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Abstract—Reconfigurable modular robots, which can actively
assemble and disassemble on command, offer the possibility of
mesoscale (milliscale and microscale) manufacturing with robust-
ness and controllability. In this study, we present a design of a
scalable modular subunit with embedded permanent magnets in
a 3-D printed cubic body. The subunit can be wirelessly con-
trolled by an external uniform magnetic field. We also present
controlled assembly–disassembly techniques for these subunits.
Our modular robotic platform is highly reconfigurable and can
create programmable, predetermined patterns based on open-loop
control. The 2-Dmotion planner computes all reachable polyomino
shapes from an arbitrary initial configuration and provides the
shortest movement sequences to form each shape. Experimental
results match computational modeling, demonstrating robust and
reproducible behavior of the modular robotic platform that is
promising for mesoscale manufacturing applications. Two cube
sizes were tested: 10-mm edge lengths and 2.8-mm edge lengths.

Index Terms—Self-assembly, Multi-robot systems, Motion
planning, Path planning.

I. INTRODUCTION

R ECONFIGURABLE modular self-assembly is a promis-
ing approach for manufacturing. Self-assembly processes

are also ubiquitous in nature, as they generate most of the
functionality in living organisms [1]. The key to self-assembly
is that the functional information encoded in the design of the
building blocks or modular subunits determines the interactions
that organize them into desired patterns. While conventional
fixed-structure manipulators have a static design, modular ma-
nipulators can reconfigure to meet time-varying task require-
ments. This article presents the magnetic modular cubes shown
in Fig. 1. A key quality is that the resulting structure is itself a
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Fig. 1. Modular cubes with embedded magnets can be actuated in unison
by an external magnetic field to move, assemble, and disassemble. Collisions
with boundaries enable reconfiguring the cubes. The embedded magnets encode
which cubes can bond. Four potential applications are shown: (a) Combining two
10-cube robots into a 20-cube mobile structure. (b) Assembling to manipulate
a nonmagnetic object. (c) Assembling, disassembling, and reassembling to ma-
nipulate a 3-D printed toy. (d) Lithography using photo paper andmodular cubes
as reconfigurable masks. See the attachment for videos of these demonstrations.

large robot that can move in or manipulate its environment or
can be reconfigured to optimize for tasks including movement,
encapsulation, or manipulation, as shown by these applications.
Modular design can improve the flexibility, scalability, main-

tainability, and interchangeability of systems, increasing the
number of applications for the system and enabling reuse [2].
Modular reconfigurable robots have a specific advantage over
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traditional robotic platforms in terms of ease in manufacturing,
as the modular design allows the robots to dynamically assem-
ble/disassemble as required with less human intervention [3].
Moreover, the reconfiguration capability of the robots enables
them to dynamically adapt to uncertain environments [4]. Re-
cent advances in self-reconfiguring swarm robotics and particle
computation have shown great promise for future applications
in targeted drug delivery, drug screening, and mesoscale (millis-
cale and microscale) manufacturing [2], [5]–[10]. For example,
modular assembly/disassembly of particles might enhance the
efficiency of drug delivery. Aggregating the particles gives the
assembly more power, enabling deeper penetration and faster
propagation, while disassembling the particles increases surface
area to improve drug release [5]. On the other hand, a swarm
of modular robots can reconfigure themselves through targeted
assembly–disassembly to fabricate different tools that could be
useful for complex mesoscale manufacturing [10].
Reconfigurable modular robots usually contain sensors and

mechanisms for motion (actuation) and connection; however, in
most cases, the motion and connection systems are the heav-
iest and consume the most energy-limiting scalability of mod-
ules [11].Hence, it is advantageous to use a system that combines
motion and coupling. Amagnetic motion and coupling system is
a competitive choice due to its versatility, flexibility, and stability
of control. Adopting magnetic coupling can eliminate the need
for on-board actuators and other mechanical elements, making
magnetic docking methods particularly helpful in mesoscale ap-
plications [12].Moreover, themagnetic fields used to actuate can
easily and harmlessly permeate most biological and synthetic
materials [7], [13],making themsafe for real-world applications.
In the last few decades, many research projects have been

