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Abstract—This work develops autonomous manipulation
strategies for a mobile untethered micro-robot that operates on
a 2-D surface in a fluidic environment. The micro-robot, which
is a permanent magnet, is under 500 pm in all dimensions and
is actuated by oscillating external magnetic fields. Two types
of manipulations are considered: (1) front-pushing, where the
micro-robot pushes a micro-object by direct contact, and (2)
side-pushing, which can result in non-contact pushing where
the fluid flow fields generated by a translating micro-robot are
used to displace a micro-object. Physical models are provided
to estimate the displacement of the micro-object due to the
fluid motion. Model-based controllers to perform contact and
non-contact manipulation are proposed, which iteratively correct
emerging manipulation behaviors to improve performance. It is
found that using a model-based solution as a feed-forward input,
combined with a learning controller, can significantly improve
micro-object pushing performance. Finally, we begin to address
the problem of assembling two micro-objects together using the
micro-robot, which is only successful by using a side-pushing
method.

Index terms - Micro/nano-robots, micro/nano-manipulation,
autonomous control

I. INTRODUCTION

Sub-millimeter sized robots, or micro-robots, have potential
future applications in areas such as biomedicine [1], [2]. These
micro-robots have necessitated new approaches to power de-
livery and control at the micro-scale. The current designs in
literature, including electrostatic [3], [4], electromagnetic [5]-
[9], optical [10], laser driven thermal impact [11], chemical
[12], and bacteria-propelled systems [13]-[15], have resulted
in successful wireless control of individual mobile micro-
robots. Due to requirements for an external powering and
control system, these micro-robots are in fact the untethered
micro-scale end-effector of a robotic system.

Many of these micro-robotic systems can be used to ma-
nipulate micro-objects in their environments, and are usually
operated in fluidic environments, often due to environmental
requirements of the micro-robots themselves [5], [6], [10],
[13]. Operating in a fluid provides the advantage of reduced
adhesion and friction between surfaces, both of which can
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make manipulation tasks difficult. Because fluid flows can be
generated in fluidic environments, micro-object manipulations
can occur without end-effector contact [16], which can be
useful for the manipulation of fragile objects, and for precise
positioning.

Compared to traditional micro-manipulation tools such as
micro-grippers, untethered micro-robots have the advantage of
being able to operate in enclosed environments, while main-
taining physical presence. Micro-robotic systems such as [3],
[5], [6], [17], [18] can also support multiple untethered end-
effectors. These features can lead to potential applications in
micro-fluidic, bio-manipulation, and micro-assembly systems.

In our previous work [8] we developed a micro-robot
platform that allows a sub-millimeter magnetic micro-robot
to be wirelessly controlled on a 2-D surface by using os-
cillating electromagnetic fields applied externally. In [19],
we investigated using the micro-robot to manipulate micro-
objects in a fluid, and analyzed the effects on the micro-
objects from the fluid flow caused by a translating micro-
robot. In this work, we apply the physical manipulation models
from [19] towards the development of efficient autonomous
micro-object manipulation controllers, and focus primarily
on contact and non-contact-based pushing by a micro-robot
under fluid. Additionally, a method to push together two
micro-objects together under a fluid using a micro-robot is
demonstrated, which supports the feasibility of this method
for future complex assembly tasks.

This paper is divided as follows: Section II discusses the
magnetic micro-robot system, with a description of the ma-
nipulation problem in Section III. An overview of the relevant
physics of micro-object manipulation is discussed in Section
IV, and manipulation strategies are proposed in Section V.
Experiments and discussion of the manipulation strategies are
provided in Section VI, with conclusions and future work
discussed in Section VII.

II. MAGNETIC MICRO-ROBOT SYSTEM

The magnetic micro-robot (Mag-uBot) is actuated by six
independent electromagnetic coils by utilizing oscillating ap-
plied magnetic fields, resulting in stick-slip motion on a 2-
D surface; this system is described in our prior works [8],
[17]-[19]. The Mag-pBot is capable of operating on arbitrary
nonmagnetic, low adhesion surfaces. Additionally, Mag-uBots
can operate in gases and liquids of up to about 50 cSt.
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Mag-uBots are fabricated in a batch process using a
molding technique presented in [20]. They are composed
of neodymium-iron-boron (NdFeB) particles (Magnequench
MQP-15-7) suspended in a polyurethane matrix (TC-892,
BJB enterprises), and can be fabricated to arbitrary planar
geometries. In this work, a star-shaped Mag-uBot is used with
characteristic dimensions 310 x 480 x 130 pum3, shown in
Fig. 1; this geometry is useful for object manipulation tasks
due to the concave forward face, which can capture objects.
Polystyrene micro-spheres with diameter 210 ym (PS-DVB,
Duke Scientific Inc.) are used in this study as the objects for
the Mag-pBot to manipulate. Experiments are performed on a
glass surface in a silicone oil environment (Dow Corning 200
fluid, 20 cSt).

