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Collectives in nature demonstrate behaviors that extend far beyond the capabil-
ities of any single agent. Social slime mold, for example, has thousands of cells
that aggregate and form mobile and immobile nutrient-searching structures as a
function of the chemical signaling between cells and their interactions with the
surrounding environment. This species embodies many features that swarm
roboticists wish to incorporate in self-reconfigurable robot collectives: emer-
gent complexity, plasticity, and scalable constituents. This thesis argues that
regardless of the length scale, we can implement some of the same principles
and features to exploit robot morphology, physical interactions among agents,
and low-level coordination mechanisms to enable diverse collective behaviors
for useful applications across fields.

In this thesis, I present novel emergent behaviors through physical robot
collectives at the macro- and micron length scales and virtual collectives and
explain how each behavior arises as a function of agents interacting with other
agents, agents interacting with or reacting to their environment, and agents ex-
ploiting their environment to better influence other agents.

I expand the relatively new field of mobile coupled oscillators. Specifi-
cally, I present a new iteration of the swarming coupled oscillator (swarmala-
tor) model, which enables many new emergent collective behaviors in addition

to those already shown in the literature. It also replicates many behaviors of



natural and artificial collectives even though the detailed physical interactions
are not taken into account. This abstract model has the potential to inform on
the coordination mechanisms possible at different length scales. At the macro-
scale communication-constrained coordination may serve as a fall-back, and at
smaller length scales it may reveal some collective behaviors that are possible
with agents that cannot currently have on-board processing.

At the macro-scale, I present soft modular robot collectives that exhibit em-
bodied intelligence by exploiting a tight coupling between sensing and actua-
tion to enable reconfiguration, locomotion, and strain-based consensus among
other collective behaviors. I have contributed to the development of various soft
actuators, a sensor, and two different types of soft robot collectives with differ-
ing capabilities, and have studied these collectives using both physical hard-
ware and simulations.

At the micron scale, I present novel behaviors through magnetic microrobot
collectives that use physical interactions between agents and their surrounding
environment to enable the collective to perform on-demand reconfiguration of
various functions and morphologies and manipulate passive objects in the sur-
rounding environment. The microrobot collective behaviors are further studied
through a physical model and a swarmalator model.

The diverse collective behaviors presented in this thesis hold many potential
applications in swarm robotics, self-reconfigurable modular robots, and small-
scale manufacturing; additionally, they hold great value for fundamental scien-
tific research in self-assembly, self-organization, and emergent complexity. This
thesis expands the fields of soft robotics, microrobotics, and coupled oscillators
and demonstrates the potential to unlock many new emergent collective behav-

iors by exploiting low-level sensing, actuation, and coordination mechanisms.
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(Middle) K =2,/ =-1. (Bottom) K =1,J=1. . . ... ... ....
Collective behaviors of locally coupled non-chiral swarmalators
with no frequency coupling and one natural frequency. The x-
axis increases the coupling distance (o) and is normalized by the
maximum radius of revolution (R = 1). (Top) K = 0,J = 1. (Mid-
dle)K=2,J=-1.(Bottom) K =1,J=1. . ... ... ........
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2.26

2.27

2.28

2.29

2.30

2.31

3.1

3.2

Collective behaviors of locally coupled non-chiral swarmalators
with no frequency coupling and a natural frequency spread. The
x-axis increases the coupling distance () and is normalized by the
maximum radius of revolution (R = 1). (a) F4. (Top) K =0,/ = 1.
(Bottom) K =2,J=—-1.(b) F3. K=2,J=—-1. . ... ........
Collective behaviors of locally coupled chiral swarmalators with
no frequency coupling and no natural frequency spread. The
x-axis increases the coupling distance (o) and is normalized by
the maximum radius of revolution (R = 1). (Top) K = 0,J = 1.
(Middle) K =2,J =-1. (Bottom) K=1,J=1. . . ... .......
Collective behaviors of locally coupled chiral swarmalators with
no frequency coupling and one natural frequency. The x-axis in-
creases the coupling distance (o) and is normalized by the max-
imum radius of revolution (R = 1). (Top) K = -1,/ = 1. (Middle)
K=2J=-1.Bottom)K=1J=1. .. ...............
Collective behaviors of locally coupled chiral swarmalators with
no frequency coupling and a natural frequency spread. The x-
axis increases the coupling distance (o) and is normalized by the
maximum radius of revolution (R = 1). (a) F4. (Top) K =0,/ = 1.
(Bottom) K =2,J=1.(b) F3.K=2J=1. . . ... ... ......
Collective behaviors of locally coupled frequency-coupled chiral
swarmalators and no natural frequency spread. The x-axis in-
creases the coupling distance (o) and is normalized by the max-
imum radius of revolution (R = 1). (Top) K = 0,/ = 1. (Middle)
K=1,J=-1.Bottom)K=1,J=1. ... ..............
Collective behaviors of locally coupled chiral swarmalators with
frequency coupling and a natural frequency spread. The x-
axis increases the coupling distance (o) and is normalized by
the maximum radius of revolution (R = 1). (Top) F4. (Top)
K=0,J=1.(Middle) K =1,/ = 1. (Bottom) F3. K=2,J=1. . ..

A pattern of inextensible fibers made in a water-soluble plastic
sheet using (a,b) an embroidery machine (c—f) is embedded in a
silicone membrane (g,h) causing vertical and rotational displace-
ment. PVA: Poly(vinyl alcohol). . . . .. .. ............
Spherical cap coordinate system used in energy balance model
for an inflating silicone membrane (yellow region). h: Center
height; R: Radius of the spherical cap; ry: Base radius of the
membrane; a: Zenithangle. . . . .. ... ... ... . .00
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3.3

3.4

3.5

3.6

3.7

3.8

3.9

Layout and implementation for three different spiral designs
(a—c) Embroidery layout for spiral patterns with three different
wrap numbers k and similar thread densities. (d—f) Uninflated
top views. (g-i) Inflated top views near the maximum rotation
value for each actuator. (j-1) Side views used for comparing in-
flated shapes to the spherical cap model. These three designs
were fabricated and inflated. As pressures increased, the mem-
branes approached a maximum rotation angle (Table 1) deter-
mined by the wrap number k.. . . . . ... ... oo
Rotation vs. pressure for an individual test of each of the three
spiral designs in Figure 3, along with the spherical cap en-
ergy—balance model using torsional spring constant x = 0.06Nm,
strain energy coefficient y = 30Jm?, and base radius ry = 0.038
m. Dashed lines indicate where the model extends beyond mea-
sured inflation pressures. . . . ... ... ... 0L
Sphere similarity metric vs. pressure, and measured vs. ideal
spherical cap shape for three cases. A metric of 1 means the
shape has 100% overlap with the spherical cap. . .. ... .. ..
Torsional spring constant measured over the rotational range of
three membranes with k =044,k =088, and k=132.. . .. ...
Optical signal as a function of rotation angle for a membrane
with an embedded spiral pattern of n =24 and k = 0.88. . . . ..
Method for measuring the torsional spring constant « of pressur-
ized fiber-embedded membranes. A glued-on stick (Loctite 404)
exerted force on a scale. To measure the spring constant «, the
membrane was inflated to a fixed pressure, and was clamped
so that the stick touched the scale (force = 0) at an angle 10
degrees below the horizontal. The scale was raised until the
stick became horizontal, and the force F on the scale was mea-
sured. The torque = F x stick length. Torsional spring constant
k = T/A8 = Fsticklength/10°. We measured the value of « at dif-
ferent pressures to check for variations across the rotation range.
An example of a n = 32, k = 0.44 spiral mapped onto a spheri-
cal cap. During inflation, the center height of the cap increases
from 0 to A, and the arc length of each spiral arm is preserved by
rotating the cap by 6. This example is a hemisphere (2 = r0). . . .
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3.10

3.11

3.12

3.13

4.1

Percentage of membrane that has fiber spacing between one and
two times the membrane thickness, for different values of wrap
number k and number of spiral arms n. The three membranes
pictured in Fig. 3.2 are marked on the plot, and have 60-70%
of their surface area in this “optimal” region where fibers are
close enough to constrain the silicone from bulging out between
adjacent fibers, but not so close that the fibers stiffen the mate-
rial. The optimal region always excludes a disk at the center,
and sometimes excludes a ring around the edge where the fibers
have the greatest separation distance. . . . . ... ... ... ...
Example of air pockets opening behind threads at high pressures
from k = 1.32, pressure = 1.5 psi, actuator at 132° rotation.
Measured and ideal spherical cap cross-sections of inflated mem-
branes for three k-values at increasing pressures (p) in psi. The
top row and bottom row sample the low-end and high-end pres-
sures for each actuator’s full range of motion, respectively, while
the middle two rows show how the three different actuators look
at similar pressures. . . .. ... ... ... L L
Fiber optic intensity signal vs. pressure for k = 0.88, n = 24 with
straight stretchable optical fiber. . . . . .. ... ... ... ... ..

Demonstration of how fluid resistance may be leveraged to cre-
ate complex motions. (a) The experimental platform consists of
a poroelastic foam actuator with a spine and nine legs; the inset
shows a close-up of the internal foam. (b) Side view of the same
actuator 0.15s after an air pressure of 20 psi has been applied.
The higher deflection in the left-most extruding segment (closest
to the inlet) demonstrates that fluid is retained closer to the inlet
for a longer period of time. (c) Deflection of each leg (L1-9) over
time when a pressure of 20 psi is applied for about 325 ms. At
the end of the pulse, a valve is opened and the actuator returns
to atmospheric pressure. Due to the geometric layout of the actu-
ator, the legs closer to the inlet inflate more than the subsequent
legs. The point of maximum deflection in each leg is marked in
red. As this curve indicates, the resistance of the foam causes a
damped traveling wave through thelegs. . . . . ... .. ... ..
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4.2

4.3

4.4

4.5

4.6
4.7

4.8

5.1

5.2

Sketches showing the process to mold a 9-legged actuator. A)
Mold of laser cut acrylic to cast the poroelastic foam. B) Foam-
sealing layer, also molded in the acrylic mold. C) Strain-limiting
layer wrapped around each finger along the body of the foam
actuator. D) Side view of a complete foam actuator. The foam is
sandwiched between equal layers of silicone to avoid bulging
out on one side of the actuator. The strain-limiting layer is
wrapped completely around the actuator, and a final layer of sil-
icone adhesive is applied to one side of the actuator. . . ... ..
Tensile tests conducted on Ecoflex 00-30 (Width = 14 + 1 mm,
Thickness = 1 mm) and Ecoflex 00-30 Foam (Width = 30 mm,
Thickness=5mm+1mm). . . .. . ... ... ...........
The motion of the legs consist of bending and twisting, con-
trolled by the design of an embedded custom strain layer

3legs, travelingwave. . . .. ... ... ... L
S5legs, travelingwave. . . . ... ... ... oL L
Two soft robotic actuators attached to a rigid backbone crawl for-
ward at a rate of approximately 1.1 mm/s for a period of six
minutes. . . .. ... o oL
The undulating wave in four steps: A) t = 0. There is no ac-
tuation in any of the legs. B) t = 166.7 ms. L1 is approaching
peak actuation. C) ¢t = 333.3 ms. L1 is at peak actuation, L5 is
approaching peak actuation, and L9 is starting to actuate. D)
t = 466.7 ms. L1 is approaching zero actuation, L5 is post peak
actuation, L9 is at peak actuation. . . . ... ... ... . ... ..

We aim to lower the barrier of entry to soft sensors through sim-
ple fabrication, control, and data processing. We demonstrate
our concept in two devices: (a) a tactile interface for contact sens-
ing, and (b) a sensitive, pneumatic gripper which can estimate
the 2D shape of an encompassed object. . . . . . . ... ... ...
Fabrication of a single sensor: a) 15 g of Ecoflex™ 00-10 mix-
ture is poured into a mold to form a layer of 1 mm thickness. b)
The cured Ecoflex is covered with a mask and the Carbon Black
composite is spread across the channel. c) The mask is peeled off
leaving a conductive sensor channel and a second layer of 10 g of
Ecoflex™ 00-10 mixture is poured. d) The membrane is slowly
peeled from the mold. e) The carbon composite is composed of
a 1:6 mass ratio of Carbon Black powder to Ecoflex™ 00-30. . . .
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53

5.4

55

5.6

5.7

5.8

a) Setup used to characterize a single sensor. b) Overlaid snap-
shots of a sensor membrane during inflation. c¢) Matlab®-
generated plot to detect the membrane outline, i.e. membrane
stretch, during inflation. d) An example of the resistive response
(blue) of a single sensor through one inflation-hold-deflation cy-
cle. The red dashed line indicates the standard deviation over
15 days, during relaxation (green shaded region) and at the be-
ginning of deflation (yellow shaded region). e) Durability test
of four separate sensors over 15 days. f) Repeatability test of
three sensors over 30 inflation cycles. The solid curve denotes
the average resistance during inflation and deflation; the shaded
regions are the standard deviations. . . . . . ... ... ... ...
a) Fabrication procedure of a tactile grid. b) Resistive response to
perturbations; touch location can be pinpointed simply by look-
ing for the sharpest increases in resistance. . . . .. ... ... ..
Fabrication of the encapsulating sensor. a) 25 g of Ecoflex™ 00-
10 is poured into a rectangular mold to form a 1 mm thickness.
b) After the silicone has set, we laser cut a stencil with sensor pat-
terns and place it on top of the silicone. The Carbon composite is
spread across the laser cut mask and over the electrodes. c) The
mask is peeled off and a second layer of 25 g of Ecoflex™ 00-10
is poured. d) The membrane is peeled off from its mold. e) The
membrane is folded along its long axis and 1 g of Ecoflex™ 00-
10 is applied to join the two edges. f) The encapsulating sensor
is made by wrapping the edges around a Plexiglass cylinder and
attaching a tube for actuation.The gripper is resting at ambient
PIESSUTE. . . . . v ot vttt e e
a) When the gripper is inflated past ambient, it risks buck-
ling which complicates data processing. b-d) Top and isometric
views of the gripper as it measures an extruded (yellow) shape
with convex and concave features. The red arrows indicate di-
rectionof motion. . . . . . ... L L L Lo Lo
Measurement of the inner radius of the gripper during a
deflation(A)-hold(B)-inflation(C) cycle. The red curve shows the
average of five cycles; the shaded region the standard deviation.
The blue dashed line represents the point at which the gripper
begins to buckle as shownin Fig.5.6a. . . . . ... ... ......
Real (yellow) and reconstructed (gray shape) outlines for circular
objects with varying diameter. . . . . ... ... ... ... .. ..
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59

6.1

6.2

6.3

6.4

a) Sensor responses during a deflation (A) - hold (B) - inflation
(C & D) cycle around a crescent moon shape. Membrane buck-
ling occurs in (D) at the end of inflation. The object is inserted
during the hold phase near 6 s. b) By looking at the symmetric
tendency around the peaks in the curve (marked in red), we can
identify which sensor is located by the cavity. c) Real (yellow)
and reconstructed (gray shape) outlines of a concave object in
eight different orientations. . . . . ... ... ... ... . ...,

(A) Interdependent design guidelines centrally motivated by
system level robustness. (B) Simulated DONUts moving along
an environmental gradient, where the yellow square denotes
the origin of the gradient, and the red polygons obstacles.
(C) DONUt modules with onboard computation, sensing, and
switchable magnets to facilitate collective communication and
motion. (D) Magnets which can be switched to either polarity
and off to permit a large range of configurations. . . ... .. ..
(A) A module PCB (unwrapped) and three modules (wrapped).
The white dashed lines indicate (i) flexible and (ii) rigid regions
due to the placement of components; IR sensors and amplifiers
are not mounted in this photo, similarly, a few external wires
appear only for initial debugging and powering purposes. (B)
SEP driver and communication circuit. . . . ... ... ... ...
(A) SEP pull force when placed against a steel bar versus the
number of coil turns (five trials each). All measurements were
taken by polarizing the SEP in one orientation with a strong
magnet, then depositing a constant charge to flip the polariza-
tion. The insets show how the SEPs work conceptually, by
changing the orientation of dipoles in the AINiCo-material. (B)
Pull force for an SEP with 100 turns, 40 AWG wire, and 4 mm
end caps. Each measurement was done by first orienting all
dipoles in one direction (using 11 charges), and then depositing
a number of charges in the opposite direction. (C-E) Concep-
tual movement by module i (red illustrates the position of the
SEPs, blue those related to the move). (C) Rotating-motion, i.e.
counterclockwise rotation of i. (D) Rotating-translating motion,
i.e. counterclockwise rotation and translation by i to the adjacent
SEP on j. (E) Gear-like motion, i.e. clockwise rotation by i along
the perimeterof j. . . .. ... ... . ... ... L ..
(A) Module moving about another module, with motions as de-
scribed in Fig. 6.3C. (B) Motion of compressed modules, with
rotation similar to that described in Fig. 6.3D. (C) Characteriza-
tion of module deformation, conducted by placing weights on a
module. . ... ... .



6.5

6.6

6.7

6.8

6.9

6.10

(A) Top: Communication packet between SEPs. Received (or-
ange) and transmitted (blue) message of a start bit, “1’, followed
by two ‘0’s. Bottom: Decrease in voltage over the capacitor bank
as a package of all ‘1’s is sent. (B) IR transceiver circuit. (C) Ex-
perimental setup to measure module field of view. (D) Top view
of the experimentally measured sensor coverage in a module. (E)
IR intensity map (bright values correspond to close objects and
reach a maximum of 498 bits; dark values correspond to 0 and
nomeasured signal). . . . .. ... Lo Lo Lo
3D printed, manual winding device for rapid production of
SEPs. The SEP is mounted into the black piece with a screw;
the spring keeps the wire from a spool taught during winding,
similar to the mechanism on a sowing machine. A full turn of
the red wheel adds roughly 100 turns to the SEP.. . . . . ... ..
(A) DONUt simulation framework. The user specifies the high-
level planner, which makes use of low-level primitives. When
actions and messages are computed, the framework automati-
cally reevaluates relevant variables, feeds these back to the con-
troller, and logs the state of the world for later debugging. (B)
Checking if a module (in grey) can move. Left: i satisfies props.
1 and 2, but violates 3. Right: i satisfies props. 1 and 3, but vio-
lates 2, as described in Sec. 6.3.1. . . . . ... .. ... ... ...
Five examples of the test scenarios for controller evaluation. (A)
Randomly generated initial configurations (TS2). (B) 5 randomly
generated obstacles with randomly generated positions in the
pathtothegoal (I'S3). . . ... ... ... ... ............
(A) Performance of Oracle planner in TSI with heuristics hy =
NDyy and hy = ND¢oy. (B) Histogram showing the number of
states in the graph-search frontier at convergence using 5, with
55 random initial conditions. (C) Examples of the runs shown in
(B). (D) Example condition that leads to slow search behavior. . .
(A) Parametric sweep of C in TS2. (B) Comparison of 10 paths
generated by the Oracle (black) and 50 paths generated by the
A* search-based controller (green) in TS2. The solid lines denote
mean, shaded regions the standard deviation, and dotted lines
are 5 actual runs chosen at random. (C) Example of live lock near
the goal in the A* search-based controller.(D) Paths generated by
the A* search-based controllerin TS3. . . . .. ... ........
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6.11 Enforcing a penalty for sparsely connected modules improves
the redundancy of the system and is independent of the time to
reach the goal. (A-B) Number of module moves and connections
as a function of clustering penalty a. Each box plot shows the
median, standard deviation, outliers, and the 25th and 75th per-
centiles based on 20 runs in TS2. (C) Example path generated
withane=6. . . . . .. ...

6.12 (A-B) Example configuration in which module m, plans a path,
either CW (blue) or CCW (green), to the location with the highest
brightness, cs. (C) Illustration of the two versions of the fafl
controller. In fafl; m3 chooses the only viable path towards the
goal; in fafl; it follows the shortest path to the goal and stops
whenitseesanobstacle. . . . . .. ... ... .o 0 L.

6.13 (A) 10 paths generated by the Oracle planner, and 50 paths gen-
erated each by the faf0 (blue) and faf1 (yellow) controllers in TS2.
(B) 50 paths generated by the fafl; (red), fafl; (magenta), and
fafl (yellow) controllers in TS3. The solid lines denote mean,
shaded regions the standard deviation, and dotted lines are 5
actual runs. (C) Snapshots of a path generated by the fafl plan-
ner. (D) Histogram showing the number of moves per module.
To compute this plot, we counted all moves per module from
50 runs in TS2 with the A* search-based and the fafl controller.

Note that we discounted runs that reached live lock near the goal. 185

7.1  MSR robot sensing modalities examined in this paper. a-b) Rigid
and deformable modules encapsulate an object and use connec-
tion topology to estimate its shape. c) Modules circle an object,
using IR transceivers to measure its shape. d) Deformable mod-
ules are simulated with three strain sensors covering the perime-
terofeachmodule. . . . . ... ... ... .. .. .. ...

7.2 a) Definition of a module’s reference frame ¥,, with respect to
the world reference frame Fy. (b) Reference frame ¥,; refers to
moving module i and ¥4, refers to stationary module j.. . . . . .

7.3 Four DONUt modules encapsulating an obstacle. Modules have
onboard actuation, sensing, communication, and computation. .

74  a-d)Modules encapsulating randomly generated 2D objects with
Ryuax = 4R and «a corresponding to 0.4, 0.6, 0.8, and 1.0, respec-
tively. e) Shape estimation error; the blue line is the recon-
structed shape. . . . ... ... ..o oo

7.5  Sequence of movements for three modules moving clockwise (u
= -1) about the perimeter of anobject. . . . . ... ... ... ...
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7.6

7.7

7.8

7.9

8.1

8.2

8.3

8.4

DONUt IR transceiver response to objects in the environment.
Light gray values show a response of 495, dark grey a response
of 2. White show a response similar to ambient. Blue and cyan
dots on the module perimeter represent the position of photo-
transistors and emitters respectively. . . . . . ... ..o 199
a-b) Experiments with deformation of DONUt modules under
static load. c¢) Nine simulated modules in a lattice configura-
tion with three static point loads (0.3 N) applied downwards.
d) Static point load (0.3 N) applied to the same configuration at
the upper right-hand corner at an angle of 45°. The color legend
refers to the von Mises stress in N/m?. . . . . .. ... ...... 200
Strain sensor resistance when placed at different angular posi-
tions along the perimeter of an ellipse (between 0° and 90°). The
x-axis denotes the position of the sensor’s midpoint. Four el-
lipses with a fixed circumference and different minor axes were
tested. . . ... 202
Shape estimation error with increasing object size and convexity,
performed by rigid modules with connectivity sensors encapsu-
lating an object (a), rigid modules with IR sensors circumnav-
igating an object (b), and deformable modules equipped with
strain sensors closely encapsulating an object (c). Shaded regions
represent the standard deviation of 10 simulations for each test
CASE. . v v i e e e e e e e 204

a) 12-module Foambot collective. b) Illustration of an expanded
module with 6 magnets and 3 strain sensors able to loosely cou-
ple with neighbors, sense its own state and state transitions in
neighboring modules. c-d) Module in contracted and expanded
state. e) Simulated modules locomote as a result of traveling
waves of expansion and contraction. f) Module radius over time
as 10 out of a 100-module simulated collective synchronize. . . . 208
Module fabrication. a) Poro-elastic foam with 65% porosity. b-e)
Carbon composite sensor with embedded magnets on the outer
membrane. f) Poro-elastic foam wrapped in an inner strain-
limiting layer and an outer membrane. g) Top strain-limiting
layer and bottom 3D-printed sliders. . . . . ... .. ... ... .. 211
a) Module driver schematic. b) The oscillatory cycle of a module
with Ty, = 75, Teon = 12's, and Ty, = 19 s. The inserts show
the module top view at full expansion/contraction. c) Pushing
force exerted on a strain gauge by a module with T,,, = 6 s and
Teon=10s. . . . .o 214
Compression tests of a single module (n=15). . . . ... ... .. 217
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8.5

8.6

8.7

8.8

8.9

a) Output from two sensors embedded on a module oscillating
10 times. b) Normalized sensor outputs from an oscillating mod-
ule (yellow) with four neighbors (black). In a) and b), solid lines
and shaded regions represent mean and standard deviation re-
spectively. c) Normalized sensor outputs from a passive module
(yellow) with two passive neighbors (black), and one module
(purple) attaching and oscillating. . . . . ... ... ... .....
Force exertion by three modules (T,,, = 6S, Teon = 10, Tyeyy = 0
s), when they are synchronized (blue), and out of phase by ~ 70
(red) and 135 (green), respectively. . . . . ... ... ... ... ..
a-b) Snapshots from movie showing locomotion in the uper right
direction of 3 and 9 modules when there are traveling waves in
the opposite direction. c) 7 synchronized modules expand and
fill the space in a constraining membrane. Blue light signifies
expansion, red contraction, and blank rest. . . . ... ... .. ..
Graphical representation of modules” behavior when a sensing
module (green) responds to a neighboring module’s (purple)
expansion. a) The coupling factor K is sufficiently high that it
brings two modules to synchrony within one cycle. b) The sens-
ing module maintains a phase offset with its neighbor, enabling
traveling waves of actuation. . . . .. ... ... .. ... ...
Algorithm 1 applied to 10 - 100 module collectives in a rectan-
gular configuration. Results are averaged over 20 simulations.
a) Global Coherence (Z;). b) Local coherence (Z;). c¢) Linear mo-
mentum (P) . . . . . . ...
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9.1

9.2

Microrobot collective reconfigurable behaviors and functions.
(a) Three micro-disks driven by external magnetic fields exhibit
magnetic dipole-dipole attraction, capillary attraction, and hy-
drodynamic repulsion (top). Six collective modes are possi-
ble: rotation (R), oscillation (O), static (S), chains (C), oscillating
chains (OC), and gas-like mode containing self-propelling pairs
(G) (bottom). (b) Schematic of collective transitioning between
the possible modes to perform various functions. Starting on
the left side and continuing clockwise along the edge: the col-
lective starts out in static mode and transitions to a chain to lo-
comote through a narrow channel and exit the channel to form
oscillating chains (channel crossing). At the top, the collective
lines itself up against a wall and uses the physical interactions
with the wall to separate into two clusters when it transitions to
rotation mode (splitting). The collective can then pass around an
obstacle more easily by adapting inter-disk distance through its
static mode at high magnetic field frequencies (adapting to en-
vironment). The collective can then rotate and locomote at the
same time (generating azimuthal flow) and induce motion on
surrounding objects through its azimuthal flow field ( object ro-
tation and flow-based transport). At the bottom, the collective
forms chains and pushes on an object (contact-based transport)
and then disperses through a gas-like mode (dispersion and ex-
ploration). The center images show the collective can rotate ob-
jects through the azimuthal flow field when the micro-disks are

within the object as well as encapsulatingit. . . ... ... .... 232

Demonstration of different collective modes. (a) The external
magnetic field B modulated in 2D space by the axial magnetic os-
cillation frequencies, where 6; is the orientation of B with respect
to the x-axis. (b) Specific linear relationships between the two ax-
ial magnetic oscillation frequencies enables the different collec-
tive behaviors: Rotation (blue), static (red), oscillation (green), X
chains (black), Y chains (gray), oscillating chains (cyan), GaSPP
(magenta). (c-i) Summary of collective modes: Curve traced by
the magnetic field vector Trace(B) (top left), the derivative of the
orientation of magnetic field vector 85 (blue) with respect to the
x-axis (red) (top right), representative experimental images of the
collective exhibiting respective behaviors (bottom). The bright-
ness of the images in (c-i) is enhanced using photoshop for better
visualization. The symbols on top of the experimental images in
(c-i) represent the mode that collective exhibits. These symbols

correspond to those showninFig. la. . . .. ... ... ... ... 233
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9.3

94

Characterization plots for the microrobot collectives of 120
micro-disks in different modes. (a) Collective radius, (b) mean
angular velocity, (c) mean neighbor spacing, and (d) mean lo-
cal hexatic order parameter for the rotation, static and oscillation
modes. (e) Mean chain length and mean local hexatic order pa-
rameter for the chain mode. (f) Mean speed for the GaSPP mode.
Error bars represent standard deviations over 10s. . . . . .. ..
Collective mode transitions between different collective forma-
tions defined by the value for Q, and Q. (a) Experimental tran-
sitions (from left to right): static (Q, = 60 Hz, Q, = 30 Hz), oscil-
lation (2, = 31 Hz, Q, = 30 Hz), Y chains (Q, = 0 Hz, Q, = 30
Hz), X chains (Q, = 30 Hz, Q, = 0 Hz, B, = 10 mT), oscillating
chains (Q, = 1 Hz, Q, = 0 Hz, B, = 10 mT), GaSSP (2, = 70 Hz,
Q, = 0 Hz, B, = 0 mT), Rotation (Q2,,Q, = 70 Hz), Static (©2, = 60
Hz, Q, = 30 Hz). (b) Simulated mode transitions corresponding
to the experiments in (A). The last frame of a mode in the simula-
tions is used as the first frame in the simulation of a subsequent
mode. The brightness of the images in (a-b) is enhanced using
photoshop for better visualization. The symbols on top of the
sub-images in (a-b) represent the mode that collective exhibits.

These symbols correspond to those shown in Fig. 1a. . . . . . .. 241
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9.5

9.6

Magnetic gradient-assisted collective navigation through con-
tined environments and contact-based object transport. (a) Lo-
comotion speed comparison for the rotation, static, oscillation,
and chain modes with N = 126 micro-disks driven at different
frequencies when the gradient is F = 0.7 Gauss / mm. The chains
move faster than other modes. The error bars represent standard
deviations over 5 s. (b) Displacement of each mode over time
when Hz. The chains move faster and get slowed down due to
the physical boundary around 2.5 s. This contributes to large
standard deviations in chain speed in (a). (c) Representative im-
ages showing the trajectories of static (left), oscillating (middle
left), rotating (middle right), and chain (right) collectives under
the influence of a magnetic field gradient along the y axis. (d) Y
chain of seven micro-disks driven with magnetic field gradients
to produce MPI and C trajectories. (e) 17 micro-disks transition
between different modes to navigate through narrow passages.
(f) The collective switches between the modes static, X chains,
and Y chains to locomote and push an object. The brightness
of the images in (c-f) is enhanced using photoshop for better vi-
sualization. The symbols on the sub-images at the bottom, in
(c), and top, in (e-f), represent the mode the collective exhibits.
These symbols correspond to those shown in Fig. 1a. The sub-
images in (f) are labeled at the bottom with the function that the
collective performs. . . .. .. ... ... ... ... .. ... ...
Flow-assisted contact-free object transport. (a) Qualitative
demonstration of flow around micro-disks when the collective is
rotating. Green and blue lines were extracted using edge detec-
tion. (b) Collective rotates to guide a purple ball to the bottom
right-hand corner. (c) Collective rotation guides a ball around
the perimeter of the arena by using the arena design. The bright-
ness of the images in (a-c) is enhanced using photoshop for bet-
ter visualization. The symbols on top of the sub-images in (b-c)
represent the mode the collective exhibits. These symbols cor-
respond to those shown in Fig. 1a. The sub-images in (b-c) are

labeled at the bottom with the function that the collective performs.248
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9.7

9.8

Flow-assisted object rotation and orientation control. (a) Micro-
disk collectives within ring-shaped objects of different sizes; the
object rotates in the same direction as the collective. (b) Collec-
tives encapsulate and rotate ring-shaped objects; the object ro-
tates in the opposite direction as the collective. Red line in (a-b)
shows the rotational trajectory of the rings. The same rings are
used for (a) and (b). (c) Angular velocity of a ring-like object (ID
3.4 mm and OD 6.5 mm) when there are 60 micro-disks inside
or outside the structure. Error bars represent standard devia-
tions over 10 s. (d) Collective rotates a rod-shaped object and (e)
a star-shaped object. (f) Two collectives within adjacent objects
enable coupled object rotation. (g) A collective within one of two
adjacent ring-like objects rotates the structure it is in and exerts
a torque on the neighboring object to enable gear-like motion.
(h) A collective enters a C-shaped object, rotates it, and exits the
structure. A red circle is added to highlight the orientation of the
rings (a-b) and (g-f). The red dashed arrows in (d-g) show the
direction of rotation of the individual objects (thin arrows) and
their center of mass (thick arrows). The brightness of the images
in (a-b) and (d-h) is enhanced using photoshop for better visu-
alization. The symbols on top of the sub-images in (a-b) and (h)
represent the mode that the collective exhibits. These symbols
correspond to those shown in Fig. 1a. The sub-images in (h) are

labeled at the bottom with the function that the collective performs.251

Dispersion and splitting of the microrobot collective. (a) Rep-
resentative images of a collective transitioning from Y chains to
GaSPP to explore the available area. (b) Collective disperses us-
ing the rotation mode (70 Hz) within a quadrotor-shaped object;
the collective expands and rotates the object about its center. (c)
transition from rotation mode to GaSPP mode; the collective ex-
pands but does not rotate the object. (d) Collective splits into
two groups by forming chains along a boundary and then transi-
tioning to rotation mode. (e) Demonstration of a collective split-
ting between two sides through GaSPP and then returning to the
same side through gradient-assisted X chain locomotion. The
brightness of the images in (a-e) is enhanced using photoshop
for better visualization. The symbols on top of the sub-images
in (a-e) represent the mode the collective exhibits. These sym-
bols correspond to those shown in Fig. 1a. The sub-images in
(b-c) and (e) are labeled at the bottom with the function that the
collective performs. . . . . ... ... ... ... L ..
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9.9

9.10

9.11

9.12

9.13

9.14

9.15

Experimental setup. (a) Two-axis Helmholtz coils and imaging
setup: (1) Manual and computer view onto stage; (2) X-coils; (3)
Y-coils; (4) Stage. (b-g) Arena designs for experimental demon-
strations: (b) Maze arena. (c) Ball Motion Arena. (d) Quadrotor
object. (e) C-shape object. (f) Rod-like object. (g) Star-like ob-
ject. (h) Plot of frequency of output coil current vs input signal
to generate the magnetic field. The output current has the same
frequency as the input signal. (i) Bode plot of magnitude and
phase of the coil current. The magnitude of the output current
falls below the 3dB line after 200Hz. . .. ... ..........
Additional collective behavior analysis. (a) State diagram across
Q,,Q, space at 5 Hz increments. (b) Chain formation at two ori-
entations not along the magnetic frequency axes (2, = 40 Hz,
Q, = 20 Hz: (left) 45° below the x axis, (right) 45 above the x
axis. (c) Mode Transitions: (Top) Rotation (Q,, = 40 Hz); X-
Chains (2, = 30 Hz); Static (Q, = 60 Hz); Y-Chains (2, = 30 Hz);
GaSPP (2, = 70 Hz); Rotation (Q,, = 50 Hz); GaSPP (Q, = 70
Hz); Oscillation (©, = 40 Hz). (Bottom) GaSPP (2, = 70 Hz);
Y-Chains (Q, = 30 Hz); Rotation (Q,, = 40 Hz); GaSPP (2, = 30
Hz); Oscillation (Q, = 30 Hz); X-Chain (Q, = 50 Hz); GaSPP
(Q, =70 Hz); Static (Q, =140Hz). . .. ... ............
Characterization of the simulated rotating collectives with 120
micro-disks. (a) Collective radius; (b) mean angular velocity; (c)
mean neighbor distance; (d) local hexatic order; (e) global hexatic
order. The error bars represent standard deviation over 10s. . . .
Global hexatic order parameter for 126 micro-disks in the rotat-
ing, static, and oscillating modes. The error bars represent stan-
dard deviationover 10s. . . . . .. ... ... ... ...
Experimental characterization of 34 micro-disks in the rotating,
oscillating, and static modes. (a) Collective radius; (b) mean an-
gular velocity; (c) mean neighbor distance; (d) local hexatic or-
der parameter; (e) global hexatic order parameter. The error bars
represent standard deviationover 10s. . . . ... ... ... ...
Velocity characterization of collectives with 7, 34, and 60 micro-
disks exhibiting the GaSPP mode. Mean velocity of collective
with (a) 7, (b) 34 and (c) 60 micro-disks, respectively. The error
bars represent standard deviation over 10s. . . . ... ... ...
Chain locomotion speeds for different frequencies when there
are x and y gradients of 0.7 Gauss/mm. (a-1) 10— 120 Hz at 10 Hz
increments. The error bars represent standard deviation over 5 s.
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9.16

9.17

9.18

9.19

9.20

Locomotion speeds across various gradients and frequencies for
chains aligned along the y direction. (a) Results for when there
are 126 micro-disks and a gradient is acting on them in the (i) x
direction and (ii) y direction. (b) 34 micro-disks. (c) Seven micro-
disks. The error bars represent standard deviation over 5 s.
Flow-induced collective object manipulation in the rotation
mode. Video snapshots of the collective in the rotation mode
inducing flow that propels a ball in the left direction. . . . . . ..
Collective radius when the micro-disks are within ring-like
structures packed at various area fractions. (a-c): (a) 7 micro-
disks, (b) 34 micro-disks, (c) 60 micro-disks. Collective radius
when the micro-disks encapsulate ring-like structures with vari-
ous OD (outer diameters) (d-f): (d) 34 micro-disks, (e) 60 micro-
disks, (f) 120 micro-disks. The error bars represent standard de-
viationover 10s. . . . . ... ... Lo
Mean angular velocity of micro-disks when they are within a
ring-like structure. (a) 60 micro-disks. Mean angular velocity
when the micro-disks encapsulate ring-like structures with vari-
ous OD (outer diameters) (b-d): (b) 34 micro-disks, (c) 60 micro-
disks, (d) 120 micro-disks. The error bars represent standard de-
viationover 10s. . . . .. ... ... Lo o
The collective separates into two clusters by using the arena
boundary and then reforms a single cluster. . . . ... ... ...
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CHAPTER 1
INTRODUCTION

Natural collectives, like foraging honey bees or mound-building termites, have
inspired algorithms and mechanisms for robot swarms to accomplish remark-
able tasks beyond the ability of the individual robots [221, 147, 163]. In natural
and artificial micro-scale and macro-scale collectives, when multiple agents co-
ordinate and work together, it becomes possible for the group to exhibit func-
tions or properties that were previously not present or possible with single
agents [98, 228]; this emergent, complex behavior has the potential to drastically
increase the collective’s capabilities. The swarm robotics field holds promis-
ing potential for large groups of robots that can efficiently change their col-
lective morphology and behaviors to accomplish diverse tasks like shape for-
mation [163], object manipulation [162], and collective locomotion [98]. By en-
abling these collective behaviors, groups of robots may accomplish much more
than what a single robot can do, like redundancy / fault tolerance, coverage,
adaptability. There are many challenges in this pursuit, including the coordina-
tion mechanisms to enable the behaviors, communication across the collective,
and how to design systems which are tolerant to internal errors and external
perturbations. This thesis focuses on addressing some of the challenges related
to coordination mechanisms among collectives from the micro- to macro- length

scales.

