
  

Abstract—Laser trapping in the near infrared regime is a 
noninvasive and convenient manipulation tool, which can be 
utilized as micromanipulator for a large number of biological 
applications. Increasing demands for both accuracy and 
efficiency in cell manipulation highlight the need for automation 
process that integrates robotics and tweezers technologies. In 
this paper, we propose a robotic manipulation system with 
optical tweezers, and analyze the force applied on the trapped 
cell for design of an optimal trapping strategy. The dynamic 
motion of the cell with consideration of both the trapping and 
the viscous forces is analyzed, based on which the motion profile 
of the motorized stage is designed to ensure both safety and 
efficiency of the cell delivery. A modified A-star algorithm is 
used for path planning in transporting cells. Experiments are 
performed on manipulating the yeast cells to demonstrate the 
effectiveness of the proposed approach. 

I. INTRODUCTION 
Physical manipulation of biological cells or organelle plays 

an important role in experimental cell biology and 
immunology of biomedical research. Flow sorting and 
mechanical micromanipulation have been used widely for 
cell separation and positioning. Flow sorters divert a batch of 
cells in a volume of fluid, and thus have limited positional 
accuracy. Mechanical manipulators (such as the micro pipette) 
can position the selected cell with micron accuracy but induce 
damage to the cells and require relatively large open volumes 
for unhindered operation. Optical forces from a tightly 
focused laser beam can be used to confine and manipulate 
microscopic particles [1], both as actuators and sensors [2]. 
Optical trapping is based on the transfer of momentum 
between microscopic particles and the photons they scatter. A 
dielectric particle near the focus of the beam suffers from a 
force due to the transfer of momentum by scattering incident 
photons [1]. Optical trap exploits the force to precisely 
manipulate fine particles without mechanical contact, and 
thus produces less damage to biological objects (with proper 
laser power and wavelength) than the mechanical methods 
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[2-3]. It can also function in a completely enclosed system 
with a small size. The optical trap has been applied to a 
variety of research areas, such as micro-manipulation for cell 
fusion and microsurgery [4-5], sperm micromanipulation [6], 
assessment of enzymes [7], and etc. More details can be 
found in some reviews [8-12]. 

At present, manipulation in micro/nano meter scale still 
poses a great challenge to robotics society, which is 
significantly different from robotics manipulation at macro 
scale [13-15]. Increasing demands for both accuracy and 
efficiency in cell manipulation highlight the need for 
automation process with robotics technology, such as visual 
servoing [16-17], force feedback [18-19], mechanical 
modeling of cell in microinjection [20], and motion control 
[21]. As for optical trapping of micro particles, some works 
have also been done towards automation to some extent 
[22-26]. Image processing and path planning in a dynamic 
environment for cell transportation were reported in our 
previous work [27]. Generally speaking, however, few works 
have been done towards manipulation of cells with optical 
tweezers in dynamic liquid environment together with 
trapping force analyses during dynamic movement.  

Qualitative descriptions of the operation of gradient trap 
were given in [28-32], which were mainly based on static 
analysis without considering the cell's motion. The work [25] 
considered the cell’s motion in analyzing the trapping force, 
but assumed that the cell moved with a constant velocity. In 
practical application, the cell’s velocity in point-to-point 
movement must be time varying, especially when the moving 
distance is very small. Accordingly, the assumption of a 
constant velocity profile does not match the actual situation. 
Proper design of the velocity profile is important, since it 
relates to the features of trapping force and laser power 
closely. Failure to deal with the relationship among the cell 
moving velocity, trapping force and laser power may cause 
sequences like cell escaping from the trap, damage of cell, 
low manipulating efficiency, inaccurate trapping force 
measurement, and so on.   

 In this paper, we analyze the dynamic movement of the 
trapped cell and then obtain proper motion parameters. Based 
on this analysis, the velocity profile of cell moving can be 
designed with an optimal moving path computed by a 
modified A-star algorithm, to ensure safety and efficiency of 
the cell manipulation progress. Experiments show that the 
cell can be transported successfully using the proposed 
motion planning algorithm. 
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II. MANIPULATION PLATFORM 
Fig. 1 shows our cell manipulation system with optical 

tweezers, installed on a vibration isolation table. The system 
includes a diode laser (808 nm, 2 W), a CCD camera, a 
microscope objective, and a precise moving stage (PI 
M-111.1DG). The beam produced by the laser passes through 
a beam expander and is reflected by the dichroic mirror. It 
passes into the microscope and is focused on the sample 
which is carried by the stage under automated control. The 
focus of the laser is fixed on the x-y plane, and the relative 
movement between the trapped cell and the sample holder can 
be accomplished by an x-y moving stage. The resolution of 
the motorized stage is 50 nm. The biological objects can be 
positioned through image processing, which serves as visual 
feedback to guide the micromanipulation process. 

