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Abstract— Optical tweezers are used for manipulation of
micron-sized dielectric beads and cells. Some biological cells
are vulnerable to photo damage if subjected to laser based
direct manipulation. In such cases, precise manipulation of
these cells can be accomplished by using gripper formations
made up of glass beads actuated by optical tweezers. Indirect
manual manipulation of cells using optically held micro-beads
is a time consuming process or sometimes just impossible. This
paper reports an approach for automated micromanipulation
using gripper formations and an A* based path planning for
collision-free transport of biological cells. The objective of the
heuristic planner is to transport the cell in minimum time.
Using the designed experiments, we evaluated the performance
of different gripper formations in terms of gripper stability,
speed of transport, and required laser power.

I. INTRODUCTION

Manipulation of cells to form assays is the principle task
in many biological and biotechnological experiments such
as, (1) cell based screening [1], [2], (2) studying environ-
mental effects on cell behavior [3], (3) studying mechanical
properties of cell [4], (4) diagnosis for therapy [5], etc.
Microfluidics [6], electrophoresis [7], magnetic manipulation
[8], AFM [9], Optical Tweezers (OT) [10] are among some
of the common techniques used for cell manipulation.

In OT, a highly focused laser beam is used to exert
gradient and scattering forces (of the order of few pN) on
a particle (size scale ranging from few nanometers to few
tens of micrometers) that results in the particle being stably
trapped at the focal point. The trapped particle can then
be transported by simply moving the laser beam or can
be released by switching off the laser. Due to the precise
position control and non-contact nature of the manipulation,
OT is successfully used in different single cell manipulation
operations (e.g., orientating, stretching, and transporting of
cells). Holographic Optical Tweezers (HOT) enable genera-
tion of multiple traps allowing simultaneous manipulation of
multiple objects in 3D.

One of the main challenges in OT based manipulation of
biological cells is the photodamage resulting into impaired
functionality or even death of the cell [10]. Laser photodam-
age can occur due to the creation of reactive chemical species
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Fig. 1. Direct vs. indirect manipulation using OT: (a) solution of
Dictyostelium discoideum cell and inert silica microspheres, (b) the
cell A is trapped directly, while the cell B is trapped indirectly using a
synthesized gripper (t = 0 s), (c) the cells are being transported to their
goal locations (t = 12 s), (d) the cells are released at the goal locations;
the cell A that was directly trapped is dead, while the indirectly manipulated
cell B is still alive (t = 15 s).

[11], local heating [12], two-photon absorption [13], and
singlet oxygen through the excitation of photosensitizer [14].
In order to reduce the photodamage, several techniques have
been proposed, namely, (1) use of lesser intensity of laser
power, (2) use of laser wavelengths ranging from 830nm to
970 nm [14], and (3) use of feedback control. Use of lesser
intensity laser may result into weaker traps. Optimization
of laser wavelengths require extensive recalibration of OT
setup. Feedback control may not cater to huge variety of
sensitive cells. We propose indirect manipulation of cells
using gripper formations made up of laser trapped dilectric
beads [15], [16]. Figure 1 shows the transport operation of
two Dictyostelium discoideum cells. One is directly held
by laser trap while the other is indirectly gripped using six
optically trapped silica beads. After 15s both the cells are
released from the laser traps. The directly gripped cell has
exploded due to the high intensity laser, while the indirectly
gripped cell is still alive. This is because, the silica beads
allow to indirectly grip the cell and thus prevent direct
exposure to laser.

Manipulation of gripper formations manually can be time
consuming and in some cases not possible (such as, when



simultaneous movements of multiple cells are required). In
this paper we present an approach for automated transport of
cells using gripper formations. Main challenges encountered
in automated planning for this task include, Brownian mo-
tion, dynamical interactions among fluid, beads, and cells,
and image processing based measurement uncertainty.

The main contributions of this paper include the following.
(i.) We present an automated approach for indirect manip-

ulation including rotation and linear displacement of
biological cells using planar gripper formations,

(ii.) We present a global path planner based on A* algo-
rithm to transport cells using gripper formations along
collision-free paths.