There are two main approaches to achieving collective behaviors; one is a
high-level coordination approach and the other is a low-level coordination ap-
proach. In this thesis, the first approach means the collective is composed of

“intelligent” and “capable” agents, and in the second, and are limited in their



perception and communication range. The high-level coordination approach
means each robot in the collective is composed of sensors, actuators, and pro-
cessors onboard that allow it to move through its environment and / or manip-
ulate its surroundings, make sense of its own state and its surroundings, and
plan its next course of action given some current state. In many ways, this ap-
proach is desirable because it means that each agent can accomplish much on
its own and could possibly “figure out” how to get out of situations that are
undesirable for itself and / or the collective. At the macro length scales, indi-
viduals’ sophistication means it is harder to scale up the number of agents in the
collective because of the resources and cost associated with computation, coor-
dination, and motion. At the micro-scale, there are currently limitations on the
amount of on-board processing possible, which means it is not possible right

now to enable high-level coordination for collective behaviors at this scale.

The second coordination approach enables us to address some of these issues
by using low-level cues like strain and chemical signaling that do not necessarily
require the agent to “understand” much about its own state or its surroundings,
yet the collective is still able to achieve diverse collective behaviors. Social slime
mold, is especially interesting because it embodies many features that would
enable a robot collective to omit the need for sophisticated actuation, sensing,
and processing capabilities and instead exhibit emergent complexity which can
enable the collective to complete diverse tasks. These features include: low-level

communication, plasticity, and simple agents.

Social slime mold exhibits these features as it transitions through several col-
lective formations throughout its life span [85]. When there is an abundance of

nutrients, thousands of cells are dispersed throughout an area. When starva-



tion begins, however, they begin to aggregate and form loose, interconnected
clusters. As that starvation period lengthens, the clusters tighten and even-
tually transition to a plasmoid, or slug-like, stage. The slug-like formation is
composed of thousands of aggregated cells and a gel that encapsulates them;
through distributed low-level coordination, the cells within the slug enable it to
move through the surrounding environment while searching for nutrients. If
the starvation period extends for long enough, the slug transitions into a fruit-
ing body where the cells along the stalk region self-sacrifice for the good of the
collective and the cells at the top are released as spores into the air in search of

nutrients elsewhere.

The whole time there is no high-level coordination, and no “thinking” in-
volved, since no cell has neurons. The collective is composed of agents that
can only sense and communicate locally, and are each only capable of moving
through various mediums, yet simply through chemical and strain signaling,
the group can shape-shift and reconfigure into different forms to fulfill differ-
ent functions. Although the collective begins to act as a single body or entity,
especially at the slug and fruiting body stages, it is important to remember that
it is a collection of cells giving rise to different emergent behaviors based on the

local interactions between agents and their surrounding environment.

Beyond the micro-scale, there are examples of other natural collectives at
larger length scales that exhibit robust collective behavior and reconfigura-
tion as a result of low-level coordination mechanisms. For example, at the
millimeter-scale army ant collectives build bridges and rafts with their own bod-
ies by exploiting their collective entanglement and the physical forces between

agents [110]. At a larger length scale, schools of fish combine visual observation



and sensing of hydrodynamic effects to stay together as a group and move away

from predators [15].

Throughout these examples, the collectives are solving different types of
problems, and given their size, morphology, and surrounding environment,
they develop different methods of coordination, and sometimes that method
of communication can exploit the surrounding environment. It is not intuitive
that each collective behavior should be possible, given that the individuals are
so simple. In some cases, the collective behaviors are mainly possible because
of each agent’s morphology; in other cases it is because of the specific physical
interactions between agents. When the agents have a greater sense of their own
state, their neighbor’s states, and the surrounding environment, the collective
behaviors might be possible because of high-level coordination between agents.
In many cases, the collective behaviors result from a combination of these differ-
ent features. For swarm roboticists that take inspiration from nature, the chal-
lenge is to boil down the essentials and pick the most important coordination
mechanisms that will enable these behaviors to be realized in robot collectives

composed of simple and scalable agents.

To enable various robot collective behaviors at different length scales, we
have to first consider what are the fundamental types of interactions taking
place across all of these systems. The first type of interaction is how agents
interact with each other (agent-agent interaction), the second is how agents in-
teract with or react to their surrounding environment (agent-environment inter-
action), and the third is about how agents may exploit their surrounding envi-
ronment to better influence other agents and produce new collective behaviors

(agent-environment-agent interaction), Fig. 1.1. Each of these mechanisms will
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Figure 1.1: Three basic forms of interaction in a swarm: (top left) agent-agent
interaction, (top right) agent-environment interaction, and (bottom) agent-
environment-agent interaction.

be different depending on the size and morphology of the agents, the composi-
tion of their surrounding environment, and the task they are performing. The
fundamental question overarching my work in this thesis is: how can we exploit
these interactions through low-level actuation, sensing, and coordination mech-
anisms to enable diverse emergent collective behaviors across length scales? 1
address this through contributions to the fields of soft robotics, coupled oscilla-

tors, and microrobotics.

Cross-Scale Coordination Mechanisms: Chapter 2 in this thesis details a
low-level coordination mechanism useful for studying and implementing emer-
gent collective behaviors at different length scales. We use the swarming cou-
pled oscillator, swarmalator [138], model to enable diverse emergent collec-
tive behaviors that replicate many real world natural and artificial collective
systems. The swarmalator model was originally introduced in 2017 Kevin
O’Keeffe, Hyunsuk Hong, and Steven Strogatz [138]; it combined two related
tields of self-organization which previously had mostly remained separate, the

spatial [156, 208] and temporal [91, 188] self-organization fields.



The spatial self-organization field studies how collectives of natural or artifi-
cial agents can produce emergent unified motions through space by exploiting
simple local interactions. Two outstanding developments in this field are Craig
Reynold’s boid algorithm [156] and the Viscek model [208]. The boid algorithm
was introduced in 1987 and it changed the way researchers thought about the
unified motion of flocks of birds and schools of fish. It summarized the motion
of each agent in those collectives as a balance between spatial separation and
cohesion with neighbors while also trying to align its direction with that of its
neighbors. With these three simple rules, the algorithm demonstrated the emer-
gence of uniform motion among many agents even though there was no central
coordination. The Viscek model was introduced in 1995, and became widely
popular in the physics community for studying the behaviors of natural and
artificial collectives composed of self-propelling constituents across all length
scales. The model summarized the motion of each agent in a collective as an av-
erage of the motion of its neighbors. The model is dependent on the following
three parameters: the density of particles, the noise in the system, and radius of
agent-agent interaction. By varying these parameters, the emergent collective
behavior could switch between general states like aggregation, disorder, and

flocking.

The temporal self-organization field studies how a collective’s internal state
changes over time as a result of local interactions between the constituents.
Although there are many different methods in which agents may affect each
other’s internal state and produce some collective results, here we focus on tem-
poral self-organization through collectives of stationary phase coupled oscilla-
tors. This field was first introduced in 1967 through the Winfree model [224],

which studied the emergent behaviors of biological oscillators like fireflies and



circadian rhythms. The Kuramoto model came later in 1975 and simplified
the Winfree model to an exactly solvable form and has been studied with
many variations including multi-dimensional networks [12], incorporation of
noise [133], time delays [103] and many other parameters of interest. These two
tields of self-organization have found applications across physics [159, 59], biol-

ogy [18, 29], and engineering [197, 117].

When the swarmalator model was introduced in 2017 [138], the spatial and
temporal self-organization fields were connected by enabling phase coupled os-
cillators to move as a function of the phase interaction with their neighbors, and
to change their phase as a function of their relative spatial position to other
agents. The original study demonstrated that the model could arrive at five dif-
ferent states. The collective could aggregate and synchronize or move towards
asynchrony, it could self-reconfigure into a static or dynamic ring-like forma-
tion organized by phase, or it could split into petal-like formations organized
circumferentially by phase. Other work has been introduced that explores the
emergent collective behaviors when there is local coupling [74], an external pe-
riodic stimulus[105], and when the motion is confined to a ring [134]. Others
have shown that the behaviors transfer to a robot collective system with terrain

and aerial drones [11].

Although the original study was instrumental in introducing a new field
of research, the model made several assumptions that make it slightly non-
realistic. Among those assumptions was that the collective had global coupling
and that all agents share the same natural frequency. We address some of those
assumptions in our work and find many new states that can help in charac-

terizing micro-scale natural and artificial collectives, or could be used to en-



able macro-scale robot collectives to reconfigure into many different formations
through low-level signaling between agents. We further demonstrate how a col-
lective of mobile coupled oscillators may behave when agents can move along
one dimension or when the environment is laden with static coupled oscilla-
tors. This mathematical framework is powerful since it can be used throughout
so many systems. We demonstrate in later chapters that a phase coupled oscilla-
tors approach is useful for generating several emergent behaviors in a soft robot
collective and that the swarmalators approach can be used to replicate some of

the behaviors in a magnetic microrobot collective.

Macro-Scale Robot Collectives: Chapters 3-8 summarize my work on actu-
ator, sensor, robot / system integration, and algorithm development for macro-
scale soft robot collectives. The swarm robotics field is interested in realizing be-
haviors like collective locomotion, object manipulation, and self-reconfiguration
through robotic agents that can be easily scaled to large numbers. The soft
robotics field offers a way of fabricating large numbers of robots that can eas-
ily deform, adapt their shape to their environment, and exploit low-level sens-
ing and actuation mechanisms (i.e. strain and inflation) to make sense of their
surroundings and produce diverse collective behaviors. I explore several meth-
ods for actuation that could be used in a scalable soft robot collective and then
implement one of the forms of actuation on one of the soft robot collectives.
On the sensor side, I present a novel strain sensor with scalable and accessible
fabrication methods that can be used for exteroception and proprioception; I
implement this sensor on one of the robot collectives and demonstrate that it
can simultaneously supply information about the robot’s own state and its sur-
roundings. Finally, I present work on hardware and software development for

two soft robot collectives that may use deformation and compliance to make



sense of their own state, their surrounding environment, and coordinate with

neighboring agents to produce new collective behaviors.

The two soft robot collectives demonstrate how we can tightly couple sens-
ing and actuation mechanisms on macro-scale robots to exploit information
through passive deformation and physical perturbations. Although these robot
collectives are not meant to be used in industrial settings, they are useful for
studying reconfiguration schemes in cluttered environments [223], how passive
deformation can be used to make sense of the surroundings [27], how cou-
pled oscillatory physical perturbations can be used as low-level coordination
mechanisms [25], and to study how strain may propagate through a collective
of soft active agents [132]. These collectives are essentially a distributed sen-
sor/actuator network that communicates through locally induced strain similar

to slime mold and epithelial tissues [8, 85].

The soft robotics field has experienced major progress in actuation, sens-
ing and control, fabrication, and energy storage mechanisms during the past
decade [165, 71, 48]. Soft robots can exhibit large strain and have open-loop
control that enables the robot to passively conform to the surrounding envi-
ronment [173]. They also have scalable fabrication procedures and work has
begun on coupling actuation and powering mechanisms to make these robots
more energy dense [10]. The field has had many developments in various
drivers of actuation including pneumatic [131], light-driven [30], dielectric [72],
temperature-sensitive [226, 26], and magnetic mechanisms [47]. Throughout my
work, I exploit pneumatic and magnetic actuation mechanisms that enable the

robots to move, change size, and deform around surrounding objects.

In this thesis, each soft robot collective is composed of identical agents that



individually have limited actuation, sensing, and communication capabilities.
Each collective stems from the self-reconfigurable modular robotics field, which
holds the promise of extreme versatility and adaptability across diverse envi-
ronments [237]. The self-reconfigurable modular robotics field aims to develop
robot collectives that can shape-shift on-demand to complete any task required,
like navigate through a cluttered environment [223], manipulate an object [41],

or move through different terrains [172].

Related to the physical design of these robots, the following are several of
the long-standing challenges must be addressed: (1) scalable fabrication, (2)
successful reconfiguration, and (3) low maintenance, including low mechanical
wear. To have modular robots that reconfigure between different morphologies
and functionalities there needs to be many robotic modules. Therefore, there
needs to be fabrication procedures that enable the production of many modules
in a short amount of time. Modules must be able to attach and detach along each
other’s perimeters to reconfigure between different configurations and while
they perform these docking maneuvers the physical components must be able
to withstand mechanical fatigue so that these critical functions do not suffer
over a short period of time. The self-reconfigurable modular robotics field has
explored docking mechanisms that rely on mechanical coupling [43], tempera-
ture sensitive materials [195], and magnetic interactions [86]. electropermanent
magnets and electromagnets have been used in past self-reconfigurable modu-

lar robotic systems to enable robots to dock onto each other [42, 41].

I co-designed a new platform named the 'Donuts’ [223] to address these
three challenges listed above by using a compliant PCB as the body of the robot,

which holds all components for actuation, sensing, and processing on it, and
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enables fast and inexpensive fabrication. The "‘Donuts” use simplified electro-
permanent magnets to enable modules to move about each other’s perime-
ters to attach at designated sites without any moving components. Most self-
reconfigurable modular robots have been composed of rigid agents; however,
by introducing soft materials we can exploit their high deformation and com-
pliance to overcome issues related to mechanical tolerance. With soft materials,
modules can have higher mechanical tolerance and do not have to be perfectly

aligned with each other to successfully dock in place.

The second platform I developed, the "Foambots’, consists of cylindrical
polymer modules that can dock to neighbors via passive magnets embedded
in their perimeter. Individual modules can change diameter by inflation, and
many coupled modules can shape morph and move through synchronized in-
flation/deflation cycles. We further exploit the soft aspect of these modular
robot collectives by studying how strain sensors onboard each type of module
can be used to make a sense of the surroundings through passive deformations

and physical perturbations.

Another significant challenge in modular robots is distributed algorithms
used to explore how passive deformation of the modules can be used to esti-
mate the shape of nearby objects. With the Foambots, we use one of the strain
sensors we have developed [107] to estimate surrounding modules” behavior
and use a coupled oscillator approach to switch between different collective be-
haviors. The strain sensors onboard the Foambots enable each module to tightly
couple its sensing and actuation mechanisms. By employing coupled oscillator
theory, each module can use radial oscillations to perturb and infer neighbors’

state to enable synchrony, traveling waves, and asynchrony to enable collective
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functions like synchronized force exertion, tuning of mechanical properties like

stiffness and porosity, locomotion, and dispersion.

Micro-Scale Robot Collectives: Chapter 9 focuses on a magnetic microrobot
collective exhibiting various emergent behaviors as a result of local interactions.
Robot collectives at the small scale have also had many developments during
the last decade. There are two main approaches for driving the behavior of these
small-scale robotic systems: direct actuation of each microrobot or a global sig-
nal that affects the response of the entire robot collective. Systems with local
actuation may use a directed signal that actuates individual agents in a collec-
tive. For example, one of the smallest microrobots currently in existence func-
tions as an optical wireless integrated circuit [123, 102, 38]. When a laser beam
is focused on one of the microrobot’s photovoltaic cells, a certain portion of it
actuates which allows it to move along a fluid or substrate medium. Systems
with global actuation use an external signal that affects all agents in the col-
lective at once; because of their local physical interactions, various collective
behaviors can be achieved when the signal is changed. Various types of signals,
like magnetic [228], electric [248], and light [126], have been used to elicit collec-
tive modes like vortex-like formations [104], chains [241], gas-like states [247].
Most systems have been shown to elicit only one or a few collective behaviors
in the presence of an external field. The magnetic microrobot collective in this
thesis demonstrates more behaviors than any other system currently in the liter-
ature and uses the different behaviors to execute different functions like object

manipulation, collective locomotion, and dispersal.

The microrobot collective in this thesis remains at the fluid-air interface

throughout the studies and its behaviors are the result of two perpendicular
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oscillating magnetic fields that change how each agent spins or oscillates about
its own center of mass and disturbs the surrounding fluid medium which in-
fluences the motion of surrounding agents and / or passive objects; the global
signal affects the relative strength of the local agent-agent interactions that en-
able different collective behaviors. I demonstrate that collectives can recon-
tigure on demand between different behaviors, functions, and morphologies.
I also show that the microrobots can perform internal and external actuation
on surrounding passive structures to drive small mechanisms. All of these are
emergent behaviors resulting from the individual microrobots’ response to the
global magnetic field. Rather than relying on any type of processing to react
to their neighbor’s behaviors, these agents rely on their physical composition
and its response to an external field to drive their individual behavior and its
interactions with other agents and the surrounding environment, and thus to re-
alize the different collective behaviors. These micro-robots are as simple as can
be; there is no onboard computation, sensing, or actuation, but emergent com-
plexity is still possible because there are many, and they leverage agent-agent,

agent-environment, agent-environment-agent interaction

1.1 Thesis Organization

¢ Chapter 2: We study the emergent behaviors of a population of swarm-
ing coupled oscillators, dubbed 'swarmalators’. Previous work considered
the simplest, idealized case: identical swarmalators with global coupling.
Here we expand this work by adding more realistic features: local cou-
pling, non-identical natural frequencies, and chirality. This more realistic

model generates a variety of new behaviors including lattices of vortices,
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beating clusters, and interacting phase waves. Such behaviors are found
across natural and artificial micro-scale collective systems, including social
slime mold, spermatozoa vortex arrays, and Quincke rollers. Our model
may aid characterization and understanding of natural swarms, as well as
design of complex interactions in collective systems from soft and active

matter to micro-robotics.

Chapter 3: Natural organisms use a combination of contracting muscles
and inextensible fibers to transform into controllable shapes, camouflage
into their surrounding environment, and catch prey. Replicating these
capabilities with engineered materials is challenging because of the dif-
ficulty in manufacturing and controlling soft material actuators with em-
bedded fibers. In addition, while linear and bending motions are common
in soft actuators, rotary motions require three-dimensional fiber wrapping
or multiple bending or linear elements working in coordination that are
challenging to design and fabricate. In this work, an automatic embroi-
dery machine patterned Kevlar™ fibers and stretchable optical fibers into
inflatable silicone membranes to control their inflated shape and enable
sensing. This embroidery-based fabrication technique is simple, low cost,
and allows for precise and custom patterning of fibers in elastomers. Us-
ing this technique, we developed inflatable elastomeric actuators embed-
ded with a planar spiral pattern of high-strength Kevlar™ fibers that in-
flate into radially symmetric shapes and achieve nearly 180° angular rota-

tion and 10 cm linear displacement.

Chapter 4: A key advantage to Fluidic Elastomer Actuators (FEA) is that
they permit easy fabrication of robots capable of sophisticated manipu-

lation and mobility. This advantage arises primarily from the continu-
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ous stretching and relaxation of elastomeric material that defines an active
degree of freedom (DOF), prescribed during the manufacturing process.
While the low elastic moduli of the soft material allows for infinite pas-
sive DOFs, each active DOF typically requires a valve and/or pump. On-
board valving adds weight and size to the robots, and off-board valving
requires tubing that imparts resistance to flow and requires higher pres-
sure differentials for reasonable actuation velocities. In contrast to these
methods, the work presented here exploits fluidic resistance in poroelastic
foam actuators to create a traveling wave using only a single valve and
pressure inlet. This concept is evaluated with respect to foam volume and
fluid viscosity, and further demonstrated in a three-legged robot capable
of millipede-inspired locomotion. The robot is capable of traveling at 1.1
mm/s, with individual legs (closest to the inlet) extending 41.28, 27.36,
and 12.95 mm. These results represents an important step towards in-
creasingly complex behavior in soft robots that remain simple to fabricate

and control.

Chapter 5: Shape reconstruction by soft sensors may be useful in appli-
cations ranging from precision agriculture to haptics and factory automa-
tion due to the potential for low-cost fabrication, durable operation, and
safe and compliant interaction. Current prevalent techniques, however,
require expertise, expensive materials, and high-end processing equip-
ment which limits both their transition to practice and their accessibility to
researchers. To address this issue, we present easily accessible, low-cost,
and rapid fabrication techniques for soft and resistive carbon composite
sensors. We characterize their repeatability and durability in response to

stretch up to 135%. We further show how this fabrication technique may
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be easily customized to two different applications, including a stretchable,
tactile interface for passive sensing, and an active, soft pneumatic gripper
that can fully encompass an object to reconstruct its shape. We comple-
ment these with simple control and analysis, and show how to achieve
high relative accuracy, despite the high manufacturing tolerances of the

Sensors.

Chapter 6: A major goal of autonomous robot collectives is to robustly
perform complex tasks in unstructured environments by leveraging hard-
ware redundancy and the emergent ability to adapt to perturbations. In
such collectives, large numbers is a major contributor to system-level ro-
bustness. Designing robot collectives, however, requires more than iso-
lated development of hardware and software that supports large scales.
Rather, to support scalability, we must also incorporate robust constituents
and weigh interrelated design choices that span fabrication, operation,
and control with an explicit focus on achieving system-level robustness.
Following this philosophy, we present the first iteration of a new frame-
work toward a scalable and robust, planar, modular robot collective ca-
pable of gradient tracking in cluttered environments. To support co-
design, our framework consists of hardware, low-level motion primitives,
and control algorithms validated through a kinematic simulation environ-
ment. We discuss how modules made primarily of flexible printed cir-
cuit boards enable inexpensive, rapid, low-precision manufacturing; safe
interactions between modules and their environment; and large-scale lat-
tice structures beyond what manufacturing tolerances allow using rigid
parts. To support redundancy, our proposed modules have on-board pro-

cessing, sensing, and communication. To lower wear and consequently
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maintenance, modules have no internally moving parts, and instead move
collaboratively via switchable magnets on their perimeter. These magnets
can be in any of three states enabling a large range of module configura-
tions and motion primitives, in turn supporting higher system adaptabil-
ity. We introduce and compare several controllers that can plan in the col-
lective’s configuration space without restricting motion to a discrete occu-
pancy grid as has been done in many past planners. We show how we can
motivate redundant connections to prevent single-module failures from
causing collective-wide failure, explore bad configurations which impede
progress as a result of the motion constraints, and discuss an alternative
“naive” planner with improved performance in both clutter-free and clut-
tered environments. This dedicated focus on system-level robustness over
all parts of a complete design cycle, advances the state-of-the-art robots

capable of long-term exploration.

Chapter 7: Modular self-reconfigurable robots have the ability to change
their connection topology to form large networks of distributed sensors
and actuators, for example to reason about gradients in the environment
or the geometry of their surroundings. Past work has focused on dis-
tributed algorithms to compute the intrinsic shape of the robot. Here, we
instead focus on distributed algorithms that permit planar modular robots
to compute the shape of external objects in 2D. Grounded in characteriza-
tion of physical sensors, we simulate shape estimation by modular robots
for increasing object size and complexity. Specifically, we compare the use
of connectivity and IR sensors which are commonly available on modules,
and demonstrate what may be gained from deformable modules with in-

tegrated strain sensors. The algorithms we present are dependent only on
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motion constraints and may generalize to a wide set of modular platforms.

Chapter 8: Many modular robots and active matter platforms are inspired
by natural aggregates of single-celled organisms that exhibit complex
emergent behaviors far beyond the capability and range of individuals.
These behaviors stem primarily from short range chemical and mechan-
ical interactions. Past work has focused largely on wireless communica-
tion akin to chemicals, however, physical interactions require a shift from
rigid to soft, durable robots capable of inducing and measuring strain.
Here, we present a platform to support such studies. The hardware con-
sists of stand-alone, soft, pneumatic robots capable of radial expansion
and contraction. The robots are cheap and fast to produce; they have 3
directional strain sensors, and 6 magnet pairs to loosely couple with their
neighbors.We characterize force profiles, sensors, elastic modulus, mag-
netic interaction, as well as exploratory aggregate motions. Finally, we
demonstrate their ability to synchronize, locomote, and fracture in a com-
plimentary quasi-static simulator, with a coupled oscillator model, and
discuss evaluation metrics. We hope that this platform will serve to further
insights on how simple physical interactions between locally informed

agents may lead to complex emergent behaviors.

Chapter 9: Mobile microrobots, which can navigate, sense, and interact
with their environment, could potentially revolutionize biomedicine and
environmental remediation. Many self-organizing microrobotic collec-
tives have been developed to overcome inherent limits in actuation, sens-
ing, and manipulation of individual microrobots; however, reconfigurable
collectives with robust transitions between behaviors are rare. Such sys-

tems that perform multiple functions are advantageous to operate in com-
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plex environments. Here, we present a versatile microrobotic collective
system capable of on-demand reconfiguration to adapt to and utilize their
environments to perform various functions at the air-water interface. Our
system exhibits diverse modes ranging from isotropic to anisotrpic behav-
iors and transitions between a globally driven and a novel self-propelling
behavior. We show the transition between different modes in experiments
and simulations, and demonstrate various functions, using the reconfig-
urability of our system to navigate, explore, and interact with the envi-
ronment. Such versatile microrobot collectives with globally driven and
self-propelled behaviors have great potential in future medical and envi-

ronmental applications.

1.2 Collaborations

The highly interdisciplinary work in this thesis resulted in collaboration with

individuals from several different departments and research groups.

¢ Chapter 2: The work in this chapter resulted from collaboration between

myself and Kevin O’Keeffe (former postdoc at the Senseable City Lab).

¢ Chapter 3: The work in this chapter resulted from a collaboration between
myself, Prof. James Pikul (University of Pennsylvania) when he was a
post-doc in Prof. Itai Cohen’s lab (Cornell University) and Prof. Robert
Shepherd’s lab (Cornell University), as well as Prof. Cindy Harnett (Uni-
versity of Louisville) when she was a visiting researcher in Prof. Shep-

herd’s lab.
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Chapter 4: The work in this chapter resulted from a collaboration between
myself, an undergraduate student, Chaim Futran, and a graduate student,

Benjamin MacMurray, in Prof. Robert Shepherd’s lab.

Chapter 5: The work in this chapter resulted from a collaboration between
myself, another graduate student, Danna Ma, and an undergraduate stu-

dent, Gregory Kaiser, in Prof. Kirstin Petersen’s lab.

Chapter 6: The work in this chapter resulted from a collaboration between
myself, another graduate student, Nialah Wilson-Small, and three under-
graduate students, Logan Horowitz, Claire Chen, and Daniel Kim, in Prof.

Kirstin Petersen’s lab.

Chapter 7: The work in this chapter resulted from a continued collabora-

tion between myself, Nialah Wilson-Small, and Logan Horowitz.

Chapter 8: The work in this chapter resulted from a collaboration between
myself, an undergraduate student, Marta An Kimmel, and a post-doc,

Alexandra Nilles, in Prof. Kirstin Petersen’s lab.

Chapter 9: The work in this chapter resulted from a collaboration between
myself, a graduate student, Gaurav Gardji, in Prof. Metin Sitti’s lab (Max
Planck Institute for Intelligent Systems), and Prof. Wendong Wang (Uni-

versity of Michigan-Shanghai Jiao Tong Joint Institute).

Associated Papers

Chapter 2: The work in this chapter is currently under journal review;
the work presented here is also featured in the submitted paper and is

currently being revised.
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Chapter 3: The work in this chapter resulted in a journal publication in
Biomimetics. Chapter 5 is adapted from this paper, the work presented

also featured in the paper [22].

Chapter 4: The work in this chapter resulted in a conference publication
in IEEE International Conference on Soft Robotics. The work presented here

is also featured in the paper [55].

Chapter 5: The work in this chapter resulted in a journal publication in
IEEE Robotics and Automation Letters. Chapter 8 is adapted from this paper,

the work presented here is also featured in the paper [107].

Chapter 6: The work in this chapter resulted in a journal publication in
Frontiers in Robotics and Al and a conference publication in International
Symposium on Multi-Robot and Multi-Agent Systems (MRS). The work pre-

sented here is also featured inthe paper [223].

Chapter 7: The work in this chapter resulted in a conference publication
in International Symposium on Multi-Robot and Multi-Agent Systems (MRS).

The work presented here is also featured in the paper [27].

Chapter 8: The work in this chapter resulted in a journal publication in
IEEE Robotics and Automation Letters. The work presented here is also fea-

tured in the paper [?].

Chapter 9: The work in this chapter resulted in a journal publication in
Nature Communications. The work presented here also presented in the

paper [56].
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CHAPTER 2
DIVERSE BEHAVIORS IN NON-UNIFORM
CHIRAL AND NON-CHIRAL SWARMALATORS

Synchronization (self-organization in time) and swarming (self-organization in
space) are present in many natural and artificial systems. Sync occurs in flashing
tireflies [124], tiring heart cells [122], spiking neurons [18, 109], and chorusing
frogs [4]. Swarming, on the other hand, is seen in cell collectives that migrate in
response to external signals [180, 8], flocks of birds that seamlessly change col-
lective flight direction [17], and schools of fish that coalesce and move together

to the collective’s advantage [146].

A combination of sync and swarming also occurs in diverse contexts, from
biological micro-scale collectives [157, 152] and chemical micromotors [126,
191], to magnetic domain walls [75] and robotic drones [182]. In spite of its
ubiquity, a theoretical understanding of this interplay between sync and swarm-
ing is lacking. Sync research has, broadly speaking, focused on oscillators
which may synchronize in time, but not move around in space [224, 91, 1, 188].
Swarming research has done the reverse; it has studied units moving through
space [208, 206] that may synchronize external spatial variables like orientation,
but do not synchronize with respect to an internal phase variable in time. As
such, the interplay of sync and swarming defines a new kind of collective dy-

namics about which little is known.

The first steps to explore this new terrain were taken a few years ago by
Igoshin et al. [77] and Tanaka et al. [198, 79]; they derived models of chemo-
tactic oscillators with diverse behaviors. Later O’Keeffe et al [138] proposed

a generalized Kuramoto model of ‘swarmalators’ (short for “swarming oscil-
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lators”) whose states have been seen in natural [180, 157, 152, 193] and artifi-
cial [191, 229, 68, 247, 202] micro-scale collectives and is now being implemented
on robotic swarms [11]; many researchers are now extending this swarmalator

model [135, 74, 119, 105].

This paper continues swarmalator research by further exploring the model
introduced by O’Keeffe et al. [138]; our motivation is to comprehensively map
out the space of emergent behaviors the model generates. In the original work,
for simplicity’s sake, the swarmalators were identical, non-chiral, and globally
coupled. Here, we relax these idealizations and consider swarmalators which
are non-identical, chiral, and locally coupled. The inclusion of these realistic fea-
tures enhance the model’s descriptive power and enable many new behaviors
including interacting phase waves, vortices, concentric phase self-organization,
and radial oscillation. Many of these behaviors resemble those displayed by
vortex arrays of sperm [206], the flocking patterns of Quinke rollers [68, 247],
the various life stages of slime mold [180], spatiotemporal waves of cellular self-
organization related to embryology [205, 204, 203], and the radial oscillation of
phototactic micromotors [126]. Additional states shown in this paper, such as
bouncing and revolving clusters, do not to our knowledge have any natural
counterparts, but could be useful as inspiration for an applied context. For ex-
ample, artificial swarmalator systems such as aerial or marine drone collectives
could use periodic orbits to maximize surveillance [70] or information-sharing
between agents that do not always remain close to each other. Colloids could
also be designed to exhibit these emergent behaviors so they can be used in
high-precision medicine [183]. We hope this work will inspire new studies on
swarmalators, and be useful in the characterization and control of natural and

artificial collective systems.
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2.1 The Model

Swarmalators have a position x; and a phase 6; which evolve according to equa-
tions (2.1) and (2.2). As per equation (2.1), each oscillator i has an inherent veloc-
ity (v;), a spatial attraction to all other agents defined by a unit vector between
agents’ positions and a positive coefficient (A = 1), a spatial phase interaction
term with a coefficient (/ € [-1,1]), and a global repulsive term defined by a
power law and a positive coefficient (B = 1). In equation (2.2), each agent has a
natural frequency (w;), a coupling factor (K), and an inverse dependence on the

distance between agents.

- K N Siﬂ(@j—ei—Qg)
0, =w; + — Z |Xj B Xi| (22)

J#

In the original model, all (uncoupled) swarmalators moved in the same di-
rection with |v;| = vy, and vy was set to zero via a change of reference. Here we
modify this by setting v; = Clr%l’ where (¢ = |w;|R; = 1) is a product of the natu-
ral frequency (angular velocity) (w;) and the inherent radius of revolution (R;),
so that swarmalators are now chiral. When w; is positive, the agent moves in
counterclockwise (CCW) revolutions while a negative value indicates clockwise
(CW) revolutions. Equation (2.3) specifies the agent’s instantaneous direction of
motion so that 6; cycles between 0 and 2 and is defined by an agent’s position
within its circular orbit in the global reference frame. We also include new phase
offset terms, Q; and Q; , defined in equations (2.4) and (2.6) , which enable a

kind of “frequency coupling’. The motivation here is to increase the attraction
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between agents with opposing signs for their natural frequency; this enables
more realistic emergent behaviors reminiscent of hydrodynamically and me-
chanically coupled systems. Supplementary Discussion 1 and Supplementary
Fig. 2.8 further discuss the phase offset terms and their effect on the collective’s

oscillatory behavior.

cos(d; + (1))

n; = . (23)
sin(6; + (;53))
T W;j Wi
Q=1L -2 (2.4)
2 |wj| |l
T Wj Wi
0= 7|~% - = (25)
4 |a)j| |ewil

Finally, we consider swarmalators with natural frequencies w; drawn from

four different distributions:

(F1) All swarmalators have w = Q.

(F2) Exactly half of the swarmalators have w = Q and the other half have

w=-Q.

(F3) All swarmalators have w U(0, o).

(F4) Exactly half of the swarmalators have w U(0, ) and the other half

have w U(—0,0).

where 6(-) is the dirac delta function. More details on the natural frequency

distributions used for this study can be found in Supplementary Discussion 2.
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Figure 2.1: Spatial-phase organization order parameter. Two of the five emer-
gent behaviors in the original swarmalator study. (a) Static async (S ~ 0). (b)
Static phase wave (S ~ 1).

To catalog the various collective states of our model, we use the order pa-

rameter introduced in Ref. 24:

1,
— l¢jiﬁj
Se= ;:1 e (2.6)

Here, ¢; is an agent’s angular position with respect to the collective centroid
¢; = arctan(%) and 6; its phase; this measures a kind of circumferential ‘space-
phase order” in the system. When there is no correlation between the angular
position and phase, as in Fig. 2.1a, S. = 0; when there is maximal correlation,
as in Fig. 2.1b, S ;. Throughout our work, we will refer to max(S.,S_-) as S and
use heat maps of the order parameter in K — J parameter space to draw out the

approximate locations of the different emergent states.

2.2 Non-Chiral Swarmalators

We begin our exploration with the simplest case of non-chiral swarmalators
with no frequency coupling: ¢ = 0, Q; = 0, and Q;, = 0. We numerically sim-

ulated Egs. (2.1) and (2.2) using an Euler method with step size dt = 0.1 for
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T = 1000 time units at which steady states were achieved. We scanned over the
state space J € [-1,1] and K € [-1,2]. We use the same numerical scheme and
parameter regions in K and J space throughout our work. Numerics revealed a
zoo of convergent self-organization behaviors; some stationary, some dynamic.
Some of the most interesting are depicted in Fig. 2.2, the full set are reviewed
and shown in Supplementary Discussions 3-4 and Supplementary Figs. 2.9-2.17.
We discuss in detail the properties of each the most interesting states when F1
and F2. Results regarding the emergent collective behaviors when F3 and F4

are in the supplementary material.