conducted based on magnetic actuation [14] and coupling sys-
tems [12] to explore reconfigurable modular robotics and self-
assembly at different length scales, such as macroscale [15]–
[20], milliscale [21]–[24], and microscale [5], [9], [25], [26].
Researchers have developed modules with excellent locomotion
and manipulation abilities and have integrated advanced con-
trol algorithms (swarm intelligence, self-organization, etc.) that
enable accurate motion and good dynamic performance [26].
Several reconfiguration strategies of modules, such as au-
tonomous and distributed stochastic self-assembly [16], self-
reconfiguration by rotation in a planar workspace [15], [27],
locomotion through reconfiguration on a cubic lattice [28], [29],
and universal and distributed reconfiguration planning for square
and hexagonal lattice based robots [30] have been investigated.
However, the computational cost of reconfiguration planning
in a modular robotic platform increases exponentially with the
number of modules [31]. Moreover, some systems use complex
decouplingmechanisms [19], [20], [32], which raise uncertainty
for their functionality in a dynamic system. Although a few
magnetic modular platforms could achieve precise control [23]
(through electrostatic anchoring) and stable assembly perfor-
mance [22] (by tuning themagnetic dipole moment) of subunits,
deterministic disassembly and reassembly toward a successful
reconfiguration is still an unsolved problem. Therefore, there is
a need for robust, scalable, controllable, and efficient methods
to overcome the existent issues regarding modular robotics

and self-reconfiguration. This article represents a step in that
direction.
This article reports a design of a scalable modular robotic

platform and techniques for controlled self-assembly, disassem-
bly, and reassembly with computational modeling and experi-
mental validation. Our modular subunits have 3-D printed cubic
bodies with embedded permanent magnets, can be wirelessly
controlled by an external uniform magnetic field and actuated
using two motion modes (pivot walking [33]–[35] and rolling
motion [36]), are dynamically reconfigurable, and can assemble
into desired shapes by following open-loop magnetic control in-
puts. Our experimental results show that the motion mechanism
and assembly–disassembly techniques of the modular robotic
platform are controllable and reproducible, which is promising
for practical applications. This combination of modular cubes
with preferential binding affinities coded by embedded magnets
and global control sequences for self-assembly and disassembly
could be used to simplify and upgrade the capabilities of existing
mesoscale manufacturing technologies.

II. MATERIALS AND METHODS

A. Design and Fabrication Process of Magnetic Modular
Subunits and Experimental Workspace

Individual cubes with 10- and 2.8-mm edges as well as the
experimental workspace were designed using computer-aided
design (CAD) software (Onshape). Fig. 2 shows the CADmod-
els of different parts of the modular cube design with 10- and
2.8-mm edges, a cylindrical micromagnet, and the experimental
workspace. As shown in Fig. 2(a), the modular subunit design
with 10-mm edges includes two parts: the top cover and the core
body with eight holes in four faces for embedding permanent
magnets. The two parts were 3-D printed (using an Ultimaker
2 Extended+) separately using polylactic acid. After finishing
the 3-D printing process, eight cylindrical permanent magnets
(each having a diameter and a height of 1.6 mm, nickel-coated,
with a strength of Neodymium 50) were embedded in the holes
with a specific orientation of north/south poles [as shown in
Fig. 3(b)]. The dimensions are set with tolerances that follow
the specifications of the 3-D printer. Finally, a top cover was
attached to finish the fabrication of a modular subunit. The top
cover is used to prevent the magnets from coming out of the
holes as well as to prevent them from aggregating internally.
The scaled-down version of the modular cube subunit with

2.8-mm edges was printed using Projection Micro Stereolithog-
raphy (P μ SL) 3-D printing by Empire Group USA (a com-
mercial partner of Boston Micro Fabrication). The 3-D printer
used can achieve a layer resolution of 2 μm, is facilitated with a
UV-LED (405 nm) light source, and uses a photosensitive resin
as the printing material. The dimensions of the modular cube
subunit, as shown in Fig. 2(b), are set based on the tolerance of
the 3-D printer and the dimensions of the smallest commercially
available cylindrical micromagnet [Fig. 2(c)]. After collecting
the 3-D printed cubes, eight micromagnets (each having a di-
ameter of 0.3 mm and a height of 0.5 mm, nickel-coated, with a
strength of Neodymium 52) were embedded in the holes using
Gorilla super glue.
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Fig. 2. 3-D CAD models. (a) Schematics showing the two parts of a modular
cube subunit with 10-mm edges (i.e., core body and top cover). The top, front,
and isometric views represent the core body of a modular cube design that
is 3-D printed along with the top cover (isometric view) and assembled with
eight embedded permanent magnets to create a magnetic modular subunit. (b)
Schematic showing the isometric view of modular cube subunit with 2.8-mm
edges. (c) 3-D model of an axially magnetized cylindrical micromagnet. (d) Top
and isometric views of the experimental workspace.

A workspace with a boundary wall [Fig. 2(d)] was designed
and 3-D printed to perform experiments inside the nested
Helmholtz coil system (see Section II-C). The boundary of the
workspace plays a vital role in the assembly process of modular
subunits bybreaking themotion symmetry of individualmodular
subunits. This symmetry-breaking enables controlling multiple
subunits with one global control input.

