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Abstract: To realize automatic manipulation of micro-particles
by light-induced dielectrophoresis ( LDEP), a path-planning
scheme based on the improved artificial potential field ( APF)
for micro light pattern movements is proposed. An algorithm
combining guided target and point obstacle based on a new local
minimum judging criterion is specially designed, which can
solve the local minimum problems encountered by the traditional
APF. Experiments of real-time particle manipulation based on
this algorithm are implemented and the experimental results
show that the proposed approach can overcome the local
minimum problems of the traditional APF method, and it is
validated to be highly stable for intensive particle obstacles
during LDEP manipulation. Consequently, this method can
realize real-time manipulation of micro-nano particles with
safety, decrease the difficulty of manual manipulation, and thus
improve the efficiency of manipulation of micro-particles.
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n recent years, it has become possible to realize flexible

manipulation of micro-nano particles with the develop-
ment of light-induced dielectrophoresis ( LDEP)'™. The
basic principle of LDEP' is that the photoconductive mate-
rial in the LDEP device has a much higher conductivity un-
der illumination than that without illumination. Due to dif-
ferent partial voltages between bright areas and dark areas, a
non-uniform electric field in the manipulation space is
formed and thus the LDEP force is produced, which can be
used to achieve the dielectric manipulation of micro-nano
particles. Since LDEP is employed in the micro-manipula-
tion research area, it is easy to dynamically manipulate par-
ticles in a non-contact mode by controlling the light-induced
virtual electrode, which is generated by digital micro-mirror
device display technology'. The typical structure of the
light-induced virtual electrode is ring-like. The micro-parti-
cle is trapped by the LDEP force generated by the annular
light-induced virtual electrode, so synchronous motion be-
tween the trapped particle and the ring electrode can be
achieved. Because the light-induced virtual electrode can
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transport particles from one position to another position, it
can be imaged as a “robot” formed by a light pattern. So
we call it a light robot in this paper instead. However, the
LDEP manipulation usually needs an operator to control the
complex motion of the micro light patterns during the whole
operating process”’”', which is labor-consuming. In order
to realize automatic LDEP manipulation, a real-time path
planning algorithm for light robots is crucially needed to be
integrated in the commonly used micro-nano particles ma-
nipulation platform based on LDEP"™

Path planning methods can be divided into traditional
methods and intelligent methods'"” . Intelligent methods in-
clude fuzzy logic!"", neural networks'” and the GA algo-
rithm'™ . The intelligent methods usually have complex
models and require much more iterations to achieve the opti-
mal path which usually results in huge computation. So the
intelligent methods are not suitable for the real-time control
of the automatic manipulation of micro-particles. Addition-
ally, there are mainly three traditional methods''” available:
V-graph, the grid method, and artificial potential field
(APF). The APF method was put forward by Khatib''",
which is widely used due to the concise expression and good
real-time performance. As a heuristic method, a virtual po-
tential field is defined in C space'”, which will make the
target attract the moving object, while the obstacles repel it.
In this way, the moving object will head for the goal in the
direction of a negative gradient of the total potential. But
there is a local minimum problem which will trap the mov-
ing object before reaching its goal.

Thus, it is the crucial bottleneck of the APF method to
avoid the local minimum problem. Ge and Cui""® proposed a
modified repulsive potential function taking target and obsta-
cles into consideration, and it effectively solves the local
minimum problem that the obstacle is close to the goal.
Zhang et al."'"” brought simulated annealing into the APF
method. Its basic idea is that the robot moves forwards in
the direction of higher potential with a certain probability,
but there are still many shock points on the final path.
Kuang and Wang'"® combined the APF method with the GA
algorithm, and the GA algorithm is used to obtain the opti-
mal parameters for the APF approach, but its real-time per-
formance is not good due to the large amounts of calcula-
tion.