2.2.1 Discrete Set of Natural Frequencies

The heat map in Fig. 2.2a shows the general locations of the emergent collective
behaviors within K — J parameter space when F1, while Fig. 2.2b refers to sys-
tems where F2. Static async (Fig. 2.2¢) is found through much of negative K -
space and phase waves (static, active, and splintered) appear when K is nega-
tive and J is positive. This is clear from the bright triangular region in Fig. 2.2a
which indicates there is high circumferential phase organization. Note that S
shows very little difference between the region of static phase wave and splin-
tered phase wave, but dips slightly at low K and high J where the active phase
wave emerges. As opposed to previous studies where the static phase wave re-
mained static in space and phase, the phase wave shown in Fig. 2.2d has a static
annulus formation and a circumferentially traveling phase wave. When there
are several natural frequency groups, however, the number of phase waves
change and they become significantly more dynamic. Fig. 2.2e shows two inter-

acting phase waves, each composed of agents with the same natural frequency;
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Figure 2.2: Non-Chiral swarmalators with no natural frequency spread. Heat
maps of S across K-J parameter space are shown for test cases with (a) F1 and
(b) F2. (c) Static async. (d) Phase wave traveling circumferentially across static
agents. (e) Double interacting phase waves. (f) Double interacting splintered
phase waves. (g) Static sync. (h) Periodic bouncing clusters. (i) Static anti-
phase. (j) Expanding synchronized collective. (k) Periodic radial oscillation.
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the two annulus formations oscillate in place as each of their phase waves trav-
els around the circular border and interacts with the opposing group’s phase
wave. The two phase waves shown here are concentric, but it is worth not-
ing that the collective can also settle on an inter-locked ring formation where
either of the natural frequency groups can be closer to the collective centroid.
Regardless of whether the phase waves are concentric or inter-locked, they re-
main circumferentially ordered by phase, which enables a high S value along

negative K and positive J, as shown in Fig. 2.2b.

At K ~ —0.1, the collective forms a single splintered phase wave when all
agents share the same natural frequency, but then display concentric splintered
phase waves that rotate about the collective centroid in opposing directions (Fig.
2.2f). Collectives with more than two natural frequency groups also have multi-
layer concentric formations, but the spacing between the groups is not clean
and there is no clear direction of rotation in each layer of the formation. The
splintered phase waves with multiple natural frequency groups are shown in

Supplementary Fig. 2.13.

We also observe the static sync state when there is only one natural frequency
(Fig. 2.2g); however, the collective behavior is significantly more dynamic when
F2 because two clusters form and synchronize within themselves, but do not
synchronize with the opposing cluster (Fig. 2.2h). Their inability to synchronize
causes the collective to enter a bouncing cluster state where each natural fre-
quency group oscillates between attraction and repulsion with the other group,
and the two produce symmetric, periodic oscillations about their mutual cen-
troid. The oscillatory behavior is due to the clusters having equal and opposite

natural frequencies; this means one group moves about the phase unit circle
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in the CW direction while the other moves in the CCW direction. Since both
groups have the same absolute natural frequency value, they move about the
phase unit circle at the same rate, share the same phase, and are offset by two
times per phase cycle. This means the two groups oscillate between having no
phase difference and the maximum phase difference and produce periodic at-
traction and repulsion to each other. Notice in Fig. 2.2b that S remains high
around low positive K, but dips slightly at very high K. There is relatively high
spatial-phase order for bouncing clusters since the two groups independently
synchronize and remain symmetric about an axis running through the collec-
tive centroid; however, at high K, the collective eventually transitions from the
bouncing cluster state closer to a static sync state, which lowers S because there
is no longer circumferential phase organization. The bouncing cluster behav-
ior becomes even more interesting when there are more than two natural fre-
quency groups, a greater number of bouncing clusters form, but their behavior
is no longer symmetric about a single axis. Supplementary Fig. 2.14 shows and
characterizes bouncing cluster collectives when there are more than two natural

frequency groups.

Athigh K and J = 0, collectives with F2 create circular formations and enter
static anti-phase states (Fig. 2.2i); agents synchronize within their own natu-
ral frequency group, but remain offset from the opposing group. Since there is
no spatial attraction between like-phased agents, there is a fairly uniform dis-
tribution of agents from both groups across the circular formation. Once the
collective aggregates into a stable circular shape, agents remain fixed and their
interaction distance, which still affects their phase coupling behavior, does not
change. Some effects of this can be picked out at lower K: agents are unable to

synchronize and as a result phase waves are seen traveling radially. Agents in
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the center couple more easily to all other agents, than those close to the bound-
ary; as a result they are able to lead the phase waves within each natural fre-
quency group. As K gets closer to 2, agents begin to freeze their phase behav-
ior; the two natural frequency groups synchronize within their own group, but
maintain a constant phase offset with the opposing group; K is high enough that

the two groups phase lock.

Finally, we observe a sync state in collectives with a single natural frequency
that drives the collective to a circular formation that then proceeds to expand
(K > 0,J < 0), shown in Fig. 2.2j. In this case, agents synchronize and then re-
pel from similarly phased agents; since all share the same phase, the repulsion
leads to uniform expansion. Supplementary Discussion 4 and Supplementary
Fig. 2.16 address the expansion behavior for various values of J and find that
at J=-1, the collective expands indefinitely. The same region of K — J parameter
space for F2 reveals a radial oscillation state, where the collective evenly dis-
tributes agents from both natural frequency groups across a circular formation
and proceeds to periodically expand and contract (Fig. 2.2k). The phase inter-
action behavior is similar to when there are bouncing clusters; the two groups
oscillate between attraction and repulsion, but instead of splitting into multiple
clusters, agents coalesce in one so they are close to agents from the opposing
group. As the two groups’ phase difference decreases, agents repel each other
and the collective expands, but as their phase difference reaches its maximum,

attraction occurs and the group contracts.
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2.3 Chiral Swarmalators

Chiral swarmalators” motion and phase coupling behavior is defined by Egs.
(1) and (2) when ¢ = 1 and Q;, Q; = 0; each agent’s natural frequency is defined
according to one of the four distributions discussed in the previous section. An
overview of the chiral swarmalators’ behaviors when there is no frequency cou-
pling is further reviewed in Supplementary Discussions 5-6 and characterized
in Supplementary Figs. 2.18-2.21. Results regarding the emergent collective be-

haviors when F2 and F1 are reviewed in Supplementary Discussion 5.

2.3.1 Natural Frequency Spread

Chiral collectives composed of agents revolving in the same direction, but with
a spread of revolution radii between 0 and 1 are summarized in Fig. 2.3. The
S heat maps are shown for collectives with equal and opposite revolution di-
rections in Figs. 2.3a and b, respectively. Both heat maps demonstrate relatively
high circumferential phase order across the K—J parameter space and especially
high S triangular regions spanning positive and negative K and J. Disordered
phase waves are also found with natural frequency spread (Fig. 2.3c) at low K;
ordered phases waves lie in the triangular regions. As opposed to most pre-
vious phase wave formations where an annulus formed, the frequency spread
enables agents to revolve at different inherent radii and form a vortex formation
like the one shown in Figs. 2.3d-e; the vortex in Fig. 2.3d looks marginally more

organized since all agents revolve in the same direction.

The single and multiple sync revolving clusters are also found at high K and
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Figure 2.3: Chiral swarmalators with a natural frequency spread. Heat maps of
S across K-] parameter space are shown for test cases with (a) F3 and (b) F4.
(c) Disorder. (d-e) Vortex. (f-g) Dense revolving clusters. (h-i) Sparse revolving
clusters.

J (Figs. 2.3f-g); the main difference is that a subset of the population remains
outside of the clusters. Fig. 2.3f shows a revolving cluster with a ring of asyn-
chronous agents along its trajectory; the agents on the ring have a higher nat-
ural frequency and a lower revolution radius. Rather than traveling along the
ring, these agents complete small circular motions while repelling away from
the cluster and other agents on the ring because of their phase interactions. Fig.
2.3g shows a disordered cluster at the center while the two revolving clusters
move around it; a small set of agents remain along the outer ring. This general

revolving cluster behavior persists through negative J as well, the main differ-
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ence is that the clusters become much sparser (Figs. 2.3h-i). The S value also
dips at high K and low J because the synchronized clusters become so sparse
that they occupy wide angular regions of the circular trajectory so the circum-

ferential phase organization decreases.

2.4 Frequency-Coupled Chiral Swarmalators

Frequency-coupled chiral swarmalators (FCCS) affect each other’s motions sim-
ilar to the way counter revolving agents might locally affect each other through
physical interactions in a real-world setting. In equations (2.1) and (2.2), Q:
and Q, are defined by equations (2.4) and (Qtheta); therefore, the natural fre-
quency sign difference between two agents plays an important role in how they
will affect each other’s motion and phase coupling. Because the spatial and
temporal interactions are altered by the sign difference between agents’ natural
frequencies, we only show results for the distributions F2 and F4; the emergent
behaviors of FCCS when F1 and F3 are the same as regular chiral swarmalators
with the same natural frequency distributions. The emergent behaviors of FCCS
are summarized in Fig. 2.4 and further discussed and shown in Supplementary

Discussion 6 and Supplementary Figs. 2.22-2.23.

When the collective is split into two equal and opposing natural frequencies,
behaviors emerge that appear similar to those from the regular chiral swarmala-
tors; increased repulsion between agents with opposite natural frequency signs,
however, enables the collective to split into different clusters and minimize tra-
jectory intersection along several regions of the K — J parameter space, shown

in Figs. 2.4a,b. This is not always the case; for example, when F2 and there is
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Figure 2.4: Frequency-coupling chiral swarmalators. Heat maps of § across K—J
parameter space are shown for test cases with (a) F2 and (b) F4. (c) Disorder.
(d) Phase wave. (e) Double Vortices. (f-g) Double phase waves. (h) Disorder. (i)
Dense revolving clusters. (j) Vortex. (k) Disorder. (1) Sparse revolving clusters.
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low K and J, an annulus forms with agents from both natural frequency groups
moving close to each other (Fig. 2.4c). The same region of K — J parameter
space when F4 yields high mixing and high disorder (Fig. 2.4d); the disorder
most likely occurs because of the large spread of natural frequencies. The bright
rectangular region in the lower half of Fig. 2.4b is indicative of a single vor-
tex emerging with high mixing between agents with opposite signs of natural

frequency (Fig.2.4e).

The first demonstration of high repulsion between counter-revolving agents
is shown in Figs. 2.4f-h. Figs. 2.4f-g show two interacting phase waves that
intersect each other when F2; the regular chiral swarmalators also exhibit in-
teracting phase waves, but are sometimes difficult to distinguish since they are
concentric. The phase wave intersection is caused by the phase shift terms Q;
and Q; which enable agents with opposite revolving directions to repel simi-
lar phases. At very low K, the phase waves become counterrotating ellipses,
which decreases the circumferential phase organization of the whole colletive
and lowers S (upper left region of Fig. 2.4a); when K is close to zero, the collec-
tive maintains circular double phase waves. When there is a frequency spread,
the collective forms two vortices that intersect similarly to the double phase
waves; in addition to the vortices, however, there are loose agents around the
intersection region that have a high natural frequency and are unable to join the

organized formations.

Double revolving clusters are also observed when F2 (Fig. 2.4i-j); however,
FCCS inhibit trajectory intersection for high K and J. Rather than follow the
same circular trajectory in opposite directions, each cluster follows a fairly cir-

cular trajectory, but repels away from the opposing cluster as soon as they begin
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to intersect. This behavior is much less evident at low J because the clusters be-
come sparser so they can intersect more without being close to other agents.
Two clusters also emerge along the same regions when there is a frequency
spread, but the behavior is much noisier because of agents with a high natu-

ral frequency (Figs. 2.4k-1).

2.5 Comparison to Real World Swarmalators

We demonstrate that locally coupled collectives composed of chiral and non-
chiral swarmalators enable new emergent behaviors that closely mimic some
natural and artificial swarms. The local coupling instance of the chiral swar-
malator model is defined by Egs. (9)-(11); agents only sense other agents within
a set radius (o), which is tested for values between o= = 0.8R,,,, and o = 2R,,..,,
where R,,,, is the maximum radius of revolution in the collective and has a value
of 1 for this study. While the convergent behavior is qualitatively similar, the
quantitative behavior of the locally coupled swarmlators are affected by their
starting condition. Figs. 2.5-2.7 show several of the emergent behaviors for lo-
cally coupled swarmalators that imitate real collective systems including slime
mold, vortex arrays of spermatozoa, rotating magnetic colloids, and Quincke
rollers. We demonstrate some quantitative and qualitative results that replicate
the behaviors of the real collective systems and show more emergent formations

in Supplementary Figs. 2.24-2.31.
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Figure 2.5: Non-chiral swarmalators resembling slime mold. (a) Graphical rep-
resentation of slime mold life stages. (b) Stages from (a) reproduced by non-
chiral swarmalators when o = 1.4R,,,,.

2.5.1 Non-Chiral Swarmalators

Social slime mold has various life stages that consist of aggregation, collective
motion, and dispersal [180, 45]. Here, we demonstrate that locally coupled non-
chiral swarmalators can reproduce these four general life-stages of the multi-
cellular amoebae. Fig. 2.5a shows the various life stages for Dictyostelium
Discoideum where thousands of cells begin to aggregate through starvation;
as the starvation period continues, prolonged aggregation enables tight clus-
ters that can then combine to form a plasmodium or “slug”. This formation
enables cells to move together even though there is no brain within the collec-
tive; the slug moves around the environment until it finds nutrients and the
collective disperses. Fig. 2.5b shows the swarmalators” version of the general
behaviors graphically represented in Fig. 2.5a. The non-chiral swarmalators in
Fig. 2.5b change K and J and have F2 and o = 1.4R,,,. The sparse clusters
when K = 0.05,J = 1 result from agents that partially synchronize within small
groups; when K = 2,J = 1, the collectives form tighter clusters. The slug stage

is achieved by setting K = 0,J = 1; this turns off phase coupling while enabling

38



attraction between agents with a similar phase. A set of phase wave ribbons
form instead of the annulus since agents can only sense locally. We have not
done an exhaustive exploration of state transitions, but we did find that clusters

are harder to form when there is high dispersion.

2.5.2 Frequency-Coupled Chiral Swarmalators

Fig. 2.6 highlights some of the similarities between spermatozoa vortex arrays
and the swarmalators when multiple phase waves emerge. Fig. 2.6a shows
a graphical representation of the spermatozoa vortex arrays shown by Reidel
et al. [157], where the vortices are tightly packed. In their paper, the authors
provide a histogram of the sperm head orientation versus position about their
circular trajectory; this concept is depicted in Fig. 2.6b where each dot repre-
sents an agent, its color the phase (6;) or position about the circular trajectory,
and the orientation is ¢;. We show a similar plot (Fig. 2.6¢c) and find that the
general trend remains similar for swarmalators. This is powerful because we
can use this model to replicate some of the emergent collective behaviors of a
natural system without taking into account the specific hydrodynamic coupling
mechanisms that occurs in the real system. Fig. 2.6d shows similar packing
of the ring-like formations; although, as shown by the trajectories in Fig. 2.6e,
the swarmalator vortices are in square grids across all rather than hexagonal
grids like those depicted in Fig. 2.6a. The FCCS have a strong attraction be-
tween agents with differing natural frequency when their phase is offset by x,
so agents from opposing natural frequency groups will actually have a stronger

attraction than agents from the same group.
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Figure 2.6: FCCS resembling spermatozoa. (a) Graphical representation of
sperm vortex arrays. (b) Head orientation vs. position along circular trajec-
tory. (c) Plot of head orientation vs. angular position similar to the one shown
in Ref. 10. (d) Snapshot of swarmalators demonstrating this behavior when
K =0,J = 1,0 = 1.2, and F2. (e) Trajectories of swarmalators with sperm-like
collective behavior at various o (Blue trajectories correspond to swarmalators
with inherent circular motion in the clockwise direction, and red correspond to
counter clockwise).
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Figure 2.7: FCCS resembling Quincke rollers. (a) Graphical representation of
Quincke rollers exhibiting four distinct states. (b) Swarmalator behaviors that
closely match the behaviors seen in Refs. 28 and 29;the cases for the natural fre-
quencies from left to right are F4, F4, F4, and F2. (c) Trajectories of swarmalator
collectives shown in (b). Blue trajectories correspond to agents with a negative
natural frequency and red trajectories to a positive natural frequency.

Finally, we compare the swarmalators to Quincke roller collectives [68, 247],
which exhibit different formations including gas-like, single vortex, multiple
vortices, and flocking vortices; these states are graphically depicted in Fig. 2.7a.
Figs. 2.7b,c show sample emergent formations and the corresponding trajecto-
ries of swarmalators exhibiting those states when we vary values for o, K, J, and
the natural frequency distribution. Each of the trajectory snapshots shown was
chosen to replicate some of the formations shown in Refs. [68] and [247]. There

is a vast literature on the emergent behaviors of Quincke rollers with many more
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behaviors that would be worth exploring to see if the swarmalators can repro-

duce those behaviors as well.

2.6 Discussion of Results

We explored non-chiral and chiral swarmalators across various natural fre-
quency distributions and found a zoo of emergent behaviors. Non-chiral swar-
malators have no inherent motion, yet their temporal behavior drives them
towards dynamic behaviors like radial oscillation, synchronized expansion,
bouncing clusters, static anti-phase states, concentric phase self-organization,
and many variations of phase waves, sync, and partial sync states. Chiral swar-
malators couple spatial and temporal behavior by adding an inherent circular
motion to each agent; the emergent behaviors follow similar trends to the non-
chiral swarmalators in the K — J parameter space, but demonstrate that the cir-
cular motion enables higher levels of spatial-phase order even when there is
little or no phase coupling. Some of the most interesting emergent behaviors
include single and multiple vortices and phase waves, along with dense and
sparse revolving clusters. Throughout the non-chiral and chiral swarmalators,
global and local coupling illuminates the effect of distance on the emergent self-
organization occurring for different values of K and J. The emergent behaviors
mimic a wide variety of collective systems including slime mold, spermatozoa,

magnetic colloids, and Quincke roller collectives.

Past work on swarming systems includes several models similar to the Vis-
cek model [208], which demonstrates that collectives can transition from dis-

ordered states to flocks by modifying individual agents” behavior according to
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their neighbors” motion and orientation. Modified Viscek models defined the
agents’ motion as inherent revolutions; this led to a breadth of states includ-
ing revolving flocking patterns [96, 97], vortices, and active foams [206]. These
models address emergent swarming states in the presence of noise and agent-to-
agent coupling; however, if inherent motion is removed, many of the behaviors
cease to exist. With our iteration of the swarmalator model, we seek to present
some of the emergent behaviors that result when the inherent motion is turned
on or off. The strength of the swarmalator model lies in the fact that it can rep-
resent inherently mobile agents where the phase is correlated to orientation, as
was the case in the previously mentioned works [208, 206, 96, 97], as well as col-

lectives where there is no inherent motion and the phase is an internal property.

Since our iteration of the swarmalator model enables us to mimic many be-
haviors found in chiral and non-chiral biological and artificial collectives; we
posit that it could be used as a ‘toy model” to advance studies in many fields
given the universality of phase dependence and circular motion. We also hope
this encourages a line of fundamental studies on the emergent behaviors that re-
sult from an interdependence between time-domain and spatial-domain-specifc
parameters; we believe this could bring strong contributions to the active mat-
ter field. Finally, the model demonstrates a wide variety of self-organization
patterns that result from low-level coordination; applications could be found in
macro-scale robot swarms with constituents that travel in periodic orbits across
large distances [243] or have limited information and sensing relative to the
span and task of the collective, as well as micro-scale robot collectives that rely
almost soley on local interactions among robots and their environment to pro-

duce robust and adaptive collective behaviors.
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2.7 Materials and Methods

2.7.1 General Simulation Parameters

All numerical studies were run on Matlab using Euler integration, 500 agents, a
time step size of dr = 0.1, and a final time step of #; = 1000. Simulations for the

S order heat maps were run for 10 trials.

2.7.2 Degree of Synchrony

The degree of synchrony holds a value between zero and one, and measures
how close a set of agents” phases are to each other. Equation (2.7) is used to
calculate the degree of synchrony, Z;, for a whole collective with N agents.
Equation (2.8) is used to calculate the average degree of synchrony within the
collective when there are multiple natural frequency groups. In equation (2.8)
there are n agents within a natural frequency group and m agents in another
group. The degree of synchrony for the collective is the average of the degree
of synchrony within each group. In this study we look at the average degree of

synchrony within groups when there are two natural frequency groups.

1 §N i6;
ZG = N £ e’ (27)
_ 11 Y i6; 1 N i6;
ZFG = E(Zze + %Ze ) (28)
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2.7.3 Local Coupling Model

The local coupling model uses step functions to determine whether agents affect
each other’s motion and phase behavior. The maximum distance for coupling

is defined by the variable which is varied between 0.8 and 2 throughout the

simulations.
. 1 N Xj - X; xj —X;
X = Vit ; (Ix_,- i (A +J cos (6, - 6; - Q)) - lej - Xilz)H(O' ~|x; - xi])
(2.9)
N (sin(6; -6,
91 = w; + E Sln( ’ QO) H(O’ —|Xj - Xi|) (2].0)
N |Xj X
I,  o-|x-x|0
H(O' —|Xj - Xi|) = 7 |XJ ¥ | (2].1)
0, o-|x;-x|<0

2.8 Supplementary Materials

2.8.1 Discussion 1. System Oscillation Characterization

This discussion reviews the oscillatory behavior in attraction and repulsion
across various phase interaction parameter spaces. The plots in Supplementary
Fig. 2.8 show why oscillation in attraction and repulsion occurs as the agents’
phases vary. Supplementary Fig. 2.8a shows a heat map of the spatial phase in-

teraction term in equation (2.1) from the main text; when the two agents’ phases
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Figure 2.8: Phase-interaction parameter space. Value given by the spatial phase
interaction term in equation (2.1): (a) Cases explored for Q; = 0 and different
phase values. The color bar is defined by cos(8; — 6;). (b) Cases explored for a
constant phase shift value Q; and different phase differences (6, — 6;). The color
bar is defined by cos(6; — 6; — Q). (c) Oscillation behavior of the phase coupling-
induced motion term in x;.

are used as coordinates to plot a point in 6; -6, space, we can determine whether
that point lies along attraction or repulsion regions. If the point lies close to the
line 6; = 6,, then it lies within the yellow region which indicates a positive value
for the spatial phase interaction; this enables attraction. When the point lies
close to either of the lines 6, = 6, — 7 or §; = 6, — &, then the spatial phase in-
teraction is negative, which enables repulsion. If agents vary their phases at the
same rate, they will maintain the same phase difference over time and according
to the phase distribution they will maintain a constant amount of attraction or
repulsion over time. However, with natural frequency distributions the phase
difference changes over time and the (6,,6,) point moves through attraction and
repulsion regions over time. Supplementary Fig. 2.8b shows the effect of a
phase offset on the spatial phase interaction term. Here, the space is defined
by the phase difference running between —27 and 27 and a fixed phase offset
(Q;) running between 0 and 2; the trend shown continues over larger ranges.
In supplementary Fig. 2.8a there were two bands of repulsion and one band of
attraction; however, the phase offset enables two additional bands, three bands

of repulsion and two bands of attraction. The more complex space means that
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agents are more prone to switch between attraction and repulsion when their
phase difference changes over time. Supplementary Fig. 2.8c shows the spa-
tial phase interaction value when Q; is defined by equation (2.4) from the main
text. Here, the three possible values for Q; are —x, 0, and n. The frequency de-
pendence is relevant when modeling physical systems, where agents with the
same direction of motion will tend to align and repel agents that are revolving
in the opposing direction. The three lines show the phase shifts along posi-
tive and negative phase differences that occur with frequency coupling. Future
swarmalator studies with different natural frequency distributions may find the
ideal spatial phase interaction space that leads to specific static or dynamic for-
mations that are dependent on phase interactions. Further research along these
lines may find that macro-scale robot collectives can be made to move in spe-
cific ways and self-organize into any formation by simply communicating some
phase value to surrounding agents and reacting to the neighbors’ phase through

a programmable spatial phase interaction.

2.8.2 Discussion 2. Natural Frequency Distributions

This discussion reviews the methods used for generating the four natural fre-
quency distributions used in this study. The swarmalators’ natural frequency

distributions were generated using the following uniform distribution: R; €

<

(0,1]. Each agent’s natural frequency was computed through w; = %

* When the collective shares the same natural frequency (F1), ¢ = 1 and

R,‘ZI.

* When the collective is split into two natural frequency groups (F1), half of
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the collective’s natural frequency is computed with ¢ = 1,R; = 1 and the

other half withc = -1,R; = 1.

* When there is a spread of natural frequencies across only positive values

so that F3, the natural frequencies are computed with ¢ = 1 and R U(0, 1).

* When there is a spread of natural frequencies across positive and negative
values so that F4, the natural frequencies are computed with ¢ = 1 for one

half, ¢ = —1 for the other half, and R U(0, 1).

For regular chiral swarmalators and frequency-coupled chiral swarmalators
(FCCS) this ensures that agents have a negative or positive sign to their natural
frequency / inherent angular velocity which determines their direction of mo-
tion. For chiral swarmalators, R; is a physically relevant term since it defines
an agent’s revolution radius; for non-chiral swarmalators it is simply a mecha-
nism for generating a wide natural frequency distribution. Although non-chiral
swarmalators have no revolution radius, the same distribution between 0 and 1
is used so that the natural frequency distributions for the non-chiral, chiral, and
frequency-coupling chiral swarmalators remain the same throughout the study.
Since R; always holds a value between 0 and 1, the minimum |w,| is 1 and the
maximum is indefinite. Although the presence of agents with a very high natu-
ral frequency may cause some concern over the reproducibility of the different
emergent behaviors when there is a frequency spread, simulations across the
K — J parameter space showed reproducible trends in behaviors that could be
explained by the coupling values and the natural frequency distribution. More-
over, this enabled us to find additional behaviors throughout the K—J parameter
space. If all natural frequencies were low, the collective would eventually settle

down to the behaviors found when the collective was split into discrete natural
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frequency groups. With the large spread, we were able to study how a collec-
tive might behave when there are very diverse agents with very large natural
frequencies or very small revolution radii. This diversity essentially served to

incorporate noise into the system and observe the different emergent behaviors.

2.8.3 Discussion 3. Non-Chiral Swarmalators with a Natural

Frequency Spread

This discussion presents some of the most interesting emergent collective be-
haviors when there is a natural frequency spread for non-chiral swarmalators.
Supplementary Figs. 2.9a-b show that disorder lies throughout much of the
K — J parameter space and an example formation is shown in Supplementary
Fig. 2.9c. At higher values of K and J, however, clusters of agents with lower
lw;| begin to synchronize while agents with higher|w;| remain asynchronous and
at the outer edges of the collective. Supplementary Fig. 2.9d shows the first
instance of partial synchronized collectives with a positive natural frequency
spread; at K = 1, the collective begins to couple and initially a small, synchro-
nized cluster forms in the center of a ring of asynchronous agents, much like
the one in Supplementary Fig. 2.9e. Over time, agents from the asynchronous
group begin to couple more closely with the cluster and therefore move towards
the center. The agents joining the center cluster have a higher natural frequency;
therefore, it is difficult for the group to remain synchronized and an elongated
phase wave forms along an axis. Agents from the outer boundary coalesce at
one end of the phase wave and begin to enter the phase wave; agents at this end

have a lower natural frequency than the ones extending further out.
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Figure 2.9: Non-chiral swarmalators with a natural frequency spread. Heat
maps of S across K — J parameter space is shown for test cases with (a) F3 and
(b) F4. (c) Static async. (d) Partial sync with phase wave along an axis. (e) Par-
tial sync with synchronized cluster forms at the center. (f) Periodic bouncing of
partial sync clusters. (g-h) Partial sync within a circular formation. (i-j) Concen-
tric phase self-organization.

Supplementary Fig. 2.9e also shows partial synchronization; however, K is
high enough that the center cluster remains mostly synchronized while a thin
outer ring of asynchronous agents with high natural frequencies remains on
the outskirts and radially oscillate. The radial oscillation is asynchronous and
results from fluctuating phase interactions with the center cluster. Similar be-
haviors occur when the natural frequency spread is across positive and negative

values, except two sync clusters form since agents with the same sign of natu-
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ral frequency can synchronize more easily. As shown in the sequential images
in Supplementary Fig. 2.9f, two clusters periodically bounce from each other’s
boundary because of oscillatory attraction and repulsion and are surrounded
by a cloud of agents with higher natural frequencies. The mechanisms of phase
interaction here are like those underlying the behavior in main text Fig. 2.9g,
but the spatial oscillation amplitude remains much lower because of the many
agents along the border that are unable to join one of the synchronized clusters.
Another partial synchronization state emerges at high K when J = 0 for both
natural frequency distributions; agents coalesce into a circular formation and
many of them synchronize (Supplementary Figs. 2.9g-h). A static sync state
remains difficult to achieve here because of those agents with a high natural

frequency.

Finally, a state emerges at high K and low J; agents self-organize concentri-
cally by phase and an asynchronous cluster forms at the center. When J < 0,
agents with a high|w,| spatially attract since their phase difference is large much
of the time, thus a cluster forms. Conversely, agents with a lower |w;| synchro-
nize more easily and repel each other because of the low phase difference; this
drives them to form a sparse cloud around the center cluster (Supplementary
Figs. 2.9i-j). A greater fraction of the collective forms the sparse cloud in Sup-
plementary Fig. 2.9i than in Supplementary Fig. 2.9j because all agents have
natural frequencies distributed across positive values, which enables a greater
fraction to have low |w;| and synchronize more easily. When K = 1, J = 1, and
there is a frequency distribution F2, there is slight radial oscillation; however,
we classify these as separate states because (1) the radial oscillation is almost
insignificant, (2) much of the collective remains clustered and is not expanding,

and (3) the perimeter cloud of agents has a noticeable concentric phase wave
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Figure 2.10: Collective behaviors of non-chiral swarmalators with no frequency
coupling. g(w) = %(5(—9) + 6(Q)) (Upper left). g() = Uni(-Q, Q) (Upper right).
g(w) = Uni(1, Q) (Lower left). g(w) = 6(Q) (Lower right).

traveling from the center out that is not as obvious in the radially oscillating

collective from Fig. 2.2j.

2.8.4 Discussion 4. Overview and Characterization of Non-

Chiral Swarmalators

This discussion reviews the collective behaviors exhibited by non-chiral swar-
malators with no frequency coupling. The behaviors achieved by swarmalators
when ¢,0;,0; = 0 for integer values of K and J are shown for the four natural

frequency distributions in Supplementary Fig. 2.9. The formations shown here
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have only scratched the surface of what emerges when the coefficients within x;
and é; are varied. The formations shown in Supplementary Fig. 2.11 correspond
to swarmalators with discrete natural frequencies; Supplementary Figs. 2.11a-g
help the reader visualize each of the corresponding behavioral characterizations
that are relevant in Supplementary Figs. 2.11h-n. The first behavior shown and
characterized in Supplementary Figs. 2.11a and 2.11h is the interacting phase
waves formation that results from half of the collective having w; = —1 and the
other half, w; = 1. The mean speed and S order are plotted for the range of
K when J = 1. Throughout most of the cases in which K > 0, the collective
holds a stable mean speed between 0.1 and 0.15; however, around the point
where two interacting phase waves emerge (K = 0), the collective increases its
mean speed because of the increased oscillation that occurs when the agents
spread out along rings and are each closer to agents from the opposite natural
frequency group. When K,J > 0, two clusters form that oscillate between attrac-
tion and repulsion; this enables the entire collective to be in constant motion,
and after each natural frequency group synchronizes within itself, the speed re-
mains constant (K = 0.3). At these higher values of K, the cluster formation
ensures that each agent’s motion is affected mainly by two values at any point
in time: the average phase within its own natural frequency group and the aver-
age phase of the opposite group. When the ring formations emerge, the global
spatial-phase order decreases because of the presence of two natural frequency
groups, but the concurrent interaction between so many different phases en-

ables each agent to oscillate in place more quickly.

In Supplementary Fig. 2.11i the local coherence measures the average phase
coherence of each agent with neighbors that are within a distance of 0.15. The

static anti-phase locked state occurs when J = 0; when K < 0, the local coher-
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Figure 2.11: Characterization of collective behaviors in non-chiral swarmala-
tors with no frequency coupling and discrete natural frequencies. (a-g) Various
emergent configurations of non-chiral swarmalators. (h-k) Collective behavior
characterizations for the same distributions listed in (a-k), respectively. (a) F2;
(b) F2; (c) F2; (d) F2; (e) F1; (f) F1; (g) F1. (h) Mean speed and S order when
J = 1; (i) Max distance between the two natural frequency group centroids; (j)
Local coherence with neighboring agents when J = 0; (k) collective radius at
peak expansion and contraction when J = —1; (1) S order for various values of J
and K; (m) phase coherence as a function of distance from the collective’s cen-
troid when J = —1; (n) collective radius and expansion rate when J = —1.
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Figure 2.12: Characterization of collective behaviors in non-chiral swarmala-
tors with no frequency coupling and a natural frequency spread. (a-d) Various
emergent configurations of non-chiral swarmalators. (e-h) Collective behavior
characterizations for the same natural frequency distributions listed in (a-d), re-
spectively. (a) F4; (b) F4; (c) F3; (d) F3. (e) Natural frequency group and global
phase coherence when J = 1; (f) phase coherence as function of distance from
the collective centroid when J = —1; (g) phase coherence when J = 1; (h) phase
coherence when J = —1.

ence remains at a very small value and then spikes up as soon as it is positive.
Another increase in phase coherence occurs when K > 1.5; here, the agents syn-

chronize with most other members within the same natural frequency group.

Supplementary Fig. 2.11j shows the amplitude of the distance between the

centroids of the two natural frequency groups throughout K — J space. The
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amplitude is highest when two clusters form and “bounce” off each other’s cir-
cumference (K,J > 0). At high values of K, (K = 2) the whole collective begins to
synchronize which halts the bouncing cluster behavior and forms the sync state
that has been observed in earlier works25. We have run longer simulations with
lower values of K for this natural frequency distribution and have found that
the bouncing clusters continue oscillating about their common centroid with
the same amplitude. We demonstrate that clustering also occurs when there are
more than two natural frequency groups. A collective of 500 agents with ran-
dom phases are evenly divided among the following five natural frequencies:
-1, -0.5,0, 0.5, and 1. When K, J = 1, five independently synchronous clus-
ters form that oscillate between attraction and repulsion with the surrounding
clusters; the five separate clusters in Supplementary Fig. 2.14a. Supplemen-
tary Figs. 2.14b-f show the oscillation between each natural frequency group’s
centroid as it oscillates between attraction and repulsion with each of the other
groups. Since there are more than two groups, the oscillation is noisy as the
frequency groups in the center are squeezed out of the visible range of the axis
along which the groups align. We also show images of collectives with three,
four, five, and nine natural frequency groups in Supplementary Fig. 2.14g-j. We
believe this emergent behavior could be especially relevant to robot collectives
at the macro scale that can separate and cluster into distinct groups simply by

changing their natural frequencies.

The expanding and contracting collectives are analyzed in Supplementary
Fig. 2.11k where the collective’s radii is recorded for the peak minimum and
maximum as it oscillates. When K < 0,/ = —1, agents cannot synchronize and as
a result there is minimal repulsion across the collective since few agents share

the same phase. As soon as K > 0, the collective increases its degree of syn-
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Figure 2.13: Splintered phase waves. Images of collectives with different
numbers natural frequency groups when ¢,Q;, Oy = 0K = -0.1,J = 1. (a)
w; € [-1L[1].  (b) wil-11[0],[1]. () w; € [-1],[-0.5],[0.5],[1]. (d) wi €
[-1],[-0.5],[0], [0.5], [1].

chrony within each natural frequency group, and agents repel each other when
they share the same phase. Agents with w; = —1 are essentially traveling about
the phase unit circle in the clockwise direction while the agents with w; = 1 are
traveling in the counterclockwise direction. Since both groups are traveling at
the same rate about the phase unit circle in opposite directions, they exhibit the
same phase two times for each phase oscillation cycle. The repulsion between
the two groups is highest when the whole collective shares the same phase,
which results in the maximum point for the radial oscillation cycle. The great-
est attraction occurs when the phases of the two natural frequency groups are
at opposite ends of the phase unit circle; this results in the minimum collec-
tive radius for the radial oscillation cycle. Supplementary Fig. 2.11e shows the
phase wave behavior that results when g(w) = 6(Q2) and K = 0,/ = 1. This is
very similar to what was shown in 2017 by O’Keeffe et al [138]. with the dif-
ference that although each agent remains essentially unmoving once the phase
wave formation is reached, the whole collective oscillates in place so that a uni-
form phase wave oscillates circumferentially about the annulus formation. In
the original swarmalator study, the collective was shown either in a static phase
wave state where the agents’ motion and phase remained static, or in an active

phase wave state where their phase and motion was dynamic. The phase wave
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Figure 2.14: Frequency group separation. (a) A collective with five natural fre-
quency groups (w; € [-1],[-0.5],[0],[0.5],[1]) when ¢ = 0, and K,J = 1. (b-f)
The distance between each natural frequency group’s center of mass and all
other frequency groups’ center of masses over time. Distance from the cen-
ter of mass of the group of agents with a natural frequency of (b) w;, = -1,
() wy = =05, (d) w; =0, (e) w; = 0.5, (f) w; = 1. (g-j) Collectives with dif-
fering numbers of natural frequency groups shown after 775 time steps. (g)
w; € [-11,[0], [1]. (h) w; € [-1],[=0.5],[0.5], [1]. (i) € [-1],[-0.5],[0],[0.5], [1]. (j)
w; € [-4],[-3],[-2], [-11, [0, [1], [2], [3], [4].

state achieved in our study results from the fact that the natural frequency for
all agents is much higher than what is needed for phase-coupling-induced mo-
tion given by the spatial phase coupling term in %x;. If we had chosen a lower
natural frequency, we would have also observed the active phase wave state.
Supplementary Fig. 2.111 shows the spatial-phase order throughout the collec-
tive for different values of K and J; these results allow us to get a closer look at
the behavior of the order parameter S throughout K — J parameter space than

what is shown in the main text.
The collective reaches another state where degree of synchrony increases
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with distance from the collective’s centroid when F1 and K = 0,J = -1, as
shown in supplementary Figs. 2.11f and 2.11m. As opposed to exponential-like
and step-like behavior in degree of synchrony as a function of increasing dis-
tance from the collective centroid seen for collectives with F3 and F4, the plot
shown in supplementary Fig. 2.11m shows a very linear behavior. The linear be-
havior is the same when K = 0.5,1,1.5, and 2, and reaches a maximum degree of
synchrony value of ~ 0.2. From supplementary Fig. 2.11f we can distinctly see a

ring of agents with similar phases lining the circular boundary of the collective.