(iii.) We demonstrate experimental results of the developed
automated indirect cell transport and path planning.

(iv.) We present detailed experimental results of the perfor-
mance evaluation of each gripper formation in terms
of formation stability, speed of transport, and the used
laser power.

II. LITERATURE REVIEW

In this section, we will review the literature in the areas
of robotic grasping, pushing, and path planning, which are
closely related to the problem of automated indirect transport
of a cell.

Robotic grasping involves three issues [17], namely, (1)
existence of allowable contacts for form closure [19], [20],
(2) criteria for form closure [18], (3) algorithms to determine
set of allowable contacts for form closure.

Various grasp synthesis algorithms have been proposed
[21], [20]. Another stream of research deals with the quality
of a grasp by developing different metrics [22]. Chowdhury
et al. [15] synthesized a gripper configuration for manipu-
lating a cell using HOT in 3D.

Akella and Mason [23] generated open-loop feedback
plans to push a polygonal object using a fence. Balorda and
Bazd [24] reduced uncertainty in pushing an object rather
than using expensive fixtures arrangements to compensate for
it. Lynch and Mason [25], [26] generated collision-free paths
for stable pushing of heavy objects with multiple pusher
objects. Rezzoug and Gorce [27] dynamically controlled
the multi-finger pushing operation by considering optimal
force distribution and center of mass acceleration correction.
Berretty et al. [28] developed approach to generate sequence
of pushing actions to orient parts in a sensor-less manufac-
turing setup. Similar approach was used by [29] to orient
parts in any arbitrary orientation.

Koenig and Likhachev [32] used heuristic based search
with the reuse of past information about the environment for
fast replanning in unknown terrains. Ferguson et al. [33]
modified the same heuristic based search to enable anytime
capability. Missiuro and Roy [34] in their probabilistic
roadmap (PRM) planner made the sampling of the state
space biased to specific state space areas by calculating the
collision probability for certain sampled states. The Rapidly
Exploring Random Tree (RRT) algorithm was modified by
representing the extended nodes by a distribution of states

Fig. 2. Gripper formations: (a) Two-bead formation, (b) Three-bead
formation, (c) Four-bead formation, (d) Six-bead formation

Fig. 3. Problem statement

rather than by a single state [35] for planning under un-
certainty. Another extension of RRT to incorporate anytime
capability was presented in [36]. The nodes were sampled
in [37] according to a suitable probability distribution and
thereby an uncertainty roadmap was developed. In optical
tweezers based automated particle transport domain, Baner-
jee et al. [30], [31] reported partially ordered Markov
decision processes (POMDP) based approach to deal with
uncertainties and obstacles. Hu and Sun [38], [39] developed
a control architecture for automated transport of biological
cells using OT without collision avoidance.

A summary of the literature review and the main issues
this paper deals with, are as follows:
(i.) We can consider 2D relative form closure to grasp the

cell since we are transporting the cell in one plane (the
focal plane of OT).

(ii.) Transporting cell by pushing is challenging because of
Brownian motion, dynamics of the operating environ-
ment, and the measurement noise, which requires a
feedback control of formation in order to retain the
pusher beads in the formation to push the cell in a
desired direction.

(iii.) In this paper, we use a similar approach developed by
[40] where the cost function of the A* algorithm [41] is
modified to find a minimum curved path for automated
transport of single yeast cell to a target location using
OT. We have modified the cost function of the A*
algorithm to be able to find an optimal resolution and
an executable path for a particular gripper formation to
minimize the time required for transporting of a cell.

III. PROBLEM OVERVIEW AND TERMINOLOGY

A. Terminology

We used the following terminology consistently through-
out the paper.

Gripper Formation We define a gripper formation as
Gn = {XB,i|XB,i ∈ ℜ2, i = 1, 2, . . . , n}, where XB,i



represents the position of a bead i in (X,Y ) and n specifies
the number of beads in the formation. Figure 2(a) to 2(d)
depict the examples of 2, 3, 4, and 6-bead formations
G2, G3, G4, and G6, respectively. During the manipulation
operation, all the beads Bi, i = 1, 2, . . . , n are held by their
corresponding optical traps Ti, i = 1, 2, . . . , n.