B. Motion Modes

Fig. 3(a) shows the reference coordinate systems (XY Z) for
the external magnetic field and the modular cube subunit, where

α and ψ are pitch angles, and θ and φ are yaw angles. The
yaw angle is defined as the angle from the X-axis to the vector
projection into the horizontal plane (X−Y plane), and the pitch
angle is defined as the angle from the X−Y projection to the
vector. Fig. 3(b) shows two design variations of the magnetic
modular subunits for cubes with 10- and 2.8-mm edges. Eight
axially magnetized permanent magnets (two magnets per face)
are embedded in the four faces of the cube, where three faces
have the same magnetic orientation (north pole/south pole out-
ward) and the other face has the opposite. The red/blue arrows
on the top faces indicate the direction from magnetic south pole
to north pole or, equivalently, the direction of the net magnetic
moment. Cubes with blue arrows on the top faces are defined as
blue cubes, and cubes with red arrows are defined as red cubes.
When an external magnetic field is applied to create a pitch
angle, the resultant magnetic flux density (B ) makes an angle
α with the X−Y plane [Fig. 3(a)], which imposes a magnetic
torque τx on the modular cube subunit along the x-axis of its
body-fixed reference frame (xyz) [Fig. 3(b)]. This torque lifts
part of the modular cube from the ground and keeps it tilted with
a pitch angle ψ. Similarly, a yaw rotation can be achieved with
the external magnetic field by generating B at an angle θ with
theX-axis and along theX−Y plane [Fig. 3(a)]. A yaw rotation
created by the externalmagnetic field imposes a rotational torque
τz on the modular cube subunit along the z-axis [Fig. 3(b)].
Alternate magnetization schemes are discussed in [37].
Embedded permanent magnets with a specific orientation

in the cubes enable them to be actuated and controlled under
an external magnetic control system through discrete motions,
such as rolling [Fig. 3(c)] and pivot walking [Fig. 3(d)]. A
360◦ rotation of the modular cube’s body completes one cycle
of the rolling motion, where the rotation is achieved by four
90◦ steps of the applied magnetic torque τx. The pivot walking
motion is achieved by six discrete steps, as shown schematically
in Fig. 3(d) and experimentally in Fig. 4(a). The first step
imposes a pivoting edge by lifting the modular cube’s body
with a counterclockwise rotational torque (τx) and holds the
modular cube’s body at a tilt with pitch angle ψ. The second
step involves a clockwise yaw rotation of the modular cube by
-φ/2, which is achieved by a rotational torque -τz . The third
step switches the pivoting edge by applying a clockwise torque
(-τx) along the x-axis. The fourth step rotates the cube through
a counterclockwise yaw of φ by applying a magnetic torque (τz)
along the z-axis. Step five switches the pivoting edge back to
the first edge. Step six rotates the cube by a yaw of φ/2. These
six steps complete one cycle of pivot walking motion.
Fig. 4(a) shows the six steps involved in one cycle of a pivot

walking motion in the experiment. Before starting the cycle
(at 0 s), the magnetic inputs are zero, and the net magnetic
moment of the individual modular cubes are directed arbitrarily
as placed in the workspace by a user. Six steps are performed
with arbitrary time delays in between steps to keep the mo-
tion synchronized while capturing image data. Each magnetic
torque is achieved by step inputs of a static magnetic field,
as shown in Fig. 4(d). To perform a repeatability test of the
pivot walking motion, ten experimental trials for each variation
of the modular cubes (with 2.8- and with 10-mm edges) were
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Fig. 3. (a) Schematic showing reference coordinate systems (XY Z) for external magnetic field and modular cube subunit. (b) Schematic showing the modular
cube’s body-fixed reference frame (xyz) with two design variations of modular subunits (i.e., blue cube and red cube). A design variation is achieved by embedding
different combinations of eight permanent magnets in four faces of each cube. The magnets allow the modular cubes to rotate with only two rotational magnetic
torques (i.e., τx and τz) along their body, fixed on the x- and z-axes, respectively. (c) Side view showing rolling motion of a modular cube subunit. (d) Top and
side views of a modular cube subunit performing a cycle of pivot walking motion following six steps. (e) Free-body diagram of a modular subunit showing surface
normal force (FN ), friction force (Ff ), and gravitational force (FG ) acting on the modular cube, along with the direction of the net magnetic moment (Mnet). (f)
Disassembly mechanism of a structure of magnetic cubes, where Fm is the magnetic attraction force acting between the cubes.

performed. In each trial, the displacement after completing ten
pivotwalking cycleswas recorded. TheEuclidean displacement,
X displacement, and Y displacement for the cubes with 2.8- and
10-mm edges are presented in the plots of Fig. 4(b) and (c). The
average displacements with standard deviations per ten cycles of
pivot walking are reported in plots with corresponding legends.
The repeatability of pivot walking enables its use in open-loop
control to actuate individual modular subunits while performing
assembly experiments.
The equation governing the applied static magnetic field can

be described by

B =

⎡
⎢⎣
BX

BY

BZ

⎤
⎥⎦ =

⎡
⎢⎣
A cos(α) cos(θ)

A cos(α) sin(θ)

A sin(α)

⎤
⎥⎦ (1)

where B is the applied magnetic flux density, BX , BY , and
BZ are the three-dimensional components along X-, Y -, and
Z-axes, respectively, A is the amplitude, α is the pitch angle,
and θ is the yaw angle, as shown in Fig. 3(a).