Supplementary Fig. 2.11g shows an expanding collective when F1 and
K=2,J=-1; since ] is negative, agents with similar phases will repel and expand
the radius of the collective. Supplementary Fig. 2.11n shows the rate of expan-
sion and the final radius (after 500 time steps) for different values of K when
J = —1. After K reaches a high enough value to synchronize agents” phases,
radial repulsion begins, and the collective maintains the same rate of expan-
sion and final radius after 500 time steps. Supplementary Fig. 2.14 explores
the expansion behavior across 1000 time steps for different values of J; this plot
demonstrates that when 0 > J > —1, the collective expands and reaches a steady
collective radius at which it remains. When J = —1 the collective continues ex-
panding and does not seem to stop; this is reasonable since the phase coupling-
induced motion in X; is defined by a unit vector and the coefficient for global
attraction (A) has a value of 1. When J = —1 and all agents are synchronized,
the unit vector term in X; is cancelled out and only the power law repulsion
term remains active; thus, all agents repel each other slightly and the collective

expands indefinitely.

When F4, the collective has a uniform distribution of natural frequencies
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Figure 2.15: Concentric phase self-organization. (a-e) Collectives with F4 and
different negative values of J that self-organize concentric rings of agents with
similar phases. (a) J = -0.2, (b) J = 04, (c) J = 0.6, (d) J = 0.8, (e)
J = —1.0. (f) Plot of agents” distance from collective centroid as a function of

phase demonstrates that after a certain distance there is distance-based phase
self-organization.
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Figure 2.16: Collective expansion. (a) Collective expanding indefinitely when
c=0,F1,K=1,and J = 1. (b) Collective radius plotted as a function of time
for various value of J.

across positive and negative values. This ensures that agents with the same
sign of natural frequency will not synchronize as easily as when F2 . The emer-
gent behaviors for collectives with natural frequency distributions are shown in
Supplementary Figs. 2.12a-d and characterized in Supplementary Figs. 2.12e-h.
The first emergent collective behavior presented for this natural frequency dis-
tribution is shown in Supplementary Fig. 2.12a (K = 2,J = —1), where a cluster
of phase-disordered agents forms at the center and is surrounded by rings of
agents with greater phase synchrony. Supplementary Fig. 2.12e explores the
phase synchrony behavior as a function of distance from the collective’s cen-
troid for different positive values of K. At K = 0,0.5, and 1, the degree of syn-
chrony remains below 0.05 across all distances from the centroid. Once K = 1.5,
there is a jump in the degree of synchrony at about 0.7R,,,, and which increases
with distance from the collective centroid. These periodic rings of higher syn-
chrony occurs because of the spread in natural frequency; agents with a higher
lw;| will have a harder time synchronizing their phase with their neighbors. Since

] is negative in these cases, agents with greater phase differences will tend to
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attract to each other and cluster closer to the collective centroid. Agents with a
lower|w;| will synchronize more easily with other agents that share the same sign
for their natural frequency; this means that these agents will repel each other
more and move towards the collective’s boundary where they will have the
greatest distance from similarly phased agents. Agents with positive and nega-
tive natural frequencies will have high phase differences which enables greater
attraction. As a result, although the degree of synchrony increases the collective
boundary, it does not surpass 0.15 because agents with differing phases attract
and sometimes occupy the same annulus regions used for the measurements in

this plot.

Supplementary Fig. 2.12b (K = 2,J = 1) shows two clusters of synchronized
agents form close to the collective centroid while a ring of phase-disordered
agents encapsulate the clusters. Fig. 2.12f shows how the degree of synchrony
for the whole collective and within each natural frequency group increases with
K. This shows that higher values of K are needed to fully synchronize each
group and the whole collective. Similar bouncing cluster behavior is also ob-
served for K,J > 0; however, the clusters do not repel each other at such great
distances as was the case when F?2 since there is greater phase disorder resulting

from the spread of natural frequencies.

When g(w) = Uni(l,Q), the collective has a uniform distribution between 0
and 1 for the agents’ natural frequencies. Supplementary Fig. 2.12c shows the
collective almost forming a sync state when K = 2,J = 1; however, a tight ring
of asynchronous agents encapsulate the center cluster. The outer agents have
higher natural frequency which makes it more difficult for them to synchronize

with the center agents. Since J is positive, agents with similar phases attract to
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each other; therefore, the outer agents tend to radially oscillate as their phase
difference with the center cluster increases or decreases. In supplementary Fig.
2.12g, we show that the collective synchrony increases with K, but only reaches
about 0.6 because of the spread in natural frequency. When K = 2,/ = -1 (Sup-
plementary Fig. 2.12d), the collective exhibits a more organized version of what
emerges at the same values of K and J when the natural frequency is spread
across negative and positive values. A tight cluster of phase disordered agents
forms at the center while rings of more coherent agents encapsulate it. The
agents along the boundary have a lower natural frequency than those in the
cluster and thus synchronize more easily. Supplementary Fig. 2.12h shows how
the coherence within concentric rings increases with distance from the collec-
tive’s centroid. Starting at about K = 1.5 the degree of synchrony begins to
rise at a distance of ~ 0.4 from the collective centroid. Since all agents share
the same sign for their natural frequencies, there are lower phase differences be-
tween agents with a lower|w;| which enables greater spacing between the phase-
ordered agents and thus a larger region of phase-ordered agents than when F2.
This is clearly shown for different J in Supplementary Fig. 2.15, which shows
a plot of agents’ distance from the collective centroid plotted as a function of

phase, to clearly show agents’ concentric phase self-organization behavior.

2.8.5 Discussion 5. Chiral Swarmalators with Discrete Sets of

Natural Frequencies

This discussion reviews the chiral collective’s behavior when all agents revolve

in the same direction at the same rate and when half revolve clockwise (CW)
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Figure 2.17: Collective behaviors of non-chiral swarmalators with frequency
|Z)’—J’| “l, Q=1 . F2 (Left). F4 (Right).
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and the other half counterclockwise (CCW) at the same rate. The emergent for-
mations across K and J in the four natural frequency distributions is shown in
Supplementary Fig. 2.18; however, only the upper left and lower right quad-
rants of the figure relate to this discussion. A summary of the most interesting
behaviors and the S order heat maps across K — J parameter space is shown in
Supplementary Fig. 2.19. Supplementary Figs. 2.19a-b shows that S remains
relatively high even when K and J are negative; a very disordered phase wave
forms along this region (Supplementary Fig. 2.19c) with high spatial-phase or-
der at the outer boundary and low order towards the center. The circular motion
and negative K drives agents to follow circular paths that will intersect where
the phase difference is greatest. Agents on opposite sides of the collective, re-
volving in the same direction, minimize the distance between each other when
they are offset by m along their circular trajectories, and the emergent formation

in Supplementary Fig. 2.19¢ results.

Disordered phase waves also exist at low J and high K; Supplementary Fig.

2.19d shows a phase wave along an axis that results from a rotating ellipse
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Figure 2.18: Collective behaviors of chiral swarmalators with no frequency cou-
pling. F2 (Upper left). F4 (Upper right). F3 (Lower left). F1 (Lower right).
Quiver plots are shown here instead of instantaneous positions because chiral
swarmalators have an inherent motion driving them.

formation that steadily increases its major axis over time. In this case, sim-
ilar phases spatially attract but temporally repel; instead of moving towards
synchrony, agents anti-couple and become asynchronous. This enables the for-
mation to slowly stretch out over time. Similar ellipse formations are observed
when the collective has two natural frequency groups; however, the two ellipses
that emerge rotate about a common center in opposite directions and maintain

relatively constant major axes over time. The equal and opposite natural fre-
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Figure 2.19: Chiral swarmalators with no natural frequency spread. Heat maps
of § across K — J parameter space is shown for test cases with (a) and (b) F2. (c)
Phase wave. (d) Phase wave along a slim ellipse. (e) Phase wave. (f) Concen-
tric double phase waves. (g) Phase wave. (h) Synchronized cluster. (i) Dense
revolving clusters. (j) Expanding synchronized revolving cluster. (k) Sparse os-
cillating clusters.

quencies inhibit perfect anti-coupling, so the collective maintains a steady ro-

tating formation over time.

Like the non-chiral swarmalators, distinct phase waves emerge when K = 0
(Supplementary Figs. 2.19e-g. With two natural frequency groups, K = 0,J =
1 enables agents to separate into concentric, counterrotating groups that each
oscillate between being on the inside and being on the outside (Supplementary
Fig. 2.19f). This is driven by their spatial repulsion and their attempt to each
settle at the same revolution radius. A phase wave also forms when there is no

spatial or temporal coupling (Supplementary Fig. 2.19g), the collective forms
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an annulus because of the agents’ inherent circular motion with equal radii,
their spatial attraction through the unit vector model, and repulsion through a
power law model. All agents maintain the same radius of revolution but switch

between the inner and outer boundaries of the annulus.

Sync states are also observed at positive K and J when the collective revolves
in the same direction (Supplementary Fig. 2.19h); and a high S is maintained
because the collective maintains high circumferential phase order about its time-
average centroid. Similar behavior is observed when there are two natural fre-
quency groups; two clusters independently synchronize and revolve along the
same circular trajectory in opposite directions (Supplementary Fig. 2.19i). Con-
trary to the bouncing clusters observed for the non-chiral swarmalators, these
collectives maintain a steady trajectory and pass through each other two times
per phase cycle because of their inherent circular motion. Their inherent motion
inhibits synchronization since agents from opposite natural frequency groups
have a harder time clustering. Finally, expanding synchronized collectives are
also found for chiral swarmalators when the collective has uniform revolution
behavior (Supplementary Fig. 12.19j) and sparse revolving clusters when there
are two natural frequency groups (Supplementary Fig. 2.19k). The sparse re-
volving clusters are very similar to the dense revolving clusters, except that
there is much higher neighbor spacing. Each cluster size also remains relatively
constant, as opposed to constant expansion (Supplementary Fig. 2.19j) or radial
oscillation (main text Fig. 2.2k), because of the inherent circular motion that

inhibits much of the phase interaction effects between the two groups.
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2.8.6 Discussion 6. Overview and Characterization of Chiral

Swarmalators

This discussion reviews the collective behaviors of regular and frequency-
coupled chiral swarmalators. The behaviors of collectives composed of chiral
swarmalators with no natural frequency coupling (¢ = 1,0x,0y = 0) when there
are integer values for K and J and different natural frequency distributions are
shown in Supplementary Fig. 2.19. Supplementary Figs. 2.20a-e show many of
the emergent behaviors when the collective has discrete natural frequencies and

each behavior is characterized in Supplementary Figs. 2.20fj.

Supplementary Fig. 2.20a highlights chiral swarmalators’ emergent behav-
iors when there is no phase coupling and only global attraction enabled by a
unit vector model and repulsion through a power law. The phase wave for-
mation results from the fact that all agents have the same angular velocity and
thus the same radius of revolution; half have an inherent clockwise motion and
the other half a counterclockwise motion. Since K,J = 0, there is no phase cou-
pling behavior and agents simply revolve about the same centroid. The plot of
S in supplementary Fig. 2.20f shows a clearer view of the spatial-phase order
when J=0 than the heat map shown in the main text. As opposed to non-chiral
swarmalators, which maintain a low spatial-phase order when the spatial phase
coupling term is zero in x;, the chiral swarmalators naturally self-organize into a
phase wave formation with an even distribution of phases across the collective.
The high value for § when K > —0.9 is a direct result of each agent’s inherent cir-
cular motion and each collective starting with a uniform distribution of phases,
meaning the agents’ orientations are spread across 0 and 2. Even when agents

anti-couple (K < 0), the inherent circular motion ensures that a single spinning
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Figure 2.20: Characterization of collective behaviors in chiral swarmalators with
no frequency coupling and discrete natural frequencies. (a-e) Various emergent
configurations of chiral swarmalators. (f-j) Collective behavior characterizations
for the same w distributions listed in (a-e), respectively. (a) F2; (b) F2; (c) F2; (d)
F2; (e) F1; (f) Syaxs Smin, and inner ring radius when J = 0; (g) average radius
of each natural frequency group over time when J = 0.6, 1; (h) max distance
between the two clusters; (i) major axis length for different K; (j) major axis
length when K = 1.
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Figure 2.21: Characterization of collective behaviors in chiral swarmalators with
no frequency coupling and a natural frequency distribution. (a-e) Various emer-
gent configurations of chiral swarmalators. (f-j) Collective behavior characteri-
zations for the same w distributions listed in (a-e), respectively. (a) F4; (b) F4;
(c) F3; (d) F3; (e) F3. (f) S order and phase coherence when K = 0; (g) Natural
frequency group and global phase coherence when J = 1; (h) S order and phase
coherence when K = 0; (i) S order and phase coherence when J = 1; (j) S order

and phase coherence when J = —1.
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Figure 2.22: Collective behaviors of frequency-coupled chiral swarmalators.
0:=73 ,0p = , F2 (Left). F4 (Right).

|wj| |wl

|,—| |‘“|

vortex will form. We also note that the trend in inner radius of the collective de-
creases with K, this results from the fact that as K decreases, agents will tend to
phase couple more easily with other agents with whom they have a phase dif-
ference closer to x; this will drive the collective to lower the inner radius since
this is the point at which agents with a phase difference of n will be closest to

each other.

The two concentric ring formations shown in Supplementary Fig. 2.20b hap-
pen when F2 and K = 0,/ = 1. Each ring is formed by a natural frequency
group and the two are composed of agents revolving in opposite directions.
As shown in supplementary Fig. 2.17bii, the average radius of each frequency
group oscillates over time, and this behavior persists even when the collectives
run for longer simulation times. The radial oscillation occurs because each nat-
ural frequency group has equal and opposite angular velocities that are paired
with the phase behavior. As agents minimize their phase difference with agents
from the other natural frequency group, which happens twice for each phase

cycle, the attraction between these agents maximizes so that a single ring ap-
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pears. Since the phase difference between agents is continuously increasing or
decreasing, the two ring formations quickly separate back into concentric for-
mations. Supplementary Fig. 2.20g shows that the two groups oscillate between
being outside and inside. This most likely occurs because each group has a nat-
ural revolution radius of 1 and it is easier for each agent to continue traveling
along the direction closest to their instantaneous direction of travel when the
attraction between the two groups begins to decrease. This means that agents
from the outer ring, which were moving towards the center as their attraction
with agents from the other natural frequency group grew, will continue travel-
ing towards the collective centroid once the attraction begins to decrease. It is
interesting to note that while the frequency of radial oscillation remains about
the same throughout time, the amplitude changes a good amount; this could
be due to slightly non-uniform distributions in the agents’ x, y, and 6 values at
the beginning of the simulation. The slightly non-uniform distributions could
drive each group to reach variable maximum and minimum radii; however, the
average radius remains the same over time and equal to each group’s inherent

revolution radius.

The dense clusters observed for non-chiral swarmalators are also seen for
positive values of K and J with the chiral swaramalators (Supplementary Fig.
2.20c). The general revolving cluster behavior, however, persists throughout
negative ] as well for the chiral swarmalators when F2 as shown by the heat map
of maximum distance between the centroid of the two natural frequency groups
in Supplementary Fig. 2.20h. The densest clusters are formed at high K and J
since this enables agents from the same natural frequency group to synchro-
nize and cluster with similarly phased agents. As J decreases, each natural fre-

quency group cluster becomes sparser and forms an ellipse-like formation that
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Figure 2.23: Characterization of collective behaviors in frequency-coupled chiral
swarmalators. (a) K = 0,J = 1,F2. (c) K = 0,J = 1,F4. (b,d) Average distance
between the natural frequency groups’ centroids for (a) and (c), respectively.

oscillates in attraction and repulsion to the other cluster. When J < 0, lower J
enables agents within the same natural frequency group to increase their neigh-
boring spacing since they synchronize their phases and repel each other more
strongly. The inherent circular motion of the agents, however, induces clus-
tering since they share the same phase within each natural frequency group.
Agents from opposite natural frequency groups still undergo oscillatory spatial
attraction and repulsion two times per phase cycle (revolution cycle). This in-
duces agents from opposite natural frequency groups to have high attraction
and repulsion through each revolution; an ellipse-like formation enables agents
from each group to balance the time-varying attraction / repulsion forces that

drive each agent to (1) maintain its inherent circular motion, (2) increase its spac-
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Figure 2.24: Collective behaviors of locally coupled non-chiral swarmalators
with no frequency coupling and no natural frequency spread. The x-axis in-
creases the coupling distance (o) and is normalized by the maximum radius
of revolution (R = 1). (Top) K = 0,/ = 1. (Middle) K = 2,/ = —1. (Bottom)
K=1,J=1.

ing from similarly phased agents, and (3) move towards or away from agents
in the opposing natural frequency group (Supplementary Fig. 2.20d). Supple-

mentary Fig. 2.20i shows that the major axis of each natural frequency group

increases as J becomes lower, which agrees with the statements above.

The image shown for Supplementary Fig. 2.20e shows the collective with
F1,K = —1,J =1 at the end of a simulation; during the simulation the collective
starts out in a phase wave formation and over time begins to elongate into a
rotating ellipse until the collective forms an ellipse with a very small minor axis
(essentially a line) as shown in the image. The behavior repeats itself across
different values of K and the ellipse’s major axis increases dramatically as J

approaches —1, as shown in Supplementary Fig. 2.20;.

When F4, half of the collective has an inherent circular motion in the clock-
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Figure 2.25: Collective behaviors of locally coupled non-chiral swarmalators
with no frequency coupling and one natural frequency. The x-axis increases the
coupling distance (o) and is normalized by the maximum radius of revolution
(R=1). (Top) K =0,/ =1. (Middle) K =2,/ = —1. (Bottom) K =1,/ = 1.
wise direction, and the other half the counterclockwise direction; agents have an
uniform distribution of revolution radii between 0 and 1. Supplementary Figs.
2.21a-e shows some of the most interesting behaviors when there is a natural fre-
quency spread and their corresponding characterization in Supplementary Figs.
2.21f+. The global attraction between agents and their inherent circular motion
enables the collective to form a single vortex when K = 0,/ = 1 (Supplementary
Fig. 2.21a); a small ring of phase-disordered agents on the boundary of the col-
lective keeps the collective from having as high of a value for § as when F2. The
agents on the boundary each have a very small revolution radius and high nat-
ural frequency; this prohibits them from matching the phase of nearby agents
and causes them to be repelled to the outer region of the collective. Supplemen-
tary Fig. 2.21f also shows that the degree of synchrony also remains low even
with positive K because of the spread in natural frequencies across negative and

positive values. Supplementary Fig. 2.21b shows two revolving clusters with a
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group of phase-disordered agents that remains around the centroid of the col-
lective while the two clusters revolve about it at an average radius of 1. The plot
shown in Supplementary Fig. 2.21g shows that the collective’s and each natural
frequency group’s degree of synchrony significantly increases at K ~ 1.5,/ = 1

but remains relatively low because of the natural frequency spread.

Supplementary Fig. 2.21cresults from F3, K = 0, J = 1 and shows a very sim-
ilar vortex to the one shown in Supplementary Fig. 2.21a. The trends for spatial-
phase order and degree of synchrony shown in Supplementary Fig. 2.21h also
closely resemble those in Supplementary Fig. 2.21f; this demonstrates that even
though the whole collective has an inherent circular motion where agents travel
in the same direction, the uniform distribution for the natural frequencies keeps

the agents from reaching a very high degree of synchrony when K < 1,7 = 1.

A revolving synchronized cluster with a ring of phase-disordered agents is
shown in Supplementary Fig. 2.21d; the agents forming the outer ring of the
collective each have a small revolution radius and a high natural frequency. As
shown in Supplementary Fig. 2.21i, the spatial-phase order remains above ~ 0.5
when —1 < K < 1 because the synchronized cluster is traveling in a circular tra-
jectory around the collective’s centroid. Even though there is no instantaneous
distribution of phases about the centroid as was the case when the collective
formed a vortex, most agents are synchronized and have a position about the
centroid that is phase-correlated. The spatial-phase order cannot be higher be-

cause of the phase-disordered agents that remain even when K is positive.

When J < 0, agents with similar phases repel each other; as shown in Sup-
plementary Fig. 2.21e, agents with a larger revolution radius and thus a lower

natural frequency tend to synchronize more easily and form a large revolving
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orb. Agents with a low revolution radius and a high natural frequency are un-
able to synchronize and thus attract to each other to form a cluster of phase-
disordered agents closer to the collective’s centroid. Supplementary Fig. 2.21j
shows that order remains relatively constant at a low value across negative and
positive values of K since the collective either has high phase disorder (K < 0) or
has partial synchronization (K > 0) at which point agents with the same phase
are evenly distributed circumferentially about the collective’s centroid. In both
cases there is low opportunity for the collective to achieve circumferential phase
organization. The degree of synchrony, however, begins to increase to a higher
value when K =~ 0.7; this enables the collective to partially synchronize and

encapsulate a tight cluster of phase-disordered agents.

An overview of the chiral swarmalators” emergent behaviors with natural
frequency coupling is shown in Supplementary Fig. 2.22 and the characteriza-
tion of some of the emergent behaviors is shown in Supplementary Fig. 2.23.
Supplementary Fig. 2.23a shows the emergent formation when F2,K =0,/ = 1;
two non-concentric phase waves with counterrotating agents form side by side.
The non-concentric formation occurs because of the phase shift in Qy andQ; de-
termined by the agents’ natural frequency. The distance between the centroids
of the two natural frequency groups is shown by the heat maps in Supplemen-
tary Fig. 2.23b, with a maximum occurring around 0.2 < K < 1 and J ~ 1. The
distance between the group centroids is non-zero for almost all positive values
of K. The natural frequency dependence on coupling enables the current model
to produce behaviors very similar to spermatozoa vortex arrays when there is

local coupling.

When F4, the collective begins to mix more easily because the natural fre-
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Figure 2.26: Collective behaviors of locally coupled non-chiral swarmalators
with no frequency coupling and a natural frequency spread. The x-axis in-
creases the coupling distance () and is normalized by the maximum radius of
revolution (R = 1). (a) F4. (Top) K = 0,J = 1. (Bottom) K = 2,J = -1. (b) F3.
K=2J=-1.
quency distribution prevents each group from synchronizing within itself and
producing strong oscillatory attraction and repulsion with the opposing group,
which is the case when F2. The double vortex formation is shown in supple-
mentary Fig. 2.23c, where two vortices form next to each other because of the
phase shift in Qg and Q,. The heat map in Supplementary Fig. 2.23d shows that
the greater distance between the centroids of the two natural frequency groups
occurs when J > 0 and K > 0. This is reasonable since these are the regions of
the K — J parameter space in which the clusters are most likely to enable cou-
pling between agents with a similar sign for their natural frequency and thus

enable some oscillatory attraction and repulsion with agents from the other nat-

ural frequency group.
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Figure 2.27: Collective behaviors of locally coupled chiral swarmalators with no
frequency coupling and no natural frequency spread. The x-axis increases the
coupling distance (o) and is normalized by the maximum radius of revolution
(R=1). (Top) K =0,J = 1. (Middle) K =2,/ = —1. (Bottom) K =1,/ = 1.
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Figure 2.28: Collective behaviors of locally coupled chiral swarmalators with no
frequency coupling and one natural frequency. The x-axis increases the coupling
distance (o) and is normalized by the maximum radius of revolution (R = 1).
(Top) K =-1,J = 1. Middle) K =2,/ = —1. (Bottom) K = 1,J = 1.
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Figure 2.29: Collective behaviors of locally coupled chiral swarmalators with
no frequency coupling and a natural frequency spread. The x-axis increases the
coupling distance (o) and is normalized by the maximum radius of revolution
(R=1). (a) F4. (Top) K =0,/ = 1. (Bottom) K =2,/ =1. (b) F3. K =2,J = 1.
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Figure 2.30: Collective behaviors of locally coupled frequency-coupled chiral
swarmalators and no natural frequency spread. The x-axis increases the cou-
pling distance (o) and is normalized by the maximum radius of revolution
(R=1). (Top) K =0,/ =1. (Middle) K =1,/ = —1. (Bottom) K =1,/ = 1.
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Figure 2.31: Collective behaviors of locally coupled chiral swarmalators with
frequency coupling and a natural frequency spread. The x-axis increases the
coupling distance (o) and is normalized by the maximum radius of revolution
(R = 1). (Top) F4. (Top) K = 0,J = 1. (Middle) K = 1,/ = 1. (Bottom) F3.
K=2J=1.
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CHAPTER 3
FIBER EMBROIDERY OF SELF-SENSING SOFT ACTUATORS

Protrusible muscular organs, like a frog’s tongue or squid’s tentacle, use a com-
bination of constricting muscles and inextensible fibers to rapidly elongate soft
tissue appendages and catch prey [64]. A Loligo pealei squid’s tentacle can
elongate by up to 80% in 40 milliseconds, while changing the tip trajectory to
adjust for prey movement [92, 83]. The bending, twisting, and elongation of a
tentacle are controlled by tentacle extensor fibers, which are inextensible fibers
arranged in circumferential and perpendicular arrangements relative to the ten-

tacle’s long axis.

Twisting and rotation are essential for endpoint control, working around ob-
stacles, and carrying out rotating operations with objects like doorknobs and
screwdrivers. Researchers have previously achieved rotation by inflating com-
pliant materials that are more akin to soft tissue than to axles and wheels. The
collapse of coupled soft structures produced local rotation [230], the unfolding
of creases during inflation led to combined twisting and rotation of origami
cylinders [232], and radial arrays of soft bending actuators were sequenced for
continuous rotation [5]. Even closer to structures found in nature, lightweight
and inherently safe robotic tentacles and limbs capable of rotation have been
previously constructed from fabrics, with endpoint rotation achieved by bend-
ing inflated fabric tubes at joints. Approaches to bending joints include using
a polymer mesh to control local stiffness [186, 185], changing the fabric tension
with cables on either side of the joint [210], and using gussets to vary the fab-
ric extensibility on one side of the tube for a continuous tentacle-like limb [99].

Another broad category of fiber-based inflatable actuators is the McKibben ac-
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tuator (reviewed in [201]), which uses fibers wrapped around cylindrical elas-
tomeric tubes to control the degree of contraction or elongation of the actua-
tor during the inflation of the elastomeric chamber. McKibben actuators have
long been used as artificial muscles in robotic arms. McKibben tubes have also
been embedded within a membrane for contractile motion and twisting motion
of up to 30° to assist the pumping of animal hearts [158]. Not only can these
devices work as linear actuators, but the spacing between fibers, their relative
angle, and the elastomer stiffness can be adjusted to cause bending or twist-
ing [219, 36]. The fiber angle and elastomer stiffness determine the degree of
actuator twist [36]. However, the fabrication process for realizing twisting is
difficult because the fibers are helically wound by hand around an elongated,

elastomeric chamber.

The key difference between the above inflatable actuators and the rotating
membrane presented in this work is that our fiber patterns are fabricated in
a plane rather than on a cylinder or other three-dimensional (3D) structure.
Planar fabrication makes high speed assembly, alignment, and cutting opera-
tions possible without the need to grasp and orient a complex shape; it is the
foundation of both the semiconductor and garment assembly industry. Tex-
tile equipment for sewing, weaving, knitting, and embroidery produces objects
from fibers at high-speed and at low enough cost to satisfy a price-sensitive
market. With fabric clamped in a planar format, industrial embroidery ma-
chines typically insert 20 stitches per second, while consumer-grade machines
do 5-10 stitches per second. Merging soft, inflatable fiber-reinforced actuator
functionality [173] with textile fabrication methods enables rapid soft actuator
fabrication with a diverse range of functional fibers and fabrics. In one such

example, yarn coated with an electroactive polymer was custom-knitted into

83



textiles and inserted in an electrolyte solution, producing localized fabric con-
tractions [115]. In another, our team showed that patterned cutouts from in-
extensible fiber sheets embedded in silicone membranes could control the 3D

shape of inflated silicone structures [149].

Machine embroidery solves the problem of orienting fibers in complex, re-
producible two-dimensional (2D) patterns for transfer into other materials. In
this work, we have developed actuators that reversibly twist and transform
from a 2D plane into axisymmetric 3D shapes upon inflation. The silicone disc
actuators are embedded with Kevlar™ fibers spirally patterned by a computer-
automated embroidery machine. Silicone disc actuators with spiral patterns
have previously achieved dome-like bending using spiral air chambers [199]
and self-sensing using a spiral-patterned liquid metal resistive/capacitive sen-
sor [232]. They have also been proposed as a way to change the handedness
of spiral microantennas [51]. While those works did not investigate in-plane
twisting of the discs during inflation, they were similar to our work in that the
spiral-patterned materials (air, liquid metal, and a thin metal film, respectively)
had a different modulus than the elastomer. The Kevlar™ polyaramide fibers
in this paper have a high tensile strength (3620 MPa) thanks to hydrogen bonds
between adjacent polymer chains. The fiber patterns controlled the final in-
flated shapes and maximum rotations, up to 170° for the inflated membranes
shown in Fig. 3.3. The fabrication process was simple, fast (2-3 min to form
the fiber pattern), and used water-soluble thread and stabilizer to lock complex
tiber shapes into solution-cured elastomers. Additionally, by placing stretchable
optical waveguides over the inflating elastomeric discs, we were able to sense
the optical signal output corresponding to the degree of rotational actuation of

specific fiber-patterned membranes. These actuators present a new approach
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Figure 3.1: A pattern of inextensible fibers made in a water-soluble plastic sheet
using (a,b) an embroidery machine (c—f) is embedded in a silicone membrane
(g/h) causing vertical and rotational displacement. PVA: Poly(vinyl alcohol).

for the scalable fabrication of synthetic skins that combine local actuation and

sensing.

3.1 Materials and Methods

This study focused on spiral fiber patterns that could be parametrized by a few
variables. Threads radiating in a spiral from the center of an inflatable mem-
brane can be expected to induce twisting, because when the threads are inex-
tensible compared with the elastomer, they must straighten out, untwisting the

spiral, in order to reach the center of the membrane as it rises.
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3.1.1 Spiral Pattern Design for Embroidered Actuators

Spiral patterns were created with parametric Equations (3.1) and (3.2) that con-
sider k, the number of times each spiral wraps around the center, and n, the
total number of spirals emanating from the center. Both r (Equation (3.1)) and
(Equation (3.2)) increase linearly as the parameter 7 ranges from 0 at the center

to 1 at the edge, forming a family of interleaved Archimedes spirals,

r(t) = Fpaxt (3.1)

0(r) = 2kt + @ (3.2)

2n(ml)
n

where 7,4, is the outer radius of the pattern, and , where m ranges from

th

1 to n, is the angular offset of the m™ spiral to achieve equal angular spacing.

The embroidery machine sewed each pattern with one continuous thread,
using the x,y coordinates generated by the parametric Equations (3.3) and (3.4).
We obtained the best performance by joining pairs of spirals across the center.
There were even numbers of spirals in each pattern, and we wrote the coor-
dinates in a sequence that connected each spiral with the one on the opposite

side,

x(1) = ryaxtcos (27rkt + @) (3.3)
V(1) = Fpaxtsin (27rkt + @) (3.4)
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The coordinates for the embroidery design were generated in MATLAB
(MathWorks, Inc., Natick, MA, USA) to conform to the EXP embroidery file for-
mat. Embird conversion software (Balarad, S. R. O., Presov, Slovakia) translated

the EXP file format to the PES file format required by the embroidery machine.

3.1.2 Membrane Fabrication

The procedure for fabricating a fiber-embedded elastomer is shown in Fig. 3.1.
A water-soluble poly(vinyl alcohol) (PVA) sheet (Ultrasolvy stabilizer, Sulky
of America, Inc., Punta Gorda, FL, USA) was embroidered with a spiral fiber
pattern (Brother PE-525 embroidery machine, Brother Industries, Ltd., Nagoya,
Aichi, Japan) using water-soluble PVA thread (Wash-A-Way, YLI Corp., Rock
Hill, SC, USA) in the needle, and 23 1b Kevlar™ fiber (0.0081 inch diameter,
The Thread Exchange, Weaverville, NC, USA) as bobbin thread (Fig. 3.1a,b).
The process also worked using 100% polyester sewing thread as the needle
thread, instead of Wash-A-Way. A two-part liquid-cure silicone (Ecoflex® 00-
10, Smooth-On, Inc., Macungie, PA, USA) was chosen for the stretchable mem-
brane material, because it was soft enough to achieve maximum rotation at low
(j3 psi) pressures that did not cause leaking around the seal. Equal amounts
of Ecoflex® 00-10 (A) and (B) were thoroughly mixed, and 20 g of the mixture
was poured into a plastic mold with a 90 mm diameter and 2 mm depth (Fig.
3.1c). The silicone was degassed in a vacuum chamber. The fiber pattern was
embedded Kevlar™ side down into the still-uncured Ecoflex® 00-10 (Fig. 3.1d).
A similar method has been used by others to insert fine wires into elastomer
castings using a sewing machine without a programmable path [154]. In our

work, the machine guided the thread to each x,y coordinate as shown in Fig.
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3.1a. The silicone was then cured in a 70 °C oven for 30 min. After curing, the
water-soluble plastic was washed away in smooth-running tap water (Fig. 3.1e)
with care to avoid displacing the embedded fibers. In the final step, the em-
bedded Kevlar™ fibers were covered with a top layer of silicone by pouring a
second 20 g layer of Ecoflex® 00 — 10 over the mold (Fig. 3.1f), degassing it for
five minutes, and then curing it again in the oven. At the end of the process,
the fiber pattern was embedded at the mid- thickness of a 3 mm thick, ~ 90
mm diameter Ecoflex® circle. Optionally, after curing the top Ecoflex® layer,
a stretchable optical fiber [69] was placed across the spiral pattern through its
center. Ecoflex® was dispensed on top of the fiber in a thin layer and cured to
attach it to the surface. Thread-embedded silicone membranes were removed
from the mold and clamped for testing. Fig. 3.1 shows one of the actuators be-
fore (Fig. 3.1g) and after (Fig. 3.1h) inflation. Inflation produces both rotational

and vertical displacement of the membrane.

3.1.3 Testing Methods

We used an image analysis program (Adobe Photoshop, Adobe Systems, Inc.,
San Jose, CA, USA) to measure the rotational motion and 3D deformations in-
duced by the thread pattern and inflation pressure; specifically to measure an-
gles and x,y coordinates in images. The actuators were characterized by maxi-
mum degrees of rotation, torque output, and shape profile. A membrane with
an embedded optical fiber was also investigated as a rotation sensor toward a

control system for actuation.
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3.1.4 Measuring Inflation of Soft Actuators

A pressure-regulated pump (EFD Inc., East Providence, RI, USA) was used to
inflate the soft membranes throughout the experiments. Prior to inflation, an
actuator was placed on top of a piece of laser-cut acrylic with an inner chamber
of approximately 2 mm in depth. A second piece of acrylic with a 90 mm
diameter hole in the middle was placed on top of the membrane. The two pieces
of acrylic were screwed together around the membrane edge to create enough
clamping force to inflate the membrane. The pressure differential (P) between
the inner bladder and atmosphere could be set in the range AP = 0 to AP = 3 psi

without leaking.

3.1.5 Rotational Motion Measurements

Prior to inflating a soft actuator, a line 3 cm long was drawn at the center
of the membrane with a marker. During inflation, a digital camera (EOS Rebel
T3i, Canon Inc., Tokyo, Ota, Japan) recorded top-view videos over the center of
the membrane to capture the actuator’s twisting motion, and then the first and
final frames of each recording were isolated and analyzed to measure the total

twisting angle.

3.1.6 Shape Characterization

We also recorded the membranes’ inflations using side-view video, and 10

evenly spaced frames from the recording were isolated for image analysis. For
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Figure 3.2: Spherical cap coordinate system used in energy balance model for
an inflating silicone membrane (yellow region). h: Center height; R: Radius of
the spherical cap; ry: Base radius of the membrane; @: Zenith angle.

each frame, we selected ten approximately evenly spaced points along an in-
flated membrane’s left half surface and used their locations with respect to the
highest point at the center of the membrane. These ten points were used to
characterize how closely the shape of each membrane matched the spherical
cap model illustrated in Fig. 3.2; we determined the radius R of a spherical cap
matching the membrane’s base radius, ry, and its measured center height h. A
polygon-based shape metric (see Supplementary Methods, Equation (3.14)) was

used to compare the measured profile shape to the corresponding spherical cap.

