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Digitally-Controlled Electric Field in a Microfluidic 

Chip 
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Jung Lia* 

The density of a single cell is a fundamental property of cells.  Cells in the same cycle phase have 

similar volume, but the differences in their mass and density could elucidate each cell’s 

physiological state. Here we report a novel technique to rapidly measure the density and mass of a 

single cell using an optically-induced electrokinetics (OEK) microfluidic platform. Presently, 

single cellular mass and density measurement devices require complicated fabrication process and 

their output is not scalable, i.e., it is extremely difficult to measure the mass and density of a large 

quantity of cells rapidly.  The technique reported here operates on a principle combining 

sedimentation theory, computer vision, and micro particle manipulation techniques in an OEK 

microfluidic platform. We will show in this paper that this technique enables the measurement of 

single-cell volume, density, and mass rapidly and accurately, in a repeatable manner.  The 

technique is also scalable -- it allows simultaneous measurement of volume, density, and mass of 

multiple cells. Essentially, a simple time-controlled projected light pattern is used to illuminate 

selected area on the OEK microfluidics chip that contains cells to lift the cells to a particular height 

above the chip’s surface.  Then, the cells are allowed to “free fall” to the chip’s surface, with 

competing buoyancy, gravitational, and fluidic drag forces acting on the cells. By using a computer 

vision algorithm to accurately track the motion of the cells and then relate the cells’ motion 

trajectory to sedimentation theory, the volume, mass, and density of each cell can be rapidly 

determined.  A theoretical model of micro-sized spheres settling towards an infinite plane in a 

microfluidic environment is first derived and validated experimentally using standard micro 

polystyrene beads to demonstrate the viability and accuracy of this new technique. Next, we show 

that yeast cell volume, mass, and density could be rapidly determined using this technology, with 

results comparable to existing method suspended microchannel resonator. 

 

 
Introduction 

The mass of a single cell is the most basic physical property 

indicating cellular metabolic rate and its fate1, while the density of a 

single cell reveals more detailed information on the cell state2,3. 

Related to cell physiology, the mass and density of a single cell also 

reveal the nature of cell cycle regulation4–6 more closely than indirect 

parameters such as cellular shape or non-aqueous mass. The 

measurement of cell mass and density can also provide a direct and 

effective evaluation mechanism to monitor cell responses to external 

stimuli such as drugs and environmental changes3. 

    Recently, as a tool of proteomics, mass spectrometry utilizing 

transition element isotopes has been used for cellular mass 

measurement7–9. In addition, interferometric microscopy based on the 

relationship between the quantitative phase image of a cell and its 

non-aqueous content, is used to measure the “dry mass” of the 

cell2,10. Although these two methods can measure cellular mass in an 

indirect way, both are restricted by their complicated mapping 

processes and losses in density information.  

    Another technique to determine cell mass is using a suspended 

micro-channel resonator (SMR)11, which is a cantilever resonator12,13 

integrated in a microchannel, and can be used as a density sensor. A 

research group led by S. R. Manalis  has done tremendous research 

work in the past decade using this method to measure the density of 

a single cell14–16. The cell mass is obtained by calculating the cell 

volume using the resistive pulse (Coulter) technique, or by passing 

the cell through two different kinds of mediums in the SMR17. 

Because of the complicated fabrication process involved, and cells 

must be captured and passed through the resonators, this technology 

is less practical when the mass of many cells need to be determined 

simultaneously. More recently, a pedestal resonant sensor (PRS)18–20 

has been developed by another excellent research group led by R. 

Bashir with a similar measuring principle. Although it has a lower 

resolution (10-10 g) in the case of mass measurement, however, it is 

more suitable for measuring adherent cells and effective in 

measuring the stiffness of a cell5,19.   
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    On the other hand, the classical and established method of 

measuring the population density of cells is using density gradient 

centrifugation21–23. During sedimentation, the cells settle to an 

equilibrium position in a density gradient where they are equivalent 

to their own natural buoyant density. Combined with their volume, 

the average mass of the cells can be calculated. However, due to its 

low accuracy, i.e., the density and mass obtained are averaged values 

of a group of cells, this technique has not much success in measuring 

the density and mass of a single cell. Even now, researchers have 

continued to measure cellular sedimentation velocity24,25 of cells, 

rather than single cell density and mass. One reason is that it is 

difficult for a single cell to settle in the same way repeatedly. 

