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Abstract—We present fundamental progress on parallel self- 
assembly using large swarms of microscale particles in complex 
environments, controlled not by individual navigation, but by a 
uniform, global, external force with the same effect on each parti- 
cle. Consider a 2-D grid world, in which all obstacles and particles 
are unit squares, and for each actuation, particles move maximally 
until they collide with an obstacle or another particle. We present 
algorithms that, given an arbitrary 2-D structure, design an ob- 
stacle layout. When actuated, this layout generates copies of the 
input 2-D structure. We analyze the movement and spatial com- 
plexity of the factory layouts. We present hardware results on both 
a macroscale, gravity-based system, and a microscale, magnetically 
actuated system. 

 
Index Terms—Automation at micro-nano scales, additive man- 

ufacturing, underactuated robots. 
 

I.  INTRODUCTION 
 

NE of the exciting new directions of robotics is the design 
and development of micro- and nanorobot systems, with 

the goal of letting a massive swarm of robots perform com- 
plex operations in a complicated environment. Due to scaling 
issues, individual control of the involved robots becomes phys- 
ically impossible: while energy storage capacity drops with the 
third power of robot length, medium resistance decreases much 
slower. As a consequence, current micro- and nanorobot sys- 
tems with many robots are steered and directed by an external 
force that acts as a common control signal [1]–[7]. These com- 
mon control signals include global magnetic or electric fields, 
chemical gradients, and turning a light source on and off. 

Having only one global signal that uniformly affects all robots 
at once limits the swarm’s ability to perform complex oper- 
ations. Independent control is possible by designing hetero- 
geneous particles that respond differently to the global input, 
but this approach requires precise differences in each robot 
and is best suited for small populations. Alternatively, control 
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symmetry can be broken using interactions between the robot 
swarm and obstacles in the environment. This letter builds on the 
techniques for controlling many simple particles with uniform 
control inputs presented in [8]–[10], where we demonstrated 
how such a system could implement digital computation. Fig. 1 
illustrates the main contribution of this letter: algorithms to 
produce a factory that uses global inputs to assemble arbitrary 
polyominoes. A polyomino is a 2D geometric figure formed by 
joining one or more equal squares edge to edge. 

This letter combines microscale hybrid organic/inorganic par- 
ticles with novel swarm control algorithms for mask-free pro- 
grammable patterning and micro-assembly. Specifically, this 
letter applies swarm control and particle logic computations 
to magnetically actuate artificial cells, to use them as micro- 
scale robotic swarms that create complex, high resolution, 2D 
patterns and assemblies. 
 
 
A.  Microscale Biomanufacturing 
 

Naturally derived biomaterials as building blocks for func- 
tional materials and devices are increasingly desired because 
they are often environmentally and biologically safer than purely 
synthetic materials. One such class of materials, polysaccharide 
based hydrogels, are intriguing because they can reversibly en- 
capsulate a variety of smaller components. Many groups have 
termed these loaded-alginate particles artificial cells, because 
they mimic the basic structure of living cells (membrane, cy- 
toplasm, organelles, etc.) [11]–[13]. Construction with these 
micron-sized gels has numerous applications in industry, includ- 
ing cell manipulation, tissue engineering, and micro-particle as- 
sembly [14]–[18], but requires fundamental research in biology, 
medicine, and colloidal science. While there are several meth- 
ods to efficiently fabricate these particulate systems, it is still 
challenging to construct larger composite materials out of these 
units [19]. Traditional methods of assembling larger macro- 
scale systems are unemployable due to the change of dominant 
forces at small length scales. In particular, forces due to elec- 
tromagnetic interactions dominate gravitational forces at the 
micro-scale resulting in strong adhesion and sudden shifts in the 
position of microparts under atmospheric conditions. To form 
constructs out of microgels, groups have traditionally turned to 
non-robotic microfluidic systems that utilize a variety of actua- 
tion methods, including mechanical, optical, dielectrophoretic, 
acoustophoretic, and thermophoretic [20]–[24]. While each of 
these methods has proven to be capable of manipulating biolog- 
ical cells, each method has significant drawbacks that limit their 
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macroscale materials and devices. While these new types of 
large-population, small-sized, robotic systems have many ad- 
vantages over their larger-scale counterparts, they also present a 
set of unique challenges in terms of their control. Due to current 
limitations in fabrication, micro- and nanorobots have little-to- 
no onboard computation, along with limited computation and 
communication ability [28]–[30]. These limitations make con- 
trolling swarms of these robots individually impractical. Thus, 
these robotic systems are often controlled by a uniform global 
external signal (e.g. chemical gradients, electric and magnetic 
fields), which makes motion planning for large robotic popu- 
lations in tortuous environments difficult. At the macro-scale, 
automated control of devices floating in water in [31] and flu- 
idic self assembly in [32] were presented, but as stochastic 
processes that can be controlled by turning a global signal on 
and off. We recently demonstrated that obstacles present in the 
workspace can deterministically break the symmetry of approx- 
imately identical robotic swarms, enabling positional configura- 
tion of robots [33]. Given sufficient free space, a single obstacle 
is sufficient for positional control over N particles. This method 
can be used to form complex assemblies out of large swarms of 
mobile microrobotic building blocks, using only a single global 
input signal. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.    Factory schematics for assembling the seven-tile polyomino in (a). 
Numbers and arrows on the polyomino show the build order and direction 
for build. All tiles are actuated simultaneously by the same global field. Red 
and blue tiles represent two different species that join when edges contact. 
Each factory is designed so at full production every clockwise cycle of control 
input moves completes another polyomino. See video attachment for animation. 
(a) Seven-tile polyomino factory, 0 commanded moves, 0 unit steps. (b) Same 
factory, 18 commanded moves, 136 unit steps. (c) Parallel assembly with three 
factories, 28 commanded moves, 221 unit steps, three complete polyominoes. 