3.1.7 Torque Measurements

Torque was measured using a 14 cm long, flat, lightweight (= 0.4 g) wooden
stick glued with Loctite® 404 to the center of the actuator (Supplementary Fig.
3.8). The end of the stick was pressed down on a scale to measure the torque

produced at increasing angles at pressures up to 3 psi.
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k = 0.44 wraps k=0.88 wraps
n=32spiralarms  n=24 spiral arms

P

Figure 3.3: Layout and implementation for three different spiral designs (a—)
Embroidery layout for spiral patterns with three different wrap numbers k and
similar thread densities. (d—f) Uninflated top views. (g-i) Inflated top views
near the maximum rotation value for each actuator. (j-1) Side views used for
comparing inflated shapes to the spherical cap model. These three designs were
fabricated and inflated. As pressures increased, the membranes approached a
maximum rotation angle (Table 1) determined by the wrap number .
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Figure 3.4: Rotation vs. pressure for an individual test of each of the three spiral
designs in Figure 3, along with the spherical cap energy-balance model using
torsional spring constant k = 0.06Nm, strain energy coefficient y = 30Jm?, and
base radius ry = 0.038 m. Dashed lines indicate where the model extends be-
yond measured inflation pressures.

3.1.8 Fiber Optic Lamination and Testing

A stretchable fiber optic waveguide (for details, see Supplementary Information
in [69]) was placed across an embedded fiber pattern, and then cast under a
poured layer of Ecoflex® 00 — 10. Fiber ends were connected to an infrared
light-emitting diode (LED) and an amplified photodiode (TSL-12, ams-Taos Inc.,
Plano, TX, USA).

3.2 Actuator Model

We used the energy balance between the pressurized gas and membrane strain
to predict the inflated membrane shapes. The inextensible fibers force the mem-
brane to only stretch in the direction perpendicular to the fiber alignment. The

tibers can bend freely and, when they unwind, the compliance allows the cen-
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ter of the membrane to rise up. At a given pressure, the energy stored in the
stretched and sheared silicone balances the energy lost by the gas as the volume
increases. The membrane minimizes the amount of stored strain energy in the
system by finding a shape with the smallest amount of surface area (stretch)
and rotation (shear) that will enclose the volume, subject to the constraint that
the Kevlar™ threads cannot stretch. Our semi-empirical model approximates
the shape of the membrane as a spherical cap, finds the radius that achieves the
energy balance at each pressure, and links the twist angle to the radius using

the geometry of the spiral projected onto the spherical cap.

3.2.1 Energy Balance

The energy stored in the system can be modeled as

A— A

1
U = yA( ) + EKHZ - PV, (3.5)

0

where y is a strain energy coefficient having units of Jm?, A is the surface
area of the inflated thin membrane, A is the surface area of the flat membrane,
k is a torsional spring constant for the membrane, 6 is the rotation angle, P is the
inflation pressure, and V is the enclosed volume. Because the membrane takes

on a rotation angle # that minimizes the total energy at a given pressure P,

2 ko PL (3.6)

Rather than extracting 6(P), the twist angle as a function of pressure, from

Equation (3.6), it is more straightforward to solve for P as a function of rotation
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angle , as follows:

P©O) = (3.7)

av
9

We can invert the measured rotation vs. pressure data and use it for fitting
Equation (3.7). However, the area A and volume V still need to be defined in

terms of .

3.2.2 Spherical Cap Approximation

Because an inflating membrane without embedded fibers takes on a spherical
cap shape [62], we use the spherical cap as an approximate shape to connect the
membrane area A and volume V to the rotation angle 6, so Equation (3.7) can be
solved for pressure. Later (Section 4.2), we will validate this assumption using

image analysis. The surface area of a spherical cap (Fig. 3.2) is

A = n(rg + h?) (3.8)
and its volume is
V= %h(?»r(z) +h?) (3.9)

In the membrane system, r is the fixed radius of the testing plate (0.038 m)
and £ is the height of the membrane center above the plate, which varies with

pressure.
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3.2.3 Spiral Mapping onto Spherical Cap

The spiral is projected onto the spherical cap using a method that preserves the
relative radial distances between features [231]. We map the radial coordinate
r of the flat spiral (Equation (3.1)) to an arc length along a meridian passing
through the center of the sphere, r > Ra, where « is the zenith angle on the
spherical cap (@ = 0 at the center) and R is the radius of the sphere (see Sup-
plementary Fig. 3.9 for an example). The spiral must also untwist by 6 to make
its own arc length match its initial value, because the threads cannot stretch,
and that gives the connection between / and 6. A zero-finding method is used
to solve for the twist angle 6 that makes the projected spiral arc length match
up with the original flat arc length at a given center height 4. The twist angle
6 for a given center height h depends on the spiral pattern wrapping number

k. With an array of & values calculated for the different values of , it is possible

to numerically calculate 2. Equation (3.7) for the pressure was rewritten usin
y 7 £q P g
dA

derivatives with respect to h, and the terms A, 77, and fl—z were computed using

the spherical cap geometry in Equations (3.8) and (3.9) to obtain an expression

for the pressure as a function of rotation angle, up to a few coefficients,

24 dA dh
7(% - ) a0 a6 T K0

4V di
do do

PO) =

(3.10)

3.2.4 Strain Energy

The area term in the energy expression (Equation (3.5)) has a proportionality
constant y that connects the change in membrane surface area to an energy cost.

In the Yeoh model [234], the energy density « in a strained material is
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u=>"=Cl-3), (3.11)

where C; are the Yeoh coefficients, I} = A1 + Ay + Az, and A = € + 1 is the
principal stretch along each direction. Looking only at the first term in Equation
(3.11), u = C(1,3), one can write out the A, terms as (LL—;O)2 and (%)2, or for equi-
biaxial stretching, A/AO0. Setting 3 to 1 means the membrane thickness does not
change during inflation, a simplification made to get an estimate for the value

of y in the first-order energy balance model. Re-assembling the first term in

Equation (3.11),

u:cl[(i—?—1)+1—3]:%;m. (3.12)

The first Yeoh coefficient C1 for Ecoflex® 00—30 was measured by others [90]
to be 1.2710* MPa; it is likely smaller for the softer Ecoflex® 00 — 10 silicone we
used. The total strain energy in the membrane is estimated by multiplying the
strain energy density in Equation (3.11) by the volume tA of the thin membrane
material, where the thickness ¢ is * 3 mm and the surface area A is given by the

spherical cap Equation (3.8),

2CtA(A - A
Ustrain = Cl 1(40 O) (313)

By comparing Equation (3.13) with the first term of the energy expression
(Equation (3.5)), the coefficient y should be in the neighborhood of ~ 2C;¢ or
76Jm? if Ecoflex® 00 — 30 were used. However, a smaller y value of 30Jm? better

matched the experimental data from the softer Ecoflex® 00 — 10 membranes.
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3.2.5 Shear Energy

The torsional spring constant was found to be in the range of 0.06 N m radl in

the torque measurements; experimental details are provided in Section 4.3.

3.3 Results and Discussion

The membranes were inflated and evaluated for their rotation angle, torque,
shape, and fiber optic light transmission as a function of pressure, and results

were compared with the spherical cap model.

3.3.1 Rotation Angle vs. Pressure

The columns in Fig. 3.3 show the spiral layout, a side view, and top view
photos at increasing pressures for membranes with wrap numbers (k from Equa-

tion (3.2)) of 0.44, 0.88, and 1.32, respectively.

We were able to double the final rotation angle by increasing the wrap num-

ber k from 0.44 turns to 1.32 turns. However, increasing k reduces spacing be-

Table 3.1: Maximum rotation for three sets of design parameters.

k n | Max Rotation | Max Pressure
0.44 | 32 80° 2.1 psi
0.88 | 24 115° 1.85 psi
1.32 | 18 176° 2.75 psi
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tween fibers, limiting n, the number of spiral arms that would fit in the mem-
brane. At n = 24 spirals and k = 1.32, for example, the embroidery machine was
not able to complete the process without sewing over the adjacent Kevlar™
fiber, so the number of spirals was decreased to 18 for these actuators. Rotating

and shape-changing occurred even with the lower number of spirals.

The theoretical absolute maximum rotation in degrees occurs when the spi-
rals become straight lines radiating from the center. For the three designs in
Table 1, the maximum possible rotations are 158?, 317?, and 475° in order of
increasing k. Although the experimental results in Table 1 do not reach these
absolute maximum angles, instead leveling off with pressure (Fig. 3.4) as the
silicone resists stretching and shearing. To increase the maximum rotation an-
gle, the silicone might be changed to a softer material, or the spacing between
the fibers might be increased. These adjustments, however, reach a limit because
with softer silicone and greater spacing, energy transfers to volumetric expan-
sion of the silicone between the threads. The spherical cap model includes strain
energy stored in the silicone, but does not account for the effects of fiber spacing.
The three k,n combinations shown in Fig. 3.4 all have similar fiber spacing in
the optimal region, between one and two times the membrane thickness, where
tibers are dense enough to prevent the silicone from bulging between them, yet
sparse enough to still allow twisting. Supplementary Fig. 53.10 can give some

insight on the relationship between k,n, and fiber density.

In Fig. 3.4, for AP < 0.75 psi, the rotation for all three membranes was similar,
with a slope of 90° per psi. Above 0.75 psi, the k = 0.44 membrane diverged and
its rotation angle began to level off, followed by the k£ = 0.88 membrane near

1 psi. At AP > 3 psi, the clamping force at the edges was insufficient, and the
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membranes began to slip out of the fixture.

The spherical cap model, plotted as lines through data points in Fig. 3.4,
captures the general shape of the twist vs. pressure curves, as well as the in-
crease in final twist angle with k-value. The least squares error-minimizing fits
in Fig. 3.4 were obtained using smaller k-values (0.25, 0.37, and 0.50) than the
pattern (0.44, 0.88, and 1.32, respectively). This discrepancy in actual vs. best-fit
k-values could be caused by the dense threads in the middle reducing the num-
ber of usable wraps as the threads occupy a large portion (50%) of the membrane
surface within ~ 1cm of the center. Also, energy stored in lateral compression of
silicone in front of the threads was not captured in the model, but at pressures
greater than 1 psi, we observed air pockets opening behind the threads as the sil-
icone resisted twisting (Supplementary Fig. 3.11); thicker threads might reduce
this effect by providing a larger bonding surface. Making a reliable interface
between soft, highly compressible materials like silicone and less-compressible
materials like the Kevlar™ fibers in this paper is still one of the fundamental
challenges in soft robotics fabrication [149]. Materials solutions, for example,
using adhesives or a porous, loosely twisted fiber with greater bonding area,
would likely increase the rotation angle, lifting the curves in Fig. 3.4 to match
higher k-values by pulling on the silicone instead of opening the air gap behind

it.

3.3.2 Actuator Shape Compared with Spherical Cap Model

In this section, the validity of the spherical cap model is evaluated from actua-

tor images. Cross-sections of the measured shape in comparison with the ideal
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spherical cap are shown in Supplementary Fig. 3.12. In Fig. 3.5, a polygon-
based similarity metric (details in Supplementary Methods, Equation (3.14))
quantifies the departure from the spherical cap shape with increasing pressure.
In this metric, a score of 1 indicates 100% overlap of the measured inflated shape
with a spherical cap. Before inflation begins, the pressure differential between
the inner bladder and atmosphere is AP = 0 and the membranes are slack, mak-
ing the surface non-spherical. After the onset of inflation, the observed shapes
do resemble spherical caps (similarity coefficient > 0.9) for all three designs.
As shown in Fig. 3.5, the spherical cap shape used in the model is an excellent
match for the measured k = 0.44 membrane shape across its full actuation range,
while the higher twist k = 0.88 and k = 1.32 designs take on a more conical ap-

pearance (Fig. 3.31) above AP = 1 psi.

3.3.3 Torque Exerted by Actuator

The maximum torque measured by the method of Supplementary Figure 3.8
was 0.016 N m, attained by the k = 0.88 actuator. This torque would be suf-
ficient to push a typical 40 gm tactile switch, like those found on microwave
ovens and other household appliances, with a 4 cm lever. In Fig. 3.6, the mea-
sured value for the torsional spring constant « varies with angle, but it is in
the 0.01-0.10Nmrad"' neighborhood. For the model in Fig. 3.4, a good match
to the experimental data was obtained with a torsional spring constant « of
0.06Nmrad', consistent with the experimental results. At the higher end of the
rotation range for the highest-twist actuator, the contact area between the ac-
tuator and the wooden stick began to decrease as the actuator took on a more

cone-shaped profile (Fig. 3.31); debonding may explain why the k = 1.32 actua-
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Figure 3.5: Sphere similarity metric vs. pressure, and measured vs. ideal spher-
ical cap shape for three cases. A metric of 1 means the shape has 100% overlap
with the spherical cap.

tor exerted a decreasing amount of torque at higher angles.

3.3.4 Optical Detection of Actuator State

Fig. 3.7 shows the intensity signal output versus angle when a membrane with
embedded stretchable optical fiber is inflated; this signal is plotted versus pres-

sure in Fig. 3.13.

At small angles, the fiber optic showed an increasing signal, likely because
the membrane is still slack at very low pressures, causing bending losses from
the fiber. As the pressure and rotation angle increase, the signal reaches a max-
imum. With further inflation, it begins to stretch, producing a monotonically
decreasing signal between 15° and 50°. The inset in Fig. 3.7 shows that the

polyurethane-core, silicone-clad fiber is soft enough to follow the bending and
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Figure 3.6: Torsional spring constant measured over the rotational range of three
membranes with k = 0.44, k = 0.88, and k = 1.32.

stretching of the soft silicone surface, in contrast to the Kevlar™ threads that
rotate in the opposite direction. Because the silicone is softer than the optical
tiber, a small amount of distortion can be seen in the upper right inset of Fig.
3.7, where the optical fiber crosses the Kevlar™ threads, showing the potential
for a single material to add both sensing and mechanical actuation capability.
Stretchable constraining materials were not included in the spherical cap model,
which assumed the constraining fibers were completely inextensible. To accom-
modate stretchable fibers, an arc length-dependent spring energy term (1k;As?,
where As is the difference between the original and stretched arc length of the
spiral arm, and k; is the spring constant of the fiber) could be added to the en-
ergy balance in Equation (3.5); the stretched arc length would be obtained from
the spherical cap radius that balances the equation. A stretchable constraining
material would likely yield smaller rotation and more volumetric expansion, as
in [232], where 2D stretchable fabric inserts in silicone membranes led to both

texture changes and volumetric expansion during inflation.
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Figure 3.7: Optical signal as a function of rotation angle for a membrane with
an embedded spiral pattern of n = 24 and k = 0.88.

3.4 Conclusion

We have developed a method for programming the shape and rotation of sur-
faces by embroidering inextensible Kevlar™ fibers into soft silicone sheets.
These actuators could rotate nearly 180° at 2.75 psi, adopt 3D axisymmetric
shapes, and produce 0.016 N m torques. We developed a model that balanced
the energy stored in the stretched and sheared silicone-fiber composite with the
energy stored in compressed gas to predict the final actuator rotation angle.
The embroidery-based fabrication process was simple, fast, and able to program
complex patterns into silicone sheets using water soluble thread and stabilizer.
In addition, we installed stretchable optical fiber sensors into the silicone sheets
that detected the rotation angle, demonstrating the ability to embed fibers with
different sensing and actuating functions. Improvements in the maximum com-

posite material strain or in new fiber geometries would allow for higher rota-
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Figure 3.8: Method for measuring the torsional spring constant « of pressurized
tiber-embedded membranes. A glued-on stick (Loctite 404) exerted force on a
scale. To measure the spring constant x, the membrane was inflated to a fixed
pressure, and was clamped so that the stick touched the scale (force = 0) at
an angle 10 degrees below the horizontal. The scale was raised until the stick
became horizontal, and the force F on the scale was measured. The torque =
F x stick length. Torsional spring constant x = 7/A0 = F'sticklength/10°. We
measured the value of « at different pressures to check for variations across the
rotation range.

tion angles and increased torque. Additionally, embedding active fibers would
enable controlled transformation between shapes. In the biological world, ori-
ented active fibers are responsible for motion over a wide range of scales, from
separating genetic material during cell division, to organizing complex motions
in human-scale muscular structures. The technological implications for this
work are extensive and include the large area integration of textiles into soft
synthetic skins for controlling the shape of intelligent catheters [84], improving
aerodynamic efficiency in airplane wings [200], wearable sensors, soft robotic
design [219, 36, 173, 153], and controllable surface actuators that rotate and ma-

nipulate compliant external shapes [179].
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Figure 3.9: An example of a n = 32, k = 0.44 spiral mapped onto a spherical cap.
During inflation, the center height of the cap increases from 0 to #, and the arc
length of each spiral arm is preserved by rotating the cap by 6. This example is
a hemisphere (h = r0).
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Figure 3.10: Percentage of membrane that has fiber spacing between one and
two times the membrane thickness, for different values of wrap number k and
number of spiral arms n. The three membranes pictured in Fig. 3.2 are marked
on the plot, and have 60-70% of their surface area in this “optimal” region where
tibers are close enough to constrain the silicone from bulging out between adja-
cent fibers, but not so close that the fibers stiffen the material. The optimal re-
gion always excludes a disk at the center, and sometimes excludes a ring around
the edge where the fibers have the greatest separation distance.
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Figure 3.11: Example of air pockets opening behind threads at high pressures

from k = 1.32, pressure = 1.5 psi, actuator at 132° rotation.
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Figure 3.12: Measured and ideal spherical cap cross-sections of inflated mem-
branes for three k-values at increasing pressures (p) in psi. The top row and
bottom row sample the low-end and high-end pressures for each actuator’s full
range of motion, respectively, while the middle two rows show how the three
different actuators look at similar pressures.
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Figure 3.13: Fiber optic intensity signal vs. pressure for k = 0.88, n = 24 with
straight stretchable optical fiber.

3.5 Supplementary Materials

3.5.1 Shape Similarity Metric

Actuator shapes were measured from side-view images and compared to the
ideal spherical cap shape using a similarity metric. The similarity metric M for

polygons P, (having area A;) and polygon P, (having area A,) is defined as:

(AT UA) - (A1 NAy)
ALUA,

M=1- (3.14)

For example, if the polygons overlap perfectly, the area of their union and
area of their intersection will be the same area A, = A, = A. The similarity
metric becomes 1 — (A — A)/A = 1. If there is no overlap, the similarity metric
is 1 = ((A; + A2) — 0)/(A; + A) = 0. In this work, the measured shape P1 is
typically smaller than the ideal spherical cap P, and fully contained inside (see
Supplementary Figure 3.12). If a fraction f of the area of P, is filled by P, M =

1 — (A — fAy)/As or 1 — (1 — f) = f. The similarity metric gives a spherical cap’s
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2D cross-sectional area filled by the membrane.

108



CHAPTER 4
LEVERAGING FLUID RESISTANCE IN SOFT ROBOTS

Soft actuators enable complex motion with inexpensive material, rapid manu-
facturing techniques, and low level control [165, 71]. When applied to full-scale
robots however, these mechanisms typically require several chambers and sep-
arate pumps or many valves, as well as real time embedded control to produce
useful behaviors. These add-ons increase price, complexity, weight, and rigidity
of the robot. Here, we introduce the use of fluid resistance to produce wave-like
actuation of a single chamber without the need for complex manufacturing, ex-
pensive materials and components, or accurate real-time control. An embodied
control mechanism, determined by the soft actuator’s shape, material proper-
ties, and internal fluid resistance, is used to produce consecutive movements
along the length of the actuator from bursts of fluid created by simple on-off
control of a single pump (Fig. 4.1). We demonstrate this concept through de-
signs that produce forward locomotion with traveling wave patterns, much like

those exhibited by a range of natural organisms from flatfish to millipedes [63].

A traveling wave provides the necessary forward momentum for an object
by lifting subsequent regions of a linear body in successive fashion [252]. Trav-
eling waves for locomotion have been reproduced with a range of techniques
including FEAs [136, 127], shape memory alloys embedded into tubular mesh-
worms [171], ionic polymer actuators embedded along beams [196], central pat-
tern generators in (rigid) modular robots [37], and more. Furthermore, many
other researchers have sought inspiration from locomotion in natural systems,
including inchworms [214], caterpillars [101], fish [40, 111], jellyfish [128], and

octopuses [112]. Similar to the minimalistic approach presented in this paper,
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researchers have demonstrated traveling wave locomotion using a single motor
attached to a helix-shaped axle [246]. To the best of our knowledge, this is the
tirst demonstration of locomotion by traveling waves in a soft robot, produced

with only a single valve and pressure inlet.

In the following sections, we first describe design and fabrication of the
poroelastic foam actuators (Sec. 4.1). We then characterize the tensile strength of
the foam and three different actuator designs with respect to the force exerted,
the maximum deflection of the chamber, and the forward speed of the actua-
tor along a flat surface (Sec. 4.2). All three actuator designs have a spine-like
structure with extruding segments, referred to as the “legs”, along the length of
the body. We show actuation with two fluids of different viscosity (air and wa-
ter). Finally, we show simple locomotion by a robot with two sets of actuators

coupled to a single source of pressure (Sec. 4.3) and conclude (Sec. 7.7).

4.1 Methods

To demonstrate the use of fluid resistance and traveling waves in soft actua-
tors, we rely on FEAs and poroelastic foams. The following subsections briefly

introduce the concept and fabrication of each.

4.1.1 Fluidic Elastomer Actuators

FEAs are a subset of soft actuators that use pressurization of elastomeric cham-
bers to produce large deformations specific to localized strain patterns [166].

Strain-limiting layers on FEAs can be comprised of a wide set of materials,
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Figure 4.1: Demonstration of how fluid resistance may be leveraged to create
complex motions. (a) The experimental platform consists of a poroelastic foam
actuator with a spine and nine legs; the inset shows a close-up of the internal
foam. (b) Side view of the same actuator 0.15s after an air pressure of 20 psi has
been applied. The higher deflection in the left-most extruding segment (closest
to the inlet) demonstrates that fluid is retained closer to the inlet for a longer
period of time. (c) Deflection of each leg (L1-9) over time when a pressure of
20 psi is applied for about 325 ms. At the end of the pulse, a valve is opened
and the actuator returns to atmospheric pressure. Due to the geometric layout
of the actuator, the legs closer to the inlet inflate more than the subsequent legs.
The point of maximum deflection in each leg is marked in red. As this curve
indicates, the resistance of the foam causes a damped traveling wave through
the legs.
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including inextensible fibers, fabric, or variable elastomer thicknesses, which
upon pressurization of the FEA, produce a strain gradient, resulting in pro-

grammed bending or twisting of the elastomer [108].

FEAs with prismatic elastomer chambers are accurately manufactured with
one- or two-step molding processes [71]; however, as the chamber shape be-
comes more complex, the number of fabrication steps also often increases and
the repeatability of the final product often suffers. Recently, poroelastic foams
were developed as a new class of FEAs that offer greater complexity in soft, re-
peatable, smart 3D structures [108]. As opposed to elastomeric chambers where
there is an internal volume of air, poroelastic foams contain minuscule, intercon-
nected pockets of air spread throughout an elastomer. Pressurization of these
actuators also results in programmed deformations; however, the period of time
necessary for a foam chamber to reach pressure equilibrium across its volume
drastically increases as a result of fluidic resistance which varies as a function of

foam porosity, foam shape, and inflation pressure.

Fluidic resistance in poroelastic foams offers opportunities to design com-
plex embodied control in soft robotic actuators, thus decreasing the need for
external controllers. A traveling wave for instance can be created from multi-
ple, neighboring chambers subsequently pressurized one right after the other;
however, this requires external control and drivers to coordinate between the
inflation and deflation of adjacent chambers. Instead, poroelastic foams offer
an embodied control mechanism that can produce a traveling wave along the

length of a single foam chamber.
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4.1.2 Foam Fabrication

The poroelastic foams are fabricated with a lost- salt process, previously used
in [108] and originally adapted from [100]. The matrix material is comprised of
elastomer, and the porogen (the mass used to create the miniscule voids) comes
from Himalayan salt. The foam is encapsulated into the spine-like Ecoflex 00-
30 structure shown in Fig. 4.1 with 3, 5, and 9 legs respectively. The width
of each leg is 16.26 mm; the gap between the legs are 93.73 mm, 38.86 mm,
11.43 mm respectively. In our design the foam serves two purposes. It enables
an easy fabrication process as it automatically fills the void of the surrounding

elastomer, and it provides added fluid resistance to create the traveling wave.

The fabrication process is split into two parts: foam sealing and strain seal-
ing. All silicone used in this process was Ecoflex 00-30 (Smooth-On, Inc.), pre-
pared as directed by the manufacturer. Other materials include: silicone ad-
hesive (Silpoxy from Smooth-On, Inc.), non-woven nylon sheets (Soft ‘n Sheer
from Sulky of America), and Himalayan salt (Pure Himalayan Salt, 1-3mm). Ta-

ble 4.1 shows the salt / Ecoflex 00-30 mixture ratios for the three actuators.

First, the foam is fabricated as indicated in Fig. 4.2A. The silicone and salt
are mixed with corresponding mass amounts listed in Table 1, to reach 50.45%
porosity, and cured in an acrylic laser cut mold at room temperature. The foam
is then demolded and loosened by hand; the salt can be removed from dissolv-

ing in a sonicator or massaging the actuator by hand under running water.

Sealing the foam involves three steps (Fig. 4.2B). Layer 1 is cast using silicone

and cured at room temperature. Layer 2 (Foam-to-EF Adhesive Layer), is cast
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Table 4.1: The actuators are fabricated using EcoFlex 00-30 (EF), Himalayan Salt
(HS), and Silpoxy silicone adhesive. The different steps are described in Fig. 4.2.
This table specifies the mixture of materials in grams.

Process 3 Legs 5 Legs 9 Legs
Foam 29.95¢g (HS) / | 36.96 g (HS) / | 50.8 g (HS) /
Fabrication 14.5 g (EF) 17.9 g (EF) 24.6 g (EF)
Layer 1 16 g (EF) 22 g (EF) 30 g (EF)
Foam-to-EF 8 g (EF) 8 g (EF) 11 g (EF)
Adhesive Layer

Foam Sealing 35g 43 g 60 g
Layer

Strain Sealing 50 g 75¢g 9%g
Layer

Final Silpoxy 52¢g 6g 9¢
Layer

on top of Layer 1, with the desalted foam placed on top. This is cured in the oven
(80°C) to prevent the foam from soaking up an excessive amount of silicone and
to allow it to become anchored to the first layer. This, in turn, prevents it from
floating in the next step. The final layer (Foam Sealing Layer) seals the foam
cavity; the silicone is poured on the foam and cured at room temperature. Any

bubbles that form are popped manually.

The second part of the fabrication involves the strain-limiting layers for both
the spine and the legs (Fig. 4.2C). These layers consist of a laser-cut non-woven
nylon sheet to produce asymmetric bends upon inflation. Each leg and body is
wrapped in an individual sheet, and attached to the sealed foam with silicone
adhesive. To complete sealing of the strain-limiting layer to the sealed foam a
final Strain Sealing Layer is casted. 50% of the layer’s silicone is poured into
the mold, and 40% is painted on all sides of the actuator. The painted actuator
is placed top side down, and the last 10% of the silicone is poured on top of

the mold. The mold is covered, weighted down, and allowed to cure in room
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Figure 4.2: Sketches showing the process to mold a 9-legged actuator. A) Mold
of laser cut acrylic to cast the poroelastic foam. B) Foam-sealing layer, also
molded in the acrylic mold. C) Strain-limiting layer wrapped around each fin-
ger along the body of the foam actuator. D) Side view of a complete foam actu-
ator. The foam is sandwiched between equal layers of silicone to avoid bulging
out on one side of the actuator. The strain-limiting layer is wrapped completely
around the actuator, and a final layer of silicone adhesive is applied to one side
of the actuator.

temperature. Next, a 1/16” inlet tube is inserted 1” into the actuator, sealed with
silicone adhesive, and cured in an oven at 80°C for 10 minutes. Finally, a layer of
silicone adhesive is added to the strained side of the mold and smoothed with
a plastic (non-silicone) sheet. This is also allowed to cure in the oven at 80°C
for 20 minutes. Fig. 4.2D shows a side cross-sectional sketch of the assembled

actuator.
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4.2 Actuator Characterization

To characterize the actuators, we first compare the tensile strength of the foam
and the silicone. We then examine the relationship between actuator design and
the traveling wave produced upon application of pressure. As previously stated
we test three, five, and nine-legged actuators; the number of legs signify the
number of locations at which the pressure within the actuator is temporally split
two ways, causing differential pressure across the length of the actuator. Each of
the three actuators was pressurized with air and water and characterized with
respect to the exhibited deflection and speed of each leg. Force measurements
for each leg were recorded when the actuator was inflated by air. Throughout
the results, the first leg (L1) refers to the perpendicularly extruding segment
closest to the inlet of the foam actuator. The last leg (L9) refers to the segment

farthest away from the inlet.

As expected, throughout the results we observe that the viscosity of the fluid
is strongly correlated with the fluid resistance, and therefore a critical parame-
ter in the design of the traveling wave. We encourage the reader to view the
accompanying video to view how a traveling wave behaves differently when

the actuator is inflated with air and when it is inflated with water.

42,1 Tensile Test

Using a Zwick Roell z010 instrument, we conducted tensile tests on five pieces
of Ecoflex 00-30 and five pieces of the Ecoflex 00-30 foam to demonstrate the

differences in the material properties (Fig. 4.3). The foam is simply a porous
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Figure 4.3: Tensile tests conducted on Ecoflex 00-30 (Width = 14 + 1 mm, Thick-
ness = 1 mm) and Ecoflex 00-30 Foam (Width = 30 mm, Thickness =5 mm =+ 1
mm).

medium of the Ecoflex 00-30 silicone, and as a result, the stiffness of the material
is reduced by more than two times. The elastic modulus was found to be 50.894
+ 7.561 kPa for the Ecoflex and 19.805 + 2.702 kPa for the foam. The strain of the
two specimens is shown only up to 5 mm/mm, because the specimens started
to slip at elongations greater than 600%. The tensile strength of Ecoflex is 1.379
MPa and the elongation at break is 900%. These tests verify that the Ecoflex 00-
30 has a higher stiffness than the poroelastic foam. The Ecoflex 00-30 therefore
serves as a semi-rigid encasing structure for the foam to expand within. The
foam must expand at a higher rate than the Ecoflex, so that the pores inside can
be filled as air travels along the length of the actuator. At high pressures, the
foam may stretch to its breaking point, and leave an empty space within the

actuator where the fluid aggregates temporarily.
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Table 4.2: Force exerted at maximum deflection by the legs closest and furthest
from the inlet, when actuated by air at 20 psi. Essentially no force was exerted
by the last leg in the 5- and 9- legged foam actuators. (x + o,;n = 4).

Actuator First Leg [N] | Last Leg [N]
3-Finger Actuator | 0.508+0.008 | 0.105+0.008
5-Finger Actuator | 0.432+0.012 -
9-Finger Actuator | 0.434+0.029 -

4.2.2 Actuator Force

We adopted a setup similar to that shown in Fig. 4.1b. A scale placed under-
neath the legs allowed us to measure the force exerted by each leg when pres-
surized by air. Table 4.2 shows the results of these tests. In the 3-legged actu-
ator, the greatest amount of force produced by the first leg was 0.508+0.008 N,
compared to 0.105+0.008 N by the last leg. Actuators with 5 and 9 legs have
very small deflections at the last leg, below the resolution of our measurement
techniques, and therefore are unlisted. We similarly tested the force applica-
tion when the actuator was pressurized with water. However, due to the high
viscosity of water, the legs expanded slowly and slipped over the scale of the
actuator resulting in inaccurate data collection. Consequently, this data is not

reported here.

4.2.3 Actuator Deflection

The individual leg deflection trajectory is controlled though a embedded cus-
tom strain layer. The strain layer is a non-woven nylon fabric cut to both wrap

around the individual leg and direct the actuator’s motion (Fig.4.1c). The strain
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Figure 4.4: The motion of the legs consist of bending and twisting, controlled by
the design of an embedded custom strain layer

layer was designed to produce bending and twisting, both necessary to achieve
locomotion (Fig. 4.4). The angle of the slit controls twisting and the width of
the slits control bending. These parameter can be further adjusted and tested to

achieve faster locomotion.

The maximum vertical deflection of each leg in the three actuator designs is
observed when inflated with air (Table 4.3) and when inflated with water (Table
4.4). Figs. 7.1, 4.5, and 4.6 show that the maximum deflection of the legs exhibit
an exponential decay as a function of the leg’s distance from the inlet. Fluidic
resistance causes a decrease in pressure in each consecutive leg, therefore over
limited-time pressurization, the back legs do not experience the same maximum
pressure as the legs closer to the inlet. The vertical deflection, a result of the

pressure within the individual leg, decreases in each leg from the inlet.

Discrepancies in the decay of the maximum vertical deflection for the 5-
legged actuator is due in part to imperfections in the fabrication procedure. A
difference in the layer thickness of the Ecoflex in any of the steps described in
Sec. 5.1 can result in slightly higher straining on one side. At higher pressures,

these imperfections can cause rips in the Ecoflex, rendering the actuator useless.
Notice also how the number of legs correlates with the time it takes legs
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Table 4.3: Maximum deflection, d,,.., and velocity, v, exhibited by each leg in
the three actuators when inflated with air at 20 psi. L1 refers to the extruded
segment closest to the inlet and L9 refers to the extruded segment farthest away
from the inlet.

3 5 9

Leg no. dmax Vinax dmax Vinax dmax Vimax
[Mmm] [mm/s] | [mm] [mm/s] | [mm] [mm/s]
L1 41.28 563.22 | 49.00 363.73 | 40.69 352.35

L2 - - - - 29.03 195.1
L3 - - 2545 12842 | 18.14  84.18
L4 - - - - 1346  61.21
L5 2736  140.06 | 22.23 125.88 | 4.42 22.96
L6 - - - - 3.63 10.52
L7 - - 9.58 52.00 2.87 9.19
L8 3.63 6.12

L9 1295 7249 6.30 42.88 1.57 7.65

Table 4.4: Maximum deflection, d,..., and velocity, v,..., exhibited by each leg in
the three actuators when inflated with water at 3.24 + 0.12 mL/s. L1 refers to
the extruded segment closest to the inlet and L9 refers to the extruded segment
farthest away from the inlet.

3 5 9

Leg no. dmax Vimax dmax Vimax dmax Vimax
[mm] [mm/s] | [mm] [mm/s]|[mm] [mm/s]
L1 34.01 22.96 3526 14.287 | 32.61 17.91

L2 - - - - 28.68 1298
L3 - - 20.84 3.90 24.46 3.81
L4 - - - - 22.81 3.43
L5 16.56 5.64 17.191 3.33 21.18 2.31
L6 - - - - 21.18 2.13
L7 - - 18.74 2.49 17.91 1.50
L8 - - 18.26 1.83

L9 23.57 7.98 17.86 1.25 18.59 1.80

further from the inlet to equalize to ambient pressure. In the 9-legged actuator
all legs return to Omm deflection in one second, shown in Fig. ??; whereas the
legs further from the inlet take longer to equalize pressure when more legs are
present (Figs. 4.5 and 4.6). Again, this is due to the fact that the designs with

less legs reached higher pressures within the 325ms applied pulse.
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Figure 4.6: 5 legs, traveling wave.
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4.3 Robot Demonstration

To demonstrate proof-of-concept locomotion, we added two 3-legged actuators
to either side of a rigid backbone. We do not show locomotion with 5-and 9-
legged actuators since only very minor forward locomotion is exhibited due in
part to increased actuator weight and in part to exponentially decaying deflec-
tions. The 3-legged actuator were coupled through 1/16” tubes and pressurized
with air through a pump at 16.5 psi. Each pulse of air lasts 325ms, separated by
1000ms deflation cycles. In this experiment the robot travels 39 mm over 6 min
(Fig. 4.7). The traveling wave creates a frictional contact differential throughout
the length of the actuators, allowing them to crawl forward (Fig. 4.8). Observe
in Figure 4.5, how the leg closest to the inlet first exhibits maximum deflec-
tion (0.4s), bending down and backwards to drag the hind body along; then as
the front leg deflates, the hind leg achieves maximum deflection (0.58s) which

causes enough friction to keep the front stationary.

To test whether the motion was indeed caused by the traveling wave, and
not just the asymmetric strain limiting layers incorporated into the legs, we cre-
ated a separate actuator in which the foam was replaced with an empty cham-
ber. In this version, all legs inflated simultaneously and by the same amount
due to the negligible fluid resistance. Over five inflation/deflation cycles the
robot did not produce any forward locomotion, compared to 7.3mm that the

robot with foam walked.

Furthermore, we examined how much the inflation of the hind legs aid the
locomotion speed of the robot. To do this, we added a zip tie around the actuator

just after the first legs, cutting off all other legs from pressurization. This in
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Figure 4.7: Two soft robotic actuators attached to a rigid backbone crawl for-
ward at a rate of approximately 1.1 mm/s for a period of six minutes.

turn means that the majority of the actuator remains limp while the first legs
provide force to move the robot forward. When inflated at 8 psi, the actuator
moves forward a distance of 15 cm over three minutes, resulting in a velocity of
approximately 0.83 mm/s. By comparing this number to the locomotion of the

full robot (1.1 mm/s), we see that the last four legs increase the speed by 32.5%.