Under a uniform magnetic field with flux density B, a force-
less magnetic torque (τ = [τx, 0, τz]

�) is induced on the mod-
ular cube, which aligns the net magnetic moment (Mnet) of the
cube with the direction of the applied field. The applied torque
can be calculated as follows:

τ = Mnet × B . (2)

As τ is always orthogonal to both Mnet and B, it is impossible
to generate a torque about the direction ofMnet. This constrains
torque generation on a dipole to two degrees of freedom, which
is also evident in our modular cube model [Fig. 3(b)], where
there is no active torque along the y-axis of the modular cube’s
body-fixed reference frame. When the magnetic field is applied
at an angle α, the modular cube tilts at an angle ψ, as shown
in Fig. 3(e). Although the angle ψ is generally smaller than the
angle α, they become arbitrarily close with increased magnetic
field magnitude.
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Fig. 4. (a) Video snapshots showing six steps in a cycle and the corresponding positions of four modular subunits to complete one cycle of the pivot walking
motion.XY Z is the reference coordinate system and xyz is the modular cubes’ body-fixed coordinate system with origins at point O and at the center of gravity
of a modular cube, respectively. The dotted lines (red and blue) indicate position of a modular cube at 0 s (zero input). (b) Plots showing the Euclidean,X , and Y
displacement of a modular cube with 2.8-mm edge after completing ten cycles of pivot walking motion in ten experimental trials. (c) Plots showing the Euclidean,
X , and Y displacement of a modular cube with 10-mm edge after completing ten cycles of pivot walking motion in ten experimental trials. (d) Plots of external
control inputs (magnetic flux density BX , BY , and BZ in X-, Y -, and Z-directions, respectively) with different time steps to create required torques (τx, -τx,
τz , and -τz) for one cycle of pivot walking motion.

Fig. 5. (a) Top view of the experimental setup including core of the nested
Helmholtz coil system, experimental workspace, four modular cubes with 10-
and 2.8-mm edges, and a zoomed microscopic picture showing side view of a
cube with 2.8-mm edge. (b) Front view of the nested Helmholtz coil system
showingX-, Y -, and Z-coil pairs.

C. Experimental Setup and Nested Helmholtz Coil System

A large-scale nested, triaxial Helmholtz coil system was
used to conduct experiments. Fig. 5(a) shows a top view of
the experimental setup including the experimental workspace
as well as modular cubes with 10- and 2.8-mm edges, while

Fig. 5(b) shows a front view of the nested Helmholtz coil
system. The nested Helmholtz coil system has three pairs of
coils, which are labeled as X-coils, Y -coils, and Z-coils based
on the centerlines of the coil pairs. Design specifications of
the coil system are listed in [35]. The large size of the coils
allows for a total working space of 150× 120× 80 mm3 at the
center of the coil configuration. A magnetic field measurement
probe (Metrolab THM1176-HFC-PC Teslameter) was used to
measure magnetic flux density (mT) inside the coil system.
All assembly–disassembly experiments were performed on the
X–Y plane, where we assumed Z = 0 mm.
The coil system’s large working distance and significant

magnetic field strengths give modular robots ample space to
maneuver and provide enough torque to produce described
motion modes. Each coil pair is connected to its programmable
power supply (Kepco, BOP 50-20 M), which is controlled by a
National Instruments data acquisition (DAQ) board. The power
supplies generate outputs to the coils, which in turn create a uni-
form static (or rotating) magnetic field with any user-specified,
time-dependent magnitude and frequency. These signals are
controlled using a customized C++ program; specific magnetic
torque patterns for each coil pair are prespecified for individual
motion modes.
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III. SELF-ASSEMBLY AND DISASSEMBLY BEHAVIOR OF

MODULAR CUBES

Several experiments were conducted to explore modular self-
assembly and disassembly techniques using sets of modular
cubes. The external magnetic system can generate a flux density
ofmore than25mT; however, amagnetic fluxof 10mT is enough
to actuate the modular cubes toward successful assembly. Pivot
walking motion is used in conjunction with the workspace
boundary to actuate individual modular cubes with discrete
motions, following predetermined paths to create a targeted
assembly. When two or more modular cubes are self-assembled
such that the arrows on their top face are aligned tip-to-tail, it is
defined as a serial self-assembly. When the arrows are aligned
side-by-side, it is defined as a parallel self-assembly.
Fig. 6(a) shows self-assembly and disassembly behavior of

