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Abstract— A high-resolution cell manipulation system is pre-
sented for investigating red blood cell deformation under long-
standing load in this paper. Because the low Reynolds number
in microfluidic system, cell position can be manipulated by
controlling the flow in a microchannel. A high-speed vision system
is embedded in the system for providing cell present position
as the feedback signal for the controller while a syringe pump
actuated by a piezoelectric actuator is employed for flow control
in the channel. The system is utilized for applying longstanding
load on human red blood cells. The longstanding load is generated
by manipulating a cell into a constriction channel where the cross-
sectional size is smaller than the size of the cell. The cell has to
deform due to the geometrical constraints of the constriction.
Both the system performance and cell response to longstanding
load have been evaluated. The manipulation system successfully
achieves cell positioning as accurate as 0.24μm while red blood
cells are found always exponentially shrink with respect to time,
and an average shrinkage of 1.82μm in 5 minutes is observed.
Details of system construction and discussion on the cell response
are presented.

Index Terms— microfluidics, red blood cell, longstanding load

I. INTRODUCTION

Microfluidic system provides an very useful platform for
evaluating cell mechanics, and has become popular in recent
years [1]. For example, Hirose et al. put cells through a
narrow throat in a microfluidic system, and determine the
cell stiffness based on the transit time [2]. Sugiura et al.
measure mechanical characteristics of single cells by moire
fringe [3]. Two of the advantages of microfluidic system are
cleanness and simpleness. The cleanness is because that the
microfluidic system is a closed environment, except inlets
and outlets. Therefore, cell operations can be performed from
direct contact with air or surrounding space, and as a result, the
chance of contamination is greatly reduced. The simpleness is
due to the low Reynolds number, so the flow inside the channel
is mostly laminar, except the cases with hundreds micron wide
channels [4]. Cells, or any suspending micro object, are simply
moved along parallel streamlines, which makes the flow-based
manipulation becomes possible [5]. In this paper, we focus on
such a flow-based cell manipulation and examine cell behavior
under longstanding load.

Figure 1 illustrates an overview of cell manipulation and

Fig. 1. Continuous deformation of RBCs under longstanding load is
experimentally observed.

observed cell response under longstanding load. The top of
Fig. 1 shows the manipulation sequence where a target cell is
firstly captured in front of a narrow channel before the test.
The cell is then moved into the constriction channel by the
flow-based manipulation. Due to the geometrical constraints
of the constriction, the cell has to deform for entering the
constriction, and as a result, a load is applied to the cell from
the channel walls. After keeping the cell inside the constriction
for a specified duration, the cell is manipulated to the wide
part of the channel from the constriction. The same test is
continuously applied on different cells for determine general
cell response under longstanding load.

The lower half of Fig. 1 illustrates what we have observed
in the test as cell length getting shorter and shorter with time.
Two example cell images before and after longstanding load
are demonstrated. Vision system is implemented in the ma-
nipulation system for keeping cell position inside the narrow
channel as well as monitoring cells’ responses. Such a time-
dependent deformation demonstrates a viscoelastic property of
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cells. If the cell is pure elastic material, the deformation should
be concluded as soon as it is moved into the constriction. How-
ever, the cell slowly deforms for reaching another equilibrium
state. The rate of deformation under such a longstanding load
represents cell mechanics, and could be a new index for cell
evaluation.

Human red blood cells (RBCs) have been employed for the
longstanding load test in this work. All the tested cells exhibit
similar deformation pattern that cell length, in the direction
parallel to the channel, exponentially decreased with time, and
tries to reach asymptotic values. The cell length is measured by
computer image processing from captured image frames. The
experimental results show an average shrinkage of 1.82μm
among all tested cells.

The rest of this paper is organized as follows: After a brief
review of the related work in Section II, the cell manipulation
system and experimental details are introduced in Section III.
Experimental results on RBCs from a healthy subject are
presented in Section IV. The experimental results is discussed
in Section V. Finally, the paper is concluded in Section VI.

II. RELATED WORKS

There are different approaches for manipulating cells [6].
These methods can be categorized based on the nature of
manipulation as direct contact method [7][8], flow-based
method [9][5], optical method [10][11], electrical method [12],
magnetic methods[13][14], and acoustic method. [15][16]. For
example, Sakuma et al. applied cell manipulation to a cell
for fatigue evaluation by continuous moving through a narrow
channel [17]. While biological cells are usually considered as
viscoelastic material and exhibit time dependent property such
as stress relaxation and strain creep [18], there are medical
researches showing direct or indirect relations between cell
characteristics and diseases [19]. For example, Lim et al. found
that RBCs tend to be more stiff from a subject suffered from
Malaria [20].

