
 

Abstract—Cell manipulation has received considerable attentions in 
recent years. Most of cell manipulations are performed manually 
without guarantee of high precision and high throughput. This paper 
reports our latest research on integrating robotics technologies into 
optical tweezers system for manipulation and biomechanical 
characterization of human red blood cells (RBCs). We first demonstrate 
the effectiveness of the robot-tweezers system in manipulation of 
micro-beads, which is followed by stretching RBCs to different levels of 
deformations. The whole manipulation process is conducted with visual 
guidance and position feedback control, where the cell stretching 
direction is determined automatically through image analysis. The 
relationship between the stretching force and the induced deformation 
is obtained through force calibration and image processing. To 
characterize the mechanical properties of RBCs from the obtained 
experimental results, a mechanical model based cell property 
characterization strategy is introduced. Comparing the modeling results 
to the experimental data, the mechanical properties of human RBCs are 
characterized. In conclusion, this study demonstrates that the robotic 
manipulation technology with optical tweezers can be used to 
manipulate biological cells, and further, to characterize the 
biomechanical properties based on the cell mechanical model.  

I. INTRODUCTION 
ICROMANIPULATION of biological cells has 
attracted considerable attentions in recent years. This 

technology utilizes contact or noncontact interaction manner 
to manipulate cells and has been widely used in many 
biomedical fields such as cell transportation [1], cell sorting 
or isolation [2], cell injection [3], cell stretching [4], cell 
properties characterization [5], and so on. 

Some experimental techniques have emerged as effective 
tools to manipulate cells and further measure their 
mechanical properties, which include micropipette aspiration 
[6], atomic force microscope [7], cell injection [8], cell poker 
[9], optical tweezers [4], and optical stretcher [10]. Most of 
the cell manipulations, however, are performed manually. 
Increasing demands for both high precision and high 
throughput in cell manipulation highlights the need for 
automated processing with robotics technology. Benefiting 
from great advance in visual servoing, micro-force sensing 
and control, motion control and image processing, robotic 
manipulation has become a promising tool in manipulating 
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biological objects. Li et al. [11] employed a global vision 
system and autofocusing algorithm to develop an automatic 
micromanipulation system. Kratochvil et al. [12] proposed a 
real-time rigid-body visual tracking method for more precise 
automated manipulation. Huang et al. [13, 14] incorporated a 
vision-based position and force control algorithm into a 
biomanipulation system for automated batch microinjection. 
Arai et al. adopted the virtual reality technology to develop a 
three-dimensional biomanipulation system [15], and 
subsequently proposed a synchronized laser manipulation 
technique to control the trajectories of multiple objects by a 
single laser [16].  

Optical tweezers are known for the ability to impose force 
and deformation on a micro-object on the order of 
piconewton (pN, 10-12 N) and nanometer (nm, 10-9 m) in a 
noncontact manipulation manner. In this paper, we propose to 
integrate robotics technologies in motion control, visual 
feedback and image processing into the optical tweezers 
system for robotic manipulation of biological cells. Human 
red blood cells (RBCs) are chosen as example cells for 
manipulation. RBCs are responsible for the transport of 
oxygen and carbon dioxide. Any alteration of the cell 
mechanics may cause human diseases. The recent researches 
have shown that alterations of mechanical properties of RBCs 
may be associated with the onset and progression of some 
diseases [17]. 

In this paper, we first introduce the robotic manipulation 
system with optical tweezers, and then demonstrate the 
effectiveness of this system in robotic manipulation of 
micro-beads and human RBCs stretching. With visual 
feedback and motion control, RBCs can be manipulated and 
stretched to different levels of deformations under various 
trapping forces. The relationship between the imposed 
stretching force and the induced deformation can be obtained 
by force calibration and image processing. To extract the cell 
properties from the experimental results, a mechanical model 
based cell property characterization strategy is proposed by 
extending our previous work [18, 19]. By fitting the modeling 
results to the experimental data, mechanical properties of 
RBCs can be characterized. This study successfully 
demonstrates that the robotic manipulation technology with 
optical tweezers, in combination with cell mechanical 
modeling, can be used to characterize the biomechanical 
properties of biological cells.  

