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Abstract— In this paper an improved implementation of a
microrobotic platform, including position feedback provided
by two laser sensors, and the development of a rule-based
closed-loop motion controller are presented. The microrobot
employs a novel driving principle, using centrifugal forces
generated by two vibration motors that give the platform the
ability to make motions with micrometer resolution. In this
implementation, a pair of laser sensors are integrated at the
bottom of the platform and calibrated through a custom
procedure. The high-rate output of the laser sensors is fed to an
algorithm that provides the position and orientation of the
microrobot required for closed-loop motion control. Compared
to using an overhead camera, this implementation, results in up
to five times higher closed-loop control bandwidth, improved
autonomy, and modularity. Experimental closed-loop results
demonstrate the ability of the motion controller in driving the
microrobot to a desired target under a microscope.

I. INTRODUCTION

Micro robotics is an interdisciplinary field that combines
many aspects of robotics, with an emphasis in small scale.
Due to the great advances in conventional robotics and
microsystem technology (MST) there is a growing need for
miniaturized robots (of size in the order of square
centimeters) and microrobots worldwide. The development
of remote-controlled or even autonomous microrobots will
lead to pervasive advances in many areas, such as in
medicine (microsurgery), manufacturing (microassembly,
inspection and maintenance), and biology (cell handling).
Micro-manipulation by microrobots has gained a lot of
attention in industry and biomedicine, for tasks exceeding
human capacity. The handling of biological cells [1], or the
assembly of a microsystem consisting of various
microstructures are good examples [2]. A popular micro-
positioning motion mechanism is the stick-slip principle,
which is implemented using piezoelectric actuators. This
principle was employed by the MINIMAN microrobot [3]
and MiCRoN which employs piezoelectric actuators with an
integrated micro-manipulator [4]. A different motion
mechanism based on piezo tubes was utilized by the Nano
Walker microrobot [5]. A micro-bristle-bot fabricated by
two-photon lithography using PZT actuators has been
presented [6]. Piezoelectric actuators give the ability to
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microbots to perform motion of high resolution, in the scale
of nanometers; however, they suffer from complex and high-
cost power units.

The design of a novel microrobotic platform was
proposed, circumventing the limitations of piezoelectric
actuators [7]. The motion principle is based on two vibration
motors, giving the ability to the platform to perform non-
holonomic translation and rotation, with micrometer
resolution. A similar actuation principle was used in the
Rizeh [8] and the Kilobot, designed to study collective
behaviors [9]. Robotic Swarms, implementing different
actuation and motion principles were introduced in [10] and
[11]. The use of a reinforcement learning framework for the
autonomous navigation of a group of microrobots in a multi-
agent collaborative environment has been proposed in [12].
The use of a single vibration motor on a microrobot that can
perform two-dimensional motion has been studied in [13].

Regarding the localization system, the development of an
odometry system for wheeled robots using optical sensors
was proposed in [14]. The authors suggested a calibration
procedure, and a sensor fault correction system.
Optimization techniques for the placement of the sensors,
and a calibration procedure using least squares algorithm
have been proposed in [15] and [16].

This paper focuses on the integration of a pair of laser
sensors in an improved hardware design of the microrobot
introduced in [17], and on its motion control, based on the
feedback acquired from it. Compared to the use of an
overhead camera with a loop time of more than 100 ms, this
implementation, results in up to five times higher closed-
loop control bandwidth, lower cost, improved autonomy,
and modularity. The capability for on-board calculations
extends the modularity and usefulness of the microrobotic
platform. Experimental closed-loop results demonstrate the
ability of the motion controller in driving the microrobot to a
desired target under a microscope.

II. SYSTEM OVERVIEW

A brief description of the microrobot is given here. The
innovative actuation principle of the microrobot is elaborated
in [7] and for a more detailed presentation of the dynamics of
the microrobot, see [19].