Gripper Formation Generator The beads in the gripper
foration Gn are not specified manually. Instead, we designed
a generator g as a function that takes a 4-tuple fn =
(XC , θ, d, n) as an input and produces Gn. In the tuple,
XC is the position of the cell C expressed in X-Y , θ is
the angular difference between X-Y and X ′-Y ′, d is the
distance between any two beads in Fn (assuming a regular
configuration), and n is the number of beads in Fn. The
generator thus allows us to automatically generate the entire
gripper configuration using fewer number of parameters
which is suitable for optimization [15].

Gripper Formation State and Maneuvers We define a
continuous 3D state space X consisting of states x ∈ X of
the gripper formation Gn. Each state x = [Xc, θ]

T includes
the gripper position XC ∈ ℜ2 (identical to the position of
the manipulated cell) and orientation θ of the formation in
(X,Y ).

In addition we define a finite maneuver space M(x) of
the gripper for each state x ∈ X . The maneuver M(x),
operating in continuous space X consists of three atomic
maneuvers rotate, translate, and retain that determine a
mode of locomotion the gripper formation in the state x can
choose to transport a cell. The rotate maneuver represents
a function mR(x, δθ) = x′, where x′ = [Xc, θ + δθ]T , that
rotates the formation by a constant angle δθ. The translate
maneuver represents a function mT (x, δd) = x′, where x′ =
[Xc + δd, θ]T that causes a linear translation for a constant
distance δd = [δx, δy]T (δx and δy are the translations in
X and Y directions, respectively). The retain maneuver is
a special maneuver that enforces the original formation Gn

around the cell if one or more beads get displaced from
their required positions. The retain maneuver represents a
function mRET (x) = x that retains the formation state to
allow the displaced beads to go back to the original formation
Gn. The generator g takes the desired formation states x′ or
x in fn to determine the desired bead positions XB,i and
thereby the next trap positions Ti as shown in Table I.

Obstacles We define a set of obstacles {Ωi|Ωi =
[XΩ,i|XΩ,i ∈ ℜ2, i = 1, 2, . . . ,m}, where Ωi represents a
position of an obstacle i in (X,Y ). The set of obstacles in-
cludes all the cells and the beads in the workspace besides the
beads that are part of Gn and the cell C being manipulated
in the workspace.

B. Problem statement

Given a gripper formation Gn with formation tuple fn
optically held by traps Tis’ where i = 1, 2, 3, ..., n and
randomly moving obstacles Ωjs’ where j = 1, 2, 3, ..., N
find out the following:

• A collision-free global path τ to indirectly transport the
cell using Gn.

• A complete feedback plan to choose maneuvers for any
given gripper formation so that the cell follows the path
τ or return an exception if the current path is no longer
valid due to the randomly moving obstacles. In case of
exception, global path is recomputed.

C. Assumptions

We made following assumptions:
• We approximate yeast cells and gripper beads as perfect

spheres of radius r. Hence, each obstacle is of radius r
as well.

• We assume that optically trapped beads move with
the same velocity as the traps. This is ensured by
choosing an operating speed using which the beads can
be reliably trapped by the laser traps [42]. Moreover,
the planner is assumed to be able to find a collision-
free path for the formation. With these assumptions the
dynamics of the system can be safely considered to be
linear, which will not have any singularity in computing
inverse kinematics.

D. Solution approach

We adopted the following approach (see Fig. 4) to solve
the problem:

• We developed four gripper formations (2, 3, 4, and
6-bead) that are able to transport the cell indirectly.
We evaluated their performances based on stability,
the speed of transport and the required minimum laser
power.

• We used Kalman filtering to handle measurement un-
certainties.

• We used inverse kinematics to determine the desired
trap locations so that the formation can transport the
cell along the computed global path.

IV. PATH PLANNING FOR GRIPPER FORMATION

The planner invokes global path planner at the beginning
of the transport or in case of the workspace changes signifi-
cantly due to the random motion of the freely diffusing beads
and cells (see Fig. 4). We use A* based [41] global planner to
find a collision-free path for a gripper formation to transport
a cell. We designed a cost function to find a suitable path
that minimizes the transport time. In the next two subsections
we discuss the state-action space representation of the search
space and the cost function.