In this paper, an improved APF based path planning
method for light robots is proposed and implemented in the
LDEP manipulation. First, a new local minimum judging
criterion is given. Then, based on the criterion, an algo-
rithm which combines the guided target and the point obsta-
cle concept is designed to avoid local minimums. Finally,
the proposed approach is practically applied to a micro-nano
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bio-particles manipulation platform based on LDEP using
Visual C ++. Experiments show that the proposed approach
can realize real-time manipulation of micro-particles with
safety, decrease the difficulty of the manual manipulation,
and thus improve the efficiency of the manipulation of mi-
cro-particles.

1 Modified APF Model

In the micro-scaled manipulation workspace, multiple
particles can be trapped using the same number of light ro-
bots. It means that when a single particle is driven toward a
specific target, the other light robots should be viewed as
obstacles. The basic idea of the APF method is that the light
robot, obstacles and the target are simplified into geometric
points. The light robot heads for the target and moves under
the artificial force, while the obstacles repulse the moving
light robot and the target attracts the light robot. So the light
robot moves in the direction of the composite force.

The attractive potential function is defined as

Un(@) =5 60"(4 4,) (D

where p(q, ¢,,,) = || 9.0 — q | represents the distance be-
tween the light robot and the target; £ is a positive propor-
tional coefficient; m is equal to 2.

The attractive force is the negative gradient of the attrac-
tive potential, which is defined as

Fan(q) =-V Uan(q) =§(qgoal _q) (2)

[16]

The modified repulsive potential function' ™ is defined as
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where 7 is a positive proportional coefficient; p(q, q,) is
the shortest distance between the light robot and obstacles;
p, 1s the effect distance of obstacles; n is any positive real
number. In this study, p, is equal to the diameter of the
light robot, and n is equal to 2.

The corresponding repulsive force is
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n., and ny;are two unit vectors from the obstacle pointing
to the light robot and from the light robot pointing to the tar-
get, respectively.

The resultant force on the light robot is

F

Total

= Falt + FTCP (5)

And it determines the current direction of the light robot,
known as heading angle a.

1.1 Criterion for judging local minimums

Because the light robot always moves forwards in the di-
rection of the negative gradient, a successful path must con-
tain a series of points where the total potential always de-
creases, and at the goal position the total potential has the
minimum. Fig. 1(a) shows the equipotential field curves of
a typical obstacle environment calculated by the modified
APF. The light robot heads for the target from S to G, and
the total potential stops decreasing while the light robot rea-
ches the internal area of the U-shape obstacle. Due to the
pixel level precision for the light robot motion, the light ro-
bot will shock between two neighboring path points. In this
case, the value of the total potential will be high and low
circularly, as shown in Fig.1 (b).
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Fig.1 Typical U-shaped obstacle environment. (a) Curve of equi-
potential field; (b) Partial curve of total potential

Total potential

Hereby, the new criterion of local minimums is proposed
as follows: The total potential of current time is denoted as
U.(?), and the total potential of next time is denoted as
U(t+T,). If U.(t+T,) —U.(t) >A, the light robot is
regarded to be trapped in local minimums, where 7, is the
sample interval of total potential and A is a nonnegative con-
stant called sensitivity of potential. The smaller the A, the
higher the sensitivity of potential.

1.2 Guided target and point obstacle

Based on the above criterion, an algorithm combining the
guided target and the point obstacle is proposed to solve the
local minimum problem.
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For simplification, the light robot which traps micro-par-
ticles can be regarded as a mass point, and thus the size of
obstacles should be transformed from the work space to C
space!"™.

Suppose S and G represent the initial position and the goal
of the light robot, respectively; « is the heading angle from
S to G; P is the local minimum position, which is set as the
circle center of the detection area, and R, is the search radi-
us. Then the obstacles located at the angular region of
[ -7/2+a, mw/2+a] can be searched, as shown in Fig.
2(a).
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Fig.2 Schematic of escaping from local minimums. (a) Setup of
guided target; (b) Setup of point obstacle

Let ObsL be a set containing the searched obstacles in the
left search area. ObsL ={O,,, 0,,, ..., O, }. The center of
O,;is P, and the radius is R,;; m is the number of obsta-
cles. Similarly, another set named ObsR can be easily de-
fined just by replacing “L” with “R”.

