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Abstract— Complexity, cost, and power requirements for the
actuation of individual robots can play a large factor in limiting
the size of robotic swarms. Here we present PCBot, a minimalist
robot that can precisely move on an orbital shake table using
a bi-stable solenoid actuator built directly into its PCB. This
allows the actuator to be built as part of the automated PCB
manufacturing process, greatly reducing the impact it has
on manual assembly. Thanks to this novel actuator design,
PCBot has merely five major components and can be assembled
in under 20 seconds, potentially enabling them to be easily
mass-manufactured. Here we present the electro-magnetic and
mechanical design of PCBot. Additionally, a prototype robot is
used to demonstrate its ability to move in a straight line as well
as follow given paths.

I. INTRODUCTION

There are many envisioned applications of swarm robots,
from distributed mapping and exploration [1, 2], modular
self-reconfigurable robots [3–5], robotic warehouses [6],
shape formation [7], etc. Often, these swarms’ capabilities
improve with increased numbers of robots. For example,
a swarm with more robots can push heavier objects or
move them faster in collective transport tasks [8, 9], or
can approximate a desired shape in more detail in shape
formation tasks [3].

The size of swarms in use is typically constrained by
the robots’ complexity, cost, and ease of manufacturing. To
create larger swarms, designers are often forced to make
them as simple, low cost, and easy to manually assemble as
possible. Swarms of more complex robots such as SWARM-
BOT [10] or e-puck [11] have been limited to under 100
robots. There were attempts to simplify swarm robots in the
past, such as Kilobot [12], but even then, five minutes of
manual assembly per robot limited the number of robots in
a swarm to approximately 1000. On the contrary, biology
frequently makes use of swarms and can have swarms that
number in the 100,000 or millions of individuals such as
those found in ant colonies, bird murmurations, or schooling
fish.

One way to simplify the robots and ease their manufactur-
ing is to rely on more automated manufacturing techniques
for their assembly. One approach is to attach electrical com-
ponents to a sheet that then self-folds to create the robot [13,
14], though robots created with this technique so far have
been quite limited. Another approach is to take advantage
of advances in printed circuit board (PCB) fabrication and
component placement to build a robot almost entirely out of
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Fig. 1. A photo of PCBot, a robot that uses a PCB-based actuator, and is
designed for ease of manufacturing. PCBot’s size is 48× 42× 14mm and
weighs 18 g.

a PCB, such as the HoverBots [15]. While Hoverbot partially
inspired PCBot, it had limited battery life and can only work
on a complex air-table with embedded magnets.

The number of actuators, as well as their complexity, also
contributes a lot to a robot’s overall complexity. Traditional
robots use multiple motors and gearboxes in combination
with wheels [6, 11] or propellers [16, 17] to move the
robot. These driving mechanisms limit the robot’s cost to
hundreds of dollars, and part count to tens. In recent years,
researchers have tried multiple ways to reduce the number
and complexity of actuators, resulting in robots simpler in
design and easier to manufacture. Kilobot [12], I-SWARM
[18], and bristle bots [19, 20] replace traditional motors
with vibration motors to eliminate the need of wheels and
gearboxes. These robots usually have around 10 components
and are a lot simpler than traditional robots, but the stochastic
nature of vibration makes their movement unpredictable.
On the other hand, Piccolissimo [21], Monospinner [22],
and 1STAR [23] seek to reduce the number of actuators
used to drive the robot. These robots feature only one
actuator, usually directly 3D-printed body, and less than 10
components.

Robots with extremely simple actuators often rely on
added complexity to the external environment. For example,
HoverBots [15] are composed of only two major com-
ponents: a battery and a PCB, and can move themselves
on a special ‘levitation–magnet table’ using magnetic force
between actuators integrated into the PCB and the table.
However, the ‘levitation–magnet table’ is embedded with ar-
rays of magnets and is complicated to manufacture and scale
up. A simple robot described in [24] and Spinbot [25] utilize
a planar table moving in an orbital manner to simplify the
robot’s locomotion. These two robots use electro-permanent
magnets (EPMs) to control their attachment and detachment
from the orbital shake table. EPMs used in these robots are
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relatively time-consuming to produce [26], but give them
the ability to move in any 2D direction on the table. While
these robots are more complicated, the table they operate on
is only a steel plate driven by several motors, and is simple
to manufacture and scale up.