For autonomous control of Mag-uBots, a particle filter
algorithm [21] is implemented to track the positions of objects
using the visual feedback information from the camera. This
algorithm primarily operates on the gradient of the image, and
is capable of reliably tracking Mag-uBots and manipulatable
objects at 30 frames/sec. Visual servoing of the Mag-uBot is
achieved by a basic proportional-integrating controller, which
aims to reduce the error between the micro-robot and its target
position by varying its velocity and heading. Path planning is
performed by a Wavefront algorithm [22], which allows the
micro-robot to avoid relevant obstacles appropriately.

III. MICRO-OBJECT MANIPULATION AND ASSEMBLY

Within a fluid, a translating Mag-uBot generates flow fields,
which interact with other objects in the fluid, and can be used
to manipulate them. Because of the low Reynold’s number
(below 0.01), the flow effects act at relatively large distances,
and inertial effects are negligible. Therefore, the velocity of the
micro-robot is unimportant; rather, the position of the micro-
robot dictates the fluid interaction with a micro-object. Two
modes of manipulation are considered: contact manipulation,
and non-contact manipulation.

Figure 1 shows a Mag-uBot pushing a micro-sphere from
the front, resulting in contact-manipulation. The flow field
generated by the Mag-uBot initially displaces the micro-
sphere D, before contact manipulation begins. Once the
sphere is pushed to a desired location, the Mag-uBot must
leave the area. However, due to fluid flow, the micro-robot
leaving will displace the micro-sphere a distance D, ,.. Thus,
to enable accurate positioning of a micro-object by contact
manipulation, D,, , must be determined and compensated for.

Figure 2 displays a Mag-uBot pushing a micro-sphere from
the side. Dy is the initial gap distance between the Mag-uBot
and sphere, and D is the displacement of the sphere caused by
the induced flow fields as the Mag-uBot passes by. If D, is
sufficiently large, the Mag-uBot will not contact the sphere
yet still displace it due to the fluid effects. To enable the
accurate and efficient positioning of a micro-object using this
manipulation method, a relation must be determined between
Dy and D,.

To achieve the assembly of multiple micro-objects, a Mag-
pBot must push one of the objects to the other so that they
contact. However, due to fluid effects, this task cannot be
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Fig. 1. (a) A teleoperated star-shaped Mag-uBot and a 210 pgm micro-
sphere ready for contact manipulation under liquid on a glass surface. (b)
The Mag-uBot approaches and contacts the micro-sphere, which displaces
before contact occurs. (c) The micro-sphere is pushed further by direct contact.
(d) The Mag-pBot moves away from the micro-sphere, causing micro-sphere
displacement due to fluid interactions. Arrow on Mag-pBot indicates direction
of its motion.
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Fig. 2. (a) A teleoperated star-shaped Mag-uBot and a 210 pm micro-sphere
ready for side-pushing under liquid on a glass surface. (b) The Mag-uBot
moves past the micro-sphere from its side, causing the sphere to displace a
small amount, primarily due to the fluid interactions. Arrow on Mag-uBot
indicates direction of its motion.
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achieved by simple contact pushing, as shown in Fig. 3.
A pushing method that compensates for this fluid effect is
necessary to achieve assembly.

IV. PHYSICAL MODELING

When a Mag-uBot manipulates a micro-sphere, the sphere
experiences forces from the environment. Figure 4 displays
a schematic of these forces, which includes the micro-robot’s
contact pushing force (F.), fluid drag forces from the environ-
ment (F'(U, u)), friction forces from the surface (F's), adhesion
forces between the sphere and surface (P), as well as the
sphere’s own weight (1#/). In this study we primarily focus
on manipulations due to fluid interactions, thus ignore F, in
analyses. We develop much of the theoretical background of
these interactions in [19], and summarize the formulations in
this section.

A. Surface Forces

A micro-sphere on a surface can experience an adhesive
force, which primarily is a combination of van der Waals
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Fig. 3. (a) A teleoperated star-shaped Mag-pBot and two micro-spheres,
MS1 and MS2, ready for assembly. (b) The Mag-pBot moves to the right
and front-pushes MS1 towards MS2. (c) MS1 and MS2 are assembled. (d)
The Mag-uBot retracts from the assembly, and as a result, displaces MS1
by Dy, due to fluid effects. Arrow on Mag-pBot indicates direction of its
motion.