In order to make search for the path τ feasible, we
discretize the state space X into discrete state S consisting
of grid cells with constant size. In this way, the planner can
make only constant advancements during the search for τ
between Si and Sg.

A. State-Action space representation for planning

The discrete state Sk of a gripper formation is defined as
the vector of position Xk

c of the cell C and the orientation
θk of the formation at a given time step k.

Sk =
[
Xk

c , θ
k
]

(1)



Fig. 4. Solution approach

The state space is represented as a 3D grid with each grid
as a state of the formation Gn. An action is represented as
a vector containing a rotation and a linear translation at a
given time step k

uk
(
δxk, δyk, δθk

)
=

cosδθk −sinδθk 0
sinδθk cosδθk 0

0 0 1

δxk

δyk

δθk

 (2)

Here, δθ is a constant angular rotation; δx and δy are the
linear translations in X and Y directions respectively.

When the gripper formation takes an action uk at time
step k, it transitions from Sk to Sk+1 using 3

Sk+1 = Sk + uk (3)

B. Cost function

The planner iteratively expands the nodes of candidate
paths in the state-space from initial state Si to the goal state
Sg using a cost function

f(S) = g(S) + h(S) (4)

here, f is the total cost estimation of a path starting from
Si to Sg through state S, g(S) is the optimal cost-to-come
from Si to S, and h(S) is the heuristic cost estimate from
S to Sg . The formation is transported with a constant speed
and thus we use the transport time as the cost estimate. The
cost of a newly encountered state S′is computed as follows:

f(S′) = g(S) + l(S, u) + h(S′) (5)

Here, l(S, u) is the transition cost from states S to S′. We
use the time of transport for calculating the cost. We use a
general cost function c(S) to calculate transition cost l(S, u)
and heuristic cost h(S) as shown in 6

c(S) =

{
L
v + ∆θ

ω if n < 4,
L
v otherwise,

(6)

where v and ω are the constant linear speed and angular
speed of the trap ensemble respectively. To calculate l(S, u),
L and ∆θ are taken as the linear and angular displacements
resulting from an action u, while for the calculation of
h(S), we take the Euclidean distance between the states S
and Sg as the linear displacement L and the total angular
displacement required to move from S to Sg as ∆θ. The
beads in a gripper formation should be able to push the
gripped cell towards the desired goal location. During the
transport of the formation along a given direction, the beads
that move along the direction of the cell exert a pushing force
(actuator bead) on the cell, whereas other beads maintain the
shape of the formation to constrain the motion of the cell.
for G4 and G6, there are enough actuator beads to be able
to push the cell in any direction. Hence, they dont need to
rotate to change the direction of transport while for G2 and
G3 they need to rotate to be able orient the actuator beads
along the direction of transport. Hence, we dont consider the
the rotation for n ≥ 4 in 6.

V. FEEDBACK CONTROL FOR GRIPPER
FORMATION

We measured the safe operating speed for a particular grip-
per formation to transport the cell to a given goal location.
However, the cell gets gradually drifted from the waypoint
due to Brownian motion. Hence, we need a feedback control
that will retain gripper beads if the cell deviates beyond a
threshold. In each planning interval, the planner executes one
of the three maneuvers: translate, rotate, and retain (see
Fig. 4). Depending on the next waypoint and the current
positions of the gripper beads and the cell, the planner
calculates the desired positions of the beads using inverse
kinematics. The positions of the gripper beads in terms of
the formation tuple are shown in Table I. Once the required
positions of the traps are known, the planner can decide



