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Real-time feedback control using artificial magnetotaxis with
rapidly-exploring random tree (RRT) for Tetrahymena pyriformis as a
microbiorobot
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Abstract—In this paper, we present a control strategy using
real-time feedback combined with feasible path planning to
manipulate a type of microorganism, Tetrahymena pyriformis (T.
pyriformis), as a micro-bio-robot using artificial magnetotaxis.
Artificially magnetotactic 7. pyriformis cells were created by
the internalization of iron oxide nano particles. Following the
magnetization of the internalized particles, the cells become
controllable using an external time-varying magnetic field. The
behavior of artificially magnetotactic 7. pyriformis under a mag-
netic field has been investigated in a manual control experiment.
A feasible path planner called rapidly-exploring random tree
(RRT) and a feedback control scheme are implemented to guide
the cell to a desired position and orientation. Since the motion
of T. pyriformis is nonlinear like that of a car, combining the
RRT and feedback control allows the cell to be controlled in
3-dimensional (x, y, 0) space. In the results, real-time feedback
control of T. pyriformis in 3-dimensional space demonstrated
the potential of utilizing 7. pyriformis as a micro-bio-robot for
microscale tasks.
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I. INTRODUCTION

Microrobots in low Reynolds number fluidic environments
have been investigated for micro-scale applications such as
transportation, delivery, and assembly using artificial robots
or biological robots. For artificial microrobots, fabrication
of miniature actuator for microfludic environments is the
key. Some researchers have investigated artificial microrobots
by mimicking motile organelles such as flagella [1]-[3]
using microelectromechanical systems (MEMS) technology.
Other researchers have utilized magnetic forces and stick slip
motions to reduce friction forces to manipulate microrobots
[4, 5] . Even though artificial microrobots have an advantage
of robust control, supplying sufficient power sources for the
microrobots in a microfludic environment is a key challenge.

Another approach in microrobotics is to utilize live mi-
croorganisms as actuators. Microorganisms have cellular
motors, such as flagella and cilia, which exert mechanical
swimming forces by drawing chemical energy from their
fluidic environments. Magnetic bacteria [6]—[8], which have
nanometer-sized magnetosomes inside of the cell have been
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studied to control their motion using magnetic fields. Bac-
terial propulsion forces have been exploited to manipulate
microbeads [9]. Controlling and sensing of bacteria blotted
on the microstructures have been studied as well [10, 11].
Furthermore, the movements of eukaryotic cells such as
Tetrahymena pyriformis (T. pyriformis) [12], Euglena [13],
and Paramecium [14, 15] have also been studied and demon-
strated. Microorganisms as a microrobot can be used as a
sensor using many taxes such as chemotaxis, galvanotaxis
and phototaxis. However, despite these advantages, only
some tactic movement and simple control have been demon-
strated. This can be attributed to the difficulty of controlling
microorganisms due to their low response rate, as well as
implementing them with the controllable system.

In this paper, we have utilized an artificial magnetotactic
organism with 7. pyriformis using iron oxide particles, and
developed a system to accomplish real-time feedback control.
Unlike magnetic bacteria [6]-[8], the artificial magnetotac-
tic T. pyriformis, when it is controlled moves using its
endogenous motility, not a magnetic force. The magnetic
field exerts only a torque, which allows for the change of
the cell’s swimming direction, while the cell’s velocity is
not controllable. Due to the nonlinear motion of the cell, a
feasible path planning method called rapid-exploring random
tree (RRT) is implemented which allows us to control the cell
to a desired position by controlling the swimming direction.
Since the artificial taxis and endogenous motility of the cell
are integrated into one system, the magnetotactic organism
can be controlled robustly while the actuation force is exerted
from the cell. We have shown that manual control can be
used to understand the motion of artificially magnetotactic
T. pyriformis, and that combining real-time control with the
feasible path planning scheme have verified the possibility
of using T. pyriformis as a micro-bio-robot.

II. MATERIALS AND METHODS
A. Cell culture

T. pyriformis is a eukaryote which is a 50 pum long and
20 um wide pear-shaped cell. The entire body of the cell is
covered with about 600 cilia which makes the cell motile. T.
pyriformis is cultured in the culture medium which includes
0.1% yeast extract (Difco, Michigan, USA) and 1% Bacto
tryptone (Difco, Michigan, USA) in distilled water [16]. The
saturated culture has 10* cells-m1~! of the cell density. The
cell culture medium was diluted with a fresh culture medium
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order to lower the cell concentration for single cell detection
and tracking over a long period of time.
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Fig. 1.  The procedure for fabrication of artificially magnetotactic T.
pyriformis from (a) to (c). (a) Addition of iron oxide particles (magnetite,
Fe30y4) particles into the culture medium. (b) Gentle agitation to ensure the
cells internalize the iron oxide particles. (c) Magnetization of the internalized
magnetite using a permanent magnet.