Here we present a robot called PCBot that builds on Spin-
bot [25] and HoverBot [15] to further reduce the complexity
of a robot system designed for swarm applications. This
robot can precisely move on an orbital shake table using
a novel PCB actuator inspired by Hoverbot.

Fig. 2. An exploded view of PCBot. PCBot is comprised of merely five
major components: a 3D printed chassis, a PCB, a battery, a steel core which
is just a screw, and a magnet with rubber on one side. All these components
are off-the-shelf or mass-manufacturable and can be assembled in under 20
seconds.

II. ROBOT DESIGN

A. Overall concept

PCBot, see Figs. 1, 2, sets out to further simplify the
manufacturing of a swarm robot by introducing a novel bi-
stable solenoid actuator built using coil embedded directly
into the robot’s PCB. PCBot operates on a horizontal orbital
shake table, shown in Fig. 3. As shown in previous work
[24, 25], individuals can move in an arbitrary 2-D direction
relative to the table surface by simply controlling when it
sticks (attaches) and slips (detaches) on the table, as shown
in Fig. 5. While using this single orbital shake table increases
the complexity of the setup, it decreases the overall swarm
complexity because it allows the individual robot design to
be much simpler.

In addition to sliding over the table surface, PCBot also
passively spins around its center in synchronization with the
movement of the table when operating. This feature enables
PCBot to track the movement of the table using its polarized
light sensor, saving the need for gyroscopes. In future gen-
erations, the rotation behavior will enable PCBots to sense
distance and bearing to neighbors as well as communicate

with them using mechanisms similar to those presented in
[25].

Fig. 3. The setup of the test environment. A polarized light source hangs
from the ceiling to provide robots with global orientation sensing. The
orbital shake table surface is made of steel and is coated with a layer of
HDPE sheet. PCBots operate on the surface of the orbital shake table.

For PCBot’s only actuator, we designed a novel bi-stable
solenoid to quickly control the friction coefficient between
the robot and the table surface. The bi-stable solenoid, as
shown in Fig. 4, consists of a coil created directly by traces
in the robot’s multi-layer PCB and a coil-driven magnet that
can move up and down in the chassis and switch between
sticking to the orbital shake table (called ‘attached’ state) or
sticking to the spacer on 3D printed chassis close to the steel
core (called ‘detached’ state). The concept of creating a coil
directly in a PCB is inspired by [15]. This design allows us
to build an actuator without the manufacturing complexity
of wire-wound coils or electro-permanent magnets [25, 27]
and significantly reduces the major components required to
build a single robot to merely five: a 3D printed chassis, a
PCB, a battery, a steel core (a simple screw), and a magnet
with rubber on one side. This consequently reduced the time
required for manual assembly from tens of minutes or hours
seen with most other robots, down to under 20 seconds for
PCBot.

Attached
Steel core

PCB coil

Chassis

Magnet

Coating

Steel table

Detached

Fig. 4. A simplified cross-section view of the electro-magnetic subsystem
of PCBot. This figure shows the difference between the magnet’s position
in the ‘attached’ and ‘detached’ states. In ‘attached’ state, the magnet sticks
to the surface, and in ‘detached’ state, the magnet sticks to the spacer on
the chassis close to the steel core.
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Fig. 5. A simplified diagram showing how the robot moves. In the
‘attached’ state, as shown in the left part of the figure, the magnet sticks
to the table and PCBot revolves around the magnet. When PCBot detaches,
the magnet no longer touches the table. Driven by inertia, PCBot maintains
its momentum, thus follows a straight path and slides on the table, as shown
in the bottom part of the figure. After switching back to ‘attached’ state,
friction force quickly brings PCBot to the same speed as the table and
keeps them relatively static, as shown in the right part of the figure. In
each actuation cycle, PCBot moves relative to the table, as indicated by the
orange arrow. This figure is not drawn to scale.