 

 
Fig. 1. Cell manipulation system with optical tweezers 
 

 
Fig. 2 Hierarchical control of the system. 
 

The motorized stages execute the motion control tasks. Fig. 
2 shows the block diagram of the hierarchical control. The 
control procedures are described as follows: 
Step 1: Transmit the original image into a digitalized map in 

GUI (graphical user interface) with CCD; 
Step 2: Compute the path of the cell based on the current and 

the given terminal states; 
Step 3:  Send the planned path to motion controller; 
Step 4:  Acquire new environmental image from CCD. 

During this process, the program checks whether the cell is 
lost in every cycle. If the cell escapes, the trap will go back to 
the last grid, and the moving velocity will be decreased 
(usually by 10%). 

III. TRAPPING FORCE ANALYSIS IN CELL MANIPULATION 
For simplicity, cells with spherical shapes are considered. 

The theory of ray optics can be used to calculate the trapping 
force on a dielectric particle with a size that is comparable to 
the wavelength of the laser. Fig. 3 shows the trapping force 
produced by a tightly focused laser beam. Stream of photons 
are presented by a ray of light incident upon the upper side of 
a cell. The ray is shown refracted and reflected at the upper 
and the lower surfaces. The effects caused by the stream of 
photons can be decomposed into axial one (in z-direction) and 
radical one (in x-directions). The deviation of the cell from 
the laser focus in z direction can be neglected because of the 
balance of the gravity and the buoyancy. Therefore, the 
motion of the trapped cell is mainly considered in x-y plane. 
With the force analysis in [32], the reflection and refraction of 
each incident ray contributes to the net radial force on the 
surface of the cell. The total radial force trapF  on the cell is 
the sum of contributions due to the reflected ray and large 
number of refracted rays of the incident laser beam.  

Fig. 4 illustrates the radial trapping forces with different 
laser powers imposing on the cell. Denote x  as a generalized 
coordinate representing the deviation of the cell from the 
center of the trap. The radial trapping force trapF  is zero 
when the cell is perfectly centered in the laser beam. The 
trapping force pulls the cell back to the center of the beam 
when x is not zero. The force is also zero when the 
deviation x is so large that the sphere is completely outside 
the photo stream. The detailed analysis of the trapping force 
was given in [28-32]. For simplicity, the relationship between 
the trapping force trapF  and the deviation x  is approximated 
by a linear relation as [8] 

kxFtrap =          x < 0x                          (1) 

where k denotes the trapping stiffness, and 0x  is the critical 
deviation when the trapping force begins to decrease.  

Fig. 5 illustrates the trapping force versus the deviation x  
obtained from a simulation on a yeast cell with different 
radius R. It is demonstrated that the trapping stiffness (slope 
of the curve) decreases as the radius increases in the range of 
x < 0x , which explains why it is more difficult to move large 

cells than the small cells by optical tweezers in experiments. 
The parameters of Figs. 4 and 5 are as follows: 

4120



  

sρ = 1.057 g/ml, 0ρ = 1.0 g/ml, sn = 1.54,  

0n = 1.33, 0W = 1.5 mμ , z = 0 
where sρ  and 0ρ are the densities of the cell and the ambient 
material respectively, sn  and 0n  are the refractive indexes 
respectively, 0W  is the radius of the beam waist, and z is the 
distance from the cell to the minimum beam waist [32]. 
 In addition to the trapping force, the flow fluid also exerts a 
drag force on the trapped cell during cell moving, as shown in 
Fig. 3. According to Stokes’ law [9], the drag force can be 
expressed by 
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where R is the radius of the cell, η is the fluid viscosity 

(η = 31.01 10−× Pa s⋅  at 25 C for water), h is the separation 
depth of the cell from the slide, and V is the relative velocity 
of the trapped cell with respect to the fluid, denoted by 

xVV fluid −=  

where fluidV  is the velocity of the flow. In our study, fluidV  is 
equivalent to the cell moving velocity achieved by the 
motorized stage. The typical dragging force is less than 10 pN 
when the velocity is ranged from 10 /m sμ to 50 /m sμ .  
 