II. ROBOTIC MANIPULATION SYSTEM 
Fig. 1 shows the optical tweezers system, which mainly 

consists of a single laser trap, a motorized stage, and an 
assembled chamber. A diode laser source with wavelength of 
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808 nm has a maximum power of 2.0 W. The laser beam is 
reflected by a dichroic mirror into a 40× objective and 
focused on the observation plane. To minimize the possible 
optical damage, the laser beam is focused on the polystyrene 
bead that is attached to the cell. The biological sample is 
placed on a two-dimensional motorized stage driven by two 
DC motors (PI M-111.1DG, Germany) with a positioning 
accuracy of 50 nm. The motion of the stage can be well 
controlled by the guidance of visual feedback and a 
piezoelectric motor control [20]. All of the mechanical 
components are supported upon an anti-vibration table. 

 
 

 
 

 
Fig. 1. Robotic optical tweezers system. (a) Experimental setup of optical 
tweezers system, (b) schematic diagram of optical tweezers system.  
 

The mixture of RBCs and micro-beads was placed in a 
home-built chamber, which was assembled with usual 
microscopic slides and coverslips. All of the slides and 
coverslips were cleaned using ethanol. The coverslips were 
glued to the slide by superglue and sealed at the corners by 
nail polish. In the experiments of cell stretching, the surfaces 
of the chamber were bare glass. Once the adhesion between 
the cells and the beads was confirmed, the diluted mixture 
was injected into the chamber from an open end. Most of the 
RBCs were attached to the desired glass surfaces, and the 
unattached cells sank to the slide after inverting the chamber 
back. Then the chamber was ready for experiments. It should 

be noted that all the glass surfaces of the chamber were 
treated with 100 mg/ml bovine serum albumin (BSA, Sigma) 
to prevent the beads from sticking for micro-beads 
manipulation experiments. 

III. CELL PROPERTY CHARACTERIZATION STRATEGY 
In this section, a cell property characterization strategy is 

proposed. This strategy is based on the cell mechanical model, 
which is developed by extending our previous work [18, 19]. 
With the cell model, the deformation behavior of the cell 
during manipulation can be predicted. Also, the relationship 
between the manipulation force and the induced cell 
deformation can be obtained. Different cell properties 
correspond to different force-deformation curves. Comparing 
the modeling results to the experimental data, the mechanical 
properties of cells can be characterized.  

   
Fig. 2. (a) Coordinate definition before and after optical stretching, (b) the 
calculated deformed cell shapes after optical stretching. 
 

The cell mechanical model is based on membrane theory, 
and utilizes the quasi-static equilibrium equations to describe 
the force balance in the meridian tangential and normal 
directions of the cell membrane, which are expressed by [18] 
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where 1T  and 2T  are the principal tensions, 1λ  and 2λ  are 
the principal stretch ratios, 1K and 2K  are the principal 
curvatures. The indices 1 and 2 refer to the corresponding 
component in the meridian and circumferential directions of 
the deformed membrane, respectively. P is the external 
pressure acting on the membrane in the normal direction. ρ  
is the transverse coordinate after deformation, as shown in 
Fig. 2 (a). The prime denotes the derivative with respect to the 
angleψ . 

Mooney-Rivlin material has been widely used to represent 
the deformation behavior of cell membranes [18, 21, 22]. 
Here we adopted it to model the characteristics of RBCs. The 
principal tensions 1T  and 2T  can be derived as follows 
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where C and α are material constants, 0h is the initial 
thickness of RBC biomembrane. For homogeneous, isotropic, 
and incompressible elastic material, / 6(1 )C E α= + , where E 
denotes elastic modulus.  