B. Theory of operation

The overall environment for this robot consists of an
arbitrary number of PCBots all moving on an orbital shake
table. In addition, there is a polarized light source shining
down on the robots, see Fig. 3. Each PCBot is equipped
with an ATTINY84 microcontroller, a 70mAh rechargeable
lithium-ion battery, and a single actuation mechanism con-
sisting of a bi-stable solenoid and its associated electronics.
Furthermore, to sense its orientation in the environment as it
spins around its magnet, PCBot uses an upward-facing light
sensor covered with a polarizing filter. As a debugging aid,
there is also an RGB LED to provide visual feedback to the
operator.

At the center of PCBot is its bi-stable solenoid actuator
which allows it to attach and detach from the table surface.
The actuation coil is built in the multi-layer PCB and gen-
erates a magnetic field that moves the Neodymium magnet
up or down in the 3D printed chassis, as shown in Fig. 4. A
boost regulator and an H-bridge are used to selectively drive
current through this coil. When no current is applied on the
coil, the magnet is bi-stable: it could stay in either ‘attached’
or ‘detached’ state. In the ‘attached’ state, there is a strong
attraction force between the magnet and the steel beneath the
table surface. Furthermore, there is a high friction coefficient
between the rubber and the table surface. These two factors
prevent the magnet from slipping, and the whole robot rotates
around the magnet due to an offset center of mass. However,
in the ‘detached’ state, the chassis which has a low friction
coefficient is the only part of the robot that is contacting
the table, and the friction is not enough to allow the robot

Fig. 6. Software and hardware architecture for the PCBot and its operating
environment.

to continue moving with the table’s movement. Thus, the
robot slips and moves according to Newton’s first law. An
illustration of robot’s movement mechanism is shown in Fig.
5. By controlling when PCBot attaches and detaches from
the surface, we can move robots in the desired direction.

Aside from the movement mechanism, a key system for
PCBot is the orientation tracking system made of an ambient
light sensor covered by a polarizing filter. Because the light
source in the environment is also polarized, the light intensity
sensed by the ambient light sensor will change with the
orientation of the PCBot. Thus, PCBots can track their
orientation by feeding the ambient light strength sensed to a
threshold-crossing-based software phase lock loop (sPLL).

C. Magnetic field and geometric design

The core of PCBot design is the actuation mechanism,
i.e. the electro-magnetic subsystem, shown in Fig. 4. This
subsystem includes a magnet that can move up and down, a
coil built in the multi-layer PCB, and a steel core to amplify
the magnetic field. The chassis of the robot and the table
surface serve to restrict the position of the magnet.

The key of the actuator is the bi-stable state of the magnet.
A bi-stable magnet means the robot only needs to power
the coil when changing the position of the magnet, but not
keeping the magnet in a specific state. This dramatically de-
creases the power consumption of the mechanism compared
to using an electromagnet to pull the magnet up in ‘detached’
state, because switching between states takes ≈ 1ms but the
electromagnet would need to be powered on during the entire
‘detached’ state for tens of milliseconds to seconds.

There are two necessary requirements for designing this
system: first, that the magnet should be stable in either state
when no current flows through the coil, second that the
magnet should be able to switch between the states when
current flows through the coil, as shown in Fig. 7.
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Fig. 7. A simplified cross-section view of the electro-magnetic subsystem
of PCBot. This figure shows how PCBot switches between the ‘attached’
and ‘detached’ states. When detaching, PCBot drives a current I0 through
the coil and generates an upward magnetic force F (d, ha, I0) > 0 on the
magnet that pulls it upwards. When attaching, PCBot drives a current −I0
through the coil and generates a downward magnetic force F (d, hd,−I0) <
0 that pushes the magnet downwards.