Furthermore, taking into account the large variations in the mass and 

density of cells, the average value of mass from many cells may not 

provide enough information regarding the true physiology state of a 

cell.  Therefore, the direct, rapid and repeatable measurement for 

buoyancy mass and density of a single cell is still a technical 

challenge.  

In this paper, we present the possibility of using optically-induced 

electrokinetics (OEK) as a practical solution to this classical 

problem. OEK is essentially a dielectrophoresis (DEP) system but it 

uses digitally-controlled and optical images to define virtual 

electrodes instead of metal electrodes. The basic principle was first 

reported by P. Y. Chiou26 et al. (2005), and has sometimes been 

referred to as “optoelectronics tweezers”. Based on OEK technology, 

single and parallel manipulation of cells27 have been reported, 

including cell transport28,29, separation30,31, rotation32 and 

patterning33.  

    The operation principle and the structure of the OEK chip make it 

extremely difficult to use a lateral microscope for observing the 

sedimentation of the cells laterally. In our work, a monocular 

microscope system placed on top of the OEK chip was adapted to 

observe cellular sedimentation displacement in the vertical direction. 

Other researchers have tracked micron-scale and nano-scale particles 

under a single camera microscope using fluorescent34 and 

multiplane35 methods. We have shown that just by using an image-

matching algorithm, we could track the vertical trajectory of micron-

scale particles accurately. The defocused images of micro particles 

at different heights captured by a microscope appeared differently 

because of the changed diffractive and refractive light paths. Hence, 

a micro particle’s vertical position could be obtained by comparing 

the particles’ time-sequence images captured during its motion 

trajectory with the static calibrated images captured at known 

heights, without any change in hardware configuration.  

    In this paper, we will show that the mass and density of a single 

cell could be measured utilizing an OEK system and the simple 

micro-vision technique discussed above. First, the density and mass 

of micro polystyrene beads were measured to validate the method. 

Two types of micro beads (radius of 5.26 µm and 10.42 µm) were 

tested first before experiments on cells were conducted. A high-

speed (maximum 48 fps) and high-resolution (1280 × 1024 pixels) 

camera was used to record the images of the beads at different 

heights in an OEK chip in a time sequence. To calibrate the height of 

micro beads from a reference plan, static bead images at different 

heights from a reference plan were obtained by keeping the bead on 

the OEK chip’s surface, while the objective stage of the microscope 

was moved vertically. Since the movement of the stage is controlled 

to an accuracy of 0.1 µm in the vertical direction, the standard 

images captured by the camera could provide the same vertical 

displacement resolution if the images are processed appropriately. 

Hence by comparing the static (calibration) images with images 

captured from actual experiments, the height of a micro particle as a 

function of time could be obtained by analyzing the sequence of 

images captured from a dynamically moving micro particle.  And 

hence, the bead’s displacement trajectory, velocity, and acceleration 

during the sedimentation process inside the OEK chip could be 

deduced. According to sedimentation theory, the viscous force varies 

with the distance when micron-sized spherical objects are falling 

perpendicular to a single, infinite plane. To describe the changing 

viscosity force, which dominates the sedimentation process, the 

correction factor to Stokes’ Law is required and was also 

experimentally determined in our work.  We will show in the Results 

and Discussion section that the accurate determination of this 

correction factor will allow the matching of experimental results to 

classical analytical results for the sedimentary trajectories of the 

beads and cells in an OEK chip. To demonstrate that this OEK-based 

cell mass and density measurement technique can be generalized to 

measure non-spherical cells, we tested yeast cells following the same 

experimental procedure for the beads. The measurement results of 

the specific cellular mass and density of 44 individual yeast cells are 

given in the Results and Discussion section. We will show that the 

density and mass of yeast cells obtained using the OEK-based 

methods reported here are close to the values reported by others, as 

compared in the table below. 