Microfluidic system has been used as a test platform
for deformability evaluation on human RBCs in our former
works [21][22][23][24]. To the best of the authors’ knowledge,
this work is the first work focus on the deformation of
red blood cell under longstanding load using a microfluidic
channel.

III. EXPERIMENTAL SYSTEM

A. Evaluation Method

Figure 2 illustrates an overview of how the longstanding
load is applied to a cell using microfluidic system. Figure 2(a)
and (b) are conceptual and practical images of the test,
respectively. A target cell is first allocated in the test platform
as the grippers catch the cell in Fig. 2(a). The next step is to
applied the load by compressing the cell.

However, the size of a RBC is usually between 6μm to 8μm
in diameter. It is too small to be directly manipulated by micro
grippers, such as the one illustrated in Fig. 2(a), and it is also
difficult to provide a stable displacement to deform the cell
within few micrometers for a long time. Therefore, a practical

Fig. 2. An overview of the evaluation system. (a) A conceptual image of
the constructed system for the evaluation. (b) On-chip cell manipulation is
utilized instead of mechanical grippers.

system using flow-based cell manipulation is employed as
shown in Fig. 2(b) [25]. Instead of catch and load cell by
robotic grippers, cell is manipulated in front of and inside
a constriction channel, respectively. The manipulation is per-
formed using proportional-integral-derivative (PID) feedback
control with cell present position as the input and syringe
pump as the output. A target position is given to the controller
and cell is manipulated by the flow generated from the syringe
pump. For example, in order to move a cell from the left
of the constriction to the inside of constriction as shown in
Fig. 2(b), the piston on the right of Fig. 2(b), which represents
a syringe pump, will move to the right. A fluid flow from left to
right will then be generated inside the microchannel because
the pressure on the right reduces as a result of the piston
movement. Due to the low Reynolds number in a microfluidic
channel (usually smaller than one) a cell suspended in the
fluid moves with fluid. Once the cell reaches to the target
position, the piston will push back for stopping the flow, and
the manipulation is completed.

B. Experimental Setup and Chip Fabrication

Figure 3 shows a photo of the actual experimental setup
where the system is constructed by a microfluidic chip, a
high-speed camera, a microscope, a syringe pump and a
piezoelectric actuator. A snapshot with scale is shown on the
top of Fig. 3, and the channel width is 10μm and 3.5μm for
the wide part and constriction part, respectively. The height
of the channel is 3.5μm in the entire microfluidic device. The
combination of microscope and high-speed camera provides
high-speed vision signal for cell position feedback while the
piezoelectric actuator and syringe pump generate fluid flow
inside the microfluidic chip to move the cell.

Figure 4(a) to (h) shows a step-by-step process of making
the microfluidic chip. Firstly, a thin layer of negative pho-
toresist (SU8) is coated on the surface of a clean silicon
substrate as shown in Fig. 4(a) and (b). The thickness of
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Fig. 3. A photo of actual experimental system.

the coating determines the height of the microchannel. The
negative photoresist is exposed to light patterned by a mask
with channel pattern on it as shown in Fig. 4(c), and then the
whole substrate is baked for 30 minutes shown in Fig. 4(d) as
the post process of the exposure. The part exposed to the light
turned to be solid and stable, which makes it remains on the
substrate after rinsing with development chemicals as shown
in Fig. 4(e). Fig. 4(a) to (e) is the process of making a master
mold for the chip. From Fig. 4(f) to (h), a microfluidic chip
is fabricated from the mold. Polydimethylsiloxane (PDMS) is
a material commonly used for microfluidic system because of
its properties of being stable and transparent. PDMS is poured
on the top of the mold and bake for cure as shown in Fig. 4(f).
One inlet and one outlet holes are punched after the PDMS
is cured as in Fig. 4(g). Finally, the PDMS chip is securely
bounded to a glass substrate using plasma treatment on both
the bounding surfaces.