We first simplify the model and only consider the three
most important and controllable parameters: the distance
between the steel core and the steel table d, the distance
between the magnet and the steel table h, and the current
through the coil I . Other geometric parameters have a limited
impact on the result and could be fine-tuned afterwards. The
vertical force exerted on the magnet F (d, h, I) could be
expressed as a function of d, h, I and computed using com-
mercial finite element methods (FEM) software. Using this
notation, our design requirements can be formally written as:

F (d, ha, 0) < 0

F (d, hd, 0) > 0

F (d, h, I0) > 0 (h ∈ [ha, hd])

F (d, h,−I0) < 0 (h ∈ [ha, hd])

(1)

where ha, hd are the position of the magnet in ‘attached’ and
‘detached’ state respectively, and I0 is the current through
the coil when H-bridge is activated. When there is no current
through the coil, and d is held constant, as h increases,
the attraction force between the steel core and the magnet
increases but the attraction force between the steel table
and the magnet decreases, thus F (d, h, 0) is monotonically
increasing with h. We can find the only equilibrium point
h = heq that satisfies

F (d, heq, 0) = 0 (2)

Similarly, we can define heq(I) as the equilibrium point
closest to heq when current I flows through the coil, i.e.

F (d, heq(I), I) = 0 (3)

For example, the plot for heq(I) and F (d, h, 0) with geo-
metric configuration we eventually used is shown in Fig. 8.
Using these definitions, we can simplify (1)~(3) to:

heq(I0) < ha < heq(0) < hd < heq(−I0) (4)

When designing the PCBot, we had to choose a proper
I0, d, ha and hd that satisfies (4). In addition, we wanted

Fig. 8. Plot of equilibrium point’s position heq(I) under various coil
current I and robot geometry parameter d. Color in the background shows
the force on magnet F (d, h, 0). The parameters we chose are I0 = 5A, d =
7.5mm, ha = 1.85mm, hd = 2.90mm, as marked purple in the figure.
The two crosses, which represent the chosen geometry, are between the two
purple lines, with at least 0.1mm margin. This means the coil can generate
more than enough force to move the magnet up and down to switch between
states.

to: minimize the power consumption, maximize the friction
force between the magnet and the table in ‘attached’ state
to prevent slipping, and also make sure that the robot design
is robust to manufacturing variability. To minimize power
consumption we should try to minimize I0. With the same
friction coefficient between the magnet and the table, the
magnetic force on the magnet in ‘attached’ state determines
the maximum friction force, so we should try to maximize
−F (d, ha, 0). Furthermore, manufacturing error will make
geometric parameters d, ha, hd vary, so it is also important
to leave enough margin so (4) can still hold with variation
in parameters.

The first thing we chose is the current we are willing to
drive through the coil, which is limited by the electronics.
In this case I0 = 5A. Ideally, we would like to increase
the force on the magnet to increase friction, which means
choosing a point {d, h} that is as far left as possible on the
equilibrium line heq(−I0). However, on the left side of the
graph, manufacturing error can result in a large change in
the required current to drive the magnet because equilibrium
lines are tightly packed, so to compensate for that, we chose
a point that is more to the right to match our manufacturing
error. This result in the following parameters: I0 = 5A, d =
7.5mm, ha = 1.85mm, hd = 2.90mm.

D. Mechanical design

In the mechanical design process, we were mainly con-
cerned with the chassis’s shape, the overall mass distribution,
and the forces on the magnet. An abstract drawing of the
mechanical system is shown in Fig. 9.
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Fig. 9. Cross-section of robot’s 3D printed chassis and the magnet.

We had three major goals for mechanical design of the
system:

1) PCBot must slip along the surface in the ‘detached’
state.

2) PCBot must stick to the surface in the ‘attached’ state.
3) PCBot must stably rotate around the magnet in the

‘attached’ state.

Goals 1 and 2 mean we had to differentiate the friction
force in ‘detached’ and ‘attached’ states as much as possible,
so we chose Ultimaker Tough PLA material to 3D print
the chassis, moisture-resistant HDPE as the orbital shake
table’s surface coating, and Neoprene rubber with criss-cross
texture as the rubber sticker on the magnet. The static and
kinetic friction coefficient between the chassis and the table
is around 0.12 but the kinetic friction coefficient between
the rubber and table is around 0.45 and the static friction
coefficient is as high as 0.67. With this combination of
material, the force from kinetic friction in the ‘attached’ state
is around 73mN, but merely 29mN in the ‘detached’ state.