sixmodular cubes. The cubes were initially assembled into three
groups. First, the three groups were gradually self-assembled to
make a larger structure (at 28 s). Then, the assembled struc-
ture was partially disassembled by 14 mT into three groups at
33 s. Because red–blue bonds in serial (with arrows on their
top faces aligned tip-to-tail) are stronger than other magnetic
bonds, the structure disassembles into pairs of red–blue cubes
connected in serial. Then the cubes were self-assembled into a
long chain-like structure at 50 s andwere gradually disassembled
to six individual modular cubes (at 68 s). The magnetic flux
density for disassemblywas 22mT,which resulted in a complete
disassembly.
Starting with two groups of modular subunits, with an equal

number of modular cubes in each group, two identical shapes
[at 18 s in Fig. 6(b)], mirror shapes [at 23 s in Fig. 6(c)], and
nonidentical shapes [at 20 s in Fig. 6(d)] could be created.
The combination of modular subunits in each group can affect
the final assembled shapes. As shown in Fig. 6(b) (at 0 s), the
experiment starts with two identical groups and ends with two
identical assembled shapes (at 18 s); whereas in Fig. 6(c) (at 0 s),
starting with a different combination of subunits in one of the
groups resulted in two mirror shapes of subassemblies (at 23 s).
The subassemblies can be reassembled (at 32 s) after a partial
disassembly and reconfiguration. When two mirror shapes were
brought in close proximity (at 27 s), the blue cube in the left
mirror shape was repulsed by the blue cube parallel to it and at-
tracted by the blue cube serial to it. This situation in conjunction
with the global inputs for pivot walking created an instability
in the right mirror shape; therefore, the two blue cubes in serial
assembled and resulted in the two reconfigured structures shown
at 28 s. These were combined and the assembled structure was
actuated by pivot walking (from 32 s to 34 s). Fig. 6(d) shows
that it is also possible to create subassemblies of nonidentical
shapes (at 20 s) starting from two identical groups of modules
by an appropriate control sequence. The final configuration is
determined by the control sequence.

IV. RECONFIGURATION OF MODULAR CUBES

The concept ofmodular reconfigurationwas explored through
multiple experiments. The first consisted of changing the relative

Fig. 6. Self-assembly and disassembly of modular subunits. (a) Six modular
cubes assembled into three groups can be self-assembled, disassembled, and
reassembled. (b) Sixmodular subunits, divided into two groups, aremanipulated
as swarms to create two assemblies of identical shapes. (c) Sixmodular subunits,
divided into two groups, are manipulated to create a large assembly. (d) Eight
modular subunits, divided into two groups, are manipulated to create two
assemblies of nonidentical shapes. The magnitude of the magnetic flux density
was normally 12 mT, but it was increased during disassembly operations.

position of individual subunits in an assembled L-shape struc-
ture through partial disassembly and reassembly (Fig. 7). The
second consisted of transforming the shape of the self-assembled
configuration from an I-shape to an L-shape [Fig. 8(a)] and
from an L-shape to a Z-shape [Fig. 8(b)]. Fig. 7 demonstrates
position reconfiguration, where we change the order of cubes
in a structure without changing the final assembly shape. First,
we assigned a number to each cube, as shown in the top left
corner of Fig. 7. Then, we performed partial disassembly (at
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Fig. 7. Position reconfiguration of four modular cube subunits in an assembled L-shape configuration by changing relative positions of individual cubes in the
L-shape (at 65 s) through partial disassembly, reconfiguration into an L-shape (at 22 and 100 s), and reassembly into the original L-shape configuration (at 124 s).
The magnitude of the magnetic flux density was normally 12 mT, but it was increased during disassembly operations.

Fig. 8. Shape reconfiguration through self-assembly and disassembly of four
modular subunits. (a) Four individual modular cubes are self-assembled into an
I-shape throughdiscretemotions and then reconfigured into anL-shape structure.
(b) Four individual modular cubes are self-assembled in serial and parallel self-
assembly to create an L-shape structure, disassembled, and reconfigured into a
Z-shape structure. The magnitude of the magnetic flux density was normally 12
mT, but it was increased during disassembly operations.