To illustrate the motion principle of the microrobot, a
simplified 1 DOF mobile platform of mass M is used, whose
motion mechanism is made of an eccentric mass m, rotated
by a platform-mounted motor O, see Fig. 1. The mass m
rotates on a vertical plane at a constant speed w, and the
platform is constrained to move along the Y-axis only.



One cycle of operation is completed when the mass m has
described an angle of 360°. Gravitational and centripetal
forces exerted on the rotating mass are resolved along the Y-
Z axes to yield
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Fig. 1. Simplified 1 DOF platform with rotating mass.

where 0 is the rotation angle of the eccentric mass, g is the
acceleration of gravity, and r is the length of the link between
m and O (see Fig. 1). If the rotational speed exceeds a critical
value, foy overcomes static friction forces and the platform
begins to slide. For a counterclockwise rotation of the
eccentric mass m, the platform exhibits a net displacement
toward the positive Y-axis. It has been shown analytically
that the motion step that the platform exhibits over a cycle of
operation can be made arbitrarily small depending on the
actuation speed w, [7]. In practice, the motion resolution is
limited by the electronic driving modules and by the
unknown nonuniform distribution of the coefficient of
friction u along the surface of motion.

The actuation principle mentioned earlier was employed
in the design and implementation of a 2-DOF microrobot,
with two vibration motors, as shown in Fig. 2.
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Fig. 2. (a) Base design; (b) prototype.

If both actuators have the same speed, then the platform
can move along the body-fixed x-axis or rotate about its
center of mass (CM) depending on the sense of rotation of
the actuators.

Using the Newton—Euler formulation, the platform
dynamics are described by:
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where i = {A, B, C, D, E}, see Fig. 2. The *f; are the forces
(friction and motor forces) acting on the platform, R, is a
rotation matrix from the body-fixed frame to the inertial
frame, w, is the platform angular velocity, / is its moment of
inertia, v is its CM inertial velocity, hl} are vectors from the
CM to the *f;, and 2z the unit vector normal to the plane of
motion. The left superscript b denotes a body-fixed frame; a
missing left superscript denotes the inertial frame.

III. MECHATRONIC SYSTEM IMPLEMENTATION

The micro robotic platform, with a diameter of 4.3 cm and a
height of 3.3 cm, consists of four printed circuits boards
(PCBs) as shown in Fig. 3.
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Fig. 3. The microrobotic platform and three of its four PCBs.

The first board constitutes the core of the robot as it
contains the microcontroller responsible for all its functions,
see Fig. 3(b). Also, it includes an RF antenna and its
electronics to communicate wirelessly with an external
computer. The second board includes a 3.7V Li-Po battery, a
power management unit (PMU) TPS65721 and all necessary
components to power the controller, the motors, the sensors,
and other electronic components of the robot, see Fig. 3(c).
The third board is the sensor board which contains the
position sensor ADNS-7550 and the motor speed sensor
QREI1113, see Fig. 3(d). The ADNS-7550 sensor is an
integrated mouse sensor with a low power consumption (~20
mA), high speed motion detection up to 30 ips, a weight of
8g, and 5 different cpi resolutions. The fourth board is
responsible for its movement as it includes two vibration
micromotors, axially coupled to an eccentric load, the
driving unit A3901, and three contact points between the
platform and the ground, provided by three small, fixed steel
balls, see Fig. 2(a). The robot is equipped with a needle, the
tip of which is its end point.

IV. LOCALIZATION USING LASER SENSORS

A. Odometry analysis

In this section, the use of two laser sensors for the
localization (position and orientation) of the platform is
described. Fig. 4 shows the microrobotic platform



displacement and orientation in two consecutive time

samples. In this figure, the following are defined and shown:

= {Ou} is the inertial coordinate system (CS),

= {O} is the coordinate system of the robot located at the
point of interest R. In this case, it is attached at the
middle point of the line connecting the two sensors.

= {O;} and {Os,} are the coordinate systems attached at
the left and right laser sensors, respectively.

= AO;; and AO;, denote the displacements vectors of the
left and right sensors respectively, in {Oyw}.