Goal 3 means we had to design the chassis so that the
torque of the driving force (inertial force in the table’s co-
moving frame) should be maximized while the torque of
friction force acting on the chassis when spinning around
the magnet should be minimized. So we designed a special
chassis with the cross intersection as shown in Fig. 9. With
this chassis, the total mass of the robot is 18.0 g and the
center of mass is 5.2mm away from the robot’s axis of
rotation. The mass distribution is asymmetric enough so the
driving force from the table’s movement has enough torque
to combat friction in ‘attached’ state. At the same time, the
mass of the robot is still small enough so that it won’t slip as
it spins in the ‘attached’ state. Concerning the torque of the
friction force, the chassis has two extrusions on the bottom
that will contact the surface: a ring close to the rotation
center that contacts the surface at P1, and a line-shaped
extrusion further away that contacts the surface at P2. P1

and P2 situate on either side of the center of mass and will
contact the surface at all times. This design minimized the
torque of friction force in both the ‘attached’ and ‘detached’
states. In comparison, if the chassis is a cylinder shell, in the
‘attached’ state the friction force would act on the boundary
of the chassis, making the arm of friction force the radius
of the chassis. This is approximately four times longer than

that of the current design, in which the arm of friction force
is approximately halfway between P1 and P2.

E. Coil design

One of the most significant limitations for small robots
is battery life. For PCBot, the power consumption when
the actuation mechanism is not activated is 18mW, which
is mainly consumed by the microcontroller. However, if
the robot moves once every second, the average power
consumption of the actuation mechanism could go above
500mW, making it the limiting factor for battery life.

The main reason why the actuation mechanism is so power
consuming is because we used coils built using a multi-layer
PCB to generate magnetic field, so the number of rounds
of the coil is a magnitude lower and the resistance is a
magnitude larger compared to conventional coils built using
regular wires. A viable way to reduce the power consumption
of the actuation mechanism without changing the robot’s
electro-magnetic and mechanical design is to optimize the
PCB coil and make it more energy-efficient at moving the
magnet. In the following discussion, we will present an
abstracted model that ignores manufacturing constraints like
vias and component placements to provide an analytical
analysis. The PCB coil is built on a multi-layer board, but
there is little difference between layers, so we will just
analyze a single-layer PCB coil instead.

A single-layer PCB coil takes the form of a spiral, as
shown in Fig. 10. The inner and outer radius r0, r1 of the
coil is determined by the size of the steel core and the size
of the robot, and the minimum gap between two consecutive
rounds of coil w is determined by the PCB manufacturer
(usually 0.2mm for PCBs with 2 oz copper weight).

r 0

r 1

Optimized Coil Simple Coil
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r(θ) W
(θ)
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Fig. 10. The coil’s geometric structure for the optimized coil design (left)
and simple coil (right).

We can describe the PCB coil using function r(θ) which
is the equation of the coil’s center line in polar coordinates
and W (θ) which describes the coil’s width. We assume that
both the radius and the width of the coil change slowly, i.e.

r′′(θ) ≪ r′(θ) ≪ r (5)
W ′(θ) ≪ W (6)
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Consider the distance D between the center line of two
consecutive rounds of coil, we get the relationship between
coil’s radius r(θ) and coil’s width W (θ) under assumption
(6).

r(θ + 2π)− r(θ) = D =
W (θ) +W (θ + 2π)

2
+ w (7)

With assumption (6), we have r(θ+2π)−r(θ) = 2πr′(θ+π)
and W (θ) +W (θ + 2π) = 2W (θ + π). By applying this to
(7), we can express W (θ) using r(θ) as

W (θ) =
r′(θ)

2π
− w (8)

Now we can describe a coil using only r(θ). In the next
step, we proceed to formulate the magnetic force on magnet
F (r(θ), I) and the power consumption of the coil P (r(θ), I)
with arbitrary coil configuration r(θ) and coil current I that
satisfy (6).