 

Table 1 Comparison of yeast cell mass/density measured by the 

OEK-based method proposed in this paper with the SMR method.    

 

 
 

Method 

The OEK system 

Fig.1 illustrates the OEK system and the geometrical configuration 

of the OEK chip, which were described in more detail in our prior 

work related to cancer cell patterning33 and controlling fluidic 

interface instability36.  The microfluidic chamber is constructed from 

two pieces of indium tin oxide (ITO)-coated glasses (3 cm × 3 cm × 

1 mm). The height of the medium (DI water) between them is about 

60 µm with a relative permittivity of 80 and a conductivity of 1.3 × 

10-2 S m-1.  A 1 µm thick layer of hydrogenated amorphous silicon 

(a-Si:H) is deposited at the bottom ITO glass substrate. When an AC 

voltage bias is applied between these two ITO layers, no electrical 

conduction path is formed until a digital image is projected onto the 

surface of the a-Si:H layer. Since the light image locally increases 

the electrical conductivity of a-Si:H, virtual electrodes are formed in 

the illuminated area. In Fig.1, the light spot (in green) controlled by 

the computer is generated by the projector. After being shrunk by the 

optical condenser, it passes through the ITO glass and is patterned 

onto the a-Si:H layer. Compared to the dark area, the green area 

forms a virtual electrode which polarizes the objects around it, 

similar to a metal electrode. The polarized micro objects are 

attracted or repelled by the DEP force generated by the induced non-

uniform electric field. While the micro particle on top of the green 

area is lifted into the fluidic medium, the micro particle that is far 

from the green electrode will remain on the surface of the OEK chip. 

Compared to the complicated fabrication processing of traditional 

DEP and microfluidic techniques, selective manipulation of the 

micro-objects becomes simple and flexible using the OEK system. 
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Fig. 1 Illustration of the OEK system and the OEK chip. The 

experimental system consists of a computer, a signal generator, a 

display projector, and a microscope; the enlarged illustration of the 

OEK chip details the different layer structures.  

Manipulation of cells and beads under OEK system 

When light is projected on a particular area on the photoconductive 

layer, a localized DEP field is generated across the lighted area of 

the conductive layer. Assuming that a micro-particle suspended in 

the medium is perfectly spherical, the time-averaged DEP force 

acting on the particle in an OEK device can be expressed in as37 

 

𝑭𝐷𝐸𝑃 = 2𝜋𝜀𝑚𝑟
3Re[𝒦(𝜔)]∇|𝑬|2                   (1) 

where εm is the dielectric permittivity of the medium, r is the radius 

of the particle, 𝒦(ω) is the Clausius-Mossotti (CM) factor, ω is the 

applied angular frequency across the medium, and E is the electric 

field. The CM factor can then be expressed as 

𝒦(𝜔) =
𝜀𝑝
∗−𝜀𝑚

∗

𝜀𝑝
∗+2𝜀𝑚

∗
                                    (2) 

where 𝜀 
∗ = 𝜀      𝜔,  i=p or m, denoting the particles and the 

medium respectively, and σ is the conductivity. However, a cell 

commonly consists of a nucleus, cytoplasm, and other organelles and 

is surrounded by a membrane. It can be considered as a single-shell 

model instead of a homogeneous sphere. An approximation of the 

effective complex permittivity of spherical like cells38 is given by 

𝜀 
∗ =   𝑟 [

    + 

  (  +  )+ 
]                                     (3) 

where,     is the surface capacitance of the membrane,  and    =

  𝑟    and   = 𝜀    . Based on the particle’s dielectric properties, 

the degree of forces affecting them can be adjusted by controlling 

the frequency of AC voltage applied across the OEK chip. Fig. 2 

illustrates the manipulation of the micro particles under the OEK 

system and the main forces acting on them in the OEK platform. If 

the particle is above the center of the electrode and the electrode is 

large enough, then the edge area of the electrode where the DEP 

force is not vertical can be ignored. The polarized micro particles 

will suffer mainly a vertical lift DEP force. By adjusting frequency 

and voltage magnitude of the electric field applied on the OEK chip, 

the projected electrode can produce a large enough DEP force to 

overcome the viscosity drag force and the sedimentation force (i.e., 

gravity and buoyancy forces) to lift the micro particles to a suitable 

height.  