It should be noted that the undisturbed 3-legged actuators were inflated at
16.5 psi; however, due to foam resistance and splitting of the airway between the
spine and the first leg, it can be assumed that at the beginning of the pulse the
tirst leg is actually pressurized at 8.25 psi, half the inlet pressure. A number of
parameters can be adjusted to improve the robot’s locomotive speed including

foam porosity, number of legs, and material strain. Another set of variables
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Figure 4.8: The undulating wave in four steps: A) t = 0. There is no actuation
in any of the legs. B) r = 166.7 ms. L1 is approaching peak actuation. C) r =
333.3 ms. L1 is at peak actuation, L5 is approaching peak actuation, and L9 is
starting to actuate. D) ¢ = 466.7 ms. L1 is approaching zero actuation, L5 is post
peak actuation, L9 is at peak actuation.

that can be optimized are the inflation cycle parameters (i.e. pressure, inflation
time, deflation time). It should be noted that a careful combination of these
parameters is necessary to avoid failure from the build up of high pressures

within the actuator.
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4.4 Conclusions

Many robotic implementations can benefit from reduced complexity. Here, we
have shown that poroelastic foams may be useful in reducing the number of ad-
ditional components (pumps, valves, embedded controllers) necessary to pro-
duce intricate motions. Fluid resistance in the foams is exploited to produce
traveling waves, even though only a single inlet pressure is applied to the actu-

ator.

The determining factors in the flow rate of a fluid throughout the length of
the foam include foam shape, foam porosity, number of extruding sections of
foam, the inlet pressure, and fluid viscosity. In this paper we examined the ef-
fect of the volume of foam and the fluid viscosity. The optimal settings for the
remaining parameters were manually estimated. We showed that with careful
design considerations, it is possible to produce repeatable traveling wave mo-
tions along the length of the actuator. The length of the spine as well as position
and number of extruding legs determine the velocity of the traveling wave, the
maximum deflection and force exerted by individual legs, and, as a result, the

forward velocity of the robot when used for locomotion.

The embodied control methodology proposed lends itself to a great variety
of future applications. Next, we intend to focus on simpler fabrication methods
and validated models to further enhance the design of embodied intelligent soft

robots that can exhibit complex motions with simple drivers and control.
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CHAPTER 5
SIMPLE LOW-COST FABRICATION OF SOFT SENSORS FOR SHAPE
RECONSTRUCTION AND TOUCH LOCALIZATION

Soft sensors are an active area of research with diverse applications, many
of which require repeatable interactions with fragile and irregular objects [7].
This has prompted demonstrations of materials with mechanical, chemical,
and electrical response to changes in stretch, pressure and temperature [71] in
search of durable, compliant and highly stretchable sensors. Materials like, e.g.,
polydimethylsiloxane [145] and silicone elastomers [9] have become popular
choices, and a variety of fabrication techniques such as micro- and nano-contact
patterning [121] and passivation techniques [52] are often applied to synthesize
novel robotic sensors. The majority of these techniques, however, require prior
knowledge and experience, which raises the barrier of entry to the field. To en-
able a greater number of researchers to customize soft sensors for their respec-
tive applications, it is important to minimize the cost of sensors and introduce

fast, easily accessible fabrication.

Towards this end, we present a soft, low-cost sensor with a simple fabrica-
tion procedure that has high manufacturing tolerances; requires no advanced
equipment, control sequences, or data processing; and can easily be customized

for various applications.

We show that a specific ratio of inexpensive carbon black mixed by hand
with an uncured silicone elastomer enables conductivity at high stretch. Fur-
thermore, this gel has a high viscocity and is less prone to leakage compared to
other popular conductive fluids such as Eutectic Gallium-Indium (EGaln) [174].

We show how sensors using this composite can be made by non-experts in hours
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Figure 5.1: We aim to lower the barrier of entry to soft sensors through simple
tabrication, control, and data processing. We demonstrate our concept in two
devices: (a) a tactile interface for contact sensing, and (b) a sensitive, pneumatic
gripper which can estimate the 2D shape of an encompassed object.

without expensive equipment. We demonstrate the customizability of the sen-
sors through two devices: a passive sensor capable of detecting touch on the
surface of an inflated membrane, as well as a sensitive pneumatic gripper that
can encapsulate an object and stretch around its convex and concave features
(Fig. 5.1). Using the latter, we show that object geometry can be estimated using
a simple control sequence based on constant rate of inflation. To avoid issues
with material buckling, we operate the gripper primarily in negative pressure
such that the material is always experiencing stretch. Finally, despite the dif-
ferences in the individual sensors, we further show that we can estimate the
object shape, simply by normalizing the sensor response and identifying when

the channels come into contact with the encompassed object.

Specifically, this paper presents the following contributions: 1) a widely
accessible and low-cost fabrication procedure for a stretchable strain sensor
composed of a carbon conductive filler embedded in a soft elastomeric ma-
trix (Sec. 5.1); 2) characterization of the durability of sensor over the course of

15 days and repeatability over the course of 30 inflation cycles; 3) demonstra-
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tion of a dynamic, soft tactile grid with multiple sensor channels (Sec. 5.2); 4)
demonstration of 2D convex and concave shape reconstruction using a soft en-
compassing sensor, operating in negative and positive pressure with a simple
control procedure (Sec. 5.3); and 5) a simple computational method for shape
reconstruction that overcomes the individual differences between the low cost
sensors. Through this work, we hope to make soft sensors and robots more

widely accessible, enabling deployment in a broad range of applications.

5.1 Fabrication and Sensor Characterization

The following sections describe the design and fabrication procedures for the
conductive composite and a single stretchable sensor. We further discuss two

characterization tests of a sensor to demonstrate its resistive response to stretch.

5.1.1 Carbon Black Composite Preparation

Consumer demand is driving research to combine the flexibility of silicone ma-
terials and electrical properties of conductive filler materials for a variety of ap-
plications [32]. Silicone rubbers have great elongation and tensile strength, and
offer good resistance to humidity and temperature. However, like most poly-
mers, they are electrically insulating at low voltage due to the nonavailability of
delocalized electrons. The majority of conductive composites are produced by
adding conductive fillers, such as carbon black [192], carbon nanoparticles[88]
and nanotubes [34], graphene sheets [184], graphene nanoplates [142] and sil-

ver nanoparticles [34].
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One of the factors that determines a composite’s conductivity and the per-
colation threshold is the concentration of the added conductive filler [192]. For
expensive fillers such as silver nanoparticles and carbon nanotubes, concentra-
tions that reach the percolation threshold are costly. In addition, achieving a
homogeneous and stable dispersion of the filler is crucial to create the network
for electrical transfer, and usually requires a polar aprotic solvent to assist the
dispersion [244]. A variety of dispersion methods [192] and dispersing solvents
have been developed [106] to improve this process. Unfortunately, these tech-
niques can be time consuming and require expensive and high precision tools

such as a ultrasonication bath and the Haake™ torque rheometer.

To address these issues, we demonstrate a fast, simple, accessible, and in-
expensive fabrication technique which yields adequate conductivity for stretch
up to 135%. To lower cost, we chose to disperse low grade carbon black into
Ecoflex™ 00-30 Part A, and embed it into a support material of cured Ecoflex™
00-10. Such carbon composites have previously been demonstrated to have high
conductivity at up to 500% stretch [175]. Because the conductive gel is not cured,
it is possible that Ecoflex silicone with a different shore hardness would work
equally well. We conducted a pilot experiment with a carbon black powder
(VULCAN XC72R) to Ecoflex ™ mass ratio of 1:7 based on the electrical conduc-
tivity reported in [233]. We mixed the carbon black powder into Ecoflex ™ 00-30
Part A with ethyl acetate as the dispersing agent. To further aid the dispersion of
conductive carbon black powder, we applied ~3 hours of continuous stirring at
100 rpm. No additional step is needed to remove the residual dispersing agent
from the composite due to the low boiling point of ethyl acetate of 77.1 °C. To
give an example, a volume of our composite the size of a quarter US coin costs

0.145 USD, as compared to 44.64 USD using EGaln. Although EGaln is a liquid

129



metal at room temperature and can be used in smaller quantities which lowers
the cost of the sensor, our technique is inexpensive, fast, leak-proof, and requires

no prior training because operating high-precision equipment is not needed.

In pursuit of an even simpler and faster fabrication technique, we eliminated
the use of the dispersing solvent and compensated by increasing the filler con-
centration. We increased the carbon black to Ecoflex™ ratio to 1:6 and mixed
it by hand for several minutes. Doing this resulted in an uncured conductive
gel that can be spread onto a polymer surface in a thin layer, as discussed in
Sec. 5.1.2. The cost of making a quarter coin-sized conductive composite with
this technique is only 0.12 USD, saving an additional 18% compared to the pi-
lot experiment. This simplified conductive composite fabrication technique re-
quires no specialized equipment, takes only a few minutes, and is orders of

magnitude faster than other common approaches.

5.1.2 Single Sensor Fabrication

Fig. 5.2 shows the process for embedding the carbon composite in Ecoflex™ gel
to fabricate single sensors. First, we pour a 1 mm thick base layer Ecoflex™
rubber mixed 1A:1B by weight into a mold. To eliminate entrapped air, we vac-
uum degas the mixture before pouring. We cure the silicone for approximately
2 hours at room temperature, or speed up the process by using an oven at 70°C.
After the silicone has cured, we cover it with a laser-cut stencil which is 0.8 mm
in thickness. The stencil is 2 mm wide and corresponds to the width of the sen-
sor. Note that the laser cutter was used for ease, but this stencil could easily

have been cut by hand given its dimensions. Two copper electrodes (20 mm x
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Figure 5.2: Fabrication of a single sensor: a) 15 g of Ecoflex™ 00-10 mixture is
poured into a mold to form a layer of 1 mm thickness. b) The cured Ecoflex
is covered with a mask and the Carbon Black composite is spread across the
channel. c) The mask is peeled off leaving a conductive sensor channel and a
second layer of 10 g of Ecoflex™ 00-10 mixture is poured. d) The membrane
is slowly peeled from the mold. e) The carbon composite is composed of a 1:6
mass ratio of Carbon Black powder to Ecoflex™ 00-30.

5 mm) with wire leads are glued onto the base layer at the ends of the stencil
using Sil-Poxy™ silicone adhesive. Next, using a micro-spatula, the conductive
composite is spread over the stencil, connecting to the copper electrodes. The
stencil is then peeled off and another layer of 1 mm thick Ecoflex™ rubber is
poured on top. The end product is a single channel of conductive composite
embedded in translucent support material. The entire fabrication process can
be finished without the use of expensive equipment or advanced tools in less
than 5 hours; 4 of which are curing time. Note that since the polymer is cured
in a shallow mold, the vacuum chamber step can be skipped by simply pouring
the silicone in a thin layer and popping remaining bubbles by hand with a sharp

instrument.
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5.1.3 Sensor Characterization

To demonstrate the robustness of the sensor, we first characterize its durability
by inflating it once per day for 15 days, and then its repeatability over 30 infla-
tion cycles. Both properties are important to long-term operation of the sensors

which is critical in many applications.

The experimental setup for the sensor characterization tests is shown in
Fig. 5.3a-c. We characterized the single sensor by placing it under a circular
clamp with a diameter of 85 mm and inflating it into a dome structure at ap-
proximately 50 mL / s. We inflate the membrane for 2 s, hold the pressure
for 5 s, and then deflate at the same rate for 2 s. We then wrote a Matlab®-
program to automatically extract the outline of the inflating dome and in turn,
the strain experienced by the sensor during inflation and deflation. The stretch
of the membrane is calculated by dividing the length of the outline of the in-
flated dome over the initial length of the membrane, which peaks at 135%. The
sensor responses were normalized by subtracting and dividing by the initial re-
sistance value recorded before actuation, i.e. while the sensor is not pressurized

and not experiencing stretch.

In Fig. 5.3d, we show the sensor response over an inflation-deflation cycle.
We see that the resistance increases and decreases shortly before the 2 s infla-
tion ends. When the pressure is held constant, the resistance decreases as the
polymer relaxes (shaded in green). After the initial relaxation, the resistance
remains constant as we hold the strain for 5 s. When we start deflation, the
resistance increases (shaded in yellow) and then decreases as the strain on the
sensor reduces. We have yet to determine the cause for the temporary increase

in resistance, however, the effect is apparent and similar in all of our tests.
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To characterize durability we tested 4 membranes once a day for 15 days
(Fig. 5.3.e). The plot indicates several phenomena: 1) nonlinear increase in resis-
tance with increasing stretch. We suspect that the non-linearity can be attributed
to the relaxation effect combined with slight fluctuations in the inflation rate.
2) As the membrane deflates, the resistance first increases (largely due to the
temporary increase in resistance discussed above), and then decreases with de-
creasing stretch. 3) Although the sensors generally behave the same, their raw
response has significant variation. This occurs due to the manual and simple
fabrication process; in Sec. 5.3.3 we show how to account for these differences
to perform shape reconstruction. 4) Finally, we see that each sensor is fairly
durable with a relatively low average standard deviation of 0.11 (£2/€Q) across

all days.

Fig. 5.3.f shows the signal response over 30 successive measurements, i.e.
the repeatability of three sensors. Between each cycle we wait 2 min to mitigate
effects from the visco-elastic relaxation. As the dome inflates, the resistance
increases, reflecting the increase in stretch almost linearly. During deflation,
the change in resistance is almost symmetric around the peak, and we use this
symmetric property to identify the point of contact with objects as described in

Sec. 5.3.3. Again, we see relatively low standard deviation over the 60 trials.

5.2 Tactile Grid

The fabrication of the tactile grid sensor is graphically represented in Fig. 5.4.
Using the same method described in Sec. 5.1.2, we embed two perpendicular

sets of 4 conductive channels in three layers of 160 mm x 160 mm x 1 mm sub-
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Figure 5.3: a) Setup used to characterize a single sensor. b) Overlaid snapshots
of a sensor membrane during inflation. c) Matlab®-generated plot to detect
the membrane outline, i.e. membrane stretch, during inflation. d) An example
of the resistive response (blue) of a single sensor through one inflation-hold-
deflation cycle. The red dashed line indicates the standard deviation over 15
days, during relaxation (green shaded region) and at the beginning of deflation
(yellow shaded region). e) Durability test of four separate sensors over 15 days.
f) Repeatability test of three sensors over 30 inflation cycles. The solid curve de-
notes the average resistance during inflation and deflation; the shaded regions
are the standard deviations.
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strate. We then constrain the membrane by an 85 mm-diameter circular clamp
and inflate it with 50 mL of air. The entire process took less than 7 hours; 6 hours

of which was for curing.

To demonstrate the use of the tactile grid, a user sequentially pressed on
various regions of the inflated membrane. Specifically, we pressed on the six
locations shown in Fig. 5.4a-b. Note that because of the simple fabrication pro-
cedure, all sensor channels experience different initial resistance and behaviors.
We counteract this, simply by subtracting their resistance at rest and normaliz-
ing by this amount. Here, we automatically determine which grid cell is being
perturbed by looking at the two sensor channels with the sharpest increase in
electrical resistance. Obviously, both the sensor and the data processing can be
optimized depending on the specific application, which may include soft user

interfaces, wearable devices, and more.

5.3 Sensitive, Pneumatic Gripper

Although many recent papers discuss how soft robots may distinguish geomet-
ric shapes from one another [73], few touch on the challenge of actually mea-
suring the object geometry [220]. The majority of these soft robots require active
control and sophisticated analysis of the sensor so that it traces around the edge
of the object. Other examples include soft sensors applied to augmented reality,
where, e.g., haptic devices must give information about a virtual object’s shape

and texture [93]. Here, we describe a simple alternative to shape reconstruction.

135



B -ﬂ:‘f"\:/v\, E 6\\’*« ——

0 2 4 6 8 10
—X-Sensor 1 X-Sensor 3 Time (S) —Y-Sensor 1 Y-Sensor 3
—X-Sensor 2 —X-Sensor 4 Y-Sensor 2 Y-Sensor 4

Figure 5.4: a) Fabrication procedure of a tactile grid. b) Resistive response to per-
turbations; touch location can be pinpointed simply by looking for the sharpest
increases in resistance.

5.3.1 Fabrication

Fig. 5.5 shows the steps needed to fabricate the soft gripper. Using the same
method as fabricating a single carbon composite stretchable sensor, we embed
8 channels in a 160 mm x 115 mm X 2 mm substrate. We fold it into a cylin-
drical envelope and seal the rim with Ecoflex™ 00-10 mixture. This envelope is
wrapped onto an acrylic cylinder (100 mm in height and 50 mm radius) to form
an airtight gripper. We then insert a flexible tube for pneumatic actuation. Note,
that the syringe pump was used for experimental ease, but the inflation could
also have been done by hand. The total fabrication time for the gripper array

was no more than 5 hours from start to completion.
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Figure 5.5: Fabrication of the encapsulating sensor. a) 25 g of Ecoflex™ 00-10 is
poured into a rectangular mold to form a 1 mm thickness. b) After the silicone
has set, we laser cut a stencil with sensor patterns and place it on top of the
silicone. The Carbon composite is spread across the laser cut mask and over
the electrodes. ¢) The mask is peeled off and a second layer of 25 g of Ecoflex™
00-10 is poured. d) The membrane is peeled off from its mold. e) The membrane
is folded along its long axis and 1 g of Ecoflex™ 00-10 is applied to join the two
edges. f) The encapsulating sensor is made by wrapping the edges around a
Plexiglass cylinder and attaching a tube for actuation.The gripper is resting at
ambient pressure.

5.3.2 Operation

We use a syringe pump to actuate the pneumatic gripper at the speed of 50 mL
/ s, causing a change in stretch at the same order of that used in the character-
ization of the single sensor (Sec. 5.1.3). Note that using inflation alone would
cause the material to buckle inwards, which would complicate sensor response
and consequently the shape reconstruction (Fig. 5.6a). Instead, we avoid sensor
buckling by only using the membrane under stretch. To sense the geometry of
an encompassed object, we therefore conduct the following steps also shown in
Fig. 5.6b-d: (1) we deflate the gripper for 5 s to reach negative pressure, dilating
the center of the gripper; (2) we hold a negative pressure for 5 s, during which
we insert the object to be measured; (3) we then inflate for 6 seconds, allowing

the gripper to encompass the object fully. Pressure inside the gripper goes from
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Figure 5.6: a) When the gripper is inflated past ambient, it risks buckling which
complicates data processing. b-d) Top and isometric views of the gripper as it
measures an extruded (yellow) shape with convex and concave features. The
red arrows indicate direction of motion.

ambient to negative (deflation and hold), to ambient and then positive pressure

(inflation) subsequently.

The inner diameter of the gripper is 42 mm when fully deflated and is 30 mm
when it reaches ambient. The range of the diameter of objects we can measure
is therefore 30 mm to 42 mm. Fig. 5.7 shows how the inner diameter of the
gripper changes during a sensing cycle. The radius of the opening increases
and decreases almost linearly with time during deflation (v; = AR/t = 1.54 mm
/ s) and inflation (v; = AR/t = 2.12 mm / s). We use this property later when we

estimate the shape of the object.

5.3.3 Shape Estimation

Next, we demonstrate the ability of the gripper to measure convex cylinders
of different diameters, as well as a cylinder with a concave feature similar to a
crescent moon shape. We use a motor-actuated syringe to keep the speed of the
inflation at 50 mL / s, the same as the sensor characterization tests, such that we

can expect similar behaviour of the membrane.
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Figure 5.7: Measurement of the inner radius of the gripper during a
deflation(A)-hold(B)-inflation(C) cycle. The red curve shows the average of five
cycles; the shaded region the standard deviation. The blue dashed line repre-
sents the point at which the gripper begins to buckle as shown in Fig. 5.6a.

To measure the size of an encompassed cylinder, we simply measure the rate
of change in resistance, AR, in each sensor channel at a rate of 136 samples per
second. During ambient to inflation, the sensors experience increasing stretch
which causes increasing resistance; however, as the sensors come into contact
with the object, AR decreases significantly because the sensor no longer stretches
and instead is compressed against the object surface. We automatically deter-
mine when AR changes. Specifically, we look at the readings during inflation
(between 10 to 16 s), smooth the curve using a running average of nine samples,
and then identify the peak in resistance, i.e. when the slopes of the smoothed
resistance curves cross zero during inflation. We approximate the distance trav-
eled by the sensor as the product of v; and total inflation time. Using the speed
of inflation estimated from the experiment in Fig 5.7, we can estimate the tra-
versed distance of each channel. By focusing on when AR changes, rather than
the actual resistance value, we bypass issues related to variations in sensor fab-

rication.
We tested this simple technique on three cylinders of diameter 30 mm, 35
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Figure 5.8: Real (yellow) and reconstructed (gray shape) outlines for circular
objects with varying diameter.

mm and 40 mm. The results are shown in Fig. 5.8. In these experiments, the
mean error of the sensors is 0.7 mm, with a standard deviation of 0.65 mm and
a maximum error of 1.48 mm. Note, that part of this error could be caused by a

slight off-center placement of the object.

To demonstrate the ability of the technique to identify concave features in the
crescent moon shape, we overinflate the gripper past ambient and estimate the
position of the concavity. Fig. 5.9a shows an example of the response of all eight
sensors during a full deflation-hold-inflation cycle. The resistance first drops
as the gripper is deflated; then remains constant as we hold the pressure; and
tinally increases as we inflate the gripper back to (and past) ambient pressure.
During inflation, we notice two behaviors: the rate of resistance change drops in
sensors that are in contact with the object; the rate of resistance change in sensors
that have yet to reach the object exhibit a symmetric quadratic shape around its
peak, which matches the rate of resistance change with stretch characterized
in Sec. 5.1.3. To find the latter automatically, we fit second-order polynomials
to the data 0.25 seconds before and after the peaks (shown in Fig. 5.9b), and

identify the one with the highest symmetry.

Fig. 5.9.c shows the reconstructed shape of the crescent moon at 8 different
orientations. The mean error of the sensors that are touching the crescent is 2.82

mm, with a standard deviation of 0.085 mm and a maximum error of 2.96 mm.
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Note that these sensors all overestimate the size of the object, but have a small
standard deviation. The sensor accuracy could therefore be improved simply
by subtracting this offset. In all eight tests, we are able to correctly identify
the position of the cavity, however, these sensors have a much higher mean
error of 7.26 mm. This happens because at 13 s the membrane starts bulging
and buckling at the top and the bottom, before the sensor positioned by the
cavity comes into contact with the object. Because we can only extrapolate the
dimension of the object by how far the sensor has travelled towards the object,
this makes the calculation erroneous. This issue could potentially be fixed by

changing the thickness across the membrane so that the bulging occurs later.

Finally, although we only focus on rigid objects here, we hypothesize that
the sensors may also work for soft or compliant objects, if their effective stiff-
ness coefficient is more than or equal to that of a fully inflated gripper. A high
stiffness coefficient will ensure that the encompassing the membrane of sensor
will inflate around the object’s perimeter and conform to its circumferential ge-

ometry.

5.4 Conclusion

In this paper, we showed a shape reconstruction technique based on simple, ac-
cessible fabrication methods, supported by customized mechanical implemen-
tations for simple control and processing. We demonstrated that its character-
istics persist over multiple inflation cycles and as the sensor ages. Finally, we
showed how it could be easily customized to fit the need of the user through

a passive tactile array and a gripper for active shape recognition. The main
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Figure 5.9: a) Sensor responses during a deflation (A) - hold (B) - inflation (C
& D) cycle around a crescent moon shape. Membrane buckling occurs in (D) at
the end of inflation. The object is inserted during the hold phase near 6 s. b)
By looking at the symmetric tendency around the peaks in the curve (marked
in red), we can identify which sensor is located by the cavity. c) Real (yellow)
and reconstructed (gray shape) outlines of a concave object in eight different

orientations.
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contribution of our work is to make these sensors more easily adopted (and
developed) by a wide range of researchers and users. The simple customized
platforms we have shown, can be built upon to achieve better performance or

behavior depending on the particular use case.
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CHAPTER 6
COMPLIANT AND SELF-RECONFIGURABLE MODULAR ROBOTS

Modular self-reconfigurable robots are composed of active modules capable
of rearranging their connection topology to adapt to dynamic environments,
changing task settings, and partial failures ([236]). It is desirable to increase
the number of modules to increase the potential for adaptability and redun-
dancy, however, scaling up the collective size poses several challenges ([19]).
Controllers must be capable of efficiently exploring the configuration space and
providing introspection to cope with internal and external changes. The module
hardware must be inexpensive and fast to produce, work reliably, and require
little maintenance. Consequently, isolated efforts to develop scalable control
and hardware do not necessarily result in system-level robustness. Rather, to fa-
cilitate large numbers of robots in the first place, we argue for the importance of
incorporating robustness into all levels of design, and demonstrate how this ap-
proach leads to tightly co-dependent parameters across hardware and software.
In this paper, we discuss our design approach, an early hardware prototype,
and custom controllers. Our focus is explicitly on enabling long-term robust-
ness of an autonomous, self-reconfigurable, modular robot through a hardware-
software design cycle, with the idea that we can build on such a robust platform

in the future to achieve more advanced behaviors.

Fig. 7.1A provides an overview of the measures we have taken to ensure
system-level robustness, and how many of these design decisions carry over
between fabrication, operation, and control. Related to the design itself, system
robustness is mediated by 1) the simultaneous development of hardware and

software; 2) ease of iterations, e.g. through realistic simulation environments
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that let the designer focus on high level behaviors, as well as simple hardware
that supports easy extensions; and 3) open access to permit a wide range of
users and inputs. To support inexpensive, fast, and therefore scalable fabrication
we focus on 1) simple designs with minimal components; 2) mechanical com-
pliance to permit higher manufacturing tolerances; and 3) manufacturing rigs
to support non-expert labor. These design parameters correlate with those of
scalable operation, e.g. because 1) compliance lets modules interact safely with
each other and with external objects; 2) compliance permits large scale connec-
tivity despite poor manufacturing tolerances; and 3) hardware simplicity limits
the risk of failure. Other operation-specific considerations include the ability of
modules to operate, sense, and perceive independently from others; the ability
to stay connected without continuous use of power; the ability of modules to
move in a multitude of ways to overcome partial failures; and the potential to
lower mechanical wear by omitting internally moving parts. All of these design
choices warrant custom controllers and to support system robustness, we focus
on 1) reactive (over deterministic) behaviors that could adapt to dynamic per-
turbations; 2) naive and simple control schemes that scale well with the number
of robots; 3) minimum energy expenditure through efficient path planners; 4)
connection redundancy to avoid single module failures from causing complete
collective failure; and 5) enabling a large configuration space that facilitates sys-

tem adaptability to unforeseen perturbations.

More specifically, we introduce a novel planar, modular robot composed
of compliant modules moving in unison. We refer to the robotic modules as
‘DONUts’” (Deformable Self-Organizing Nomadic Units) for their visual kinship
(Fig. 7.1B-D). To support simple and fast manufacturing, DONUt modules are

composed of a single flexible printed circuit board (PCB) wrapped in a loop and
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Figure 6.1: (A) Interdependent design guidelines centrally motivated by system
level robustness. (B) Simulated DONUts moving along an environmental gra-
dient, where the yellow square denotes the origin of the gradient, and the red
polygons obstacles. (C) DONUt modules with onboard computation, sensing,
and switchable magnets to facilitate collective communication and motion. (D)
Magnets which can be switched to either polarity and off to permit a large range
of configurations.

populated with sensors, actuators, processors, and room for batteries. To miti-
gate wear, the DONUts have no moving parts; rather, they move as a collective
by activating and deactivating Simplified Electro-Permanent Magnets (SEPs) on
their perimeter. These magnets can be polarized in either direction or turned off
to enable a very large configuration space and consequently collective adapt-

ability (Fig. 7.1C). Furthermore, they do not require continued application of
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power to maintain polarization which saves energy. To lower fabrication cost
and risk of errors, we minimize the number of components, e.g. by making
double use of the PCB as a chassis and the SEPs for communication. The pas-
sive compliance introduced with the flexible PCB permits large lattice configu-
rations despite rapid, imprecise manufacturing. The compliance and low driv-
ing voltages also enable the modules to interact safely with each other and with

surrounding objects.

We further develop DONUt-specific coordination schemes, low-level primi-
tives for module operation, as well as an open source simulation environment to
support controller development. We refrain from imposing artificial constraints
on module motion beyond what the hardware is capable of. This means that
the modules operate in a grid-free environment and can achieve a much larger
set of connection topologies to adapt to the task at hand. Towards real-world
operation, we furthermore focus on reactive configurations, rather than prede-
termined shape transitions as is common for modular robots. Specifically, in a
simulated energy harvesting scenario, we investigate how such modules may
perform gradient tracking towards a light source in clutter-free and cluttered
environments (Fig. 7.1D). We choose this specific task, because it supports re-
active and scalable behavior and because it highlights the benefits of grid-free
operation. To evaluate the performance, in terms of path efficiency, of our con-
trollers, we compare them against paths generated by an all-knowing Oracle
planner in clutter-free environments. We explore a locally optimal A* search-
based controller and how we may incentivize redundant connection topologies
for more error-tolerant operation. We compare this to a “naive” iterative control
scheme that scales better with the number of modules in both computation and

memory, finding comparable performance. We further discuss particular con-
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nection topologies which may impede progress due to the hardware-specific
motion constraints, and show how these may be circumvented using the naive
controller. We also allude to how energy expenditure is used across modules
in the collective, which is an interesting area for future work. In this paper,
we focus only on centralized coordination, however, all of the methods may be

adapted for decentralized coordination at the expense of communication.

Although more work is needed to demonstrate full-scale practical collective
operation, the work in this paper illustrates the highly interdependent design
choices that lay the foundation for a scalable and robust modular robot. The
following sections detail 1) related work of both controllers and hardware; 2)
a hardware prototype composed of compliant modules with individual com-
putation, communication, sensing, and collective motion; 3) an inexpensive,
quick manufacturing process for both modules and components, based on pre-
populated, flexible PCBs and a rapid SEP winding mechanism; 4) a charac-
terization of module deformation, mobility, sensing, and communication; 5)
an open source kinematic simulation framework for the DONUts informed by
low-level motion primitives and experimentally obtained sensor performance
characteristics; and 6) a comparative study of two controllers for efficient and
error-tolerant gradient tracking with the DONUts in environments without an

occupancy grid.

6.1 Related Work

The framework described in this paper combines and builds on findings from

many sources spanning both hardware and coordination. In the following sec-
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tions, we describe these in turn.

6.1.1 Modular Robot Platforms

Past research on hardware for modular self-reconfigurable robots includes de-
sign of inexpensive and durable mechanisms for actuation, docking, communi-
cation, and power distribution ([19]). Low maintenance requirements are espe-
cially important for this class of robots, as they scale linearly with the number
of modules required. Module cost and fabrication time are equally important
factors, but are somewhat mitigated by the fact that unit price decreases sig-
nificantly with mass fabrication. Additionally, the module weight and stiffness
determines both structural stability and how many modules can be moved at

once.

The majority of modular robots consist of rigid components assembled into
either a fixed form factor ([41, 60, 80, 253]), or into modules which can ac-
tively deform to produce motion ([98, 81, 78, 167]). Recently, merging with
soft robotics, pneumatically-driven modules with infinite degrees of (passive)
freedom have also been shown ([207, 95]). These have the benefit of overcom-
ing small manufacturing defects that otherwise scale poorly in large lattice-
structures. The most successful demonstrations of these robots currently rely
on traditional electro-mechanical actuators for reconfiguration, such as DC mo-
tors ([41]). However, researchers are also exploring designs that require fewer
components and 1) have no internal moving parts which are prone to wear
([253, 207, 60]), 2) rely solely on collective motion over individual module mobil-

ity ([98, 60]), and 3) exploit non-mechanical latches, such as switchable magnets
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([253, 57, 60]), electrostatics ([81]), and meltable plastic and alloys ([194, 130]).
Note that the last two options are superior for connection strength, but require
high voltage generation or power usage, respectively. The DONUts are in-
tended for rapid reconfiguration, standalone operation, and will not experience

high tensile force, therefore we base our design on switchable magnets.

Currently, the closest ‘relatives” of the DONUts are the Catoms ([60]) and
the RoboPebbles ([57]), both planar modular robots. In the former, round, rigid
modules can move in six discrete steps around each other using switchable mag-
nets. This is still an active research platform, especially in terms of controllers,
power, connectors, and communication ([129, 151, 87, 21]). The DONUts rely on
a similar means of locomotion, but are compliant, simpler to manufacture, and
have the potential to be tetherless. The RoboPebbles are small form-factor cubes
with switchable magnets used both for inter-module docking, power transfer,
and communication; module movement comes from external forces. They in-
volve a quick manufacturing procedure by wrapping a flexible PCB around a

rigid frame, enabling deflections to overcome manufacturing defects.

It is worth noting our specific choice of an SEP docking mechanism. In
the Catoms and RoboPebbles, the switchable magnets were electromagnets and
electro-permanent magnets, respectively. The former has high power consump-
tion when on, and the latter can only be switched off or on in one polarity.
To limit power consumption and to permit a wider range of configurations
(Fig. 7.1C), we instead leverage SEPs ([253]) which can switch polarities and
be turned off. We further explore different SEP designs to lower module weight

and enable stand-alone operation.

In summary, the design of the DONUts combines many of these past find-
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ings, including: 1) passive module compliance to overcome manufacturing de-
fects, 2) collective motion via switchable magnets to decrease mechanical wear,

and 3) a very simple fabrication process to improve system scalability.

6.1.2 Coordination of Modular Robots

Path planners for modular, lattice-based robots typically focus on shape tran-
sition, i.e. how to plan admissible and energy efficient paths for all modules
from one configuration to another ([211, 140]). Past literature on reactive re-
configuration to reach a goal in a cluttered environment is much more sparse,
but has been shown with slime mold-inspired, crystalline, and prismatic mod-
ules ([98, 78, 167, 20, 89]), through coupled oscillators, traditional path planners,
and cellular automata respectively. All of these were based on distributed con-
trollers and hardware with active degrees of deformation to help the modules

move.

In contrast, the DONUt modules briefly presented in [24], have only passive
compliance. Although this passive compliance is not currently part of our sim-
ulation framework, the presented control algorithms are only dependent on the
connection topology and sensed objects, not the actual robot morphology, and
could therefore work on the real hardware. We reason further about the benefits

of module deformability and strain sensing in [27].

The majority of research has focused on distributed controllers, e.g. through
agent automata and globally imposed, or module-generated, gradients ([20,
187]). Centralized path planners for optimal shape transition become computa-

tionally intractable as the number of modules grow. This is typically overcome
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through careful preplanning ([41, 212]) or sub-optimal planners dealing with hi-
erarchical layers of modules ([16]). The planning is further simplified through
discrete occupancy grids (triangles, squares/cubes, and hexagons/rhombic do-
decahedrons). Controllers for the Catoms, for example, typically discretize the
world into hexagonal cells([211, 16]). Although this approach is convenient
mathematically, it also artificially limits the set of achievable configurations,
which becomes especially critical in modules that are dependent on others to

move.

Here, we explore centralized control schemes which adds no constraints on
the module configuration beyond what the hardware is capable of. Similar to
[98] and [78] we do not divide the world into a fixed occupancy grid, however,

each module does have a finite set of connection points.

Also, similar to many past controllers, path admissibility is ensured through
a globally connected topology and consecutive movement of modules. Central-
ized controllers can suffer from a single point of failure and requires the need of
a global sensor (or global communication), however, the algorithms we present
rely on knowledge and plans which could be computed locally to overcome

such weaknesses, at the expense of added synchronized communication.

6.2 Module Design and Characterization

We start by describing the SEPs, as they dominate the module infrastructure,
power consumption, weight, and assembly time. We then detail the remainder
of the hardware (Fig. 6.2A), characterize the module ability to move, deform,

communicate, and sense, and end with a discussion on scalability. As previ-
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Figure 6.2: (A) A module PCB (unwrapped) and three modules (wrapped). The
white dashed lines indicate (i) flexible and (ii) rigid regions due to the place-
ment of components; IR sensors and amplifiers are not mounted in this photo,
similarly, a few external wires appear only for initial debugging and powering
purposes. (B) SEP driver and communication circuit.

ously mentioned, our design considerations are based on enabling long term,

stand-alone operation.

6.2.1 Docking Mechanism

SEPs consist of a low coercivity magnet wound with a copper coil and finished
with ferrous end caps to induce and guide the magnetic field, respectively. By
sending a high current pulse through the coil we can orient all the dipoles in
the core to change its overall polarity; by applying a pulse of lower current
magnitude, we can effectively turn off the magnet (Fig. 6.3A inset). SEPs are
advantageous for modular robots because 1) they have no internally moving
parts which limit wear, 2) they remain polarized without continued supply of
power which lowers maintenance, 3) they can be used for both movement and
communication which minimizes the number of components, and 4) they can
switch between opposite polarizations and off which supports a large range
of module configurations. This section details our first SEP design and how it

relates to the rest of the module design.
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The SEP design considerations include part accessibility, the magnet geom-
etry and coercivity, the geometry of the end cap, the number of turns in the
coil, the wire gauge, and the amount of energy that can be transferred to the
coil, which in turn is dependent on the supply voltage, series resistance, and
pulse duration. These considerations come with trade-offs: a stronger SEP will
facilitate better bonding strength and require fewer on-board SEPs needed for
actuation, whereas a weaker SEP weighs less and can therefore work on a lower
weight module that is easier to move. Our SEP design is based on a careful bal-
ance of these parameters. Small-scale, off-the-shelf, low coercivity magnets are
rare and therefore the availability of these dominated our design. We decided
on a magnet made of AINiCo grade 5, with a length of 3/8” and a diameter
of 1/8”, available from Magnet Kingdom. The end caps are made of steel and

manually cut to the dimensions 4x4x1.5mm.