Since it is difficult to exactly define the interactions in the 
contact areas between the RBC and its exterior, we simplify 
this problem by assuming that the interactions in both the 
contact areas are similar. This approximation makes the 
deformed cell shape axisymmetric as reported by Suresh et al. 
[17]. Due to dual symmetry, only a quarter of the deformed 
cell shape is needed to be analyzed. The standard 4th order 
Runge-Kutta method is adopted to solve the equilibrium 
equations with the boundary conditions and volume 
conservation constraint. The solution procedure is similar to 
that in [18, 19, 21]. After numerical solution, the deformed 
cell shapes can be calculated as shown in Fig. 2 (b). The force 
and the cell deformation can be expressed as follows 

2
1 2C C CF T Pπρ πρ= ⋅ −                             (4) 

                      02 2 Bd r η= −                                             (5) 
where 0r is the initial radius of RBCs. Given the material 
parameters in equation (3), the force-deformation relationship 
can be determined. With the calculation method reported in 
[5], the most appropriate material parameters can be obtained 
to minimize the deviation between the experiments and the 
modeling results. Subsequently, the cell properties can be 
characterized.  

IV. STRETCHING OF HUMAN RBCS 
In this section, the robotic manipulation system is utilized 

to stretch human RBCs.  

A. Materials preparation and force calibration 
Fresh blood was drawn from healthy donors by fingertip 

prick. RBCs were isolated from the blood sample via 
centrifugation. In parallel, streptavidin-coated polystyrene 
beads with radius of 1.55 mμ (Bangs Lab., Fishers, IN) were 
rinsed and incubated with 1 mg/ml biotin conjugated 
concanavalin A (Con A, Sigma) at 4 C for 40 minutes. The 
prepared beads were then added to the RBCs and incubated at 
25 C  for one hour to allow the adhesion between the beads 
and RBCs. Once the adhesion was confirmed under an optical 
microscope, the mixture was diluted in 0.5 % hypotonic 
sodium chloride buffer to allow the RBCs to get swollen with 
spherical shapes.  

 
Fig. 3. Optical force calibration results by trapping a polystyrene bead with 
radius of 1.55 μm at the separation depth h = 5 μm from the coverslip.  

 
During experiments, the trapping force cannot be measured 

directly. Thus it is necessary to perform a force calibration 
procedure. The usual viscous-drag-force calibration method 
is used here [4, 23]. When the flow velocity was increased up 
to a critical value beyond which the bead just escaped the 
laser trap, the bead achieved equilibrium, i.e., the trapping 
force equaled the viscous drag force. According to the Stokes 
law, the viscous drag force was expressed as [24] 

0
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π η

=
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(6) 
where R is the radius of the trapped bead, 0η is the fluid 

viscosity ( 0η = 31.01 10−×  Pa.s at 25 C ), critV  is the critical 
velocity, h is the separation distance of the bead from the 
coverslip surface. Throughout the calibration and cell 
stretching experiments, h was kept to be 5 mμ . 

Fig. 3 shows the calibration results. At each laser power, 5 
separated measurements were conducted and the obtained 
results were averaged. All the data can be fitted by a straight 
line, which coincides with the reported results [24].  

B. Optical stretching of human RBCs by robotic manipulation  
To stretch RBCs and minimize the potential optical 

damage, a micro-bead was adhered to the cell surface as a 
“handle”. The laser beam was focused on the attached bead 
instead of the cell. Thus the micro-beads were manipulated 
directly by optical trap in the RBCs stretching experiments. 
Here, we first demonstrate the efficiency of micro-beads 
manipulation by optical tweezers. Fig. 4 shows the 
manipulation process. Through image processing, the contour 
and centroid of the trapped bead were obtained, which 
enabled real-time detection of the position of the bead. When 
the desired position was given, the moving direction of the 
motorized stage was determined along the line passing 
through the initial and the desired positions. Then the motions 
of the two-axis motorized stage were coordinated and 
controlled by a PID algorithm. With visual feedback, the 
trapped bead could move to the desired position, as shown in 
Figs. 4 (a)-(e). Note that when the moving velocity of the 
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motorized stage was lower than the critical value calculated 
from equation (6), the trap could hold the bead tightly as 
shown in Figs. 4 (a)-(e). As the velocity increased beyond this 
critical value, the bead escaped the trap as seen in Fig. 4 (f). It 
was easy to detect the escape of the bead when the center of 
the bead deviated from the center of the trap.  