 

 

Fig. 2 Illustration of the manipulation of micro particles. (a) When a 

light beam projected onto the OEK chip, the particle is lifted up and 

(b) when there is no light projected, the particle starts to sediment. 

(c) The forces acting on the particle, when it is rising and (d) falling.    

 

Measurement principle of buoyancy mass and density 

The principle of manipulating micro particles in an OEK 

environment has been discussed in the past already by many other 

researchers39–41. Besides the forces mentioned above, forces due to 

thermal effects, electro-osmosis, Brownian motion, and particle-to-

particle interactions can all be neglected under our experimental 

conditions23. These forces have much lower orders of effect (< 10-16 

N) than the viscosity force, buoyancy force and gravitational force 

which have orders of magnitude of about 10-12 N. The sedimentary 

force is the resultant effect of the buoyancy and gravitational forces 

which can be described as 

grFFF MediumParticleBuoyancyGravityySedimentar ）（   3

3

4

       (4) 

where ρParticle is the density of the particle, ρMedium is the density of 

the solution and ρParticle - ρMedium is commonly defined as the 

buoyancy density. Buoyancy mass is the buoyancy density 

multiplied with the volume. r is the radius of the particle. During 

sedimentation, the initial vertical state equation of a micro particle 

(of mass m) can be expressed as 

ViscosityySedimentar FF
dt

du
m                               (5) 
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where u is the vertical velocity of the particle and FViscosity is the 

viscosity force exerted by the medium. According to Stokes’ Law43, 

the equation below can be used to describe the viscosity force acting 

on a sphere as it moves with velocity u in a medium,  

uKrF 6Viscosity 
                                     (6) 

and ƞ is the dynamic viscosity of the fluid medium (at 20 oC, the 

viscosity of water44 of 1.002 is used in our calculations).  And, K is 

the correction factor of Stokes’ Law when a sphere is falling 

perpendicular to an infinitely long plane surface. Then Equation (5) 

can be expressed as 

uKrr
dt

du
m MediumCell  6g

3

4 3  ）（                (7) 

The function of the velocity can be solved from Equation (7) as 

)1(
9

)(2
)(

2






t

MediumCell e
K

gr
tu







                     (8) 

where τ = m/6πRƞK. Since τ ≈ 10-6 seconds, this means that the 

acceleration time, t, is too fast to be observed and the inertia force 

can be neglected. So the classical equation for the particle velocity 

can be simplified as  

K

gr
tu MediumCell





9

)(2
)(

2 
                           (9)

  Then the density of cells can be expressed as 

MediumCell
gr

Ku



 

22

9                              (10)  

Hence, if the falling velocity u and the correction factor K of Stokes’ 

Law can be obtained, the density of the cell can be calculated using 

the above equation. Consequently, if the volume of the cell is 

known, the cell’s buoyancy mass can be calculated. However, as the 

spherical particle is falling perpendicularly towards an infinitely 

long solid plane, the value of the correction factor K of Stokes’ Law 

will increase, while the sedimentary velocity will decrease. 

According to Taylor’s classical lubrication theory45, the correction 

factor K in Stokes’ Law is equal to r/h, where h is defined as the gap 

between the bottom of the falling sphere and the solid plane. That is, 

as the spherical particle approaches the surface of the plane, r/h∞. 

Our experimental data shows that if the falling distance of the 

particle is close to the radius of the particle (about 5~10 µm), and 

there is no wall around the settling sphere, the correct factor K can 

be expressed as  

h

r
aK 

                                       (11) 

where a is a constant dictated by the size and density of the sphere. 