 
 

widespread application. For example, microscale mechanical, 
acoustophoretic, and thermophoretic manipulation methods use 
stimuli that can be potentially lethal to live cells [25]. Further- 
more, most, if not all, of these techniques require expensive 
equipment and lack control schemes necessary to precisely ma- 
nipulate large numbers of cells autonomously. 

 
B.  Control Swarms Using Only Global Signals 

 

Micro- and nanorobotic systems are an exciting frontier in 
robotics, with potential impacts in the fields of manufacturing 
and medicine. Chemists, biologists, and roboticists have shown 
the ability to produce very large populations (103  – 1014 ) of 
small scale (10−9  – 10−6 m) robots using a diverse array of mate- 
rials and techniques [26]–[28]. Untethered swarms of these tiny 
robots may be ideal for on-site construction of high-resolution 

C.  Microrobot Based Microassembly 
 

The ability to create microrobots, and control algorithms ca- 
pable of autonomous manipulation and assembly of small scale 
components into functional materials is currently a major man- 
ufacturing challenge [11]. While several microrobots capable 
of performing simple manipulation and assembly tasks have 
been reported [12]–[17], few have shown the ability to pattern 
intricate designs or assemble complex multi-component parts. 
Recently, groups have begun to develop cell-safe magnetically- 
actuated microrobotic systems for cell patterning, yet their 
method is limited in that these systems are manually controlled, 
not automated, and suffer from low spatial resolution [34], [35]. 
For recent advances in automated micro-assembly, see [36], but 
these techniques focus on a set of micro manipulators assem- 
bling one component at a time. This letter focuses on paralleliz- 
able techniques. 
 
 
D.  Assembly Planning 
 

Algorithm techniques for optimizing assembly operations 
have a rich history, see review article [37]. Our letter deter- 
mines if a polyomino has a feasible assembly sequence, similar 
to the planning in [38]. 
 
 

II.  THEORY: POLYOMINO ASSEMBLY BY GLOBAL CONTROL 
 

This section explains how to design factories that build 
arbitrary-shaped 2D polyominoes. We first assign species to 
individual tiles of the polyomino, second discover a build path, 
and finally build an assembly line of factory components that 
each add one tile to a partially assembled polyomino and pass 
the polyomino to the next component. 
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Algorithm 2: ERODE(P, c). 
P is the x, y coordinates of a 4-connected polyomino and c 
is a vector of color labels. Returns R, C, m, and £ where R 
is a list of coordinates of the remaining polyomino, C 
contains sequence of tile coordinates that were removed, 
m is a vector of directions for assembly, and £ if loops were 
encountered. d ← {r, d, l, u} 
1: C ← {}, m ← {}, £ ← FALSE, R ← P 
2: w ← |8-CONNCOMP(¬R)| 
3: while 1 < |R| do 
4: successRemove ← FALSE 
5: R ← SORT(R)  f> sort by number of 
neighbors 
6: for j ← 1, j ≤ |R| do 
7: p ← Rj , T ← R\Rj 

8: for k ← 1, k ≤ 4 do 
9: if CHECKPATHTILE(T, p, dk , c) and 

10:                     1 = |4-CONNCOMP(T)| then 
11:                       if w = |8-CONNCOMP(¬T)| then 
12:                            R ← T, successRemove ← TRUE 
13:                            C1+ |R | ← p, m|R | ← dk 

14:                       else £ ← TRUE 
15:                       break 
16:       if successRemove = FALSE then 
17:             C ← {}, m ← {} 
18:             break 
19: if |R| = 1then 
20:       C1  ← R1 

21: return {R, C, m, £} 
 
 
n × 1 row require the longest distance of 4n + 16. Polyominoes 
shaped as a 1 × n column require the least distance of 2n + 16. 
Construction distance therefore requires O(n2 ) distance. 