TABLE I
RULES USED BY FORMATION GENERATOR g TO DETERMINE THE

POSTIONS OF BEADS INSIDE THE GRIPPER

Formation type Bead positions

G2
XB,1 = Xc −D1 −D2

XB,2 = Xc −D1 +D2

G3

XB,1 = Xc −D1 −D2

XB,2 = Xc −D1 +D2

XB,2 = Xc −D1 +D3

G4 XB,i = Xc + d[cos(π/4 +
iπ/2), sin(π/4 + iπ/2)]T

G6 XB,j = Xc + d[cos(π/6 +
jπ/3), sin(π/6 + jπ/3)]T

D1 =
√

4r2 − d2/4[cosθ, sinθ]T , D2 = d/2[sinθ,−cosθ]T ,

D3 =
√
3d/2[sinθ,−cosθ]T , i = 1, 2, 3, 4; j = 1, 2, 3, 4, 5, 6

which maneuver to execute. For G4 and G6, the gripper
beads need not rotate in order to reach a particular waypoint.
Hence, they need only two maneuvers to follow a path.
In each planning time interval the next trap positions are
selected using the following algorithm: Formation control
algorithm:
Input: Finite nonempty maneuver library, formation tuple
fn, waypoint library W , threshold bead deviation lth, thresh-
old waypoint deviation wth execution counter t (see fig. 4).
Output: The next positions of the traps {Ti}ni=1.
Steps:

(i.) If t = 0, select the first waypoint Wp from waypoint
library W where p = 1.

(ii.) If ∥ Xc −Wp ∥≤ wth, set p = p+ 1.
(iii.) Measure the positions of beads ZB,i|ZB,i ∈ ℜn, i =

1, 2, . . . , n. If ∥ Xt−1
B,i − ZB,i ∥≤ lth go to step v.

(iv.) Select the retain maneuver. Use formation generator
g to calculate XB,is’ based on formation state x (Table
I). For ∀Ti ∈ T : Ti = XB,i, return T .

(v.) Based on waypoint Wp and formation state x, cal-
culate the desired action u. If the action requires
both rotate and translate maneuvers, first select the
rotate maneuver. Calculate the desired formation state
x and the corresponding {XB,i}ni=1 using Table I. For
∀Ti ∈ T : Ti = XB,i, return T .

VI. RESULTS AND DISCUSSIONS

We demonstrate the effectiveness of the planner using a
BioRyx 200 (Arryx, Inc., Chicago, IL) holographic laser
tweezer (see Fig. 4). The BioRyx 200 consists of a Nikon
Eclipse TE 200 inverted microscope, a Spectra-Physics Nd-
YAG laser (emitting green light of wavelength 532 nm), a
spatial light modulator (SLM), and proprietary phase mask
generation software running on a desktop PC. A Nikon Plan
Apo 60x/1.4 NA, DIC H oil-immersion objective is used for
magnification. The update rate of the SLM is 15 Hz, and
the minimum step size is 150 nm. The feedback control is
achieved with a second PC equipped with the uEye camera
(IDS, Inc., Cambridge, MA) for imaging the workspace and
running the software for executing the planning algorithm.
We use 5.0 µm diameter silica beads (density of 2000

TABLE II
PERFORMANCE OF THE DESIGNED GRIPPERS

Min. laser power (watt)
Transport speed (µm/s) G2 G3 G4 G6

7 0.2 0.4 0.6 1.0
8.5 0.3 0.5 0.8 1.5
10 0.5 0.8 1.0 2.0

kg/m3 and refractive index of 1.46, purchased from Bangs
Laboratories, Inc., Fishers, IN) as the gripper beads. We use
the same bead as the gripped object to be automatically
transported since they resemble the shape of yeast cell.

Both of the beads in G2 act as actuators (see Fig. 2(a)).
Hence, there is risk that the cell will get deviated from
the desired location inside the gripper when moving along
a curved path. This formation is suitable for transporting
the cell along a straight-line path. The formation G3 (see
Fig. 2(b)) has one extra bead which always holds the cell
inside the gripper. Both G2 and G3 need to stop and then
rotate to change the direction of motion. The formation gets
destabilized in case of drastic change in the direction of the
transport. The formations G4 and G6 (see Figs. 2(c) and
2(d))) are much more robust for transporting along a curved
path since they dont need to rotate to change the direction
of transport. Hence, the required transport time will also
be less compared to G2 and G3. However, G4 sometimes
gets destabilized when moving in along its diagonal direction
since it can get only one actuator.