Micro-sphere

Fc+ F(U,u)

NE

Surface f

Wb+ P

Fig. 4. A free body diagram of a micro-sphere in its environment.

interactions, capillary effects, and electrostatic charging [23].
Capillary forces can be neglected since the entire environment
is submerged in fluid, and electrostatic effects are usually small
compared to van der Waals [24], [25]. To determine the van
der Waals energy density between a micro-object of material
1, a surface of material 2, in a fluid environment 3, the work of
adhesion, W39, can be determined using the intrinsic surface
energies of the materials, 71, 2, and 3 [25], [26]:

Wik = 2./%7k (D
Wizg = Wiz + W3z — Wiz — Was 2

where the subscripts 7 and k correspond to the relevant
materials 1, 2, or 3. If Wy3y is positive, materials 1 and 2
will attract, while negative values of Wi3, imply repulsion.
Adhesion modeling for micro- and nano-particle manipula-
tion is discussed in [25], [27], and the adhesive force P of
a perfect sphere on a flat surface can be estimated using the
Johnson-Kendall-Roberts (JKR) model. P is determined as:

P = 1.57TRW132 (3)

where R is the sphere’s radius. Values of relevant properties
for materials used in this work are given in Table L.

Surface Energy () | Density (p)
[mJ . m’2] [kg . m’3]
Glass 83-280 [28]-[31] n/a
Polystyrene 33-40 [26], [32] 1060
Silicone Oil 19.8-21 [33], [34] 935
TABLE I

PROPERTIES OF MATERIALS

Due to the wide range of possible surface energies for glass
given in Table I, there is a large range of pull-off forces
that can potentially exist for a sphere contacting glass under
silicone oil. For the R = 105 pm polystyrene micro-spheres
used in the experiments, 5.2 uN < P < 23 uN.

A micro-sphere on a surface in a liquid environment can
also experience a friction force (Fr), which can be due to
viscous shear in the fluid between the micro-sphere and the
surface as it translates. However if the micro-sphere’s velocity
is very small, boundary Ilubrication can occur. In this case,
the friction force can be very high, as fluid layers between the
micro-sphere and surface can act more solid-like. Determining
the boundary lubrication properties can be highly complicated
and is not well understood [35], thus we do not consider it
for initial analysis. F; is implicitly determined in the next
section; it is contained in the fluid drag forces exerted on the
micro-sphere.

B. Viscous Drag

The displacement of fluid caused by the micro-robot’s
motion induces drag forces onto micro-objects in the envi-
ronment. To determine the forces exerted by this flow, the
wall-effect due to the surface must be considered, which we
analyze in [19]. These forces were first calculated by Goldman
et al. [36], [37], and can be used to determine the near-wall
fluid forces (Fg) acting on the sphere:

Fg = 6muR X
(Uip s*hear + Vthjans + QRF:ot)
* R
shear — 1+ 070055
8 0+€
E; = —1 .
trans 15 n( R ) 0.9588
2 d+e
Flop = —71 — 0.252 4
rot 15 H< R ) 0.2526 4)

where Uy, is the in-plane fluid velocity at the sphere’s center
(relative to the wall), and ) is the angular velocity of the
sphere’s rotation, where the axis of rotation is assumed parallel
to the plane. Also, h = R + 0 + € is the distance from the
center of the sphere to the no-slip boundary condition, which
is dependent upon d, the distance between the edge of the
sphere and the ground, and € ~ 25 nm, which is the measured
combined characteristic roughness of the two surfaces. Each
of the logarithm terms in (4) is appropriately bounded, i.e.
Ey < —1, F}, > 0. The angular velocity can be related

trans rot
to the translational velocity and the distance from the wall by



fitting a curve to the numerical results of [36] and bounding
itto 0 < Q <0.5676 Vp/R, which results in:

Vo

Q = (=2.375 x 1070l 2090/% 41,095 15/ £ (5)

To determine the motion of a sphere in a fluid flow, dynamic
relations for the sphere are developed, and are used in the
simulations:

mi = Fg(Us, Vpa) (6)
my = FG(Uy7 ‘/p,y) (7)
mz = FpU,,V,.)—W,—P ()

where U; is the component of the flow field in the i**
direction, V), ; is the component of the sphere velocity in the
it" direction. P is only applied when the sphere is close to
the surface (within a distance €). Wy, = (pp — priwia)Vyg is
the buoyant weight of the micro-sphere, with p, being its
density, V' is its volume, pyjuiq is the fluid density, and g
is the gravitational acceleration. F'p is a simplified fluid drag
model for a sphere in a free stream [38], which is used for
z-directed forces, and is computed as:

Fp = 6muR(U —Vp) )

Since the low Reynold’s number in the experiments in
this work indicates Stokes flow, where inertial effects can
be ignored, the inclusion of accelerations in (6)-(8) is not
necessary. However, for a more generalized solution valid over
a larger range of Reynold’s numbers, the accelerations are
included.