= AOkg is the displacement of the robot in {Oy},

= & is the angle between the x-axis of {O,} and the normal
to the line connecting the two sensors

= @u is the orientation of each sensor with respect to the
x-axis of {O,}, and

= @ is the orientation of the robot with respect to {Ow}.

Xa

v,

Needle —*

left sensor

i
Fig. 4. The microrobotic platform at two consecutive time instances.

The displacement of each sensor, AO, with respect to
{Ow}, at sampling time (i), is given by
AOS,V/[([) = Rs (HH + (/’r//) : AO;V/[([) (5)
where R is the rotation matrix of {Os} with respect to {Oy},
and r/1 indicates right or left. (5) can be expressed as:

—-sin(@_, +¢,,,) AXSJ, ;
AOSJ/IO) :( 1 /1 ]( S.,r/1(i) (6)

cos(6,_, +9,,) AYss.r/l(i)
where AX5, AYS; are the sensor’s relative displacements, in x
and y axis, with respect to {Os} in two consecutives time
samples ti.1, t; (Fig. 4). Finally, the position vector [Xs, Ys] of
each sensor is given by:

X X. .
S,rll(i) _ AOS’”[(” T S,r/i(i-1) (7)
YS,r/l(i) YS,r/I(i—l)
Since the sensors are placed at a fixed point on the robot
platform, the position vector [Xgr, Yr] respect to {Oy} is

XR _ Xs,m R.(9)OF 8
[YR ]_ Yy - R( ) S,ril ()

S,rll

cos(6,_,+o,.,)
sin(@_, +¢.,,)

where R, is the rotation matrix of {O,} with respect to {O}

and ORs is a vector that represents the constant
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transformation from the {O;} to {Os} and is expressed by the
relation

0f, =[-r.sin(&), r, cos(&)]
Of, =1, sin(£), -1, cos(&)]

where r is the distance between a sensor and the {O;}. Since
the origin of {O;} is chosen at the middle of the line
connecting the two sensors, using (8) for the left sensor, the
robot’s position coordinates Xr and Yr, can be expressed as

©)

X, =X, —rsin(0+) (10)
Y, =Y, +rcos(0+<) (11)
and using the right sensor
Xp =X, +r.sin(0+¢&) (12)
Y, =¥, —r, cos(6+ &) (13)

Combining (10) - (13) and taking into consideration that
tr = 11 the following holds

X, +X

. :% (14)
Y., +7,

YR _ S,/ 2 S,r (15)

Therefore, the position of point R is given by the average
of sensor values. Finally, the position estimation of the end
point of the robot (see Fig. 4), i.e., the tip of the needle
coordinates Xy, Y, are calculated as:

() el

where p is the distance between the origin of {O;} and the tip
of the needle, see Fig. 4.
According to Fig. 5 the orientation can be expressed as:
O=atan2(X;, - X ., Y;, —¥;,)) 17

(16)
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Fig. 5. Orientation between two consecutive time steps.

B. Calibration process

To reduce systematic errors, a calibration process is
employed, with the microrobot constrained to move either
along a straight line, or around a fixed axis, see Fig. 6. The
values estimated through this process include the counts
acquired by the sensor for a known displacement, i.e., counts
per inch (cpi), the distance D between the two sensors, and
the orientation of each sensor ¢y Angle & was assumed by
design to be zero.



Fig. 6. Calibration experiment setup. (a) the straight-line, (b) rotation.

1) Straight line displacement experiment

To determine the cpi and the angle ¢ of each sensor, an
experiment was performed (Fig. 6(a)), which consisted of
linearly translating the platform’s body for a known length
along the Xg.axis. As the platform moves along the x-axis,
the two sensors acquire the equivalent displacements with
respect to {Os}, (AX5s;, AY®s;) and (AX%s;, AY®s) (Fig. 7).
With this procedure the factor k (one for each sensor) is
estimated that must be multiplied by the sensor number of
counts, to convert them into inch units.

Xr . :
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Fig. 7. Straight-line calibration experiment. The robot translates in a straight
line for AOr mm, and each sensor acquires measurements AX*s and AY*s.