Substituting Equation (11) into Equation (9), then the falling height 

of the sphere can be modelled as an exponential function of time. 

After fitting experimental data of the density of known spheres to the 

height-time function, the constant a can be deduced from the time 

constant of the exponential function. 

Trajectory in the vertical direction 

Studies on Depth-from-Defocus (DFD)46 have been applied in the 

past in particle tracking with nanometer resolution.47 In order to 

minimize the calibration process required for the configuration of the 

microscope system, an image-matching method is used to obtain the 

height of the particles suspended in the fluidic medium of the OEK 

chip. The main idea is to compare the images of the settling particles 

with standard (static) images of particles of known heights. This 

method requires more computational complexity, but it enables 

accurate displacement resolution.    

 
Fig. 3 Illustration of particle height determination by matching the 

dynamic images with standard images of known heights. 

 

As shown in Fig. 3, the standard images of a bead at different 

heights are shown on the left side, while the images from a 

dynamically moving bead is compared to the standard images to 

determine its trajectory as a function of time.  The microscope 

(NIKON Ti-E) used in our experiments has a stage with 25 nm 

resolution in the vertical direction. First, the standard 

(static/calibration) images of a spherical particle are captured at 

different heights with incremental heights of 0.1 µm. The zero point 

image (the bottom image in Fig. 3) was selected at the height where 

the particles have the mostly clear image, i.e., in focus. Then, the 

manipulation stage of the microscope was moved away from the 

objective lens at step increments of 0.1 µm. At each incremental 

step, an image of the particle of interest was obtained. The 

incremental steps of the manipulation stage were executed by the 

microscope system automatically. And, the range of the incremental 

images obtained span from -2 µm below the reference point (zero 

point image) to 10 µm above reference point.  Therefore, there are 

121 standard images that are used to compare to time-lapsed images 

of falling particles to obtain the height of particles in each image 

frame.  

Cell culture 

Yeast cells (#20867 obtained from ATCC, USA) were cultured in a 

shaking incubator (Model KS 4000i, IKA). Yeast Extract Peptone 

Dextrose Medium (YEPD) with Geneticin 200 mcg ml-1 is used as 

the culture medium. First, 5 – 6 ml of culture medium was added to 

a 25 cm2 flask. Then, 200 μl of the prepared suspension solution 

containing yeast cells was added to the flask. All these steps were 

performed in a biological safety cabinet (Model HERAcell® 150i, 

Thermo Scientific).  The flask and its contents were kept at the 
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recommended temperature (28-30 °C) in the incubator with the 

shaking speed of 220 rpm.   The medium was refreshed every two 

days.  

  

Results and Discussion  

Measurement of standard particles 

As mentioned earlier, before measuring the density and mass of the 

cell, standard micro beads with a known density and size are used to 

calibrate the correction factor of Stokes’ Law. Although the function 

of this correction factor has already been calculated and expressed 

by many researchers in the past, the actual environment of our 

experiments is different from those reported work. First, comparing 

the radii of the particles to the falling distances, researchers have 

reported either h≫r48 or r≫h49,50, while in our experiments the 

falling distance was kept close to the beads’ radius. Second, the 

radius of the sphere in our experiment was about 5~10 µm, which 

has not been analyzed in the past. In the low Reynolds number 

range, most of the experiments in the past mainly focused on the 

spheres with a millimeter-scale diameter49–51.  

    After comparing the time-sequence images of a falling bead with 

standard images at different heights, the displacement of the bead 

between any consecutive two image frames can be easily obtained. 

Combining the elapsed time information recorded in the video 

(sequence of images), a distance-time plot (s-t plot) is obtained from 

the cell sedimentation motion. The s-t plots are shown in Fig.4. 