C. Simulation

The fluid flow caused by the Mag-uBot’s translation is
calculated by finite element modeling (FEM) using COM-
SOL Multiphysics (COMSOL Inc.). A Stokes-flow solution
is utilized, resulting in the fluid velocity at every point in
the simulation space. The Mag-uBot is modeled as remaining
stationary at an angle of 7 /8 radians with respect to the surface
(an approximate average angle of the Mag-uBot during its
stick slip locomotion), and a bounding box defines the simu-
lation space. The front and rear bounding faces are treated as a
flow inlet and outlet, respectively, with a flow of 0.4 mm/s (an
average Mag-uBot velocity from the experiments). The ground
is treated as a moving wall with tangential velocity equal to the
free flow velocity. All other external bounding surfaces have
a symmetry condition applied, which only permits tangential
flow at these boundaries. Along all faces of the Mag-uBot, a
no-slip boundary condition was used. To reduce computational
expense, half the Mag-uBot is simulated, taking advantage of
flow symmetry. Finally, the flow velocities are reduced by 0.4
mm/s, which changes the reference frame to the case where a
Mag-pBot is moving in a stagnant fluid.

Figure 5 shows the fluid velocity caused by the Mag-uBot.
Fluid velocity is much higher at points closer to the micro-
robot.
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Fig. 5. (a) Top view and (b) side view slices of the finite element modeling
(FEM) solution for the flow around a star-shaped Mag-uBot as it traverses
through the environment. The Mag-uBot is moving towards the left in these
images, and the flow velocities correspond to y-directed flow, depicted by
arrows. Half the Mag-uBot is modeled in FEM.

The particle dynamics model from (6)-(8) is used with
the flow fields computed from FEM solution to predict the
displacement of a micro-sphere in 3-D. A Runge-Kutta solver
(ODE23s in MATLAB, Mathworks Inc.) is used to integrate
the accelerations, resulting in the displacements.

D. Simulation Results

For the case of front-pushing, we are interested in the fluid
induced displacement of the micro-sphere (D, ) when the
Mag-uBot leaves the sphere, after it has been positioned. This
D, ;- can be used as a controller compensation term. In the
simulation, the micro-sphere is initially in contact with the
front face of the Mag-uBot, which then moves backwards.

In the experiments, D), . ~ 300 £ 75 pm (over five trials).
In the simulation, D), = 127 pm, and P was not found
to significantly affect results for the values determined in
Sec. IV-A (subsequently, P is taken to be zero). Since the
simulated D,, - is smaller than the experimental D, ., a larger
friction and adhesion force would not improve the estimation,
as this would further reduce D,,,. The discrepancy between
the experiment and simulation can be due to unmodeled
adhesion and contact effects between the micro-robot and
micro-sphere, insufficient mesh resolution close to the micro-
robot (limited by computational resources), or due to only
using the velocity of the fluid flow at the micro-sphere’s
center, which may not be representative for the entire sphere.
However, the model-based predicted displacement values can
be used as an initial estimate for an autonomous front-pushing
controller. Additionally, because of the high variability in the
experimental results for D, ., the method of contact-pushing
may not be suitable for fine positioning of objects.

For the case of side-pushing, D, is varied to determine
its effect on Dy in both the simulations and experiments,
with results shown in Fig. 6. From these results, the relation
between D, and D, is consistent between simulation and
experiment. The experiment shows slightly higher displace-
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Fig. 6. Simulation and experiment of a star-shaped Mag-pBot manipulating a
210 pm micro-sphere from the side. Vertical division indicates whether sphere
contact occurs with the micro-robot’s edge, determined from the simulation.
Sim Fit represents (22), and Sim Fit Lin represents (23).

ments, particularly when D, is small and contact occurs,
which can lead to additional unmodeled motion. Contact is
not modeled in the simulations, but appears to only have
a significant effect for Dy, < 250 pm, thus minor contact
may not significantly push the sphere. As the micro-robot
approaches the micro-sphere from the side, fluid effects can
cause the sphere to be “pulled-in” such that the gap distance
shortens when the micro-robot is close to the sphere. Thus
the required initial gap distance (D) to avoid contact will be
larger than half the robots width, and the dynamic simulation
is utilized to determine the actual critical gap distance. The
contact threshold in Fig. 6 is at Dy, ~ 370 pm, which is
determined when the micro-sphere overlaps the micro-robot
in the simulation.