A high energy pulse, and therefore a high supply voltage, is needed to flip
the dipoles in the AINiCo magnet. To keep the modules light weight, small,
and mobile, we target a single cell Lithium Polymer on-board battery with a
3.7V output. To activate the SEPs, we boost the battery voltage from 3.7V to
26V, using an AP3012KTR boost converter with ~80% efficiency. To avoid dam-
aging the battery, we first charge a capacitor bank C = 1mF slowly (over 75ms),
and then discharge rapidly from this bank into the coil. We choose ceramic ca-
pacitors to provide a low Rggg. There are four 22uF capacitors in parallel placed
next to each SEP. Our circuit design is modular, such that the capacitor bank
can be discharged into any combination of SEPs simultaneously depending on
the actuation sequence desired (Fig. 6.2B). The maximum charge, Q, that can be
sourced from the bank is given by: Q = CV = 27.5mC. We used this circuit to

help us find the remaining parameters of the SEPs experimentally.
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Figure 6.3: (A) SEP pull force when placed against a steel bar versus the number
of coil turns (five trials each). All measurements were taken by polarizing the
SEP in one orientation with a strong magnet, then depositing a constant charge
to flip the polarization. The insets show how the SEPs work conceptually, by
changing the orientation of dipoles in the AINiCo-material. (B) Pull force for
an SEP with 100 turns, 40 AWG wire, and 4 mm end caps. Each measurement
was done by first orienting all dipoles in one direction (using 11 charges), and
then depositing a number of charges in the opposite direction. (C-E) Concep-
tual movement by module i (red illustrates the position of the SEPs, blue those
related to the move). (C) Rotating-motion, i.e. counterclockwise rotation of i.
(D) Rotating-translating motion, i.e. counterclockwise rotation and translation
by i to the adjacent SEP on j. (E) Gear-like motion, i.e. clockwise rotation by i
along the perimeter of j.

Knowing the magnet material and dimensions as well as the available
power, we next focus on the coil. Specifically, the achievable SEP pull force
is directly dependent on the amount of current we can push through the coil,
which in turn is dependent on the number of coil turns (or inductance) and the

resistance in the coil:

I = V/Rgsg(l — eResw/ly (6.1)

where V is the SEP supply voltage, Rgsr is the series resistance in the supply R,
plus that in the coil R;, L is the inductance of the coil, and ¢ is the time since the
charge started. Thicker, longer wires however produce diminishing returns due
to 1) the maximum steady state magnetization strength of the AINiCo rod, 2) the
limited power available, and 3) the fact that the copper adds to the weight of the

module which in turn increases the necessary pull force to produce motion.
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Through a number of experiments to evaluate weight versus magnet
strength, we decided to settle for 40 AWG (American Wire Gauge) copper wire.
Fig. 6.3A shows how the number of turns with this wire affects the SEP pull
force. F,.. was measured between an SEP charged with the circuit described
above and a steel bar, using a micro load cell rated 0-780g from Phidgets Inc.
As expected, F,,, increases with an increasing number of turns, until R, starts
to limit 7. With 100 turns, we found F,,, = 1.11 + 0.15N. We then measured
how the pull force was affected by the number of times an SEP (40 AWG, 100
turns) was charged after being fully polarized in the opposite direction, shown
in Fig. 6.3B. We found that the SEP reaches maximum pull force after being
charged approximately 5 times. These SEPs weigh 0.95g, with the coil and end
caps contributing 0.15g and 0.30g, respectively. With 12 SEPs located around the
perimeter of a 46mm diameter module, the weight of a full module is around
20.9g without a battery and 25.4g with one; i.e. the 12 SEPs make up approxi-
mately 45% of the full module weight. Based on the experiments above, we use
5 consecutive capacitor bank charges to flip the polarity of a SEP and 1 to simply
turn it off. As part of future work, we hope to perform a model-based analysis
to find more optimal parameters, with the aim of increasing the SEP strength,

while decreasing the total module weight.

6.2.2 Actuation

To move the modules, we make two assumptions: First, the moving module
moves only itself. Second, the module it is moving around is connected to many
other modules keeping it relatively stationary. To move on a neighboring mod-

ule, the moving module has to first inform the other about its desired move and
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polarity. If the module is transitioning between two modules it needs to ask its
neighbor to pass the message along to the following module. We target several
types of motion including on-axis rotation, rotation-translation, and gear-like
rotation, as shown in Fig. 6.3C-E, respectively. We imagine that the latter two
modes are useful for general motion, and that the former is of use if a particular
module sensor is broken, or if the collective wants to take more measurements
from slightly different angles. We anticipate that a combination of these motion

abilities will support system-level robustness.

We found that rotation around the module axis is possible through the fol-
lowing sequence: 1) [S-O-N-N; N-5-5-N], 2) [S-O-O-N; N-5-5-N], 3) [S-N-O-N;
N-5-5-NJ; and 4) [S-N-5-N; N-5-5-N], where N, S, and O corresponds to north,
south, and off, respectively. When enabling these types of motions we used a
total of 11 capacitor bank charges to make sure that an SEP was polarized to
the desired state. We further found that rotation-translation is feasible by con-
ducting the following sequence of polarity switches: 1) [X-N-S5-X; X-5-5-X], 2)
[X-N-N-X; X-5-5-X], 3) [X-5-N-X; X-5-5-X], where X corresponds to any state. In
step 1, the modules are connected between locations 2 in the array, and in step 3
between locations 3 in the array. This type of motion requires a total of 10 capac-
itor bank charges. We conducted a reliability test of the translation motion, and
found that the module was able to successfully move 48 out of 50 times when
no external forces were applied (Fig. 6.4A). It should be noted that in these two
experiments we used external power for experimental ease, but both tests were
performed with the weight of a Li-Po battery on-board. It is also important to
note that these moves require only one module to activate its SEPs. Therefore,
although modules must first agree on the upcoming move with their neighbor,

a movement does not require synchronous behavior.
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Figure 6.4: (A) Module moving about another module, with motions as de-
scribed in Fig. 6.3C. (B) Motion of compressed modules, with rotation similar
to that described in Fig. 6.3D. (C) Characterization of module deformation, con-
ducted by placing weights on a module.

Finally, we found that the current hardware only facilitates gear-like rota-
tion in two scenarios: either when external compressive loads are applied as
shown in Fig. 6.4B, or when approximately half the weight is removed from the
modules. More generally, we found that friction is an important factor in de-
termining the motion that a module is capable of and that it is dominated by
acceleration due to fast SEP switching. The acceleration, in turn, is determined
by module inertia. According to Steiner’s theorem, the inertia required for the
module to move about a point on its perimeter is: 7 = I, + mr?, where I, is the
inertia for the module to rotate about its own axis, and m and r are the module
mass and radius respectively. Therefore, if given the chance, the module will
spin around its own axis, rather than travel along the perimeter of another. In
future work, we hope to enable gear-like motion via the following approaches:
1) an in-depth study and optimization of SEP and module parameters, 2) syn-
chronized SEP switching in neighboring modules, and 3) addition of friction
tape along the module perimeters to make on-axis rotation more energy con-

suming than translational motion.
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6.2.3 Passive Deformation

The passive module deformation is useful both to enable large-scale configura-
tions beyond what manufacturing tolerances would allow with rigid modules,
and to permit modules to interact safely with other modules and their environ-
ment. For completeness, we characterize the deformation modules are capable

of.

The components on the flexible PCB are spaced to produce rigid zones, and
flexible zones in between the SEPs (Fig. 6.2A). This means that when a static
external load is applied to a DONUt module, it deforms by an amount propor-
tional to the load. Beyond guiding the magnetic field, the SEP end caps also
function as a mechanical stop which prevents pinching that could permanently
deform the PCB. Therefore, when the load is released, the module reverts back
to its original shape, exhibiting spring-like behavior. The effective spring con-
stant of a DONUt module was experimentally obtained by applying increment
amounts of weight on a flat surface lying on top of a sideways module. The
constant is calculated from Hooke’s law: F = —k,Ax. The term k, refers to the
effective spring constant and Ax is the change in length when a force, F, is ap-

plied. We found k, = 28.01 + 2.85N/m (Fig. 6.4C).

The looped PCB, of course, does not behave like a perfect spring, and the
change in deformation between increment weights decreases slightly with in-
creasing load. This is due to an increasing effect of the rigid zones on the defor-
mation of the module as they are pressed closer to each other at the right- and
left-most edges of the module, corresponding to the areas of highest curvature.
It should be noted that if the load was dynamic with non-negligible momen-

tum, impact, or vibrations, then the geometric response of the module would
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be quite different, and it is possible that this effect may be exploited in future

work.

6.2.4 Computation

Our choice of controller, ATmega328, coincides with those of the Arduino plat-
forms which are very popular in the do-it-yourself community, again aligning
with our philosophy of lowering the barriers to entry for diverse researchers
and developers to help increase system robustness. To provide a sufficient num-
ber of control pins, each DONUt module has two ATmega328 microprocessors
running on their internal 8MHz RC oscillator, with 2KB SRAM and 32KB EEP-
ROM. The first processor controls SEPs 1-7 and three IR transceivers; the sec-
ond, SEPs 8-12, one IR transceiver, and all SEP communication channels. The
two processors communicate via UART. The software for low-level control of
all peripheries take up just 2.3% of the SRAM and 6.5% of the EEPROM, leav-
ing the majority of static and dynamic memory for the controllers described in

Sec. 6.4.

6.2.5 Communication

As previously mentioned, we simplify the design by making double use of the
SEPs for actuation and module-to-module communication. Restricting the com-
munication range is a commonly used method to avoid bandwidth problems as
many asynchronous modules try to communicate( [164]). When two SEPs lo-

cated on separate modules are in contact, they can communicate locally as fol-
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lows. The capacitor bank is first charged to maximum capacity. Bits are then
transmitted using electromagnetic induction; i.e. the transmitter encodes bits in
pulses of current, which are received by the neighboring SEP via induced cur-
rent in the coil. The receiver then decodes these (weaker) pulses into bits. The
current communication protocol is able to send a packet of 4B at a rate of 5 kbps

on a single capacitor bank charge.

We developed our own protocol to facilitate communication with bits en-
coded in pulse length: A ‘1" is approximately twice the length of a ‘0" (Fig. 6.5A
top). This encoding simplifies synchronization because we can treat any bit like
a clock signal, and use a simple schmitt-trigger coupled to a timer input com-
parator on the processor to decode the package. A transmission is started with a
‘1’, and bits are sent from least to most significant. The main limitation in baud
rate is the time it takes to charge the capacitor bank. Fig. 6.5A bottom shows the
decrease in transmission voltage as a (worst case) package of all ‘1’s sent, and

the capacitor bank discharges.

To test communication reliability, we cycled through a transmission of all
possible characters between two SEPs. We found the error rate to be 1 flipped
bit per 1000 bits. This issue may be addressed by adding in one or more parity

bits for a slight decrease in throughput.

6.2.6 Sensing

Sensors allow the modules to interact intelligently with their environment. Al-
though we focus on simple IR sensors for gradient tracking and obstacle de-

tection, it is relatively easy to modify the module design to fit different sensors
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Figure 6.5: (A) Top: Communication packet between SEPs. Received (orange)
and transmitted (blue) message of a start bit, “1’, followed by two ‘0’s. Bottom:
Decrease in voltage over the capacitor bank as a package of all “1’s is sent. (B) IR
transceiver circuit. (C) Experimental setup to measure module field of view. (D)
Top view of the experimentally measured sensor coverage in a module. (E) IR
intensity map (bright values correspond to close objects and reach a maximum
of 498 bits; dark values correspond to 0 and no measured signal).

because it only involves a slight re-routing of the PCB.

Currently, each module is equipped with four infrared emitters (OP140A)
and four receivers (LTR-301) operating at 935-940nm (Fig. 6.5B). For full spa-
tial coverage while keeping the number of components small, these 8 compo-
nents are spaced equally around the perimeter of the module, and have a radial
emission angle of 40° and a relative sensitivity around 20°, respectively. The
outputs from the receivers are multiplexed into the analog to digital converters
(ADC) on the processors. To measure the distance to an object for instance, we
turn on the relevant emitter and multiplexed channel, and subsequently read
the ADC value. We experimentally tested the distance sensors using the setup
in Fig. 6.5C. Fig. 6.5D shows a top view of the module coverage pattern and
Fig. 6.5E bottom shows the raw values from the sensor. Although every mod-
ule will have a slightly different coverage dependent on the manual mounting

of the sensors, even small objects should be visible before contact. In [27], we
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discuss how to use this ability for object shape estimation.

6.2.7 Power

A DONUt module can fit up to three single cell 0.15Ah Li-Po batteries from
E-flite, weighing 4.5g and measuring 45x12x8mm each. The module has the
ability to measure its own battery level to support more intelligent collective
behaviors as further discussed in Sec. 6.4. The vast majority of energy spent
in a module is on actuation and communication. As a rough estimate, a single
battery should be able to support E,,/(.5C V?) = 6000 capacitor bank charges.
Given that a single gear-like move requires 11 capacitor bank charges, this cor-
responds to a full travel length of 12.9 m or 280 module diameters (with no com-
munication). Beyond improved movement, future work will target integration

of solar cells to support longer term operation.

6.2.8 Scalability

As argued in the introduction, a focus on individual module robustness sup-
ports large scale robot collectives, which in turn enables system-level robust-
ness. Here, we discuss the current state of the modules in terms of cost, fabri-
cation time, and maintenance, and how these may be improved to make large

scale DONUt collectives feasible.
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Cost

As we have yet to optimize for cost, a single module is priced around 587 USD.
The biggest cost stems from the 2-layer flexible PCB (468 USD quote from Ad-
vanced PCB), the 48 ceramic capacitors (46 USD), the 12 MOSFET drivers (17
USD), and the 12 SEPs (12 USD). The remaining 44 USD stems from compo-

nents, such as processors, LEDs, resistors, etc.

There are several ways to lower the price of low-volume module fabrication.
The cost can be reduced drastically by picking a cheaper PCB manufacturer
(the lowest quote was just 90 USD, but had a longer lead time), or by taking
advantage of the recent progress in Inkjet printable flexible PCBs ( [82]). The
latter reports a drop in price to 10 USD per meter of film, which would leave
the cost of the PCB to be negligible compared to the other parts in the module.
There are also cheaper alternatives to the current capacitor banks; we could,
e.g., use fewer, but larger OSCON capacitors similar to those used for flash in
cameras. To give an idea of how the price scales with mass fabrication, the price
of the current (non-optimized) component list drops from 119 USD/module to
52 USD/module when ordering for 1000 modules. We aim to produce a second
version of these modules with a price point around 50 USD, placing them in a

similar range to the cheaper modular robots in literature ([19]).

Fabrication

One of the key benefits of the DONUt module design, is the reliance on a sin-
gle PCB which supports imprecise, rapid, and inexpensive manual assembly of

both SEPs and wrapped PCBs. The largest time sink for the fabrication is com-
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Figure 6.6: 3D printed, manual winding device for rapid production of SEPs.
The SEP is mounted into the black piece with a screw; the spring keeps the wire
from a spool taught during winding, similar to the mechanism on a sowing
machine. A full turn of the red wheel adds roughly 100 turns to the SEP.

ponent soldering; currently, one PCB takes around 5 hours to solder by hand.
In the future, we hope to have the majority of the PCB pre-populated at a man-
ufacturing house. To get a rough estimate of how this would trade off cost for
lowered assembly time, we requested a quote from Advanced PCB which came
to 30 USD/module for an order of 1000 modules. We expect that this cost can be
lowered with a more thorough search of vendors, a longer requested lead time,
and the right choice of components. The current capacitor bank, for example,
consists of many components in parallel; it would be beneficial to replace these

with a few, larger capacitors.

If the PCB assembly is outsourced, that leaves the following steps for in-
house assembly: 1) SEP manufacturing, 2) attachment of SEPs and batteries,
and 3) flexing the PCB into a loop. Of these three, only the first two take any
considerable amount of time. The process is as follows. First, the magnet is
glued to the steel end caps with super glue; then the assembly is inserted into
our winding rig shown in Fig. 6.6. The gears in the rig are dimensioned such
that a single turn of the red wheel by hand adds 100 turns to the coil. This
entire process, including PCB mounting, takes at most 4 minutes per SEP, i.e. 48

minutes per module.
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Maintenance

The maintenance requirements of modular robots stem from mechanical wear,
the ability of a user to operate (start, stop, and program) all modules with a
global command, the module battery life time, and the reliability of individual
components. We address each factor in sequence. 1) DONUt modules have
no internally moving mechanical parts that can wear with use, and have no
loose wires or connectors that may break over time which tend to be one of the
bigger problems in small electro-mechanical devices. 2) In future versions, we
may explore better parallel operation, enabling user control through a single
IR source similar to past platforms ([164]). 3) In the future we may optimize
the maximum possible travel distance per module through integration of solar
panels on the PCBs. Although this type of power harvesting will be slow, it fits
this particular style of robots well: only perimeter modules in large collectives
are able to move which causes a spiraling migration pattern where the majority
of modules at any one point in time remain stationary (further discussed in
Sec. 6.4). 4) Although more thorough tests are needed, we tested 50 moves in a

row without any component faults.

6.3 Simulation Environment

We have developed an open-source simulation platform in Matlab® to support
general access to development and testing of control schemes for the DONUts
modular self-reconfigurable robot (https://github.com/njw68/DONUts_
Simulation). The framework permits programmers to easily test large num-

bers of modules operating in varying degrees of clutter, and perform structured
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Figure 6.7: (A) DONUt simulation framework. The user specifies the high-
level planner, which makes use of low-level primitives. When actions and
messages are computed, the framework automatically reevaluates relevant vari-
ables, feeds these back to the controller, and logs the state of the world for later
debugging. (B) Checking if a module (in grey) can move. Left: i satisfies props.
1 and 2, but violates 3. Right: i satisfies props. 1 and 3, but violates 2, as de-
scribed in Sec. 6.3.1.

analysis of system resilience to signal noise and component failures. The sim-
ulation incorporates gear-like motion (Fig. 6.3D), connections, sensing range,
and message passing. Module compliance, friction, and inter-module forces are
not integrated at present. The software is written such that the user can focus
on implementation of high-level control schemes, while lower-level primitives
like those needed to identify obstacles, connections, and viable motions are ab-

stracted away. An architecture overview is shown in Fig. 6.7.

A programmer can experiment with path planning in cluttered environ-
ments with their choice of the number of modules and the amount and com-
plexity of the clutter. The simulation framework may be easily modified to sup-
port other task settings and distributed algorithms as well, similar to how we
used it in [27]. Upon initialization, the programmer may specify the number of
modules, the target location, and either pre-determined or randomly generated
obstacles with a user-specified size. The software can generate either a rect-
angular or a random configuration of interconnected modules; it can also run

a random initial configuration, where each of the aforementioned variables is
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randomly generated.

6.3.1 Module Primitives

Next, we introduce several low-level behaviors to support operation of the

DONUts.

Motion restrictions

To determine whether module i can physically move, we make three successive

checks related to the following properties:

1. iis connected to at least one other module, such that at least one c;; exists,
where ¢;; is the set of connection positions on i between i and j. j refers to

the set of modules that are connected to module i and ¢;; € [1, ..., 12].

2. Connections to other modules are contained within 180°, i.e. the module

has five consecutive free connections.

3. Movement will not disrupt global connectivity of the modules.

The first property relates to the fact that modules cannot move on their own;
the second to the fact that they need physical clearance to move; the third check
ensures a cohesive collective (Fig. 6.7B). The latter is done by checking for loops
in the connectivity graph; i.e. we pass a message to all neighboring modules
to see if it can loop back to the origin without passing the same edge twice.

After verifying these properties, we compute the possible movements (clock-
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wise (CW) / counterclockwise (CCW) / both) taking into account the presence

of other modules and obstacles in the environment.

Motion

To physically move a module, it must pass a message to the neighbor which it is
rotating about to prepare the next connection (i.e. switch on the correct magnet
with the correct polarity). The attraction of the two successive magnets, along-
side the repulsion from the previous connection point will propel the module
forward. The geometric movement of each module is a function of the center of
the module about which they are moving (Fig. 6.3B). We can compute the center

position (x, y) of a moving module by Eq. 6.2:

, o -
cos(; + E(Cﬁ + u))

=1 +2r (6.2)

) 2n
_Sll’l(gj + E(Cji + I/l))—

The terms i and j refer to two adjacent modules; module i moves about the
perimeter of stationary module j. R is the module radius, 6; is the orientation
of j with respect to the world reference frame, and cj; is the magnet position
of the connection between j and i on j, where c;; € [1,...,12]. The term u is the
control input for i which determines whether i will move CW or CCW about j’s
reference frame, u € [—-1,0, 1]. When u = —1, i moves CCW about j;,whenu =1, i

moves CW about j; and when u = 0, i remains static at its current location.

To keep track of modules and their orientations, we allocate specific IDs to

every magnet on the perimeter, and map these to relative IDs as they rotate.
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An array stores the position of the magnet ID with respect to the inertial frame
of reference. Initially, all modules have magnets mapped one to one, such that
magnet 1 is at position 1 (¢; = 1), magnet 2 is at position 2 (c; = 2), etc. When
a module moves CCW about another, the moving module’s magnet positions
are updated by —1, such that ¢, = ¢, — 1, k € {1, ..., 12}. Similarly, CW movement
results in updates by +1. A check ensures proper rollover when surpassing 1
and 12. The software updates all magnet positions, ¢, through the module’s

control input, u:

c(t+ 1) = (ep(®) + u) (6.3)

After the movement has occurred, the module may find itself near new
neighbors. To determine the presence of such neighboring modules, a module
will briefly activate all connection points, transmit its ID, and await an acknowl-
edge message. In general this sequence needs to be performed only by a module
after movement. However, it is possible that occasional checks by all modules

to verify their connectivity will improve system robustness.

6.4 Module Coordination

Translating algorithms developed in simulation to real hardware often requires
considerable effort. However, such simplified simulations may still be used to
quickly iterate the overall coordination methodology as well as to illuminate
non-intuitive pitfalls related to the hardware design. In this section, we discuss
important findings related to robust coordination of many DONUt modules for

gradient tracking, introduced by the hardware-specific constraints. Gradient
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tracking is a robust and potentially scalable basic behavior necessary for naviga-
tion in coordinate-free environments. This behavior may support applications
such as identifying the source of chemical spills or simply navigating towards a
source of light to harvest power. We introduce controllers for gradient tracking
in clutter-free and cluttered environments, using the available sensors described
in Sec. 6.2 and building on the simulation framework and the low level primi-

tives introduced in Sec. 6.3.

Specifically, we introduce two types of controllers towards robust collective
behavior: an A* search-based controller and a more naive, iterative controller.
We discuss implementation details, and compare these in terms of complexity
and optimality with respect to the number of module moves which directly im-
pacts energy efficiency and maintenance. To produce a benchmark for ‘optimal
behavior’, we also introduce an Oracle planner with complete knowledge of
the world. Beyond control methodologies, we discover and discuss a type of
connection topology that generally impedes progress along the gradient, and

discuss how to avoid this with the naive controller.

Intuitively, sophisticated controllers should not be necessary for gradient
tracking as every agent in the collective can simply navigate according to the
local gradient. Here, however, we target controllers that advance the entire col-
lective efficiently towards the gradient source. Note that, because 1) we enforce
a globally connected collective, 2) modules cannot move on their own, and 3)
only perimeter modules are capable of moving, this is not a simple problem.
Were we, for example, to perform a naive graph-search across all possible moves
of a state in which ten modules are configured in two adjoining rows, this state

would have twenty children for a single module move. In other words, the
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Figure 6.8: Five examples of the test scenarios for controller evaluation. (A)
Randomly generated initial configurations (TS2). (B) 5 randomly generated ob-
stacles with randomly generated positions in the path to the goal (TS3).

search space quickly becomes intractably large.

To evaluate our controllers, we use different subsets of the following three

scenarios:

o Test Scenario 1 (TS 1): 10 modules starting in a cluster 10 module diameters

(20R) from the goal in a clutter-free environment.

o Test Scenario 2 (T'S2): 10 modules starting from 10 random configurations

20R from the goal in a clutter-free environment (Fig. 6.8A).

e Test Scenario 3 (T'S3): 10 modules starting in a cluster 20R from the goal in
an environment with 5 randomly generated and randomly placed obsta-

cles (Fig. 6.8B).

Note that, unless otherwise noted, we abort runs which exceed ~7,000 states;

furthermore, we limit the scope to sequential module movement.
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6.4.1 Oracle Path Planning

To provide a baseline against which our centralized controllers can be com-
pared, we implement an Oracle planner that computes an optimal path in terms
of module moves to a global light source, given complete knowledge of its en-
vironment. This planner is based on A* graph-search, where the nodes in the
graph correspond to the state of the robot (i.e. the location of all DONUt mod-
ules) and the edges correspond to module moves. The cost of a node, cost., is
calculated as the number of moves it takes to get to that state. To search the state
space efficiently, we compute an admissible search heuristic, &, expressed in
module moves, and prioritize nodes with lower total cost: costy = costyue + h.
The combination of graph-search and an admissible heuristic allows us to prune
the large search space and return globally optimal results ([168]). To ensure that
the modules cluster around the light source, we complete the search when the
distance from the collective center of mass (COM) to the goal is within two mod-

ule radii, 2R.

We examined two heuristics in terms of search space efficiency. The first
heuristic, hy, is based on the intuition that it is beneficial for the collective to
quickly align their orientation with the highest gradient. To do this we make h,
a function of the euclidean distance between the module with the highest mea-
sured light intensity (corresponding to the lowest distance to the goal, D,,;,). We
compute the number of moves it would take one module to travel this distance
and multiply by the total number of modules in the collective, N, i.e. iy = ND,,.
The second heuristic, £, is more generally based on the intuition that all mod-
ules need to move towards the goal. We make %, dependent on the euclidean

distance between the collective’s COM and the goal (7, = NDcoy). Because
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Figure 6.9: (A) Performance of Oracle planner in TS1 with heuristics iy = NDyn
and h; = NDcoy. (B) Histogram showing the number of states in the graph-
search frontier at convergence using 4, with 55 random initial conditions. (C)
Examples of the runs shown in (B). (D) Example condition that leads to slow
search behavior.

modules actually have to travel around the perimeter of other modules to reach
the goal, the straight line distance is an underestimate of the true distance and

results in an admissible heuristic.

We found that &, far out-competes A in terms of search space efficiency. An
example of what happens is shown in Fig. 6.9A; the number of expanded states
in the tree grows exponentially with 4, and closer to linear with ;. The intu-
ition behind hy’s performance is that once a module has been moved as close
as possible to the goal within a configuration, all other moves have an equal
cost. That is, when a new module moves closer to the goal, but not enough to
surpass the current closest module, D,,;, is the same as the scenario when that
module moves away from the goal. In contrast, /; ensures that until the col-
lective reaches the goal, we favor states that directly impact the progress of the
entire collective. Once the COM gets within 2R of the goal, the frontier grows

rapidly simply because the heuristic no longer supports closer clustering.

To reason about how well the &,-heuristic worked, we calculated the effec-
tive branching factor, b* in TS1. Briefly explained, the effective branching factor

denotes how many branches every node would have on average if the solution
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was recast as a breadth first search (n = b° + b' + b* + ....b*%, where n is the number
of states, b is the number of branches, and « is the depth of the search tree). A
b* close to 1 indicates that we almost always guess the optimal move and there-
fore keep the search tree from branching excessively. We found that 4, is a very
efficient guess, with an average b* = 1.034 + 0.0054, confirming that moving the
module that advances the collective COM as much as possible towards the goal
is preferred. Note that this result does not necessarily translate to cluttered envi-
ronments or take into account the fact that extra connections between modules

may improve their redundancy in case of failures.

Interestingly, we found that the search efficiency was heavily dependent on
the initial configuration of the collective. To examine this phenomenon more,
we ran 55 iterations of TS2 and plotted the maximum number of states reached
in the frontier before convergence. The results are shown in Fig. 6.9B. 47 out of
55 trials converged within the allotted number of expanded states. The fastest
searches converged after evaluating about 500 states, but the majority required
2-4 times as many evaluated states. Fig. 6.9C-D illustrates why this occurred.
We see that the number of states in the search frontier grows linearly over most
of the path, but exhibits periods of exponential growth. These periods occur
when the search reaches a state where the collective forms a single chain with
the center point of the chain closest to the goal. In this state, moving either
of the two end-modules forward is the fastest predicted way to reach the goal,
eventually leading the search to a state in which the collective forms a U-shaped
chain. Once this state is found, the search must explore all other higher cost
states before it again finds a move that will bring the COM closer than when it
was in the U-shape. We designed the following on-board controllers with this

risk in mind, to support faster convergence.
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6.4.2 A* Search-Based Controller

In a realistic scenario, the modules will not have access to the state of the world
and must plan according to what they know; i.e. their connection topology,
the measured light intensity, and nearby obstacles. We first implement an A*
search-based controller for the modules similar to the Oracle planner with two
exceptions. First, instead of planning towards the actual goal, we choose an
intermediate goal location which corresponds to the module with the highest
measured light intensity, i.e. the module closest to the goal. The modules plan
their path to the temporary goal, execute this path, recalculate the new tempo-
rary goal, and re-plan. Second, based on the discussion of the effective branch-
ing factor, we calculate a new admissible heuristic based on the distance to the
intermediate goal from the collective’s COM, h, = CNDcou, where C is a con-
stant scaling factor. Effectively, this means that the collective moves in stages
(each locally optimal): first communicating and identifying which module is
closest to the goal, then planning how to bring their COM to that location be-
fore reevaluating which module is now closer. They repeat this process until the

collective COM is within 2R from the light source.

To find the optimal value of C, we did a parametric sweep from C = 0.1 —
1.0. We did this sweep with a square initial configuration (TS1), and found that
C < 0.5 performed very poorly, rarely making progress beyond 2R towards the
goal in the allotted number of states. Conversely, C > 0.5 yielded results that
were too similar to draw a conclusion. We therefore ran an additional sweep
from 0.6-1, using 10 configurations in TS2. The results are shown in Fig. 6.10A.
We found that coefficients at the extremes (0.6 and 1) rarely converged in the

allotted number of expanded states. The best results were with C = 0.7, which
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converged in all cases and reached a collective COM within 4R and 2R from the
goal more quickly than when using other values for C. Note that with C = 0.7,

the heuristic is still admissible.

Based on these simulations, we further make the observation that the col-
lective may enter live lock, i.e. an infinitely repeated movement pattern, before
reaching the goal depending on the collective’s angle to the gradient. An exam-
ple of what causes this is shown in Fig. 6.10C; modules 10 and 5 oscillate back
and forth leaving the collective within the temporary goal, but not the global
goal. Because the collective has no memory from previous planning iterations
these movement patterns will execute forever. To overcome this, we added a
check to assess how much progress the collective has made within one plan-
ning iteration. If the collective converge on the temporary goal after moving
just one module, no multi-iteration progress occurs. In this case, we move a
random module (excluding the last moved module) 1 step. By adding a degree
of randomness, we avoid local minima like these, and ensure that the collective

will eventually converge at the goal.

In Fig. 6.10B, we next compare the performance of the A* search-based con-
troller to the Oracle in TS2. As would be expected, the A* search-based con-
troller is less than optimal. The performance especially degrades as the collec-
tive approaches the goal, because at this point the number of moves it takes to
reconfigure the collective’s COM to the temporary goal dominates the difference

of which module is closer to the goal.

We further make the observation that the controller often generates chain-
like configurations, where every module on average has only two neighbors.

These are problematic because a single module failure can split the chain in two,
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Figure 6.10: (A) Parametric sweep of C in TS2. (B) Comparison of 10 paths gen-
erated by the Oracle (black) and 50 paths generated by the A* search-based con-
troller (green) in TS2. The solid lines denote mean, shaded regions the standard
deviation, and dotted lines are 5 actual runs chosen at random. (C) Example of
live lock near the goal in the A* search-based controller.(D) Paths generated by
the A* search-based controller in TS3.

disrupting global performance. The heuristic-based control approach permits
a simple way to deal with this issue: we simply add a penalty for a loosely
connected graph. Note that this effectively makes the heuristic inadmissible
and results in (locally) sub-optimal, but (globally) more robust plans. We used
a coefficient @ to change the severity of the calculated penalty, P, where x is the

number of connections a module possesses:

x;>2,0
P=4x;,=2,1 (6.4)
x;=1,2
N
P= ) plxa (6.5)
i=1

In other words, we add a penalty of 2a for modules that are configured in a
chain and only have two neighbors, and a penalty of a for modules that are at
the end of a chain. The new cost per node comes to: costiy = cOStsia1e+ho+P. We
ran this simulation in TS2 usinga =[0 2 4 6], and compared both the total

number of moves needed for the collective’s COM to reach the goal within 4R
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and the average number of connections in each step along the way (Fig. 6.11A-
B). Again, we see that the initial configuration has a big impact on performance,
and that, as expected, with increasing penalty, the modules stay more clustered.
The choice of a relates both to the desired redundancy and the number of mod-
ules in the collective. For example, with ten modules configured in a double-
row the average number of connections per module corresponds to 3.4. We see
that the graph levels out at @ = 2, i.e. at 2.8 connections per module which
is reasonable given that some modules have to deviate from the double row
for the collective to move. This experiment is a repeated measures, correlated
samples test, thus we perform a one-way ANOVA for correlated samples and
tind that a has a statistically significant effect on the average number of module
connections (F(3,57) = 663, p < .0001). Conversely, o does not have a statisti-
cally significant effect on the number of module moves (F(3,57) =1.32, p = 0.28).
The average number of moves between the a’s vary by ~30 . To explain this,
we examine the simulations at« = O and @ = [2 4 6]. We find that while
with a value of C = 0.7 and @ = 0 is an admissible heuristic for local opti-
mization, it results in chain-like configurations, which are more susceptible to
temporary live lock. These instances of temporary live lock require modules
to move sub-optimally to break out of temporary live lock and resume regular
planning. This causes an increase in the number of modules moves to reach
the goal. In the cases of @ = [2 4], we observe that clustered configurations
lead to sub-optimal local planning, but more robust global planning, thus fewer
temporary live lock instances occur, and the average number of module moves
is less than with @ = 0. An example of the path taken given @ = 6 is shown in
Fig. 6.11C. This brief study indicates that adding a clustering penalty is a viable

and simple way to ensure higher collective redundancy.
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Figure 6.11: Enforcing a penalty for sparsely connected modules improves the
redundancy of the system and is independent of the time to reach the goal. (A-
B) Number of module moves and connections as a function of clustering penalty
«. Each box plot shows the median, standard deviation, outliers, and the 25th
and 75th percentiles based on 20 runs in TS2. (C) Example path generated with
an a = 6.

Finally, we tested the A* search-based controller in cluttered environments
(I'S3). The results, shown in Fig. 6.10D, indicate live lock near obstacles. By
studying the actual runs closely, we find that this happens because the number
of modules which can move randomly is severely limited by either their con-
nection topology (chain-like configuration) or their proximity to obstacles. We
may deal with this by adding either a higher degree of randomness or memory
between planner iterations. The former comes at the cost of planner efficiency
and without guarantees that live lock can be avoided in all situations. The latter
is complicated because the collective may enter configurations that appear sim-
ilar to previous ones, but at geographically different locations. Modules may
compute their trajectory to overcome this problem, however, this would require

perfect dead reckoning skills which is not practically feasible with the hardware.

We can further discuss the ability of this planner to operate on the actual
hardware processor, i.e. the 2KB of RAM in the ATmega328P ([24]). The state
space of the planner grows somewhere between linear and exponential with the

number of modules, depending on 1) the optimality of the heuristic and 2) the
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configuration of the collective, i.e. the number of modules that are capable of
movement. Every node in the search tree contains the collective’s connection
topology and a reference to the parent and child nodes. For 10 modules in a
perfect cluster this would correspond to 19 connections and 1 parent node, i.e.
a memory footprint of 20B. In this state, 8 modules are capable of moving CW,
CCW, or staying, therefore the node has 24 children; i.e. just two levels in, the
search would take up 500B of memory. Alternatively, we could trade off mem-
ory for computation by storing only the move and recomputing the configura-
tion for every explored node. In this case we spend 20B on the first node, and
1B per node moving forward. With a good heuristic, the memory would then
grow close to linear as in a depth-first search. To improve memory, we could
further explore how this search could be distributed to over the two on-board
processors ([35]). Given the current hardware constraints, however, we are un-
likely to be able to support planning for more than a few tens of modules. In
the next section, we instead focus on more naive, iterative planners that require
less memory and computation altogether and are inspired by what we learned

from the graph-based controllers.