C. Experimental Procedure

The experiments were performed under the following pro-
cesses:

• Cell sample preparation
RBCs from a healthy subject are utilized for the test
in this paper. The volunteer cell donor has read and
agreed the consent of the experiment prior to the test. A
commercial disposable finger prink is used for lancing the
blood from the donor. The lanced wound is immediately
sterilized after a drop of blood (about 20μ l) is obtained.
The blood is diluted with standard saline whose concen-
tration of sodium chloride (NaCl) is 0.9%. It is because
that more than five millions of RBCs are normally in
a microliter of blood, and single cell evaluation is not
possible without a proper dilution to reduce the number
of RBCs in a unit volume. The mixed RBC sample is put
on a low-speed rotator for 10 minutes for RBCs to adopt
to the new osmotic condition.

• Injection of cell sample into the microfluidic channel

Fig. 4. The fabrication process for making the microfluidic test platform. (a)
Silicon substrate is used as the mold base. (b) Negative photoresist SU8 is spin
coated on the surface of the substrate. (c) The photoresist is exposed to light
with a mask with channel pattern. (d) Exposed mold is bake for cure. (e) The
unexposed part is washed out during development and the mold is fabricated.
(f) PDMS is poured on the top of the mold for molding. (g) channel pattern is
molded on the PDMS and two outlets are punched for tubing. (h) The PDMS
chip is bounded to a glass substrate and the chip fabrication is completed.

RBC sample is injected into the microfluidic channel by
place a drop of the sample at the inlet with a disposable
syringe. The syringe pump is connected to the inlet after
the sample placement, and the piezoelectric actuator is
mounted on the syringe piston for pump control. Before
the sample injection, the microfluidic channel is filled
with standard saline for lubrication on the channel surface
as well as for removing the air bubbles in the channel.
If air bubbles exist in the flow path, the performance
of the manipulation will be compromised due to the
compressibility of air. The air bubbles can be removed
by giving a positive fluid pressure to the channel because
PDMS is air preamble so air can be directly pushed out.

• Cell position control and control sequence
Three steps of control sequence is applied for this test,
and they are the operations of catch, load and release.
The initial fluid flow is rapid in the channel due to
small cross-sectional area. The operation of catch is to
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Fig. 5. The performance of cell positioning. The dash line and solid line are
the given target position and the actual cell position, respectively.

position a RBC in front of the constriction from the rapid
flow. RBCs usually only appear on the viewable zone for
few milliseconds, so high-speed camera and high-speed
actuator is necessary to perform the catch. After the catch
operation, the cell is moved into the constriction part
for deformation. In this test, a duration of 5 minutes is
specified for the load operation. RBC shape is recorded
by the camera while the position is maintained in the
constriction at the same time. Finally, the cell is pushed
out from the constriction and a test is completed. The
same test is applied on multiple RBCs and the results is
shown in the following Section IV.

IV. EXPERIMENTAL RESULTS

A. The performance of cell positioning

Figures 5(a) and (b) are the measured performance of cell
positioning for the operations of catch and load, respectively.
Successful and unsuccessful operations of catch are shown in
Fig. 5(a) where the dashed line represents the target catch
position. We found that the flow rate of about 5μm/ms is the
limit speed for successful catch. For the cell moving faster than
5μm/ms, the manipulation system couldn’t response in-time
to stop the cell in front of the constriction.

Figure 5(b) shows the performance of cell position during
the operation of longstanding load. The blue data is the

Fig. 6. Example of cell photos under longstanding load.

measured cell position while the dashed line, which is mostly
covered by the data, is the target position. Cell position from
10s to 50s is further zoomed-in for showing the precision
of the manipulation. The cell positioning is stable with the
error of ±0.24μm. The distance of 0.24μm is equivalent to
the distance of a pixel on the captured image frame. In other
words, the system is able to control the cell position within
one pixel.

B. Cell deformation under longstanding load

Figure 6 shows an example of time-sequenced images
captured during a longstanding load. The total duration is 290
seconds, and it can be seen that the initial length of the RBC is
longer than the cell length after the 290-second load. For this
particular example, the cell length is changed from 12.96μm
to 10.80μm, which gives a total shrinkage of 2.16μm. During
the longstanding load, no additional load is applied to the
cell except the slight flow adjustment for maintaining cell
position in the constriction. In other words, the shrinkage is
very possible due to the longstanding load.