A gripper with larger number of beads is more stable but
requires higher laser power, which increases the risk of the
cell to be exposed to the high intensity laser. Although, by
using the gripper beads, the intensity of the laser experienced
by the cell is significantly reduced, the laser exposure cannot
be fully eliminated. Hence, the lower the laser power, the
safer the cell is inside the gripper. We measured the minimum
laser power required to transport a cell with a desired
speed along a straight line with all gripper formations. The
measured parameters shown in Table II indicate that a gripper
with fewer number of beads requires lower laser power.
However, the stability of the grippers is reduced with the
decreased number of beads. Depending on the sensitivity
of the cell to the laser and required transport speed, an
appropriate gripper can be chosen based on Table II.

Two paths computed by the A* algorithm that uses the
designed cost function (see 6) are shown in Fig. 5. Path
1 (99µm) considers only the linear transport time as cost
path 2 uses both linear and angular transport time. Both
the formations G2 and G3 take 159 s and 155 s to reach
the goal (with a constant linear speed of 1µm/s and angular
speed of 0.25 rad/s) using the two paths, while for both G4

and G6 it is 99 s and 108 s, respectively. In order for the
G2 and G3 to follow the shortest path (path 1), they need
to reorient frequently, which increases the transport time as
well as affect their stability. On the other hand, G4 and G6

grippers do not need to reorient in order to change their
directions. Hence, they can take shortest path to transport



Fig. 5. Path generated using A* algorithm using the two cost functions

Fig. 6. Indirect transport of a bead using the 3-bead gripper formation:
(a) Gripper in the initial state T , (b) Gripper uses rotate maneuver to
align itself along the waypoint W1. (c) Gripper uses translate maneuver
to reach the first waypoint W1, (d) Gripper uses rotate and translate
maneuvers to reach the final waypoint W2

the cell.
We show the effectiveness of the formation control (see

Section V) by inputting manually selected waypoints to the
planner. The waypoints are denoted as W and an initial
location of the gripper is denoted as T . Each formation
successfully follows the waypoints, while transporting the
gripped object. Figure 6 shows the selection of different
maneuvers by G3 to follow the waypoints. The formation
with two and three beads (see uploaded videos) use the same
set of maneuvers to follow similar waypoints. The formation
G3 is more stable than its G2 counterpart because the extra
bead prevents the gripped object from drifting out of the
gripper.

Figure 7 shows a target object being transported through
two waypoints with G6 using two maneuvers: retain and
translate. As the gripper bead gets deviated from the desired
location, the gripper uses the retain maneuver to keep the
traps stationary for some time so that the beads can get back
to the original formation. The formation G4 (see uploaded
videos) uses same set of maneuvers to transport the gripped

Fig. 7. Indirect transport of a bead using the 6-bead gripper formation:
(a) Gripper in the initial state T , (b) Gripper uses retain maneuver to
maintain the formation, (c) Gripper uses translate maneuver to reach the
final waypoint W1, (d) Gripper reaches the final waypoint W2 using only
translate maneuver

bead.

VII. CONCLUSIONS AND FUTURE WORK

In this paper, we have designed 2, 3, 4, and 6-bead planar
gripper formations, based on the grasping and stable pushing
conditions, that are able to reliably transport a gripped object
to a desired goal location along a path that minimizes the
transport time. We have characterized the gripper formations
by measuring the minimum laser power required to transport
a gripped cell with a particular speed. We have developed A*
based path planning approach to automatically transport the
gripper formations. We have designed a cost function for the
developed planner to be able to find executable paths with
the least transport time of the gripper formations. Finally,
we used a feedback control for the trap positions in order
to follow the waypoints without falling apart. We used three
types of maneuvers depending on the state of the formation
to transport the cell in the desired direction.

In future, we will consider the dynamical interactions
between the cell and gripper beads to develop a model
predictive control for robust transport of cells. The gripper
formations reported in this paper are tested only for transport-
ing spherical cells. In general, cells can be of an arbitrary
shape. We will synthesize gripper formations to transport
cells of irregular shapes using [15]. It will require rigorous
modeling of the cells, beads, and their interactions during
the transport.
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