5, 32, 73, and 111 s), kept track of the individual cubes being
identified by the specific numbers, and performed reassembly
(at 22, 65, 100, and 124 s). This process changed the relative

positions of the blue and red cubes in the L-shapes (compare
at 0 and 65 s) and in the L-shapes (compare at 22 and 100 s).
However, the final self-assembled L-shape was the same as that
in the beginning (compare at 0 and 124 s). This reconfiguration
technique could be used with heterogeneous cubes to release
therapeutic material, expose tools, or take samples.
Fig. 8(a) shows self-assembly of four individual modular

cubes to form an I-shaped structure (at 13 s). Then, the structure
was disassembled partially so that a part of the serial self-
assembly was transformed into a parallel self-assembly (from
18 to 20 s). This partial disassembly enabled the cubes to be
reassembled into an L-shape configuration (at 29 s). Similarly,
as shown in Fig. 8(b), a transformation between configurations
having different shapes (L-shape to Z-shape) was accomplished.
The first part of the self-assembly process was similar to the
previous one; however, the assembly occurred in a different
sequence than before and created an L-shape [compare Fig. 8(a)
at 29 s and Fig. 8(b) at 48 s]. Later, the subunits were com-
pletely disassembled in two steps (at 65 and 96 s) and then
reconfigured into a Z-shape structure at 117 s, as shown in
Fig. 8(b). These experiments demonstrate that our magnetic
modular cube system can successfully achieve reconfigurability
following preprogrammed input signals and controlled paths.

V. MOTION PLANNER FOR MODULAR CUBES

The magnetic modular cubes described in this article open
exciting opportunities for swarm control laws and algorithms.
Wemanipulate modular cubes through controlled self-assembly
and disassembly processes toward targeted, task-specific con-
figurations in 2-D. Previous demonstrations show that these
cubes can be made in large numbers, actuated by a uniform
external magnetic field, interact with obstacles, combine if
mating surfaces are brought in close proximity, and be split
predictably by quickly rotating the magnetic field. Due to the
magnetic modular cubes’ cubic design, magnetically connected
structures of these cubes are polyominoes in 2-D. Polyominoes
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Fig. 9. Experimental demonstration and the corresponding 2-D simulator as five cubes with 10-mm edges form a U-shape. (a) Video snapshots from the hardware
experiment. The magnitude of the magnetic flux density was kept constant at 12 mT throughout the experiment. (b) Details of movements from the simulation. See
the attachment for videos of the demonstration.

are face-connected sets of unit squares that lie on the square
grid graph. The motion planner computes all the polyomino
shapes reachable from a given initial configuration and provides
the shortest movement sequence to form each reachable shape.
Obstacle-guided swarm control algorithms were developed and
implemented for deterministic self-assembly processes.
We designed the simulator using a bounded 11× 11

workspace based on the hardware experiment environment.
Axis-aligned, unit-length squares represent all cubes. To aid
in visual identification, the entire squares are colored. A red
square represents a red cube and a blue square represents a blue
cube. Arrows on the squares indicate the direction of the net
magnetization (from magnetic south pole to north pole). Fig. 9
shows an experimental demonstration, and the corresponding
2-D simulator as five cubes forms a U-shape. To improve con-
sistency between the experiment and simulation, cubes were
actuated using pivot walking roughly moving in a straight line
[at 31, 52, and113 s inFig. 9(a)] and applied in-place rotations [at
33, 56, and 116 s in Fig. 9(a)]. These cubes can be self-assembled
when the distance between two faces of cubes with opposite
magnetic poles becomes less than the half of their edge length
during pivot walking [Fig. 9(a) from116 to 272 s]. The simulator
is more strict in modeling assembly events and only connects
cubes with compatible magnetic bonds if they share an edge [see
Fig. 9(b)].
Given a desired target polyomino and initial configuration of

cubes, ourmotion planner has two parts: 1) use the 2-D simulator
to compute all reachable polyomino configurations (and their
shortest movement sequences) from the initial configuration; 2)
if the target polyomino is unreachable, we disassemble and/or
scramble the cubes and repeat part 1).

A. Self-Assembly Algorithm

Our self-assembly algorithm, Algorithm 1, takes as input the
initial configuration and returns all reachable polyominoes and
their shortest construction sequence. The main challenge in the

self-assembly algorithm is the exponential growth of possible
configurations as the number ofmodules increases. It is crucial to
take some measures to prune the search tree. We assume that all
modular subunits move at the same speed in the same direction
unless they encounter a fixed obstacle. We restrict movement to
include only pivot walking and in-place rotations. Pivot walking
can only move modules perpendicular to the direction of net
magnetization; so we limit the movement directions to port or
starboard (left or right).
We define the north pole of each cube as the local front

direction. All translation steps are based on the local front
direction. At each step, cubes can move one unit length (10 mm)
to the left (p for port) or right (s for starboard) or rotate in-place
clockwise (r to the right) a quarter-turn or counterclockwise (l to
the left) a quarter-turn [see Fig. 10(a), bottom]. We call a string
of these moves a motion sequence. The motion sequence “4p,
1r, 1p, 1r, 9p, 1l, 6p” in Fig. 9(b) constructs a U-shape. We
use a breadth-first search (BFS) algorithm to discover the reach-
able cube configurations. BFS is complete, but the search space
size is exponential in the number of cubes; so we must prune
the search tree aggressively. One way we prune this search is by
not allowing movements that directly undo the previous input
(e.g., no {r, l} or {s, p} sequences are allowed). The root of
the search is the initial configuration, and we maintain a list
of all unique relative configurations that have been reached. A
relative configuration is represented by rotating the coordinate
frame so that the magnetic north points up and then translating
all cubes; so they touch the x = 0 and y = 0 boundaries of the
workspace. The leaves of the search tree are either polyominoes
or configurations that only lead to configurations reachable by
a shorter path.
To further prune the tree, we only switch direction if the