  

  

  
Fig. 4. Robotic manipulation process of micro-beads by optical tweezers. 
(a)-(e) the trapped bead moves automatically from the initial position to the 
desired position by optical tweezers, (f) the bead escapes the optical trap. The 
big and small crosses denote the center of the optical trap and the desired 
position of the bead. The black circle and dot indicate the contour and center 
of the trapped micro-bead, respectively. The moving directions are 
represented by the white arrows.  
 

During cell stretching experiments, a small portion of a 
RBC was required to be anchored to the side wall of the 
chamber while the attached bead on the opposite side was 
captured by the optical trap as shown in Fig. 5, which could 
be achieved by reversing the chamber to let the RBCs settle 
down and adhere to the side wall of the chamber.  

It is worth noting that the moving direction of the 
motorized stage is determined by image processing. Fig. 6 
illustrates the determination process. Before cell stretching, a 
cell image was acquired and smoothed to suppress noises by 
convolved with a low-pass Gaussian filter. The Canny edge 
detector with adaptive thresholding [25] was employed to 
track the cell contour as shown in Fig. 6 (b).  The centroids of 
the RBC and the attached bead were obtained via Hough 
transform [26], which were denoted by hollow and filled 
black dots in Fig. 6 (c), respectively. The moving direction 
was then determined to be along the line passing through 
these two centroids and moving away from the trap. 
Moreover, the contact areas between a cell and its exterior 
could also be measured through image processing. Fig. 6 (b) 

shows that the two contact areas were similar and varied 
slightly during the elongation, which verified the hypothesis 
assumed in the cell modeling. The contact radii were 
measured from the deformed cell which just achieved 
equilibrium and contactr was defined as the average of both of 
the contact radii.  

 
Fig. 5. A schematic graph of the stretching experiments where one side of the 
RBC is fixed onto the glass surface and the other side is held by the laser trap. 
 

    

 
Fig. 6. Determination of the moving direction of the motorized stage through 
image processing before RBCs stretching experiments. (a) original image, 
(b) cell edge detection, (c) centroids detection and moving direction 
determination. The hollow and filled black dots denote the centroids of the 
cell and the bead, respectively. The moving direction is along the line which 
passes through these two centroids as marked by the white arrow. The white 
line represents the intersection line between the cell and the bead. 

   

In summary, cell stretching procedures are generalized as 
follows. First, the position of the attached bead was 
determined by image analysis. The motion of the motorized 
stage was controlled and the bead was then trapped by the 
laser beam. After determination of the moving direction, the 
two axes of the stage were controlled, which enabled the 
stage to move in the specific direction. The maximum moving 
velocity of the stage was regulated to be less than 2 μm/s to 
minimize the extra viscous drag force exerted on the trapped 
bead by the flowing fluid. With visual feedback, the distance 
between the centers of the trapped bead and the optical trap 
could be acquired in real time. When the bead was observed 
to escape from the optical trap, the motion of the stage 
stopped. After adjusting the laser power, the operation can be 
resumed.  
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Fig. 7. Stretching process of a swollen RBC. (a) before stretching, (b) during 
stretching, (c) stretched to the maximum deformation, (d) the bead escapes 
the laser trap. Scale bar is 5 μm.  

    

    
Fig. 8. The deformed cell shapes of a swollen RBC at different levels of 
stretching forces: (a) 0 pN, (b) 3 pN, (c) 8 pN, (d) 15 pN. Scale bar is 5 μm. 
 

Fig. 7 shows the stretching process of RBCs at a given laser 
power. For each stretching experiment, the RBC was 
stretched to different levels of deformations over a range of 
laser powers as shown in Fig. 8. The stretched cell shapes 
were captured for estimation of the cell deformation when the 
trap just could not hold the bead as shown in Fig. 7 (c). The 
trapping force could be acquired from the calibrated 
force-power relationship at different levels of laser powers. 
Therefore, the relationships between the stretching force and 
the induced axial deformation were obtained at various laser 
powers.   