B. Fabrication of artificially magnetotactic T. pyriformis

Figure 1 shows the process to create the artificially mag-
netotactic 7. pyriformis [17]. In Figure 1 (a), 0.1% iron-
oxide spherical particles (Sigma Aldrich, MO, USA) whose
size is about 50 nm in diameter are added into the culture
medium. When iron oxide particles (magnetite) are added,
T. pyriformis internalize the magnetite via an oral apparatus
located at the anterior part of cell. The internalized mag-
netites are stored in membrane bounded vesicles which are
shown as dark circles in Figure 1 (b). The magnetite loaded
T. pyriformis is physiologically intact and its swimming
behavior is identical to the normal cell [18]. Even though
internalization of iron oxide particles takes place right after
the particles are supplemented, the culture medium with iron-
oxide particles is gently agitated and left for 10 minutes to
ensure sufficient internalization of the magnetite. Figure 1
(c) shows the magnetization process of the internalized fer-
romagnetic magnetite. A rectangular neodymium-iron-boron
(NdFeB) permanent magnet with a surface field of 1964
Gauss (K&J Magnetics, PA, USA) is applied around the cell
culture for about one minute to magnetize the internalized
magnetite, and sequentially cause the magnetite to aggregate.
A permanent magnet emits a strong magnetic field to ensure
magnetization of the magnetite. After the permanent magnet
is removed after magnetization, the strength magnetic dipoles
remain nearly constant for over one hour; therefore, it is
assumed that the internalized magnetite is saturated during
the experiments. However, the magnetic dipoles will dimin-
ish over a period of time because the magnetic state of the
ferromagnetic material is a hysteresis function of the strength
of the applied magnetic field [19].

III. FEEDBACK CONTROL AND PATH PLANNING

A. Experimental Setup

Figure 2 (a) shows the system for feedback control of the
magnetotactic 7. pyriformis, which includes a microscope,
a camera, a computer, a control board, two power supplies,
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Fig. 2. The magnetic control and vision system for real-time control

of artificially magnetotactic T. pyriformis: (a) system drawing and (b) the
strength of the magnetic field in the center. Nearly constant magnetic field
is created in the field of view.

and a set of approximate Helmholtz coils. The microscope
and camera are used for capturing the images of the cell
motion and the computer is used for cell tracking. Based on
the tracked data, the feedback inputs are sent through the
control board to the power supplies which provide power
to the approximate Helmholtz coils to generate magnetic
fields in a two-dimensional system. Figure 2 (b) illustrates
the exerted magnetic fields by the approximate Helmholtz
coils. Since the coils for x- and y-axes are identical, only
a one-dimensional magnetic field is illustrated. The field of
view through the microscope is limited in 2 mm for each
axis. In this field of view, the magnetic field is about 2 mT
and approximately constant, which is described in the small
window in Figure 2 (b).

B. Cell detecting (tracking) and Modeling

To detect and track the positions of T. pyriformis, a
real time tracking algorithm was implemented. A camera
connected to the microscope captured sequence of images
which were imported and digitized by the image processing
program to detect positions of the cell [12]. Figure 3 shows
a cell model for T. pyriformis. The configuration of a cell
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Fig. 3. A schematic of the artificially magnetotactic 7. pyriformis. The
configuration includes the centroid (x,y.) and orientation (6.) of the cell.
The translational velocity and angular velocity are represented by v and @
respectively. The angle (6,,) is the direction of the magnetic fields and ¢ is
the angle between the 6. and 6,,.

is represented by x., y., and 6.; which are x, y position,
and an angle of orientation of the major axis from x-axis.
Translation and rotation velocities are represented by v and
, respectively.

C. Magnetized cell behavior under the magnetic field

When magnetites are magnetized, magnetite aggregations
are normally observed along the major axis of the cell
body. The polarity of the internalized magnetite aggregation
depends on the swimming direction when the permanent
magnet is applied for the magnetization. Thus, each individ-
ual cell has a polar magnetotaxis but some cells can have the
opposite polarity. After magnetization, the cell freely swims
without magnetic fields. However, when the magnetic fields
are applied, the internalized magnetite exerts a torque on the
cell to align the polarity with the magnetic fields. As a result,
the cell moves toward the magnetic pole.

The angle between 6,, and 6, which is represented by ¢
described in Figure 3 creates the torque on the cell by the
following equation.

T = mBsin(6,, — 6.) = mBsin(Q) (D)

where m is the magnetic momentum, B is the strength of
the magnetic field.