V. MANIPULATION STRATEGIES

A. Front-Pushing Control

In front-pushing, the Mag-pBot attempts to position a
micro-object by pushing it by direct contact to a desired
position. As discussed in Sec. III and Fig. 1, the pushing
process must compensate for fluid interactions to achieve ac-
curate positioning. Figure 7 shows a schematic of the proposed
pushing method in a simplified 1-D case; the micro-object (at
position Py) is desired to be moved a goal position (at position
P;) by the Mag-uBot (at position P.). The method to perform
this is as follows:

1) The Mag-uBot is visually servoed to P,;, which is a
point on the pushing line connecting Pg to Pg posi-
tioned behind the object.

2) The Mag-uBot moves along the line connecting P, to
P, causing it to contact and push the object. The object
is pushed until it reaches P, which is determined by
the relation:

P, (i) = Pg(i) + 6(i) (10)

Mag-uBot

Micro-object

Pushing line

Fig. 7. Schematic of the front-pushing operation, where the Mag-pBot must
push the micro-object to the goal position, P.

where ¢ corresponds to the pushing iteration, and ¢
is the compensation distance. §(0) can be initialized
to the model-based predicted compensation distance,
determined in Sec. IV-D, which acts as a feed-forward
term.

Pushing occurs until the condition is satisfied:

|Ps(i) — Po(?)| < ep (11)
where €, is a specified maximum positioning error.

3) The Mag-uBot then moves away from the object along a
line that connects P, to Ps. During this step, the object
is pulled a distance D, , due to fluid interactions.

4) At this point, if the termination condition is satisfied:

[PL(i) ~ Pg(i)] < e (12)
then the pushing process can terminate. Otherwise the
process repeats with an integrator to update §, giving the
control law:

where K is the gain of the controller. This controller

represents an iterative learning control scheme [39].

Stability of this feedback control system can be shown
by modeling it in discrete time, with every pushing iteration
corresponding to a single increment in time. The resulting D,, .
in each iteration is not time or input dependent, thus is a 0*"
ordered plant. Thus we can analyze the open loop system,
Goi(2), as simply an integrator from (13):

K.
z—1

Goi(2) = (14)

which uses the Euler forward approximation for integration.
The closed loop system, G;(z), is given by:

_ Gol(z) _ Kc
14+ Ga(2) z—-1+K,

Ga(z) (15)

Bounded-input, bounded-output (BIBO) stability is satisfied
if the poles of (15) lie inside the unit circle [40], imposing the
condition: 0 < K, < 2. Furthermore, K. = 1 represents the
critically damped system, suggesting the optimum gain.



B. Side-Pushing Control

To efficiently use side pushing to position an object, it
is desirable to implement the model that relates D, to D,
determined in Sec. IV-D from physical models, in a pushing
controller. Figure 8 displays a simplified schematic of the
proposed pushing process, where the object is being pushed
to Pg. The algorithm proposed to perform this is as follows:

Mag-uBot

Motion line

Micro-object

Fig. 8. Schematic of the side-pushing operation, where the Mag-pBot must
push the micro-object to the goal position, P.

1) The desired object displacement, Dj 4es(i) is deter-
mined:

Dy ges(i) = Pg(i) — Pg(i) (16)

and subsequently, the corresponding gap distance be-

tween the micro-robot and object, Dy ¢4 () is computed:

Dg,est(i) = Flin [Ds,des(i) + A(Z)} (17

where Fj;, is a linearized model of F, which is the
function that relates D, to D,, and can be determined
from Fig. 6. F can be appropriately bounded to a
minimum D, value that avoids robot-object contact,
and correspondingly, D; 4es(¢) is bounded. A(4) is a
correction term determined from feedback; A(0) = 0
initially.

2) The Mag-uBot proceeds to move along its motion line,
which is a distance Dy s (¢) from the line connecting
P4(i) to Pg(i), and parallel to it, as shown in Fig. 8.
Afterwards, D; 40.(7), the actual object displacement, is
measured from the visual feedback information.