V. CELL PROPERTY CHARACTERIZATION 
The trapping forces and the cell deformations were 

obtained from force calibrations and image processing, 
respectively. Fig. 9 shows the experimental results for RBCs 
stretching under various stretching forces. To obtain each 
data, 10 separated stretching tests were conducted and the 
acquired results were averaged. In parallel, several 
parameters should be initialized in the proposed cell 
mechanical model. For example, the membrane thickness of 
human RBCs was taken to be 20 nm [27]. The typical value of 

contactr  was measured to be between 0.75 μm and 0.9 μm. The 
cell radius of the swollen RBC was 3.3 μm. With these known 
quantities, the equilibrium equations (1) and (2) were solved 
by the Runge-Kutta method. The modeling relationship 
between the trapping force and the induced deformation 
could be calculated based on equations (4) and (5). To 
characterize the cell properties from the experimental data, 
the identification procedure reported in [5] was used. When 
the deviation parameter between the experiments and the cell 
modeling was minimized, the most appropriate values of 
C and α in equation (3) could be obtained. The elastic 
modulus E was then calculated by the relation 6 (1 )E C α= + .  

 
Fig. 9.  Comparisons of the experimental data and the modeling results. 
 

Through comparisons, it is found that the modeling results 
are in good agreement with the experimental data when the 
elastic modulus E is given as1.58 0.4 kPa± . As the shear 
modulus μ is usually reported in the literature rather than the 
elastic modulus, we convert it by the relation 

0 / 2(1 )Ehμ ν= + (ν is the Poisson ratio). In our study, since 
the biomembrane is assumed to be incompressible, 
i.e., 0.5ν = , the shear modulus can be calculated as  
10.5 2.7 /N mμ± . The acquired mechanical properties of the 
swollen RBCs are consistent with the reported values, e.g., 
the shear modulus of RBCs in hypotonic condition is in the 
range of 2.5 ~ 10 /N mμ [23, 28].  

It is also found in Fig. 9 that the relationship between the 
stretching force and the cell deformation is quasi-linear. The 
reason may be that human RBCs are deformed in the region 
of relatively small forces. When the stretching force increases, 
the deformation behaviors of RBCs will become nonlinear 
and cell stiffening occurs [4, 23].  

In conclusion, the robotic manipulation technology with 
optical tweezers is demonstrated to be effective in cell 
manipulation, and further, in mechanical properties 
characterization. Based on the proposed cell model, the shear 
modulus of swollen RBCs is characterized. This may have 
potential applications in the biomedical fields. Alterations of 
cell properties have been found in many diseases, such as 
cancer [29], malaria [17], sickle cell disease [30], and 
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diabetes mellitus [31]. The cell property characterization 
strategy developed in this paper can be used to measure the 
mechanical properties of cells obtained from patients with 
certain disease. After measurement at different stages of the 
disease, the variation trend of the cell property can be 
obtained. Therefore, taken the cell property as a biomarker, 
early detection of some incurable diseases, e.g., acute 
myeloid leukemia, may be possible.  Thus this study has 
potential applications in the identification of diseased cells 
and may help medical diagnosis of some human diseases. 

VI. CONCLUSIONS 
In this paper, robotics technology is integrated into optical 

tweezers system for automatic manipulation of biological 
cells. We first introduce the robotic manipulation system with 
optical tweezers in our laboratory, and then demonstrate the 
effectiveness of this technology in manipulation of 
micro-beads. With visual feedback and motion control, 
human RBCs are manipulated and stretched to different 
levels of deformations. The relationship between the 
stretching force and the induced cell deformation is obtained 
through force calibration and image analysis. To extract the 
mechanical properties from the experimental data, a 
mechanical model based cell property characterization 
strategy is proposed. With this strategy, the mechanical 
properties of human RBCs can be characterized. In 
conclusion, this study demonstrates that optical tweezers 
based robotic manipulation technology in combination with 
cell modeling method can be used to characterize the 
mechanical properties of biological cells.  
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