D. Path planning by Rapidly-Exploring Random Tree

The dynamics of a T. pyrifomis cells motion is nonlinear
and similar to that of a car. When it is being controlled, a
T. pyrifomis swims forward only and changes direction with
a turning radius. To fully manage the motion of this cell,
both translational and rotational velocities should be con-
trollable. However, since we are only able to manipulate the
rotational velocity using the magnetic fields, magnetotaxis of
T. pyrifomis is not sufficient for complete control of the cell
motion. In the case of T. pyriformis, the translation velocity
is controlled by the cell itself while only the angular velocity
can be manipulated by the magnetic field.

Controlling the motion of T. pyriformis is a problem
similar to one found for a car parking-assistant system
which only controls the steering angle. For a parking as-
sistant system, the translational velocity is controlled by the

driver for safety reasons [20]. To accomplish autonomous
car parking-assistance without controlling the translational
velocity, feasible path planning is an essential scheme. Like
a parking-assistant system, the feasible path planning scheme
is required with feedback control to guide the cell to the
desired configuration (x, y, 0).

rotation

Fig. 4. The basic motions for the local path planner of RRT. Translation-
rotation-translation is one set of basic motions.

1) Local path planner: For path planning, the basic
motions are defined as translational and rotational motion.
The translational motion is forward swimming movement
without turning and the rotation motion is radial swimming
movement with a turning radius. A local path is defined as
translation-rotation-translation motion in sequence, which is
described in Figure 4. Two arbitrary configurations can be
connected many different ways [21]. However, the combi-
nations are limited because a cell can only move forward;
in some cases, there are no local paths which connects two
configurations. After finding a local path, the existence of the
path in the field of view is checked. Since there is no obstacle
in our experiments, collision avoidance is not considered in
this experiment.

2) Global path planner: To find the global path between
two configurations rapidly-exploring random tree (RRT)
[22, 23], one of the fastest path planning schemes, is used.
First, we set the turning radius of the cell. We then randomly
generate N points in the state space of the system (x, y,
0). We can then define a directed graph structure called a
roadmap, in which the N points are the vertices. Any two
vertices p; and p; in the graph are connected by an edge
using the local path planner. Note that this calculation is
performed offline. During the motion, our RRT path planning
algorithm finds a path in the graph connecting the initial and
goal positions.

Even though the start and final nodes are added on the
roadmap, it is possible to fail to find a path through the
roadmap due to the absence of connections between the two
nodes. In this case, the RRT repeats the planning process on
the next time step because the system is controlled in real-
time. Also since the translational velocity is not controllable,
only the start configuration of the cell is changed. Thus,
instead of putting in a great deal of effort to connect the
start and goal nodes, another path can be found on the next
step with the new start configuration. Once the feasible path
is found, a sequence of intermediate targets is generated on
the feasible path as a trajectory.
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E. Point to point Feedback control

Feedback control of the cell swimming direction is
achieved by changing the direction of the magnetic field
in order to guide a cell to reach a single target point from
its current position. The strength of the magnetic field in
the center is constant but the direction (6,,) is adjusted by
manipulating two sets of Helmholtz coils in the x and y
axes. Once the cell reaches the intermediate target, the cell
continues to follow the next target until the cell arrives at
the final configuration.

IV. RESULTS AND DISCUSSION
A. Manual control

To observe and characterize the motion of T. pyriformis
under the magnetic field, an experiment was conducted using
manual control in a polydimethylsiloxane (PDMS) channel.
The magnetic fields were controlled with a keyboard by
changing the positive and negative directions on either the
x- or the y-axis. The PDMS channel was fabricated with a
depth of 80 um to give cells sufficient freedom to swim
while keeping them in focus for visualization. A single
T. pyriformis cell was controlled for 90 seconds. Figure
5 illustrates the data only from first 15 seconds due to
the readability of figures. The images were captured and
processed at 8 frames per second. Figure 5 (a) shows the
trajectories of the cell while it was controlled to stay inside
of the field of view. Figure 5 (b) shows the direction of
magnetic fields (red dot line) and the cell motion (blue dot
line) which is identical to the cell orientation. In Figure 5 (b)
we can observe the transient response of the cell orientation
with respect to the change in the magnetic field’s direction.

From the experiment in Figure 5, the relationship between
the angular velocity w and the angle ¢, which is the
difference between angles of the cell orientation and the
magnetic fields, is shown in Figure 6. The data from the
manual control experiment was collected for 90 seconds for
reliability. In Figure 6, it can be seen that angular velocity
o and sin(¢) have a linear relationship which means that the
angular velocity also has a linear relation with the torque T
from equation (1).

When the direction of the magnetic field changes, T.
pyriformis needs time to respond as explained previously.
Since this experiment changes the direction of the magnetic
field to the right angle from the direction of the cell motion
(¢ =90°), there are many points around sin(¢) = +1 which
do not have a linear relationship with the angular velocity
because these points represent the transient response of the
cell. Thus, these data points should be excluded when com-
puting the linear relationship. The next step in our research
is to utilize system identification techniques in formally
deriving a mathematical model for the cell dynamics using
the experimental data.