3) Next, A(i+ 1) is computed using Dj qc.(7) to improve
the performance of the next pushing attempt:

A(i+1) = A() + K [Ds,qct(3) — Ds,qes(1)]  (18)

where K is the integration gain for this controller.
4) If the termination condition (12) is satisfied, the pushing
process is complete, otherwise it is repeated.

Considering each pushing attempt is a single increment in
time, stability of this system can be determined by considering

the relation between the input to this controller, Dy ges, to the
output, Dy 4. This gives the open loop system Hy(z):

KS
z—1
where F,.; represents the actual relation between D, and D,,
and is not necessarily known or constant. Similar to (15), the
closed loop system H(z) is:

Hol(z) = . ]:lzn . ‘Fa_c%

19)

Ks . in " "

Hcl (Z) _ *7:l ]:act — (20)
z—14+ K- Flin - Fot

and is BIBO stable with the condition: 0 < K5~]-'lm-]-';c,15 < 2.

The better the model estimation Fj;;, matches the real system,
i.e. Fiin -]-"a_ci — 1, the more convenient it is to define a K

that will ensure stability.

C. Autonomous Two-Particle Assembly

A proposed method to assemble two micro-objects using a
Mag-pBot is shown in Fig. 9, which aims to avoid undesirable
fluid displacements, shown in Fig. 3. The algorithm to perform
the assembly is as follows:

1) The Adjusted line is defined as a line that is at an angle

6,, to the line connecting Pg; to Pgs.

2) The Motion line is created, which is parallel to the
Adjusted line, a distance D, from it.

3) The Mag-uBot is moved along the Motion line, which
results in side-pushing of micro-object 1, and moves it
towards micro-object 2.

4) If the two micro-objects are in contact, then assembly is
completed, otherwise the process must repeat. Contact
can be determined by detecting a collision between the
two objects. For the simple case of a sphere:

|Ps2 - Psl| S Rmsl + Rm52 + €as (21)

satisfies the termination condition, where R,,s; and
R,,s2 are the radii of micro-object 1 and 2, respectively,
and €, is an error tolerance of assembly.

This proposed assembly method essentially utilizes side-
pushing to perform the assembly, which avoids the undesirable
D, , if front-pushing is utilized for assembly. However, front-
pushing can be utilized to initially bring micro-object 1 near
micro-object 2 (as in Fig. 3), which is generally a faster
process than side-pushing.

. T——Motion line

\ Adjusted line

Mag-puBot 8 -

\ /,/’/Micro—object 2
-7 en
Micro-object 1

Fig. 9.  Schematic of the assembly operation, where the Mag-pBot must
assemble micro-objects 1 and 2.




VI. EXPERIMENTS AND DISCUSSION

In each of the experiments, the Mag-uBot is utilized to
position a 210 gm micro-sphere to a goal location. To maintain
experimental conditions among different trials, the Mag-uBot
is first manually positioned to a point 1 mm away from the
micro-sphere, which is far enough such that fluid motion
caused by the micro-robot does not measurably affect the
sphere. Once the positioning task is initiated, the goal location
is specified to be 750 pum further away from the sphere in the
front-pushing case, and 300 ym away in the side-pushing case.
In side-pushing, the micro-robot will first automatically move
onto the motion line to maintain a particular D, while pushing.

In side-pushing, after the end of a pushing iteration, the
Mag-uBot must move to a new initial position before begin-
ning the next iteration. To do this, it moves away and around
the sphere at a distance of at least 650 ym (from Fig. 6, this
distance does not significantly disturb the micro-sphere) to a
position on the motion line (from Fig. 8) that is 1 mm further
‘behind’ the micro-sphere, with respect to the goal.

A. Front-Pushing

To analyze the effectiveness of the proposed front-pushing
strategy discussed in Sec. V-A, experiments are performed
where the Mag-uBot pushes a 210 pm micro-sphere to a goal
location using the proposed controller with varying K. and
5(0); these results are presented in Fig. 10, which displays
the number of successfully converged trials as a function of
pushing attempts. Ten experimental trials are attempted for
each controller, with up to ten pushing attempts. Within each
trial, the pushing algorithm is repeated until the sphere is
within €, = 75 pum of the goal position, after which the
operation is stopped. The number of repetitions is shown in
Fig. 11, which displays a representative experiment for each
controller.
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Fig. 10. Experimental front-pushing convergence as a function of pushing

attempts for the different controllers; up to 10 pushing attempts are shown.
For each controller, 10 pushing trials are performed. IV}, is the overall average
number of pushing attempts to push the object to its goal location, within the
allowed error tolerance of €, = 75 um.
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Fig. 11. Experimental positioning error during front-pushing as a function of
pushing attempts different controller parameters. A single, typical experiment
is represented by each controller, up to 10 pushing attempts. The €, termina-
tion threshold is shown, which is used for the experiments in Fig. 10; €, = 0
is used in these experiments to demonstrate the limitations of front-pushing
for fine positioning.