1.2.1 Setup of guided target

Suppose S, and S; to be the sum area of obstacles in Ob-
sL and ObsR, respectively. If S, < §;, it means that the
threat of obstacles in the left search area is smaller than that
in the right one; thus, the guided target should be set in the
direction of the left search area. Otherwise, it should be set
in the direction of the right search area.

Taking into account the situation of S; <S;, as shown in
Fig.2(a), O, is the obstacle in ObsL which is the farthest
from the direction of heading angle «. The greatest included
angle is 8, so the guided target direction ¢ is

$=a+(B+0) (6)

R, .
where 8= / (PG, PP,;), 6 = arcsin HT,L’PH

Similarly, if §; > Sy, Ois the obstacle in ObsR which is
the farthest from the direction of heading angle «, and the
greatest included angle is 8.

The guided target direction ¢ is

b=a-(B+6) (7

where B8 = £ (PG, PPRJ,) , & = arcsin m

The guided target is supposed as G'(x, y), which can be
obtained as

Xg =Xp +Mcos¢} (8)

Vo =y + Msing,

where M is the Euclidean distance between the guided target
and the local minimum position P. If M is very small, the
light robot will reach the guided target before escaping from
the local minimum completely. So M is usually assigned to
the maximum scale of the manipulation space.

While the light robot heads for the guided target, the
global target must be reset to the real target promptly, other-
wise the length of path will increase greatly. Let d_, be the
shortest distance between the light robot and all obstacles.
When d_;, >p,, the global target should be reset to G imme-
diately.

1.2.2 Setup of point obstacle

In order to avoid the shocking between P’'and P in com-
plex obstacle environments such as U-shaped obstacles, a
point obstacle concept is put forward to overcome the poten-
tial risk of rolling back in this study.

Suppose at time f,, the global target is reset to the real
goal G, as shown in Fig.2(b). P’ is the current position of
the light robot, that is P’ = X(¢,), so point obstacle Q is set
as

Q=X(t.-1) (9)

where ¢ is the delay time.
By adding the point obstacle to the manipulation space,
the light robot will be repulsed from rolling back.

1.3 Modified APF for light robot

As the typically used shape of light robots is ring-like,
the structure of the light robot in the algorithm is selected to
be ring-like. Besides, the radius of the light robot in the al-
gorithm is set as an external radius for safety, and the radii
of other types of light robots such as square or diamond can
be equivalent to the radii of their circumcircles. Fig. 3
shows the flow chart of the improved APF approach for the
light robot. The improved APF approach based on the
guided target and the point obstacle is given as follows:

Step 1 The micro-nano particles manipulation platform
is initialized. Suppose that VectorL and VectorR represent
the times of the light robot turning to the left and the right
sides, respectively, when a local minimum occurs. The ini-
tial values of both VectorL and VectorR are zero.
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Step 2  Trap the particle of interest using a ring-like
light robot and set the target G.

Step 3

a) The light robot moves forwards according to the head-
ing angle o computed by Eq. (5). If U.(t+T,) - U.(t) >
A, then go to Step 4.

b) If the guided target G' is set up, detect the shortest dis-
tance d_, between the light robot and all the obstacles. If d
>p,, then reset the global target to G, add the point obstacle
according to Eq. (9), and VectorL = VectorR =0, go to a).

c) If the light robot reaches the real target, then the algo-
rithm stops; otherwise go to a).

Step 4

a) Set the current position of the light robot as the circle
center of the detection area, and R, as the search radius.
Then find the obstacles which are located at the angular re-
gion of [ —m/2 +a, m/2+0a].

b) Compute guided target direction ¢.

If VectorL = VectorR =0 and S| <S, then Eq. (6) should
be used, and VectorL puls 1;

If VectorL = VectorR =0 and S, > S, then Eq. (7) should
be used, and VectorR plus 1;

If VectorL >0 then Eq. (6) should be used;

If VectorR >0 then Eq. (7) should be used.

c) Compute the guided target G’ according to Eq. (8),
replace the global target with G’, and go to Step 3.