relative configuration of the cubes changes. When the relative
configuration changes, we call this an intermediate configura-
tion. Intermediate configurations occur when at least one cube
(but not all cubes) strikes an obstacle. When this occurs, the
new relative configuration is compared to the list and is only
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Fig. 10. Self-assembly results for two initial configurations. (a) Self-assembly
results with three blue and two red cubes (top), and translation and rotation rules
(bottom). (b) Self-assembly results with two red and two blue cubes.

appended if it is unique. After the polyomino is assembled, we
compare the paths taken to save the shortest step sequence to
construct the structure.
Fig. 10(a) shows the self-assembly result with three blue and

two red cubes froman arbitrary initial configuration.Underneath
each polyomino is listed the shortest step sequence to construct
it. This shortest path information is stored in the tree structure.
Fig. 10(b) shows the self-assembly result with two red and two
blue cubes. Eight reachable polyominoes can be constructed
from this initial configuration.

B. Applying the Motion Planner in Open Loop

To test the functionality of themotion planner, we selected the
L-shape from Fig. 10(a) and the square shape from Fig. 10(b) as
target shapes and applied the motion planner in an open-loop
control. All cubes are represented by unit-length squares in
the motion planner, but the movement sequences can also be
applied for smaller cube sizes. Fig. 11 shows the comparison
between the motion-planner and hardware experiment (with
two sizes of modular cubes) to form the target L-shape from
Fig. 10(a). The same open-loop control sequence (with scaled
linear movements) was applied for two cube sizes (cubes with
10- and2.8-mmedges). The shortestmovement sequences found
from the motion planner is “5p, 1r, 6s,” which means five unit

moves (50 mm) left, then rotate 90◦ clockwise, and then six unit
moves (60 mm) to the right.
The number of pivot walking cycles required depends on the

size of the cube. In the hardware experiment, after one cycle
of pivot walking, cubes with 10-mm edges can move 6.29 ±
0.36 mm, while cubes with 2.8-mm edges can move 2.09 ±
0.07mm.Therefore, the required number of pivotwalking cycles
tomove5p for cubeswith 10-mmedges is 50/6.29mm≈8cycles
and for cubes with 2.8-mm edges is 50/2.09 mm ≈ 25 cycles.
There are small discrepancies between simulation and the

experiment. In Fig. 11(b) at 85 s, the blue and red cubes were
prematurely self-assembled, as they were brought in close prox-
imity due to a slight path deviation of the blue cube during pivot
walking. However, the assemblies could still continue following
the paths from the motion planner to form the target L-shape.
No premature self-assemblywas evident when the smaller cubes
(with 2.8-mm edges) followed the same path [see Fig. 11(c)].
After constructing the L-shape, the self-assembled structure
could also be moved in the workspace by pivot walking and
in-place rotations both in the motion planner and the hardware
experiment [from 218 to 265 s in Fig. 11(b)]. The rolling motion
[at 428 s in Fig. 11(c)] is not implemented in the 2-D simulator.
Fig. 12 uses themotion planner to form the target square shape

in Fig. 10(b). The shortest movement sequence found by the
motion planner is “8p, 1r, 7p,” as shown in Fig. 12(a). To verify
the results from themotion planner, first, four individualmodular
cubes were moved 8p (80 mm to the left) by pivot walking.
The red cubes reached the target locations, but the blue cubes
deviated slightly from a straight-line path [at 50 s in Fig. 12(b)].
Then, we applied a 90◦ clockwise in-place rotation to the cubes
and continued pivot walking the cubes, until they moved seven
units to the left to form the target square-shape (from 52 to 132
s). The path deviation by the blue cubes during pivot walking
did not affect the end result. The self-assembled square shape
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Fig. 11. Controlled self-assembly to form the target L-shape. (a) Details of movements from the motion planner. (b) Video snapshots showing open-loop
implementation of the motion sequence using cubes with 10-mm edges. (c) Video snapshots showing details of movements from the experiment using cubes with
2.8-mm edges. The red arrow indicates the direction of the net magnetization. The magnitude of the applied magnetic flux density was kept constant at 12 mT
throughout the experiments. See the attachment for videos of these demonstrations.