From these results, it is apparent that positioning within
the specified €, is not possible when K, = 0 and 6(0) = 0,
which is the naive case where the model-based estimate and
iterative controller are not used. A steady state error of about
200 pm is achieved, although one would expect the error to
be about 300 pm, which corresponds to the D, , that actually
occurs. However, the micro-robot overshoots the goal position
by about 100 pm due to the visual servoing controller being
slightly under-damped, which is due to a constant micro-robot
translational velocity being used, as well as a time lag caused
by image processing.

If a model-based §(0) is used without the iterative controller
(K. = 0), convergence is possible, but may take many pushing
attempts to occur. This would imply that due to variability,
D, ~ ¢ in many cases in actual experiments. This can occur
because the micro-sphere is not always in complete contact
with the front face of the Mag-uBot when it moves away,
which leads to a smaller D), and can be combined with
the overshoot the micro-robot applies to the sphere from its
motion control scheme.

For the results that use the iterative controller (/. > 0),
convergence occurs quicker for K. = 1, which is the critically
damped case, as opposed to K. = 0.5, an overdamped case.
Combining the controller with the model-based 6(0) further
improves convergence by about 1 iteration, supporting its
viability in the pushing control scheme. The average error over
pushing attempts using the best controller is shown in Fig. 14.

Additional errors in pushing can arise from non-idealities in
the environment, such as any dirt or contamination on certain
areas of the workspace affecting the micro-robot or micro-
objects. Also, the actual pushing task takes place in a 2-D
environment, while the pushing control scheme assumes only
1-D motion; deviation from the pushing line induces additional
errors, which may delay convergence.



B. Side-Pushing

To analyze the effectiveness of the proposed side-pushing
strategy discussed in Sec. V-B, experiments are performed
where the Mag-pBot pushes a 210 pym micro-sphere (without
contact) to a goal location using the iterative controller with
varying parameters. K is varied with a linearized model
of F, and is compared to non-learning models (K, = 0),
as well as to naive controllers where D, is kept constant.
These results are presented in Fig. 12, which displays the
number of successfully converged trials as a function of
pushing attempts. Ten experimental trials are attempted for
each controller, with up to 30 pushing attempts. Additionally,
Fig. 13 displays the positioning error as a function of pushing
attempts for a representative experiment for each controller.
In the experiments, the Mag-pBot is maintained a distance
of at least 650 pym from the micro-sphere when it is not
performing the pushing process, for example, when resetting
to a new initial pushing position. The micro-sphere is pushed
to a tolerance of ¢, = 7.5 um (corresponding to 1 pixel on
the image).

In the experiments, F is taken from the Simulation data
in Fig. 6, which is most representative of the experimental
results. An exponential curve fit is performed and inverted,
giving the empirical relation:

1 D,
- In (= 2
0.009042 n<1755> pn] (22)

which fits the data with R? = 0.9971. F is linearized about
D, = 500 pm (a typical non-contact pushing distance), giving
the relation:

}_(Ds) =

Fiin (D) = —5.29D, + 621 [pm] 23)

Equations (22) and (23) are also displayed in Fig. 6.
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Fig. 12. Experimental side-pushing convergence as a function of pushing

attempts different controller parameters. For each controller, 10 pushing trials
are performed. IV}, is the overall average number of pushing attempts to push
the object to its goal location, within the allowed error tolerance of €, =
7.5 pm. ‘exp’ corresponds to the model from (22), and ‘lin’ corresponds to
the model from (23).

From the results in Fig. 12, it is apparent that using a
model-based solution with the iterative controller provides the
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Fig. 14. Average positioning error as a function of pushing attempts for the
best front-pushing and side-pushing controllers. All experiments are within
the specified €, after 4 attempts for front-pushing, and 10 attempts for side-
pushing.

fastest convergence. For the naive case where Dy = 370 pum,
convergence can occur early by chance, but will fail to
converge after 30 attempts in many cases. This is highlighted
by oscillatory behavior in positioning error, as seen in Fig. 13,
which is due to the micro-robot over-pushing the sphere due
to an insufficiently large D,. For D, = 500 pm, the sphere
can be positioned within 30 attempts in all cases, however is
inefficient because small displacements are realized in every
iteration, but may still be too large when the sphere is very
close to its target position.