B. Autonomous control

To direct a cell to the desired position and orientation (x,
v, 0) the RRT was implemented with feedback control. The
cell was controlled in the same PDMS channel used in the
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Fig. 5. Manual control of artificially magnetotactic 7. pyriformis. (a) The
traveled trajectory for the first 15 seconds. (b) The direction of the cell
motion and magnetic field. The scale bar is 100 um.
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Fig. 6. The relation between the angular velocity and the angle ¢, which

is the angle between the cell motion and the magnetic fields. The slope of
the regression line is 4.143 rad/sec.
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experiment in Figure 5, and there is no physical obstacle and
wall in the field of view. We generated 300 nodes randomly
for the RRT in the field of view where is 2 mm by 2 mm.
The total number of generated nodes was optimized from
experiments to plan a path which passes through at most
three nodes from the random start configuration to the final
configuration.

For the rotational motion of the local path planner, the
turning radius was set to 220 pum which is larger than
the minimum turning radius of the normal cells. When the
turning radius is set smaller than the minimum value, the cell
cannot follow the radial trajectory. In addition, the minimum
turning radius is hard to measure because each cell has a
different value and depends on its instantaneous velocity.
Thus, we set the turning radius to about two times larger
than the average minimum turning radius, which is about
100 pm, so that it allows the cell to follow the trajectory
of the rotational motion. Once the path is generated by the
RRT, the intermediate targets are created in sequence along
the path with a certain distance, which is set to 100 um in
this experiment.

The whole system was processed at 8 Hz for real-time
control and the final configurations were located in the
center with the different orientations. The current position
and orientation is considered as the start configuration for
path planning. Sometimes the cell does not move well or
becomes temporary stuck to the bottom of the channel. In
this case, the control of the cell is considered as a failure
and the RRT creates a new feasible path from the current
configuration.

'(a) "(b) A

A
: 7 s
- = - - planned path
real-traveled path

Fig. 7. Real-time feedback control with the RRT. (a)-(d) show the four
different cases. The red dot lines are the planned paths by the RRT and the
black solid lines are the traveled paths of magnetotactic 7. pyriformis. The
scale bar is 100 pum.

Figure 7 shows four different cases of feedback control
with feasible path planning. The feasible path was planned
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Fig. 8. Direction of motion of 7. pyriformis (blue triangle), magnetic field
direction (black circle), and reference between previous and current targets
(red line) for real-time feedback control of 7. pyriformis.

for the cell to approach the goal configuration with the
desired orientation. The planned paths and real-traveled paths
are represented by the red dot line and solid black line
respectively. Figure 8 shows the direction of the cell motion
(blue triangles) and the applied magnetic field (black circles)
in the case of Figure 7 (a). The red reference line indicates
the direction from the previous target point to the next target.
The direction of the cell motion followed the reference line,
which means that exerted torque from the angle between
the direction of the cell motion and the direction of the
magnetic field properly guided the cell to the target. Also,
there are some transient responses after the reference line
is changed, which is the same phenomena from the manual
control experiment in Figure 5.

In summary, the relationship between the angular velocity
and the torque provides a deeper understanding of the
behavior of magnetotactic 7. pyriformis under the magnetic
field. In addition, the RRT, a path planning algorithm for
nonlinear systems, is combined with feedback control to
accomplish 3-dimensional (x, y, 8) control of T. pyriformis.
This position and direction control of artificially magneto-
tactic T pyriformis can be used for micro-scale engineering
work.

V. CONCLUSIONS

In this paper, we introduce the artificially magnetotactic
T. pyriformis, a eukaryotic cell, as a micro-bio-robot by
internalizing magnetite into the cell body. In addition, real-
time feedback control and the RRT for path planning was
implemented for the biological system. The RRT was imple-
mented as a path planner because it is simple and efficient
at generating a feasible path for the nonlinear motion of T.
pyriformis. Combining feedback control and the RRT allows
the magnetotactic 7. pyriformis to travel along the planned
trajectory and finally reach the desired position with the
desired orientation. Manual control provided understanding
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of the cell’s movement under the magnetic fields while real-
time feedback control, with a feasible path planning scheme,
showed the potential of employing 7. pyriformis as micro-
bio-robots to accomplish a variety of significant engineering
and biotechnological tasks in microfluidic environments. We
plan on enhancing the performance of this system by de-
veloping a more detailed mathematical model that describes
the dynamics of the cell motion. To this end, we will use
techniques from system identification [24] in conjunction
with the experimental data that we have obtained. With a
more detailed model, we expect to be able to predict the
transient behavior of the system better, and have a better set
of constraints to use for the RRT algorithm.
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