Initialization of Initialization of
manipulation platform) \improved APF method

Trap particle and set
the goal G
Light robot moves
fowards according to
Eq.(5)

min

Setup of guided target
and point obstacle

Fig.3 Flow chart of the improved APF approach for light robot

2 Experimental Verification

In order to achieve automatic manipulation of micro-parti-
cles, the micro-nano particles manipulation platform is made
up of a projection module and a vision module. The projec-
tion module includes several optical lenses and a high accu-
racy DLP projector by which the light-induced virtual elec-
trode (light robot) is generated. When the light robot is
projected on the chip of LDEP through a series of optical
components, the visual feedback will be done simultaneous-
ly by the vision module consisting of a CCD camera and a
biological microscope, as shown in Fig. 4.

To validate the algorithm, experiments of real-time ma-
nipulation of standard particles are performed. The polysty-
rene particles used in the experiment are bought from Duke
Scientific Corporation and have a diameter of about 30 pm.
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Fig.4 Micro-nano particles manipulation platform

The particles are injected into the LDEP device'” in which

deionized water is used as a buffer solution. Then, a signal
with a peak-peak value of 20 V and a frequency of 1 MHz is
applied to the LDEP device.

Fig. 5 and Fig. 6 show the manipulation of a single parti-
cle in linear obstacles and U-shaped obstacles, respectively.
As shown in Fig.5 and Fig. 6, S and G represent the initial
position and the target, respectively, and the dashed circles
signify the position of the light robot which traps the parti-
cle. The internal diameter and the external diameter of the
light robot are 65 and 120 wm, respectively. And the speed
of the light robot is about 15 pm/s. Fig. 5(f) and Fig. 6(f)
show the trajectory of the light robot.
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Fig.5 A series of images for single particle manipulation in line-
ar obstacles environment

If the traditional APF method is used, the light robot will
be trapped at the local minimum position in experiment 1 as
shown in Fig. 5(b) as well as the position in experiment 2
as shown in Fig. 6(b). In this case, the particle cannot be
transported to the target.

Moreover, by using the improved APF approach, the
light robot will automatically follow the wall composed of
obstacles while there is more than one local minimum posi-
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tion. In experiment 2, the light robot turned right twice at
local minimums before reaching its goal ( see Fig. 6).
Compared with Ref. [ 20], the proposed method only
needs two variables (namely VectorL. and VectorR as men-
tioned in section 1.3) to realize the wall-following mo-
tion.
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Fig.6 A series of images for single particle manipulation in U-
shaped obstacles environment

Fig.7 and Fig. 8 show the trajectories of both the light ro-
bot and the transported particle in two experiments, respec-
tively. It is obvious that the trajectory of the transported
particle is almost coinciding with that of the light robot. We
can see that the particle moves along with the light robot
without being lost. The experimental results show that the
algorithm can meet the requirements of safety and stability.
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Fig.7 Trajectory of particle and light robot for single particle
manipulation in linear obstacles environment
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Fig.8 Trajectory of particle and light robot for single particle
manipulation in U-shaped obstacles environment

3 Conclusion

This study proposes an improved artificial potential field-
based path planning method for a light-induced virtual elec-
trode named a light robot, which is used to manipulate par-
tic-les in a non-contact mode by LDEP. For the local mini-
mum problem, a new local minimum criterion is given.
Based on the new criterion, an algorithm combining the
guided target and the point obstacle concept is given to solve
the local minimum problem. As a result, the algorithm does
not need iterative computation and improves real-time per-
formance of micro-manipulation. Furthermore, the light ro-
bot control system based on the above algorithm is built up,
and the experiments of real-time manipulation show that the
algorithm is validated to be highly stable for intensive obsta-
cles. Consequently, this method can realize real-time ma-
nipulation of micro-nano particles with safety and stability,
and thus improve the efficiency of the manipulation of mi-
cro-particles.
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