 
Fig. 4 Time-lapsed height-variation plots of two different kinds of 

micro beads with radii (a) 10.42 µm and (b) 5.26 µm. Each figure 

shows experimental data for 3 different polystyrene spheres of the 

same size, with 2 experiments performed on each sphere. The blue 

solid dotted lines are the results of curve fitting to Equation (11), 

with both of them calculated using the same constant a = 2.0. The 

black dotted lines are the curves calculated from Taylor’s classical 

lubrication theory and marked as Taylor Model.  

 

The entire process of experimentation can be divided into four 

stages, representing four different motion states of the beads. In the 

first stage, no light was projected onto the OEK chip, so there was 

no DEP force acting on the beads, and hence, no displacement 

change. In stage II, when light was projected, the micro beads were 

lifted by the DEP force. Different beads were lifted up by different 

strengths of DEP force, depending on their initial position on the 

projected image. This ascending phase approximately takes 1~3 s 

depending on each cell’s trajectory. In stage III, the descending 

phase, the projected light was shut off, i.e., no voltage was applied to 

the OEK chip, and all the beads fell towards the bottom of the OEK 

chip. During this sedimentation period, the density and mass of the 

beads are the crucial factors governing the falling velocity. 

According to Equations (10), if the density and the radius of beads 

are the same, they will fall at the same rate. The experimental data 

shown in Fig. 4 reflects the free-fall motion of the beads which last 

for 6 s to 12 s during this stage. Finally, after the beads landed on the 

plane, there was no further displacement; the beads settled down on 

the bottom of the OEK chip. Therefore, a single cycle for cell-

motion image capturing takes about 15 s. In addition, the 

computational time to process the images for one single cycle takes 

about 3.5 s. Hence, the approximate time to determine the 

mass/density of a single cell will take ~18.5 s using the proposed 

method. As discussed above, the proposed method can be used to 

measure the density/mass of multiple cells simultaneously -- the 

quantity of cells measured simultaneously depends on the field-of-

view of the microscope and camera used. Our experiment was 

carried out under a 60×  lens, which has a field-of-view that 

contained at least 100 yeast cells. If a smaller magnification lens and 

a broader field-of-view camera are used, the quantity of cells whose 

density and mass could be measured simultaneously could be 

increased significantly. 

    So far, to the best of our knowledge, there is no experimental data 

on obtaining the correction factor K for micron-scale spheres for 

Stokes’ Law. Our method presented above provides a reliable way of 

measuring the correction factor K for Stokes’ Law. Considering that 

the diameter of the test yeast cell is about 5.5~8.8 µm, the correction 

factor a = 2.0 was chosen, based on the testing results of similar 

beads. 

Mass and density of Yeast Cells   

The sedimentation experiments performed on yeast cells were 

similar to those performed on micro beads, except that the shapes of 

most of the yeast cells were ellipsoidal rather than being perfect 

spheres. Therefore, an additional process is required to make each 

yeast cell stand “upright” before the cell is lifted up in the fluidic 

medium. Fig. 5 shows this additional process required for yeast cell 

experiments.     
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Fig. 5 Microscope images of selective and multiplicative 

manipulation of yeast cells being lifted up from (a) the initial state to 

(b) the upright state (i.e., 90o tilt angle). (c) Illustration of the egg-

like states of a yeast cell with tilt angles of 0o, 30o, 60o and 90o. (d) 

Microscope images of the top views of a yeast cell with a tilt angle 

of 0o, 30o, 60o and 90o, respectively.  

 

The “upright” posture of yeast cells on the chip’s bottom surface is 

required while capturing static images with different heights of the 

yeast cell. This could be done by adjusting the magnitude of the AC 

voltage applied cross the chip, i.e., a voltage significant enough to 

align the cell’s orientation to the electric filed lines but not enough to 

apply enough DEP force to lift the cell. To calculate the volume of 

the yeast cells, the axes of the ellipsoidal cells were measured in 

different postures. In Fig. 5(a), A1, B1, C1 are three yeast cells in 

their initial states while been projected with “optical electrode” 

image; D1 cell is at a distance away from the electrode. But at this 

stage no voltage across the OEK chip was applied, so there was no 

OEK force affecting the A1, B1, and C1 cells. Fig. 5(b) is the image 

when there is voltage applied across the OEK chip. The three cells 

on the “optical electrode” are lifted up by the optically-induced DEP 

force. A2, B2, and C2 show corresponding images of the upright 

state of the original A1, B1, and C1 yeast cells, respectively. Since 

the DEP force in the dark area far from the “optical electrode” is 

small, the orientation of yeast cell D1 is unaffected and hence the 

image of D2 is similar to D1.  