Using the model-based relation between Dy and D, im-
proves the convergence rate of the sphere to its target position,
with minor differences between the exponential function (22),
and the linearized function (23). The linear model is slightly
better in this regard, as the exponential function can slightly



over-push the sphere when it is close to its target, being
slightly under-damped. The linear model represents a slightly
over-damped controller, and more conservatively pushes the
sphere to its target for small displacements.

Adding the iterative learning controller further improves
positioning convergence. The K, = 0.5 experiment represents
an over-damped controller, while the K = 0.9 is closer to
being critically damped, and thus converges slightly faster. The
average error over pushing attempts using the best controller
is shown in Fig. 14.

The actual value K for critical damping depends on the
accuracy of JFj;, to the actual system; if the accuracy is
perfect, then Ky = 1.0 for critical damping. From Fig. 6,
it is apparent that the model and experiment match closely,
and K; = 0.9 was used to attempt to achieve the critically
damped condition: K¢ Fy, - fc:cilf = 1. Additionally, the
learning controller can be improving performance as it can
correct for any non-ideal changes in the environment. For
example, if the micro-sphere gets stuck on a piece of dirt
during manipulation, its response to the micro-robot’s motion
can change significantly, which the controller can compensate
for. Another case that can make non-corrective models non-
convergent is if the Mag-uBot’s motion becomes impeded
such that it cannot accurately follow its motion paths (and
thus not satisfy the requested D,); this can occur due to
environmental non-idealities such as contamination, or the
micro-robot itself may have non-ideal properties that causes it
to deviate from paths in certain conditions.

C. Autonomous Two-Particle Assembly

To demonstrate the proposed micro-object assembly strategy
from Sec. V-C, a star-shaped Mag-uBot is tasked with assem-
bling two ~ 210 pm micro-spheres together. This experiment
is shown in Fig. 15, where the Mag-uBot first attempts to
front-push MS1 to assemble with MS2, which subsequently
disassembles as the Mag-uBot retracts. Side-pushing is then
employed to complete the assembly, which is found to be a
successful strategy towards achieving micro-object assembly.
0, = 30° is used and arbitrarily chosen; optimizing the
assembly process will be done in future work.

For the assembly of more than two objects, further task
planning will be required to successfully position and assemble
objects into more intricate configurations. The effect of fluid
disturbance will need to be accounted; for example, the
pushing of a third micro-sphere into the assembly in Fig. 15(f)
could cause the initial two-particle assembly to be broken
apart due to fluid perturbations by the moving micro-robot.
An approach that incorporates the physical pushing models
discussed in this work could lead to predictions on how all
micro-objects in the workspace will be affected by the moving
micro-robot, and could be compensated for towards creating
target multi-object assemblies. However, using this potential
approach, the computation and complexity of the necessary
micro-robot motion paths could scale poorly as the number of
micro-objects increases.
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Fig. 15. A Mag-uBot assembling two micro-spheres, MS1 and MS2,
together. (a) The Mag-pBot prepares to move into a position to push MS1, and
(b) front-pushes it towards MS2. (c) MS1 and MS2 are assembled until the
Mag-pBot leaves in (d), where MS1 and MS2 separate due to fluid effects.
(e) The Mag-uBot prepares to side-push MS1; (f) after two side-pushing
iterations, MS1 and MS2 are assembled. Images are enhanced for viewing.

VII. CONCLUSION AND FUTURE WORK

In this study, we addressed the challenge of manipulating
micro-objects in a fluidic environment using an untethered
magnetic micro-robot. Specifically, three tasks were consid-
ered: (1) front-pushing a micro-sphere using the micro-robot
by direct contact, (2) side-pushing a micro-sphere using the
micro-robot without contact, and (3) pushing two micro-
spheres together using the micro-robot. In all three tasks, the
effects of fluid flow caused by the translating micro-robot
must be accounted for to successfully accomplish the tasks.
We found that the performance of both front and side-pushing
tasks can be improved by incorporating results from a physical
simulation, as well utilizing an iterative learning scheme into
the pushing controllers. For assembly, we find that using a
front-pushing strategy does not successfully assemble micro-
spheres, however using side-pushing, the micro-spheres can be
assembled using the micro-robot.

Future works will include using the micro-robot to au-
tonomously manipulate micro-objects of arbitrary shapes,
which will require control of the micro-object’s orientation.
The creation of larger scale micro-object assemblies will also
be investigated by an autonomous micro-robot, as well as the
manipulation of the assemblies themselves.
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