity distribution to the experimen-
tal results. Therefore, interpolated velocity distributions 

obtained by APTV seem acceptable and this implies that 
it is possible to determine the wall shear stress distribution 
based on these velocity distributions.

3.2  Wall shear stress distribution determination

Subsequently, we calculated the wall shear stress τw distribu-
tion from the velocity distribution obtained in the previous 
section. Before determining τw empirically, we confirmed 
that the distribution obtained by the numerical simulation 
and the velocity component u is dominant over v and w for 
the τw calculation in terms of the channel we used. For the 

(a) (b) (c)

Fig. 9  Summated velocity component a u distribution and b v distribution at x = 50 µm (flow direction is perpendicular to the paper); c w distri-
bution in the x–y plane at z = 19 µm (flow direction is from left to right). The extracted locations are indicated in Fig. 8

(a) (b) (c)

Fig. 10  Velocity component a u (flow direction perpendicular to the paper), b v (flow direction perpendicular to the paper), and c w (flow direc-
tion from left to right) distribution after rearrangement to grid points from the distribution shown in Fig. 9

Fig. 11  Streamline in the x–z plane around the pillar center 
(40 ≤ y ≤ 60 µm)
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determination of wall shear stress for x direction, τw, x by 
Eq. (1), velocity gradient du/dz based on u distribution in z 
direction was determined at each x–y location by a second-
order polynomial fitting. The wall location was assumed as 
the point where the local velocity component u becomes 
zero (Sugii 2010; Rossi et al. 2009). Using these procedures, 
the wall shear stress τw, x distributions at the lower and the 
upper wall of the microchannel were obtained, respec-
tively, as shown in Fig. 13. The spatial resolution of τw,x is 
5.0 µm × 1.8 µm (x × y). These distributions were normalized 
by the maximum value �w,xmax

 . From Fig. 13, it is confirmed 
that on both upper and bottom surfaces, the high wall shear 
stress area exists beside the pillar and it corresponds to the 
high velocity region. According to the previous study by 
Bocanegra Evans et al. (2016), when H–h becomes very 
large, the influence of the pillar on the velocity distribution 
near the opposite wall (wall which does not contain a pillar 
array) diminishes and the shear stress on that wall will be 
uniform. On the other hand, in this study, it was observed 
that the wall shear stress is not uniform on the opposite side 

(flat wall). From this fact, it is indicated that it is possible to 
induce the non-uniform wall shear stress distribution on both 
upper and lower channel walls if the pillar array is set to one 
side of the wall to satisfy a sufficiently small H–h. Compari-
sons of the maximum and minimum wall shear stress in a 
flat channel, which has the same H and W ( �wflat

 = 15.7 mPa), 
was performed. As a result, it was found that the maximum 
τw,x was 1.24 times as large as �wflat

 and the minimum τw,x 
was 0.25 times as small as �wflat

 at the bottom side of the wall 
(no pillars), respectively. Moreover, on the pillar array side, 
the maximum τw,x was 1.16�wflat

 and the minimum τw,x was 
0.2�wflat

 , respectively. These results indicate that the change 
of the wall surface shape can induces a drastic change of the 
wall shear stress distribution.

The result shown in Fig. 13 was also compared with the 
numerical simulation shown in Fig. 14. Although the exper-
imentally obtained shear stresses show some dispersions, 
it is confirmed that both results show qualitatively good 
agreement. The dispersion is possibly due to the error in the 
velocity determination and the roughness of the grid interval 

(a) (b) (c)

Fig. 12  Numerical calculation results of velocity component a u (flow direction perpendicular to the paper), b v (flow direction perpendicular to 
the paper), and c w (flow direction from left to right) distributions at the location indicated in Fig. 8b, c

(a) (b)

Fig. 13  Wall shear stress τw,x distribution based on the empirically obtained velocity component u distribution using the APTV technique at a 
the lower side of the channel and b the upper side of the channel
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in x direction. From this fact, in contrast to the conventional 
µPIV technique for wall shear stress determination, the scan 
of the focal plane in the flow fields in the depth direction 
for the velocity gradient acquisition was not required and 
we achieved shear stress measurement easily and quickly 
using the APTV technique. Therefore, it is confirmed that 
the APTV technique is valid for wall shear stress measure-
ment in microchannels with micron resolution.

4  Conclusions

In this study, a measurement of 3D velocity distribution and 
wall shear stress τw,x distribution in a microchannel having 
a circular pillar array was conducted using the APTV tech-
nique. In the measurement, the variations of the velocity and 
τw,x attributable to the existence of the pillars were observed, 
and it was confirmed that the wall shear stress between the 
pillars in the spanwise direction is larger than the other area 
in this channel, and the location corresponds to where the 
velocity component u is large. In addition, it was confirmed 
that the shear stress distribution on both the upper and 
lower walls can be modified or modulated when the space 
between the tip of the pillar and the opposite wall is small 
(for example, the space is comparable to the height of the 
pillar, 20 µm in this study). From these facts, the influence of 
the micropillar array on the velocity field and shear stress on 
the channel surface was evident. Furthermore, we confirmed 
that empirically obtained velocity distribution and τw,x distri-
bution showed good agreements with numerical simulation 
results. Although it is necessary to improve velocity meas-
urement for more accurate τw,x distribution determination, 
it is considered that the effectiveness of τw,x determination 

as distribution with micron resolution by the APTV was 
indicated. These results suggested the potential of APTV 
as the valid technique for understanding flow–structure or 
flow–cell interaction in a µTAS or lab-on-a-chip platforms.
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