AO, (18)

kr/l =
J@AXS,,) +(AY )

Using the same measurements, the angle ¢ can be
calculated for each sensor:

@, =atan2(AYS,, AXS (19)

2) Rotation experiment

To determine the distance D between the laser sensors, a
rotation experiment of the platform about a fixed axis and for
a known angle 6, is being performed, by means of
constraining the microrobot in a cylindrical part, see Fig.
6(b).

Fig. 8 shows a rotation of the robot around the center of
rotation (CR) for a known angle 6. AX% and AY® are the
displacements of the sensors with respect to the sensors body
frame in x and y axis. Then, the total length of the distances,
L; and L,, travelled by each sensor can be approximated as
(see Fig 8(a)):

L,= \/(AX::J”)z + (AYSS,M)2 (20)

As the sampling time is sufficient small, we can assume that
the distance L (of each sensor) is the arc that forms the
sensors at its rotation. Knowing the length of the arc and the
rotation angle 6, the sensors’ distance from the fixed center
of rotation, a, is calculated by:
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Fig. 8. Rotational calibration experiment.

As the center of rotation is not the middle of the line
connecting the two sensors, D # a; + a,. Therefore, to find
the distance, the angle o between the tangent of the arc that
is formed by the motion and the Y-axis of each sensor (see
Fig. 8(a)), is given by:

o,, =atan2(AX}

S,ril>

AYg,r/l)
Finally, the distance D (see Fig. 8(b)) is calculated as:

(22)

D =.Ja’ +a] —2a,a, cos(S) (23)

where
o :| (O'r + gor) _(01 + §01) | (24)
Performing the above routine, the unknown parameters

are estimated as: k. = 1840 cpi, k& = 1804 cpi, ¢ = -0.77°, ¢
=1.04°and D =2.1cm.

C. Accuracy experiments

To determine the accuracy of the sensors and the localization
algorithm, we perform experiments in straight line motion
and in pure rotation. For the first validation test, the
microrobot moves in a known straight line back and forth.
Three different displacements were tested, i.e., 3 cm (Fig.
9(a)), 6.4 cm (Fig. 9(b)), and 10 cm (Fig. 9(c)). From the
results is concluded that the deviation in X-axis is very small.
The main error concerns the Y-axis, where a deviation of
0.8mm, 1.5mm and 2.1lmm respectively is observed. As
expected, the greater the displacement, the larger the
deviation along the Y-axis, due to the accumulative nature of
the sensor use and the small error in orientation 6.

In the rotational experimental test, a 90° rotation was
performed. The deviation during this test was less than 5°, see
Fig 10. The calibration routine was tested by collecting data
from the sensors and introducing them into the positioning
algorithms. More specifically, a 90° rotation experiment was
performed, during which two different values of the distance
D were introduced into the algorithm; the first value
corresponded to the distance found by the calibration process
and the other with a deviation of 3 mm as given by
measuring the distance. Fig. 11 shows that a 3 mm deviation
of the distance D leads to an incorrect orientation estimation
of 10°. Moreover, a straight-line trajectory was studied,
validating the error correction due to the angle ¢ calibration.
As Fig. 11 indicates, the angle ¢ has minor effect on the Y-
axis error, because sensors are placed such that ¢ = 0.
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Fig. 9. Straight line accuracy experiments. Platform tested in three different
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Fig. 11. Calibration correction experiments. (a) Correction of the straight-
line motion estimation due to angle ¢ estimation, (b) correction of the
orientation estimation due to D calibration.

V. MOTION CONTROL

For the motion control of the platform, a rule-based closed
loop control algorithm, was used [17]. The basic idea is
presented in (25) and consists of three distinct pairs of motor
angular velocities, (@a+, @.*), (wa, we)) and (way, @er). The
goal is to keep the microrobot inside a tolerance zone, of
width 2g, as it follows a desired path, i.e., a straight line.