 
Fig. 3 Force analysis at the cell center with distance x  from the beam focus. 
 

 Based on typical periodic velocity profiles as shown in 
Fig. 6, we have the relative velocity as follows 
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where ma is the acceleration of the translation stage which 
can be designed by the user, and 0T  is the time spent to 
complete a single step motion. 

 
Fig. 4 Radial force versus radial deviation with different laser power. It 
confirms that the trapping force at the same deviation increases as the laser 
power increases (ranged from 0 to the critical deviation 0x ).   
 

 
Fig. 5 Radial force versus radial deviation with different size of the cells. 
 

 
Fig. 6 The periodic velocity profile of the translation stage. 
 

As shown in Fig. 3, the dynamics equation of the motion of 
the cell is 

trapdrag FFxm −=                                (4) 
where m is the mass of the cell. Substituting (1)-(3) into (4), 
the deviation x can be solved based on the acceleration ma .  

We fit the trapping force to be linear with the stiffness 
mNk /105 6−×= (P= 10 mW), which is ranged from 

-2.3 mμ  to 2.3 mμ . The deviation x  of the cell with different 
periodic moving distance, denoted by 0s , can be computed 
based on the acceleration ma , as shown in Fig. 7. 
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(a) Deviation of the trapped cell with periodic moving distance 0s =30 mμ . 

 
(b) Deviation of the trapped cell with periodic moving distance 0s =15 mμ  

 

 
(c) Deviation with periodic moving distance of 0s =15 mμ  

Fig. 7 Simulation of the trapped cell versus time (from 0 to 1.5 0T ), 

acceleration ma  (from 5 2/ smμ  to 55 2/ smμ  ) and moving distance ( 0s ) 
of the stage.   
 
 It is seen from Fig. 7 that the deviation x depends on the 
acceleration of the translation stage ma (which is varied from 
5 2/ smμ  to 55 2/ smμ ) and the periodic moving distance 0s . 
The maximum deviation occurs at the time 2/0nTt = , where 

masT /2 00 =  and n is integer, and the viscous drag force 
has the maximum value at this time. Then the moving 
velocity begins to decrease, and the deviation becomes 
smaller. 
 As shown in Fig. 4, the trapping force decreases quickly 
when the deviation x > 0x = 2.3 mμ . Therefore, the 

maximum deviation should ideally be within the range of 0x ; 
otherwise, the cell may escape due to small trapping force 
acted on it. Fig. 7 (a) shows that the deviation could exceed 
2.3 mμ if ma >50 2/ smμ  in the velocity profile in Fig. 6, 

when 0x = 30 mμ . As shown in Fig. 7(b) and (c), the 
maximum deviation becomes much smaller when the moving 
distance 0s  is 15 mμ . The moving step 0s  is dependent on 
the environmental factors around the trapped cell, such as 
obstacle distribution, distance to destination, etc. The motion 
parameters should be designed by taking balance between 
practical circumstance and the efficiency.   
 In the experiments, we successfully transported the yeast 
cell by selecting ma = 20 2/ smμ  and 0s = 30 mμ . In a few 
occasions, the cell escaped from the trap after moving a short 
distance. The success rate of the cell transportation is about 
80%. The reasons for failure include collision with fast 
moving obstacles, improper parameters of the image 
processing, and that the trapped cell sticks to the slip. In 
addition, it was found that the cell escaped more easily at the 
waypoints. Therefore, we should reduce the operation time by 
selecting a short path, and try to reduce the number of 
waypoints in the trajectory path.   

IV.  PATH PLANNING 
When moving the trapped cell, some other cells that locate 

between the origin and the destination may block the path. 
Since the laser beam produces the force around its focus, it 
must keep a distance from the other cells. Therefore, a 
path-planning algorithm must be designed. Prior to designing 
the path, the following works must be done. 

First, the images from the CCD camera should be changed 
into binary image, as stated in step 1 of the control procedures 
in section 2. The ideal effect is attained by adjusting the bars 
to change the parameters of the canny and dilation 
algorithms.  