   Once the yeast cell was lifted into the fluidic medium to a 

particular height, the projection light image was turned off, and the 

yeast cell was allowed to “free fall” in the medium. Since no DEP 

force acts on the cell any more, gravity force will overcome the 

buoyant and viscosity forces and dominate the falling process. Fig. 6 

shows the details of a yeast cell’s falling sequence in the medium 

inside an OEK chip.             
  

 
Fig. 6 (a) Microscope image sequence of a yeast cell falling in the 

medium. (b) Illustration of the relationship between the orientation 

of the yeast cell and its microscope image while falling. The radius 

of a1, a2 and a3 are the half of the values of diameters d1, d2 and d3 

measured in Fig. 5(d). (c) Repeated test results of one cell’s time-

lapsed height-variation.        

 

    For an ellipsoid52 moving lengthwise in the medium, the 

translational friction factor f can be described as: 

f=4πƞa1/(ln(2a1/a2)-0.5) where a1 is the longest semi-axis and a2 is 

the shortest semi-axis. This expression is only valid when a1
2≫a2

2, 

while, in reality, the shortest axis of most of the yeast cells are, at the 

maximum, 25% shorter than the longest one. The shapes of the yeast 

cells are closer to being spherical, so an adjusted radius is used, i.e.,

3
321r aaa . 

    Using the method described above, measurements for density and 

mass of 44 single yeast cells were performed (results shown in Fig. 

7). The densities of yeast cells varied between 1.04 and 1.13 g cm-3, 

while the buoyancy mass were in the range of 6~36 pg. This result 

broadly conforms to those of J. Lee11 and A. K. Bryan14. 

Considering the differences in cell culturing methods, experimental 

medium types, cell cycle synchronicity and other conditions, these 

results demonstrate that our method is practical for measuring the 

density and mass of a single cell.  
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Fig. 7 The measured results of (a) densities, mass and volume and 

(b) buoyance density (difference between cell density and medium 

density) and buoyance mass (buoyance density multiply cell 

volume) of 44 individual yeast cells. 

 

All the data points in Fig. 7(b) are averaged values from 2~5 times 

of experiments (where the motion of multiple yeast cells were 

tracked) under the same conditions. The average deviation is 5.2%. 

The key error source could come from the displacement 

measurement error caused the determination of motion trajectory of 

each cell using a computational algorithm in analyzing captured 

time-sequenced images. The brightness difference between images 

and random noises produced by the projector, CCD and other 

components of the image acquisition system could all contribute to 

the measurement error.  In addition, in the non-uniform electrical 

field, cellular shape and size could change after prolonged 

polarization which could induce error in determining the cells’ 

settling velocities.        

Conclusions 

A rapid single cell density and mass determination method has been 

developed by combining computer vision, micro particle 

manipulating, and sedimentation theory in an OEK microfluidic 

platform. This method is characterized for measuring micro 

particle’s buoyancy mass and buoyancy density based on the 

classical buoyancy density sedimentation principle. The micro 

particles and cells could be lifted up by digitally-controlled DEP 

force in the medium of the OEK chip, and then allowed to “free fall” 

to the OEK chip’s surface. Utilizing an image processing technique, 

the falling motion of the cells/micro beads could be tracked from 

sequential images frames. Based on the sedimentation theory of 

micro particles in solution, we successfully implemented a 

sedimentation velocity detection scheme to measure buoyant density 

and mass of micro particles and yeast cells. We envision that this 

new method could potentially be widely used for determining the 

density and mass of many types of cells rapidly.  
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