For the magnetic force on the magnet, because the force
generated by the coil is much weaker than the magnetic
field of the magnet itself, and all the materials in the system
have constant differential permissively under our operating
condition, F (r(θ), I) is almost proportional to the current I ,
and can be written as:

F (r(θ), I) = F (r(θ))I (9)

where F (r(θ)) can be determined using FEM simulations.
For the power consumption of the coil, because we usually

need to actuate the coil for around 1ms to move the magnet,
and the characteristic time for the LR circuit composed by
the power source and the coil tLR has tLR ≈ 101 us ≪
1ms, Joule’s law could be used to calculate the power
consumption:

P (r(θ), I) = I2(Rext +Rcoil) (10)

where Rext is the internal resistance of the actuation circuit,
including the internal resistance of the power source (ESR
of the capacitor in our case) and the on state resistance of
the H-bridge, and

Rcoil =

∫ r1

r0

ρs
r(θ) dθ

W (θ)

=

∫ r1

r0

ρs
r(θ)

r′(θ)( r
′(θ)
2π − w)

dr
(11)

where ρs is the surface resistivity. We can observe that
P (r(θ), I)/F (r(θ), I)2 is a constant regardless of current
I and is only related to the coil design r(θ). Thus the
optimal coil configuration can be obtained by numerically
minimizing

P (r(θ), I)

F (r(θ), I)2
=

Rext + ρs
∫ r1
r0

r(θ)

r′(θ)(
r′(θ)
2π −w)

dr

F (r(θ))2
(12)

In realistic conditions with r0 = 2mm, r1 = 14mm,
Rext = 0.25Ω, ρs = 0.25mΩ, the optimized coil shown
in Fig. 10 can save 40% energy comparing to a simple coil
with fixed 0.7mm width. Furthermore, geometric constraints
created by vias and nearby components severely reduced the
performance of the simple coil, while the optimized coil
was not influenced as much. By using the optimized coil
in PCBot, we saved a staggering 70% of energy compared
to using a simple coil.

III. EXPERIMENTS

We conducted several experiments to demonstrate the
capability of the PCBot and test its performance. When not
specified, the orbital shake table moved at 115 ± 2 rpm at
an orbital radius of 10.7mm, and the robot would lift the
magnet up for 100ms in each actuation cycle, resulting in
an average displacement of 5mm. Robots are autonomous,
and there is no position feedback.

We recorded the movement of the table and the robot using
an overhead calibrated camera, and then track the fiducial
trackers on the table and the robot to obtain their translation
and rotation.

A. Straight line movement

We first conducted 36 experiments where a PCBot is
programmed to walk in a straight line following the X-axis
for 10 actuation cycles (≈ 47mm) to test the reliability
of movement mechanism. Experiments are carried out in
different places on the table’s surface to test its sensitivity to
the surface quality. The results are shown in Fig. 11.

Start Step 5 Step 10

(a)

(b)
-5
0
5

Y
(m
m
)

(c)

-10

0

10

Y
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m
)

0 10 20 30 40 50 60 70
X (mm)

Fig. 11. Experimental results for straight line movement. Subfigure (a) is a
composition of PCBot’s configuration in the initial state, and after moving
5 and 10 actuation cycles in a typical experiment. Red crosses and blue dots
show the magnet’s starting position in each actuation cycle, and light blue
lines connecting these dots show the path robot takes. Subfigure (b) is a
more detailed view of magnet’s position in the experiment corresponding to
Subfigure (a). Subfigure (c) shows the magnet’s path in all 30 experiments.
The red cross in this figure marks the ending point in each trial.
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For comparison, we also did 30 similar experiments but
with slightly different parameters and half the magnet up
time (50ms in each actuation cycle). The results are shown
in Fig. 12.
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Fig. 12. Experimental results for straight line movement when magnet
are lifted for 50ms in each actuation cycle. Notations are the same as Fig.
11.(c)

We observed that the PCBot would not slip in ‘attached’
state, but would rapidly move in the desired direction in
‘detached’ state. When the magnet is lifted for 100ms in each
actuation cycle, the average displacement per 10 actuation
cycles is 47mm and the standard deviation for the displace-
ment’s direction and distance are 8◦ and 7mm respectively.
When the magnet is lifted for 50ms in each actuation
cycle, the average displacement per 10 actuation cycles is
21mm and the standard deviation for the displacement’s
direction and distance are 4◦ and 5mm respectively. The
accuracy of direction increases while the accuracy of distance
decreases when the magnet is lifted for shorter period of
time. Accuracy in both cases is sufficient as long as there is
external feedback to correct the robot’s course.