» (a)d¢aw€¢)r Y < Vies €
[wd J = (@ 0.) if Yy —E<y <yt (25)
‘ ((()dT,a)eT)T V> Vs TE

The first pair, (waq, w.*), is applied to the motors of the
microrobot when it is within the tolerance zone and
corresponds to a straight-line motion. However, various
sources of disturbances (microrobot asymmetries, errors in
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actuation synchronization, nonuniform distribution of
friction) lead to parasitic motion that drives the robot outside
the tolerance zone. To drive the robot inside the zone again,
the other two pairs of motor angular velocities, (waq), ®e})
and (w4, wer), are applied, depending on the needed positive
or negative instantaneous curvature. Eventually, the
microrobot is stopped when a desired target point inside the
tolerance zone is reached.

To determine the appropriate angular velocity pairs of wg
and w., which depend on system parameters, for the
implementation of the algorithm, open loop experiments
were performed, see Fig. 12. The pairs were estimated in
PWM to be (wax, we*) = (26%,28%), (wa), ®e}) = (28%,20%)
and (w4, wer) = (20%,27%). Tolerance zone is selected to be
0.2mm., simulating the tip of a needle.

7 Open Loop experiments
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Fig. 12. Open loop experiments to determine angular velocities wg and .,
for the purpose of the motion control.

In our setup, the goal of the microrobot is to move under
a microscope using the laser sensors for position and
orientation feedback, see Fig. 13. This decreases the loop
time by a factor of five, compared to that with an overhead
camera. The control algorithm has been experimentally
evaluated using the two laser sensors for feedback. The
experimentation scenario was to place the microrobot 1.5 cm
away from a certain target point and test its ability to reach a
circular area centered on the target point with a radius of 1.5
mm. The size of this area corresponds to the microscope
field of view, see Fig. 13.

To validate the localization capability of the laser sensors,
and the motion controller, the motion of the microrobot’s
end point was recorded by an external camera. The end point
of the robot is the tip of a needle attached on it, and it was
placed 48 mm away from the center of the robot, along the
x-axis. Therefore, the initial position of the end point, is (x,
y) = (48, 0). During the experiment, the laser sensors
feedback output was transmitted through RF communication
and saved on a PC for post-processing.

At the same time, the position of the microrobot’s end
point in pixels is acquired by an external camera. By
measuring the actual distance of the center of the robot from
the tip of the needle, we find the transformation ratio 4 for
converting pixels into mm, see Fig. 14

. D,  39.5mm

vr—— (26)
D 250 pixel

=0.158mm / pixel

pixel
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Fig. 13. The overall working configuration includes the computer, the
workspace, the microscope with special camera and the robot itself.

Fig. 14. Distance (in pixels) of the center of the robot from the tip of the
needle. Camera computer vision algorithm provides the equivalent pixels.

Fig. 15 shows the microrobot position estimation by the
laser sensors, as well as the recordings of the camera. The
error of the laser sensors is about 1 mm, while the motion
controller has a positioning error of about 0.3 mm, alongside
the y-axis. Despite this error, the microrobot successfully
enters the microscope field of view.

70 Closed Loop Experiment
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Fig. 15. Microrobot path as captured by the laser sensors and the camera.

VI. CONCLUSION

This paper presented the development of a two-laser sensor
localization system for the position control of a microrobotic
platform, and the implementation of a rule-based closed-loop
motion controller. The microrobot employs a novel driving
principle, i.e., it uses centrifugal forces generated by two
vibration motors endowing the platform with the ability to
make motions with micrometer resolution. A pair of laser
sensors were integrated at the bottom of the platform and
calibrated through a custom procedure. The high-rate output
of the laser sensors is fed to an algorithm that provides the
position and orientation of the microrobot required for
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closed-loop motion control. It was demonstrated that the
localization system achieves high accuracy and allows on-
board implementation of the algorithm, avoiding the
shortcoming of low bandwidth feedback provided by an
external camera, increasing it up to five times. A closed-loop
motion control algorithm was tested experimentally, driving
successfully the microrobot to its goal.
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