Fig. 12. Controlled self-assembly to form the target square shape. (a) Details
of movements from the motion planner. (b) Video snapshots of hardware
experiment. Themagnitude of themagnetic flux densitywas normally 12mT, but
it was increased during disassembly operations. See the attachment for videos
of the demonstration.

can be further actuated using pivot walking (from 132 to 157 s),
rollingmotion (from 157 to 162 s), and in-place rotations (at 167
and 180 s). Finally, the self-assembled modular structure could
be completely disassembled into individual modular subunits

(at 188 s) by following the disassembly mechanism described
in Section III. The strength of the magnetic flux applied for the
disassembly was 22 mT.

C. Disassembly: Assembling Unreachable Polyominoes

The set of polyomino shapes that can be made depends on the
number of cubes and their colors. For example, with four cubes
without colors, there are 19 fixed polyominoes [38] including L-
shapes, Z-shapes, I-shapes, T-shapes, and square shapes, but they
are notmagnetically connected.Basedonour cubes’ design, a set
of all red (or all blue) cubes can only make serially connected I-
shapes (top arrows aligned tip-to-tail), and square shapes require
two red and two blue cubes [see Fig. 12(b) at 132 s].
Our code computes the set of polyominoes that can be con-

structed from a given set of cubes. Often, some of these polyomi-
noes are unreachable from a given initial configuration. More-
over, repeated tests with random initial configurations show that
some polyominoes are reachable more often than others. This
makes some polyominoes harder to construct. Given a target
polyomino, a reasonable first step is to choose a set of cubes that
maximize the frequency that the target polyomino is reachable.
One method to enable constructing arbitrary polyominoes is to
add engineered obstacles into the workspace and use them to
rearrange cubes [39]–[41]. These obstacles are not required. This
article chooses to use an obstacle-free, square workspace. If the
desired polyomino is unreachable from a given initial config-
uration, one can repeatedly generate new initial configurations
until the polyomino is reachable. Rapidly rotating the magnetic
field is one way to separate and scramble the cubes into new
configurations.
Fig. 13 shows results from an experiment using one blue and

three red cubes with 2.8-mm edges. The cubes were combined
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Fig. 13. Disassembly results. (a) to (d) Four initial configurations before (inset image) and after disassembly using cubes with 2.8-mm edges, and the polyominoes
reachable from these disassembled configurations. (e) Statistical results from 20 of these physical trials. The red line is the maximum number of possible
configurations (26). Red + signs show outliers. See the attachment for videos of these demonstrations.

into a polyomino and then dissembled by rapidly rotating the
magnetic field. After each disassembly event, we computed the
set of reachable polyominoes. Fig. 13(a) (left) shows an example
of disassembling an I-shape (top right corner). The motion
planner takes the configuration after disassembly as the initial
configuration [Fig. 13(a), right black box] and computes the
number of reachable polyominoes. Eight reachable polyominoes
can be generated, including L-shapes and I-shapes. Fig. 13(b)
and (c) showsdisassembly results for twoT-shapeswith different
cube arrangements and the number of reachable polyominoes
that could be generated from each disassembled configuration.
T-shapes and Z-shapes are reachable. Fig. 13(d) shows an exam-
ple of disassembling a Z-shape. In total, 20 unique polyominoes
could be generated from these four initial configurations.
However, one blue and three red cubes can make 26 unique

polyominoes. These 26 shapes are shown in Fig. 13(e). Con-
structing all 26 requires additional randomization of the cubes.
We repeated the experiment 20 times. The median number
of reachable polyominoes after one disassembly is 6. After
disassembling the cubes twice, the median number of reachable
polyominoes is 10. After disassembling the cubes 19 times, it is
possible to reach all 26 polyominoes.

VI. CONCLUSION

The modular robotic platform presented in this article has a
simple, economic, and scalable design. It is actuated through
discrete motion modes, is wirelessly controlled, has a robust
assembly–disassembly capability, is reconfigurable, and shows
reproducible behavior. Moreover, all modules can be com-
manded in parallel and the same commands can actuate in-
dividual modules and assemblies of modules. These qualities
are pertinent to mesoscale manufacturing and require no mo-
tors, sensors, batteries, or computation. Through experiments
and computational modeling, we showed the versatility of our
modular robotic platform at performing assembly–disassembly
and reconfiguration. The pivot walking motion mechanism is
effective for performing 2-D manipulation. The rolling motion

could be essential for 3-D manipulation and will be explored in
futurework. The on-boardmagnetic couplingmechanismmakes
the assembly process self-driven. Our motion-planner can be
used to construct the desired polyomino shapes, and the same
planner is effective for cubes with 2.8-mm edges and cubes with
10-mm edges.
Future work should focus on making a high-fidelity simulator

for motion planning, modeling the disassembly process, and
increasing the complexity of the self-assembly/disassembly by
using more cubes and by 3-D construction.

MULTIMEDIA MATERIALS

Included with the manuscript are videos for the modular
cubes’ motion modes and play-by-plays of the experiments. In-
terested readers are encouraged to reach out to the corresponding
authors for more information regarding these results.
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