 
 

B.  Space Required 
 

The space required by a factory is a function of the widths of 
individual sub-factories and height of the last sub-factory. 

The first sub-factory is constructed separately and it does not 
have any delay. Beginning from the second sub-factory, height 
can be computed as a function of the number of copies nc of the 
polyomino, width of the hopper w, position of the sub-factory i, 
and rows of the sub-assembled polyomino by as in (1). If a tile is 
added before the top row of b, then an additional row is added 
to the height. The width of the sub-factory can be calculated 
similarly as in (2) and (3). In a case where twice of bx is greater 
than widthho pp e r+ de lay s  then additional columns are added to 
the left of the sub-factory. When a tile is added to b using a 
down move, width also depends on the location of the column, 
columnlo c , to which the tile is added. 

Algorithm 3: DECOMPOSE(P, c). 
P is the x, y coordinates of a 4-connected polyomino and c 
is a vector of color labels. Returns C and m where C 
contains sequence of polyomino coordinates and m is a 
vector of directions for assembly. d ← {u, d, l, r} 
1: {R, C, m, £} ← ERODE (P, c) 
2: if |R| = 0or¬£then 
3: return {C, m} 
4: for j ← 1, j ≤ |R| do 
5: p ← Rj , T ← R\Rj 

6: for k ← 1, k ≤ 4 do 
7: if ( CHECKPATHTILE(T, p, dk , c) and 
8: 1 = |4-CONNCOMP(T)|) then 
9: {C2, m2} ← DECOMPOSE (T, c) 

10: if C2 j= {}then 
11: C1:|C2 |+1   ← {C2, p} 
12: m1:|m2 |+1   ← {m2, dk } 
13: return {C, m} 
14: break 
15: return {C ← {}, m ← {}} 

 
Algorithm 4: BUILDFACTORY(P, nc ). 
P is the x, y coordinates of a 4-connected polyomino. nc is 
the number of parts desired. Returns a two dimensional 
array F containing the factory obstacles and filled hoppers. 
1: F ← {} f> the factory obstacle array 
2: {C, c, m} ← FINDBUILDPATH(P) 
3: if {} = m then 
4: return F 
5: {A, b} ← FACTORYFIRSTTILE (nc , ci , w) 
6: for i ← 2, i ≤ |c|) do 
7: {A, b} ← FACTORYADDTILE (nc , b, mi−1 , Ci , ci , w) 
8: F ← CONCATFACTORIES (F, A) 

     9:   return F   
 
 

Algorithm 5: FACTORYADDTILE(nc , b, m, C, c, w). 
1: {hopper} ← HOPPER (c, nc , w) 
2: if m = d and 

 
Cx  ≤ max bx  or Cy  < min by 

) 
then 

3:   {A, b} ← DOWNDIR (hopper, b, C) 
4: else if m = l and (Cy  ≤ max by  or Cx  > max bx) 

then 
5:   {A, b} ← LEFTDIR (hopper, b, C) 
6: else if m = l and (Cx  ≥ max bx  or Cy  > max by) 

then 
7:   {A, b} ← UPDIR (hopper, b, C) 
8: else if m = r and (Cy  ≥ min by  or Cx  < min bx) then 
9:   {A, b} ← RIGHTDIR (hopper, b, C) 

10: return {A, b} 
 
   

i 
  

height(i) = 
\ nc 

l 
+ 2  + b 

\ 
width ho pp e r+ de lay s = w + 2    2 + 8, i ≥ 2 (2) 

w 2 y
 width(i) = width  ho pp e r+ de lay s   

4, for m = l or d, i ≥ 2    
(b  

− column  
), for m = d 

+ (1) 
7, for m = u or r, i ≥ 2 + 0 for 

x lo c m =j d.   (3) 
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V.  CONCLUSION 
 

This work introduces a new model for additive assembly that 
enables efficient parallel construction because it does not depend 
on individual control of each agent. Instead, the workspace is 
designed to direct particles. This enables a simple global control 
input to produce a complex output. 

Future work could extend Algorithms 1–5 to three dimen- 
sions. Additional work could focus on reducing the number of 
cycles. To build a polyomino, our current algorithm requires n 
cycles. Parts could be decomposed into subassemblies, which 
would enable more complex parts to be created and enable con- 
struction in logarithmic number of cycles. Future work should 
also increase the robustness of micro- and macro-scale assembly. 
Furthermore, techniques to improve particle movement speed 
should be investigated. 
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