Second, the whole moving area is divided into a square 
grid for simplicity. The grid has two important functions. One 
is to determine the length of each moving step, and the other 
is to judge whether the squares can be passed through. The 
size of the square depends on the safe distance between the 
trapped cell and others (obstacles), and the safe distance 
depends on the power of laser and the property of the trapped 
cell. Since the obstacle particles vibrates all the time, the grid 
map of the workplace in view must be updated in every step. 
At the same time, the step length and the moving speed affect 
the stability of the trapped cell as demonstrated in the last 
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section. 
A modified A-star path planning algorithm is used in this 

study. A-star algorithm is one of the most classical heuristic 
path planning algorithms, which searches the path between 
the starting point and the destination with the lowest cost 
[33]. In the dynamic environment that contains many cells, 
the optimal path is determined by computing the path with the 
lowest cost in every step. Additionally, we smooth (or 
simplify) the path by decreasing the waypoints. The reason is 
that at the way point, the cell still moves for a certain distance 
along previous direction because of its inertia, but the moving 
direction of the trap changes, which may cause the cell to 
escape from the trap.  

To solve this problem, we modify the A-star algorithm by 
adding an additional term to the movement cost ( , )F i j , to 
penalize the nodes where the moving direction changes. The 
algorithm for cost estimation can be expressed as: 

            ),(),(),(),( jijiHjiGjiF η++=                   (5) 

where ),( jiF  denotes the total moving cost at the given node 
),( ji , ),( jiG  denotes the moving cost from the starting 

point to the node ),( ji , and ),( jiH  denotes the estimated 
moving cost from the given node ),( ji  to the final 
destination. Note that ),( jiη  is an additionally added moving 
cost in this study. If there is a waypoint from the note ),( ji  to 
the next position, the value of ),( jiη  is more than 0; 
otherwise it is 0. The value of  η  is determined by taking the 
balance between the smoothness and the moving cost. 
Increment of η  reduces the number of the waypoints but may 
increase the cost. Fig. 8 shows a comparison between the 
generated paths with different additional value η , where the 
cost of moving a single grid in x or y direction was set as 10.  

It is seen from Fig. 8(a) that by the standard A-star 
algorithm there are many waypoints in the path, which is not 
good to optical trapping. When using the modified A-star 
algorithm with the additional term η =10, as is shown in (b), 
the number of waypoints descreases to two, and the path 
becomes much smoother than in (a). If η   increases to 100, as 
shown in (c), there is only one waypoint, but the movement 
cost is much greater than in (b). Through a series of tests on 
the yeast cells, we found that η  was ideally ranged between 5 
and 25 in our experiments. 

Fig. 9 illustrates path generation with the modified A-star 
algorithm (η =20) in the experiment of moving a yeast cell 
with optical tweezers. The moving direction was either along  
x and y axes, or at an angle of o45 . To obtain a good image 
processing effect, we set the moving step as 0s =30 mμ  

when moving at the angle of o45 , as shown in Fig. 9. When 
moving along x or y direction, the moving step is smaller 
( 2/0s ). According to the computation in section III, the 
acceleration ma  of the stage should be no more than  50 

2/ smμ . Considering the Brownian motion of the trapped cell 
and the fluctuation of the envoironment around the cell, the 
acceleration was set as 15 2/ smμ  in the experiments. Fig. 10 
shows the course of the yeast cell manipulation process in 
following the generated path. It took about 10 seconds to 
accomplish the transportation. 

 

 
(a) Path computed by standard A-star algorithm  

 
(b) Path computed with η =10 

 
(c) Path computed with η =100 

Fig. 8 Path generation with standard and modified A-star algorithms. 
 

 
Fig. 9 Generated path in the grid map of the cell transportation. 
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             (a) At the beginning                                  (b) 4 seconds later 

 
(c) 6 seconds later                                 (d) 10 seconds later 

Fig. 10  Course of transporting the yeast cell to the destination. 

V. CONCLUSION 

There is a demand for designing a methodology to 
manipulate biological cells effectively and safely using a 
robotic manipulation system with optical tweezers. In this 
paper, we analyze the dynamics of the trapped cell in 
movement, and obtain proper motion parameters for motion 
planning to ensure the safety and efficiency of the cell 
delivery. A modified A-star path-planning algorithm, which 
promises low cost and smoothness, is integrated into the 
manipulation system for automation process.  Experiments 
verify the validity of the proposed manipulation approach.  
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