Figure 7 shows the image process method for determining
the cell length during the longstanding load. By utilizing
the image process, we can determine the length of cell
systematically and consistently from frame to frame. In other
words, errors from manual measurement can be removed. The
image processing include four steps as the example shown in
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Fig. 7. Automatic image process is utilized for consistent measurement of
cell length.
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Fig. 8. Experimental results of shrinking cell length under longstanding load.

Figs. 7(a) to (d), respectively. The captured image is firstly
cropped to only the area of interest as the red rectangle
in Fig. 7(a) and applied background removal by subtracting
background image, which is recorded before each test. The
gray scaled cell image in Fig. 7(b) is converted to binary image
as shown in Fig. 7 by Otsu’s method [26]. Because the binary
image is not always a clear cell, morphological closing on the
black objects is applied and the cell can be reconstructed as
shown in Fig. 7(d). Finally, the length of the cell is determined
by the length of black object in Fig. 7(d)

Figure 8 shows the measurement results from the experi-
ment. The crosses marks represent each length measurement
while the solid curves show the least-square fit for each data
set. A total of 9 RBCs were tested, and all RBCs shrank during
the longstanding load in the test. According to the tendency
of the length change, an exponential function is employed for
curve fitting as

L = ae−bt + c (1)

where L and t are the cell length in micrometer, time in
millisecond while a, b and c are the coefficients to be deter-
mined by the fit. The coefficients a, b and c also represent the

TABLE I

THE RESULTS OF CURVE FITTING

L(t) = ae−bt + c

Cell# a b c R2 SSE

1 1.3 3.7×10−5 8.4 0.93 1.66

2 2.2 1.2×10−5 10.6 0.98 1.21

3 2.2 1.4×10−5 9.7 0.98 1.34

4 2.2 1.0×10−5 9.0 0.89 5.70

5 2.0 1.0×10−5 9.4 0.91 3.93

6 1.9 1.3×10−5 9.5 0.83 8.60

7 1.3 12.1×10−5 8.6 0.53 13.51

8 0.6 0.4×10−5 9.2 0.56 1.15

9 2.7 0.6×10−5 9.4 0.96 2.11

AVG 1.8 2.5×10−5 9.3 0.84 4.36

STD 0.6 3.5×10−5 0.61 0.16 4.01

Fig. 9. The correlation between initial cell length and the time constant of
shrinkage.

physical meaning of total amount of length change to a new
equilibrium, the inverse of time constant of the change and
the predicted equilibrium length of the change, respectively.

Table I is the list of fit results on measured cell length and
the goodness of the fit as coefficient of determination R2 and
sum of squared error (SSE). The average of R2 value is 0.84
which shows a fair fit. The cell length change in 290 seconds
is ranged from 0.6μm to 2.7μm with an average of 1.8μm.
The time constant can be determined by 1/b which gives an
average time constant of 98.2 seconds.

Figure 9 shows the correlation between cell initial length
versus determined time constants. A positive correlation of
0.71 is found if not considering outlier of Cell#8. It shows
that a bigger cell tends to shrink slower based on the analysis
results.

V. DISCUSSION

Figure 10 illustrates a possible interpretation of why the cell
continuously deform during the longstanding load. The cross-
sectional area of the microchannel used in the experiments is
rectangular, and there are gaps at the corners when the RBCs
are deformed in the constriction. The RBCs may try to fit
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Fig. 10. Cells gradually adopt to the rectangular shape of channel. (a) The
cell shape is initially elliptical when it just entered the constriction channel. (b)
The cell shape gradually deform to fit the rectangular shape after longstanding
load, and as a result the cell length becomes shorter.

the gaps by expanding its volume in the cross-sectional area,
which leads to the shrinkage of length assuming constant sur-
face area of a RBC. Although the interpretation is reasonable,
it needs to be further verified by implementing vision system
from the side view.

VI. CONCLUDING REMARKS

A high-resolution cell manipulation system is developed
for the evaluation of cell deformability under longstanding
load. By positioning RBCs inside a microfluidic constriction
channel, continuous deformation of RBC is experimentally
observed and presented in this paper. Two concluding remarks
are as follows:

• The performance of the test system is confirmed. The
resolution of cell positioning is as accurate as 240
nanometer.

• RBCs are found consistently shrinking in length under
longstanding load. The time constant of the shrinkage is
98.2 seconds, and the average shrinking length is 1.82μm.
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