By analyzing the correlation between the robot’s move-
ment and position, we discovered that the major cause for
its non-uniform displacement is the difference in friction co-
efficient across the HDPE sheet used. The moving direction
is related to the phase lag between the rotation of the PCBot
and the rotation of the table, and the moving distance is
related to the acceleration of PCBot when slipping on the
table. Both the phase lag and the acceleration depends on
the friction coefficient between the table and the chassis.
This problem could be reduced by switching to a sheet
with better uniformity across the surface or reducing step
size by reducing the time in the ‘detached’ state in each
actuation cycle. Other factors that might contribute to the
non-uniformity are the slight variation in table rotation speed,
imprecision in leveling of the table, and bumps on the table
surface.

B. Path following

We would also like to demonstrate the PCBot’s path
following capability, so we programmed a PCBot to move in
a rectangular pattern where each edge is 15 actuation cycles
long (≈ 70mm). The results are shown in Fig. 13.

As shown in Fig. 13, the PCBot could follow the path
we gave. However, because PCBot does not have position
feedback, the final position at step 60 is not aligned with
the starting position. Their movement direction is relatively
accurate, but their movement speed was not as consistent.
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Fig. 13. Experimental results for path following experiment. This figure
shows the composition of PCBot’s position in the initial state and after
moving every 15 actuation cycles. Red crosses and blue dots shows the
magnet’s starting position in each actuation cycle, light blue lines connecting
these dots shows the path robot takes, and the yellow path shows the
expected trajectory of PCBot.

Again, this is likely due to the variability of friction across
HDPE sheet.

C. Power consumption analysis

As suggested in section II-E, a general concern for small
robots is battery life. In our case, the total distance PCBot can
move is directly related to the number of actuations the on-
board battery can support. Thus, it is important to know how
much energy PCBot consumes in each actuation cycle and
how many actuation cycles can the battery support. In our
experiments, actuation time was set to 1000 us for detaching
and attaching. On average, the power consumption when the
movement mechanism was not activated was 18mW, and
each actuation cycle cost 68mJ of energy. If we only consider
the power consumption of the actuation mechanism, the
70mAh on-board Li-ion battery allows the PCBot to move
for about 14,000 actuation cycles. Under current operating
conditions where the PCBot moves an average of 4.7mm per
actuation cycle, PCBots can move for about 66m before the
battery depletes. However, the distance PCBots can move in
each actuation cycle can be further increased if we increase
the time in ‘detached’ state. When PCBots stay in the
‘detached’ state for more than 200ms in each actuation cycle,
they can move more than 10mm per step. This means that
PCBots could travel for more than 140m before the battery
depletes. Considering that PCBots are less than 5 cm in size,
this is a significant distance.

IV. CONCLUSION

In this paper, we presented PCBot, a minimalist robot
for swarm applications, explained its theory of operation,
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optimized its performance, and demonstrated its movement
capability in real experiments. The design based on external
actuation and novel bi-stable solenoid actuator built using
PCB-based coil allows PCBots to possess basic control
and precise movement capability with merely five major
components.

PCBot only demonstrates its ability to move at present
and lacks the inter-robot sensing and communication needed
for a complete swarm robot. In future work, we will outfit
them with IR transceivers to allow them to perform inter-
robot communication and bearing/distance sensing, similar
to [25, 28]. It is worth noting that all these could be done
by simply adding more circuitry to the PCB and should
not involve adding more complexity to the assembly. With
these future additions, PCBot would be a very simple,
mass-manufacturable, yet powerful robot, making it a great
candidate as testbed for a variety of swarm algorithms.
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