6.4.3 Naive, Iterative Controllers

To produce an algorithm that scales well in memory and computation with near-
optimal control, we next examine a naive, iterative controller for gradient track-
ing. In this controller, we simply prioritize moves of modules that are farthest
from the light source, hence we name this type farthest-first or ‘faf-controllers’.
As before, we identify the module with the highest light intensity, i.e. the one

closest to the light source, and treat it as an intermediate goal. We then iden-
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Figure 6.12: (A-B) Example configuration in which module m, plans a path,
either CW (blue) or CCW (green), to the location with the highest brightness, cg.
(C) Illustration of the two versions of the fafl controller. In fafl; m; chooses the
only viable path towards the goal; in fafl; it follows the shortest path to the goal
and stops when it sees an obstacle.

tify a movable module with the lowest brightness, and move it towards the
intermediate goal along the shortest path around the collective perimeter. This
process repeats until all modules are clustered around the goal location. We ex-
plore two versions of this controller. In the first, we move the darkest module
one step before searching for a new darker module (‘faf0’). Intuitively, this ap-
proach works well for highly dynamic environments where information quickly
becomes stale. In more static environments, or when communication between
modules or between modules and the centralized controller is costly, the update
rate can be lowered by only re-planning when the moving module reaches its

intermediate goal (‘fafl’).

The following list details how this controller works, using the example

shown in Fig. 6.12.

1. Initialize: We first identify the intermediate goal, i.e. the brightest mod-
ule, m;; and the darkest module which is capable of moving, m,. We also

identify which connection on m; is closest to the light source, c¢.

2. Generate viable paths and identify external obstacles: We next decide which

direction (CW or CCW) around the collective will yield the most efficient
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path. We construct two candidate sequences, Scw and Sccw, along the
perimeter modules from ¢ to the closest connection on my, c¢y. To construct
S ccw, we first append ¢ (Scew = [m7(cg)]) and then continue appending
connections on m; in a CCW direction until the neighboring module, m;, is
reached (S ccw = [m7(c : ¢g)]). We continue this process until we reach the
my (Scew = [mi(cl @ cT)]..mg(cy : ca)mi(c; : cg)]). These steps unambigu-
ously define the sequence of connection points that m, must go through
to reach the goal. In other words, by using connection points rather than
module center points, we avoid confusing any connection on the closest
module (e.g. m, in Fig. 6.12A) with the goal location. Every time we en-
counter a new module, we check for obstacles seen by that module to in-

dicate whether or not the sequence is tenable.

. Optimize viable paths and identify geometrically incompatible modules: The
second step overestimates the number of moves needed to reach the
goal, because it does not take into account locations like mj illustrated
in Fig. 6.12B, where the module can connect directly between two non-
neighboring modules, m, and ms. To prevent this overestimate, we loop
through each tenable sequence, projecting m, along the sequence gener-
ated above, checking for physical proximity of connectors that would re-
veal new potential neighbors. By iterating forward through the sequence
and for each projection checking backwards from the goal we ensure that
my always identifies the connection that is closest to the goal. If one exists,
we delete all of the intermediate entries and produce new sequences, CW’
and CCW’. If at any point the m, projection overlaps with another mod-
ule we label the sequence untenable. Note again, that overlap is possible

because we are not operating in a discrete occupancy grid. On the real
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hardware, overlap could also occur because of module deformation.

4. Move module along shorter path: Finally, we simply compare the length of

the sequences and move the module in the direction of the shortest path.

Fig. 6.13A shows the performance of faf0 and fafl in TS2. Because the test
is performed in a static, clutter-free environment fafl outperforms faf0, here
by a factor of ~4. The oscillations in faf0 occur when the collective, similar to
what we saw with the Oracle planner, finds itself in a U-shaped chain where
it greedily moves the darkest module up the gradient at each cycle, effectively
making the collective gather at one extreme of the connection topology, then the
other, until it finally reaches the global goal. We see that fafl performs almost
as well as the Oracle planner, but that the performance is still dependent on the

initial configuration.

For operation in cluttered environments, we explored three variations of
fafl, also illustrated in Fig. 6.12C. In fafl,, if the shortest path which the dark-
est module must take to the intermediate goal is intercepted by an obstacle, we
instead move the module in the opposite direction; if obstacles are detected in
both directions, we move another module. In fafl;;, when an obstacle is encoun-
tered we simply move the darkest module as close to the obstacle as possible.
In fafl, when an obstacle is encountered, we choose according to fafl; and fafl;
with 50% likelihood, and, with 20% likelihood move a random movable module
one step in a CW direction. Fig. 6.13B compares the performance of these three
variations in TS3. Generally, fafl; outperforms the others, however, it may en-
ter livelock. Similar to our previous observations, we find that this happens in
U-shaped chain configurations where the two ends point towards the goal and

are near obstacles that hinder further movement. At this point each end mod-
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Figure 6.13: (A) 10 paths generated by the Oracle planner, and 50 paths gen-
erated each by the faf0 (blue) and fafl (yellow) controllers in TS2. (B) 50 paths
generated by the fafl,; (red), fafl; (magenta), and fafl (yellow) controllers in TS3.
The solid lines denote mean, shaded regions the standard deviation, and dotted
lines are 5 actual runs. (C) Snapshots of a path generated by the fafl planner.
(D) Histogram showing the number of moves per module. To compute this plot,
we counted all moves per module from 50 runs in TS2 with the A* search-based

and the fafl controller. Note that we discounted runs that reached live lock near
the goal.

ule simply moves back and forth along the collective, without making actual
progress. fafl; does not show issues with live lock, but takes nearly twice as
long to reach the goal. fafl overcomes issues with live lock due to stochasticity,

at the cost of ~1.5 times more module moves.

Deriving the exact scaling behavior for this planner is complicated due to
the motion restrictions discussed in Sec. 6.3.1. In the algorithm, most operations
scale constant or linear with the number of modules; however, optimizing the
path along the collective, i.e. step number 3 in the description above, approxi-
mates polynomial time. Intuitively explained, in the worst-case scenario where
the collective is spaced out in a single file line and not in the presence of obsta-

cles, the darkest module has to be projected along every other module to check
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for short-cuts. This step is an interesting point for future work. Another ob-
vious direction for improving the scalability of this algorithm is to outsource
computations. In [27] we, for example, detail how the connection topology
can be computed in a distributed manner. To extend the current planners to
a completely distributed system, one can imagine combining these algorithms
with a consensus-based scheme to identify the modules with highest and lowest

brightness.

6.4.4 Discussion

In summary, in the context of gradient tracking in clutter-free environments, our
10-module simulations indicate that both controllers may perform nearly opti-
mal despite the lack of global knowledge. The locally-optimal A* search-based
controller performed well in terms of the number of modules moves for clutter-
free environments, but additional measures must be taken to overcome poten-
tial live lock near obstacles. We also find that even with a good search heuristic,
the algorithm scales poorly in terms of memory and will not support more than
a few tens of modules if implemented on the two on-board ATmega328 pro-
cessors. The naive, farthest-first controller performed equally well and had the
ability to deal with live lock near obstacles via a small degree of randomness.

This controller is simple and may support more scalable behavior.

Through simulations, we further found that both types of controllers gener-
ally create chain-like, rather than clustered, configurations. Chain-like config-
urations are bad for the DONUts, because 1) they severely limit the amount of

modules that are capable of moving, 2) simulations show that chains often end
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up creating U-shaped configurations that impede general progress towards the
goal, and 3) they leave the collective at risk of complete failure if just a single
module breaks. We showed that encouraging redundant connection topologies
in the A* search-based controller was fairly simple; encouraging these in the

farthest-first controllers will be an important area of study in future work.

Finally, system energy consumption warrants explicit discussion because it
is a major contributor to system autonomy and robustness, affecting the strategy
of exploration versus exploitation as the modules traverse an environment. The
DONUt hardware, for example, was designed around SEPs which keep their
polarization without continued supply of power, the number of power consum-
ing components was minimized, and the modules were designed as light weight
as possible (25.4g). In Fig. 6.13D, we compare the A* search-based and the fafl
controller in terms of how well they distribute energy consumption among the
modules. As we have yet to consider energy spent on communication in our
centralized controller, the energy we can estimate is directly correlated with the
number of moves a module has to make. The plot shows that the fafl controller
inherently distributes power usage more evenly, whereas a few modules in the
A* search-based controller moves many times further than the others. Evening

out power consumption will also be an interesting future extension to our work.

6.5 Conclusion
In summary, we have introduced a new planar, modular, self-reconfigurable

robot. Although more work is needed before practical large-scale demonstra-

tions are feasible, this initial hardware-software design cycle has contributed
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several concepts that may translate to other platforms. Most importantly, by
basing our design on a single flexible PCB without mechanically moving parts,
we were able to achieve simple, fast manufacturing, and support low main-
tenance in terms of breakage and wear. By creating an open source simula-
tion platform with realistic movement and sensing, we explored two control
schemes and non-intuitive challenges that arose because of the module-specific
motion constraints. We explicitly focused on enabling a large configuration
space to enable operation in dynamic environments, and explored a range of
challenges related to collective efficiency, scalability, redundancy, and adapt-
ability. More generally, we showed that enabling scalability and system-level
robustness, rely on tightly integrated design decisions that span fabrication, op-

eration, and control with an explicit focus on constituent robustness.

We have several agendas moving ahead. On the hardware side, we will
focus on decreasing cost, increasing battery life, and improving motion relia-
bility before pursuing a large-scale collective. So far, we have depended only
on the passive compliance for added robustness, however, long term, we hope
to investigate novel collective behaviors enabled by the compliance, including
their ability to generate macroscopic materials with different density and tensile
strength. Similarly, their spring-like properties promises interesting dynamic
behaviors which may be leveraged for both communication and motion. Fi-
nally, the fact that every single module weighs only 25.4¢g also indicates a new
set of potential applications beyond those seen with previous platforms. On
the control side, we are exploring several avenues. The most near-term is to
combine centralized and decentralized algorithms for better scaling properties.
Longer term, we hope to better investigate the trade-off between control redun-

dancy and efficiency.
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CHAPTER 7
COMPARATIVE ANALYSIS OF SENSORS IN RIGID AND DEFORMABLE
MODULAR ROBOTS FOR SHAPE ESTIMATION

Modular self-reconfigurable (MSR) robots have the potential to adapt their over-
all shape to suit a particular task or environment [19]. To support intelligent
autonomous behavior in these systems, it is critical that they are able to rea-
son about both their own state and the state of the world. To perform optimal
shape transitions for instance, the robot must know the location and connec-
tion topology of all its modules. This is especially true in realistic, large-scale
systems where hardware may fail, inadvertently changing the robot configura-
tion. To further perform useful tasks, the robot could, e.g., measure environ-
mental gradients or the shape of an object to be circumnavigated or contained.
In past work, many researchers have shown the ability of traditional rigid mod-
ular robots to identify their own connection topology. Here, we extend on that
work by introducing distributed algorithms for external 2D shape estimation
by rigid MSR robots given two typical sensor modalities, as well as 2D shape

estimation by passively compliant modules equipped with strain sensors.

This work is performed in simulation, based on a representative example
of a planar MSR robot composed of circular modules with peripheral sensors
and the ability to move along their neighbors in discrete steps. In general, the
simple algorithms presented here apply to lattice-based planar modular robots,
and can easily be extended to non-circular shapes or modules with an arbitrary
number of connections. Examples of existing platforms that work with these as-
sumptions include the DONUts [23], Catoms [60], Atron [80], Soft Cubes [207],
and Metamorphic [139].
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Figure 7.1: MSR robot sensing modalities examined in this paper. a-b) Rigid and
deformable modules encapsulate an object and use connection topology to esti-
mate its shape. c) Modules circle an object, using IR transceivers to measure its
shape. d) Deformable modules are simulated with three strain sensors covering
the perimeter of each module.

This paper presents the following contributions: 1) a simple distributed al-
gorithm for encompassing arbitrary planar objects with rigid and deformable
modules, 2) distributed shape estimation with connectivity sensors (topology
estimation, Fig. 7.1a), 3) distributed shape estimation by deformable mod-
ules equipped with strain sensors (Fig. 7.1.b), using experimentally obtained
strain sensor data, 4) distributed shape estimation with infrared (IR) sensors
(Fig. 7.1.c), using experimentally obtained data, 5) a method of generating ran-
dom 2D objects with a specified size and degree of convexity, and 6) comparison
of the accuracy of these methods for increasing object size and degree of con-
vexity. To ground this work in realistic numbers, we base the evaluation and
experimental results on a MSR platform in our lab, 'the DONUts’, introduced

in [23] and [223]; however, the insights generalize to other modular robots.

The paper is structured as follows. Sec. 7.1 presents the related work on MSR

190



robots and their sensing mechanisms. Sec. 7.2 details how sensing modalities
are compared, including a kinematic model, a brief introduction of the DONUts,
and how we generate arbitrary objects with a degree of convexity. Sec. 7.3- 7.5
detail algorithms for shape estimation and experimental sensor characteriza-
tion. Sec. 7.6 compares all sensor modalities, and Sec. 7.7 concludes and de-

scribes potential extensions.

7.1 Related Work

Research in MSR robots spans both hardware design and controllers. Plat-
forms include chain-, strut-, or lattice-connected modules, typically made of
rigid elements with one or more controllable degrees of freedom for reconfigu-
ration [236, 31]. Modules with deformable properties are more sparsely repre-
sented, and include rigid elements which can actively extend [78, 167, 20, 89],
as well as inherently soft elements that actuate by inflation [207, 95]. Some plat-
forms support single-module locomotion [41], but many are restricted to collab-

orative movement with other modules similar to the ones used here [98, 61, 78].

Table 7.1 lists examples of sensing modalities on existing MSR platforms.
Most MSR robot designs are limited to proprioception (e.g. knowing the po-
sition of motors through encoders, or the presence of connected modules); but
a few have also shown the use of exteroceptive sensors ranging from pressure
sensors for contact measurements, IR transceivers to help them localize other
modules or external gradients, and more advanced sensors like RGB-D cam-
eras mounted on a subset of modules. Here, we compare the ability of MSR

robots to wrap around and detect the shape of an enveloped object through
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the use of common proprioceptive and exteroceptive sensors in rigid modules,
connectivity and IR, respectively; and proprioceptive strain sensors in passively

compliant modules.

This research falls in between topology determination in modular
robots [143, 141], self-replication [58, 150] and sensor fusion for object recog-
nition in multi-robot systems [120, 189]. However, as opposed to the majority
of past MSR robotic papers, we do not limit module configurations to discrete
world occupancy grids. The modules also cannot move freely in space, and
are therefore more limited in their sensor range than freely roaming multi-robot
systems. Finally, we explore the use of distributed strain sensors to measure

both topology and external shapes.

Table 7.1: Example of sensing modalities in modular robots.

Robotic Platforms | Sensors

Atron [33] IR, tilt, connectivity
Catoms [61] Connectivity

CKbot [144] IR, connectivity
Crystalline [167] Expansion, connectivity
DONUts [23] IR, strain, connectivity

Morpho [240, 239] | IR, expansion, pressure
Particle Swarm [98] | IR, expansion
SMORES [41] Connectivity, camera

7.2 Comparison Framework

To reason about module motion and sensing, we introduce the following com-
parison framework which is easily extendable to any planar, modular robot
with a discrete set of connectors and sensors. Each module has the following
properties: a pose in the world reference frame, a connection topology, a con-

trol input, a desired direction of travel, sensor measurements, and a degree of
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deformation.

7.2.1 Kinematic Model

We simplify the simulated movement of a module by a single control input that
specifies the desired direction of travel (clockwise or counterclockwise) about
a neighboring module. The kinematic constraints dictate that modules cannot
physically overlap with other modules or objects. Furthermore, the simulation
framework considers the sensor measurements for each of the modules as de-

termined by experimental characterization.

The reference frames for a stationary module j and a moving module i are
defined by 74; and %,;, respectively. The orientation of the connection cj; be-

tween these two modules with respect to the world reference frame ¥y is given

by:

2n
Owye; (1) = i (7.1)

where ¢;; € {1,2, ..., N} is the position of the connection between j and i scaled by
the angular distance between connections, and N is the number of connectors
on each module (Fig. 7.2). When module i moves, 6y,.; can be updated by a
control input u, where u; € {1, 1} for the moving module i and u; = 0 for the
stationary module j.

2
Owje, (£ + 1) = Oy, (1) + 2u,§ (7.2)

Since module i is moving about the center of module j, module i defines the

(x,y)-position of its center by ¥,; and rotates about module j’s periphery.
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Figure 7.2: a) Definition of a module’s reference frame 7,, with respect to the
world reference frame Fy. (b) Reference frame 7,; refers to moving module i
and 7,; refers to stationary module j.

7.2.2 DONUt Modules

To ground this work in real numbers, we base our assessment on the DONUt
MSR robot from our lab, shown in Fig. 7.3 and detailed in [23]. These modules
have onboard computation, IR sensing, communication, and N = 12 connec-
tors. They are based on a single flexible PCB wrapped in a loop, which permits
modules to deform ensuring safe physical interaction with other modules and
objects in the environment. Modules move about other modules by switching
the polarity of their magnetic connectors to repel and attract, resulting in a gear-
like motion, where one module rolls about the surface of the other. Connected
modules communicate with each other through near-field magnetic induction
and may transmit their state, information about the local environment, or pass

on messages from other modules located further away in the collective.

7.2.3 Object Generation

To assess the accuracy of different sensing modalities for shape estimation, we
introduce a methodical approach to generate arbitrary 2D objects. Our simula-

tion framework defines an object by a user-specified number of vertices Ny, a
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Figure 7.3: Four DONUt modules encapsulating an obstacle. Modules have
onboard actuation, sensing, communication, and computation.

maximum radjial size R,,., and the object convexity factor a. The set 3, is de-
fined by a list of N, angles evenly spaced from 27/N; to 2. Each element in
is the angle of the corresponding vertex k, where r(k) is the vertex radius. r(k) is
given by:

r(k) = (@ + (1 — @)X)Rax (7.3)

where @ € (0,1] and X € (0, 1] as a randomly generated value. As «a increases,
objects become more convex, and at @ = 1 the object is a regular polygon. To de-
termine how the accuracy of the shape estimation with different sensors scales

with the size of the object, we randomly generate object vertices using Eq. 7.4:

xobject(k) _ (k) COS(B(k)) ,

=r

Yobject(k) sin(B(k))

(7.4)

where k € {1,2, ..., Ni}, Ry refers to the maximum r(k) possible when generating

the arbitrary object, and R,,,qu is the module radius.
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Figure 7.4: a-d) Modules encapsulating randomly generated 2D objects with
Ryax = 4R and a corresponding to 0.4, 0.6, 0.8, and 1.0, respectively. e) Shape
estimation error; the blue line is the reconstructed shape.

7.3 Shape Estimation Based on Connections

We first demonstrate an approach by which a collective of round, rigid modules
with N connection points can determine the shape of an object. The modules
encapsulate the object by first placing a seed module immediately next to the
object and then placing the following modules as close as possible to the object
perimeter, while remaining globally connected. This process continues until no

more modules fit tightly against the perimeter of the object (Fig. 7.4).

Given knowledge of their relative connections and orientations, rigid mod-
ules can accurately determine their connection topology and therefore the ap-
proximate area of the shape they encompass. We assume the seed module

knows its pose in Fy. The seed starts by computing Eq. (7.5) for its neighbor:

JT
X 2Rmodulecos(ﬁcji)
2r
y = 2RmaduleSin(ECji (75)
n 2r
_9_ Wi 79W/j + EC]',‘ + T — ECU‘

The seed module transmits the result to its neighbor and prompts the neighbor

to do the same to the following module. This process continues in an iterative
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manner through all of the modules. Each module passes a message with the
information of its neighbor’s position and all modules” positions before then.
In order for all of modules to know all other modules” locations and thus the
shape of the object they encapsulate, the final message must be passed through
the group back around to the seed module. The communication overhead for
a distributed system is O(2n — 1), where n is the number of modules encapsu-
lating the object. This same method is useful for a collective in a chain-type

configuration or a tree-like branching lattice structure.

7.4 Shape Estimation Based on IR Sensors

We demonstrate how rigid modules can make use of IR transceivers to estimate
the shape of an object. To do this, we place three clustered modules such that the
nearest is within sensing range of the object. We then iterate through the three
modules, letting them move clockwise around the perimeter of their neighbors
to a set of way points around the edge of the object. The starting point and way
points are defined by the vertices of a virtually scaled up version of the object.
The modules navigate to each of the way points until they have rotated all the
way around the object, and then combine all sensor measurements (Fig. 7.5) to

determine its shape.

To ground this assessment in real data, we integrate into our simulation
framework the DONUt IR transceiver response to nearby objects, as shown in
Fig. 7.6. By comparing readings at ambient light to readings when the emitter
is on, we can accurately detect objects in the surrounding environment. Since

IR transceiver readings are dependent on a number of factors including object
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Figure 7.5: Sequence of movements for three modules moving clockwise (u = -1)
about the perimeter of an object.

material, distance, angle of incidence, and lighting conditions, it is difficult to
predict the resultant value when a module is in a given position with respect
to an object. Therefore, we discretize the sensor field-of-view into an array of
arced cells that each represent an experimentally obtained value when a small
rectangular object is placed at a location equivalent to the inner edge of each
cell. We estimate the sensor response to an object, by adding up the intensity
response of each arced cell intersecting with the object. A plot of the summed
values is shown in Fig. 7.6. The total sum value is compared against the values
shown in the graph and these are interpolated to find a point at a specified dis-
tance from the module perimeter along the mid-line of the sensor field-of-view,

which corresponds to an estimated object vertex.

7.5 Shape Estimation with Compliant Modules

An increasing number of researchers have started merging soft and modular
robots, producing modules with infinite (passive) degrees of freedom. On the
positive side, these can safely interact with physical objects in the environment,

and therefore also reason about external shapes in new ways. On the negative
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Figure 7.6: DONUt IR transceiver response to objects in the environment. Light
gray values show a response of 495, dark grey a response of 2. White show
a response similar to ambient. Blue and cyan dots on the module perimeter
represent the position of photo-transistors and emitters respectively.

side, they require added reasoning to determine the overall shape of the collec-
tive. Here, we examine how such deformable modules may leverage distributed

strain sensors to reason about the surrounding environment.

To measure the shape of objects, we execute a similar algorithm as that de-
scribed in Sec. 7.3. We place a round module immediately next to the object,
and then place the next module as close as possible to the object while staying
globally connected to the other modules. Because modules have the ability to
deform, we try this placement with a deformation corresponding to a minor axis

of 2R,odutes 3Rmoduie /4 SRmoduie/ 8, and Ryuoaue /2. This process continues until no
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Figure 7.7: a-b) Experiments with deformation of DONUt modules under static
load. c) Nine simulated modules in a lattice configuration with three static point
loads (0.3 N) applied downwards. d) Static point load (0.3 N) applied to the
same configuration at the upper right-hand corner at an angle of 45°. The color
legend refers to the von Mises stress in N/m?.

more modules fit around the object perimeter. We ground our observations in
the DONUt platform through measurements of modules” compliance and the
response of resistive strain sensors that can be scaled down and placed along

the perimeter of the module.

7.5.1 Characterization of DONUt Compliance

DONUt modules are compliant and deform under external load. They also ex-
hibit a spring-like behavior, i.e. they revert back to their original, circular shape
after an external load is removed, with an effective spring constant of 28.01+2.85
N/m. In the following, we assume that modules move so slow that we can con-
sider static loads only. For simplicity, we also assume that modules deform in

an ellipsoidal manner upon application of a load.
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COMSOL Multiphysics software simulations were performed on several
DONU lattice configurations with a static load applied vertically down or at
an angle. Care was taken to keep the static load below the yield point of the
PCB material to avoid irreversible plastic deformation. Fig. 7.7.a-b illustrate
experimental test cases where DONUt modules deform very close to ellipses.
The COMSOL output is shown in Fig. 7.7c-d, where the deformed version of
each simulated DONUt is displayed in the color corresponding to the von Mises
stress experienced in that region. Fig. 7.7d shows a simulated nine-module lat-
tice structure with a load applied to the upper right corner. In this case, all
modules have essentially zero deformation, except for the one experiencing the
load which does not deform as a near-perfect ellipse. However, in both Fig. 7.7c
and Fig. 7.7d major axes and minor axes can still be identified, and therefore we
argue that in most cases, the modules will approximately deform as an ellipse

when pressed upon by an external force.

7.5.2 Characterization of Strain Sensors

To ground our simulations in a realistic output, we acquired a resistive flex sen-
sor (77 mm length from Adafruit). We show that three such sensors located on
the perimeter of a module can help uniquely identify the amount and orienta-

tion of ellipsoidal compression.

The output of the sensor is dependent on the length of the major and minor
axes of the ellipse and the placement of the sensor on the perimeter. To mea-
sure the sensor output dependent on its perimeter placement, we 3D printed 4

rigid ellipses with different minor axes and a constant circumference of 222 mm
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Figure 7.8: Strain sensor resistance when placed at different angular positions
along the perimeter of an ellipse (between 0 and 90°). The x-axis denotes the
position of the sensor’s midpoint. Four ellipses with a fixed circumference and
different minor axes were tested.

corresponding to three strain sensor lengths. We then placed the sensor with
11.25° intervals on the perimeter and measured the output nine times (Fig. 7.8).
A perfectly circular module results in a constant resistance reading (111.78 kQ)
at all placements along the perimeter. With a single sensor, however, there is
no unique mapping from sensor output to module deflection and orientation
(illustrated best by Fig. 7.8.bottom). This is the reason why three strain sensors

are spaced at equal intervals along the circumference.

7.6 Results and Discussion

To evaluate the accuracy of the methodology portrayed in Fig. 7.4e, we calcu-

lated the relative mean error (€) between the estimated shape and the true object
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shape for each of the sensing modalities:

Nee ~ N
Z[,i‘f’ |r0bj — Fest

N kest

€=

(7.6)

To do this, virtual lines were drawn radially extending from the centroid of the
object at equal angular spacing designated by the number of vertices on the esti-
mated object. Each of the virtual lines intersects with the edges of the estimated
object and the real object outline, for which the corresponding distances from
the centroid are denoted as r;,, and r;,;, respectively. The number of vertices on
the estimated object is determined by N,.. In the test cases where modules are
simply equipped with connectivity sensors, Ny, = n. In these tests, the closest
connection point to the object’s edge is a vertex of the estimated object shape.
This condition is also true when the shape is estimated by deformable modules
equipped with strain sensors. In the test cases where modules are equipped
with IR sensors, however, Ny, is equal to the number of times the modules” IR

sensors detected the object while circumnavigating the object.

Fig. 7.9 shows the results of all shape estimations. Notice that the standard
deviation seen on the @ = 1 graph occurs because we place the seed module
at slightly random starting configurations. Both rigid and deformable modules
with connectivity sensors exhibit higher errors with smaller objects. We credit
this to the fact that for small objects, the error is dominated by the minimum
step size of a module. As would be expected, when the objects increase in size,
this number settles at a constant value of around 0.5R,,,4... The deformable
modules perform approximately as well (and at lower object sizes better) as the

rigid modules.

Observing the error generated by rigid modules with IR sensors circumnav-

igating the objects, it is clear that our sensor model is introducing additional
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Figure 7.9: Shape estimation error with increasing object size and convexity,
performed by rigid modules with connectivity sensors encapsulating an ob-
ject (a), rigid modules with IR sensors circumnavigating an object (b), and de-
formable modules equipped with strain sensors closely encapsulating an object
(c). Shaded regions represent the standard deviation of 10 simulations for each

test case.
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error in the shape estimation. This may be improved in future work, but we
can still use this graph to reason about data trends and we see that the error
increases with larger object size independent of the degree of convexity. With

even larger objects, we would expect this value to level out.

In comparing all the graphs, we can draw no definitive conclusion on which
sensor methodology is better, although the deformable modules seem to slightly
outperform rigid modules at smaller object sizes. Note however, that each sen-
sor modality has other advantages and disadvantages that should be taken into
consideration. For example, the topology estimation requires no additional
parts; the IR sensors are affected by object color and ambient light settings; and
passively compliant modules may operate safely in close vicinity to objects. In
the future, there are many avenues to better estimate the object shape. Modules
could, e.g., circle the object more than once, iteratively adapting their path to

improve sampling.

7.7 Conclusion

We compared shape estimation accuracy for three sensing modalities on a repre-
sentative rigid and deformable MSR platform, and found that each of the sens-
ing modalities tend to perform better at different object sizes. Modules with
IR sensors performed best when the object size was smallest, while rigid and
deformable modules performed best with larger object sizes. In general, we
found that deformable modules with embedded strain sensors may have ad-
vantages over the others for shape estimation. In the future, we aim to extend

these algorithms to 3D modular robots, which would allow for even more inter-
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esting studies of 3D object shape estimation in future work. Additionally, there
is much we could learn from practical implementations of these algorithms on
the physical DONUt hardware. This work brings us a step closer to autonomous
modular robots capable of perceiving their surroundings through embodied in-

teractions.
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CHAPTER 8
SOFT ROBOTIC OSCILLATORS WITH STRAIN-BASED
COORDINATION

At the microscale, multicellular organisms often use coupled oscillations to syn-
chronize, disperse, aggregate, and locomote. Popular examples include Dic-
tyosteliida, a slime mold where cells coordinate by inducing chemical waves in
response to food deprivation [85], and Trichoplax Adhaerens, an epitheloid where
cells modulate contraction degree and rate to collectively locomote and regu-
late harmful mechanical stresses [8]. These microorganisms are proof that ro-
bustness without global information is possible through a combination of col-
lective physical interactions and local, information-lean signaling. Future robot
swarms with limited situational awareness operating in stressful and dynamic
environments ranging from the micro- to macro-scale can benefit from studying
such emergent behaviors in living collectives, and the mechanisms needed to

translate them to simulated and physical robotic hardware.

To enable such studies, we introduce the Foambots platform consisting of
soft, robotic modules capable of coordinating, communicating, and moving by
sensing and inducing perturbations and strain in the collective (Fig. 8.1a). The
modules couple loosely through 6 magnets embedded in their perimeter. Simi-
lar to the Trichoplax Adhaerens, the Foambots contract and expand in a 2D plane
through fluidic actuation, and use strain sensors on their perimeter to reason
about their own state and the actions of their neighbors (Fig. 8.1b-d). Beyond ac-
commodating strain-based coordination, the soft modules hold several key ad-
vantages over their rigid counterparts. They consist of fewer mechanical parts,

and are simple and easy to produce without advanced infrastructure. Compli-
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Figure 8.1: a) 12-module Foambot collective. b) Illustration of an expanded
module with 6 magnets and 3 strain sensors able to loosely couple with neigh-
bors, sense its own state and state transitions in neighboring modules. c-d)
Module in contracted and expanded state. e) Simulated modules locomote as a
result of traveling waves of expansion and contraction. f) Module radius over
time as 10 out of a 100-module simulated collective synchronize.

ance facilitates large aggregations with low mechanical tolerance in fabrication.
It furthermore ensures safe physical interactions between modules and between
modules and external objects. Soft modules may also be used for a wider range
of tasks. The soft module membrane can deform to fill gaps, and the collective
can change its overall stiffness both as a function of module density and as a
function of module expansion state. We have prioritized these design features
as a first step toward applications such as active bio-medical stents or mobile

retaining structures, such as temporary dams.
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The remainder of this article discusses related work and details hardware
design, fabrication, characterization, and exploratory experiments, alongside a
coupled oscillator algorithm to produce emergent behaviors in a custom sim-
ulator (Fig. 8.1e-f). We hope this platform will further research on and serve
as a low-barrier of entry to the study of physical interactions in the collective

robotics realm.

8.1 Related Work

The Foambots platform is related to two, largely separate bodies of work in
literature. The first is active matter, where simple oscillating robots leverage sta-
tistical mechanics to produce global behaviors from local physical interactions,
such as motion or synchrony [98, 251, 176]. Most notably, the Particle robots
used rigid components and statistical mechanics demonstrating directed mo-
tion by phase locking their oscillations to a global signal [98]. In contrast to
these robots, the Foambots are designed for studies of local coordination via
strain, and additionally benefit from soft material properties as described ear-

lier.

The second body of work is modular robots, where physically connected
agents reason deliberately about how to produce collective behavior. Modu-
lar robots inspired by natural cells was first proposed by Fukuda [54], and has
since the introduction of soft robots been followed up by a wealth of exam-
ples of soft modular cubes in rectilinear lattice formations, [238, 190] just to
name a few. These studies often focus on producing peristaltic locomotion or

conveyor belt transport of other objects. As is true for most soft robots, the ma-
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jority still rely on external power or pressure, and none have coupled sensing
and actuation. They typically rely on either manual assembly leading to fixed
topologies, or loose magnetic coupling which can be cumbersome as connecting
tubes and wires tangle. As alternatives to pneumatics, [223] leveraged passive
deformations in flexible PCBs, and switchable magnets to produce collective
motion. [245] demonstrated magnetically coupled tensegrity modules capable
of collective motion with a specific focus on ease of assembly and pre-emptive
stiffness tuning. Finally, although some robot collectives have shown coordina-
tion through physically transmitted vibrations [118, 110], none have the coupled
strain actuation and sensing which is key to coordination in e.g. Trichoplax Ad-

hearens.

8.2 Foambot Fabrication

A Foambot module consists of a rigid electronic core resting on top of a poro-
elastic foam which is surrounded by a polymer pocket that can expand radially
upon pressurization. The hardware was designed with accessibility in mind:
fabrication requires little know-how or specialized equipment beyond a solder-
ing station and a well-ventilated space. Each Foambot module can be fabri-
cated with ~3 hours of active time and ~5 hours of curing time. In our case, we
molded four modules simultaneously with only a marginal increase in produc-

tion time.

The poro-elastic foam core gives the soft robot structural integrity, while al-
lowing fluid to flow throughout its volume to the outer cavity. The core is cre-

ated through a salt-loss process (Fig. 8.2a), where Himalayan salt (grain diame-
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Figure 8.2: Module fabrication. a) Poro-elastic foam with 65% porosity. b-e)
Carbon composite sensor with embedded magnets on the outer membrane. f)
Poro-elastic foam wrapped in an inner strain-limiting layer and an outer mem-
brane. g) Top strain-limiting layer and bottom 3D-printed sliders.
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ter = 1 - 3 mm) is mixed with Ecoflex™ 00-50 before setting and is then dissolved
after the silicone has set. The salt grains are well-packed such that the resulting
pores are interconnected, thus allowing fluid to flow through its volume. Once
cured, the core is wrapped by a strain-limiting layer that creates a barrier be-
tween the internal porous pocket and the outer cavity. The strain-limiting layer
is fabricated by pouring Ecoflex 00-50™ into a mold with a piece of laser-cut
fabric. The holes along the length of the strain-limiting layer allow air to flow to

the external cavity.

The stretchable outer membrane encompasses 6 magnet pairs and 3 resistive
strain sensors (Fig. 8.1b). The magnets enable modules to aggregate loosely.
The sensors enable sensing of three event types: modules can sense the extent
of their own expansion; they can sense when new neighbor attachments form;
and they can detect when attached neighbors start to expand. By including

three separate strain sensors, modules have a coarse sense of directionality.

The outer membrane is fabricated by first pouring a 1 mm thick layer of
Ecoflex™ 00-50 into a rectangular mold. After the first layer has set, a stencil
paper is placed on top of it. Copper-taped electrodes are soldered to silicone
wires and adhered to the Ecoflex™ 00-50 surface using Silpoxy™. A hand-
mixed Carbon composite is spread across the surface of the stencil. The Carbon
composite is composed of Carbon Black powder and Ecoflex™ 00-30, part A,
with a mass ratio of 1:6 [107]. A second 1 mm thick layer of Ecoflex™ 00-50
is added on top. When the second layer has set, we adhere the six magnet
pairs with equal spacing using Silpoxy™, and firmly embed the magnets in the
membrane through another thin layer of Ecoflex™ 00-50. The pairs consist of

two magnets oriented in opposite directions to ensure that modules can attach
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in any orientation. Each magnet is made of NdFeB (Grade N52) material with
a surface field of 3114 Gauss. Upon completion, the membrane is wrapped
around on itself to form a cylinder. The membrane is positioned such that the

gap between its two ends can be filled by Ecoflex™ 00-50 (Fig. 8.2b-¢).

Finally, the outer membrane is positioned around the poro-elastic foam
(Fig. 8.2f-g). The inner strain-limiting layer and the outer membrane are placed
flush with the bottom of the foam, wrapped around it, and the ends are glued
with Silpoxy™. Ecoflex™ 00-50 is poured into a mold to form a 2 mm thick
layer at the bottom of the module. The upper edge of the outer membrane
is then folded inward and glued against the inside of the strain-limiting layer
with SilPoxy™. A circular strain-limiting layer (embedded in Ecoflex™ 00-50)
is placed on top of the foam and glued to the folded membrane sides. After
the SilPoxy™ sets, Ecoflex™ 00-50 is poured on the top to create a 15 mm layer
that restricts upward expansion. The bottom strain-limiting layer and sliders
(printed in Veroblue with a Stratasys Objet 3D printer with 300 ym resolution)
are glued to the bottom of the module. The sliders reduce friction, enabling easy

testing of the collective on a variety of surfaces.

To control the Foambots, the core electronics consist of an Arduino Pro Mi-
cro, an Uxcell 6V miniature air pump, two Uxcell 5V mini solenoid valves cou-

pled in parallel, an RGB LED for debugging, and a 9V battery (Fig. 8.3a).
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Figure 8.3: a) Module driver schematic. b) The oscillatory cycle of a module
with Tpy, = 75, Teon = 12's, and T,y = 19 s. The inserts show the module top
view at full expansion/contraction. c) Pushing force exerted on a strain gauge
by a module with 7., = 6 s and T,, = 10 s.

8.3 Foambot Characterization

8.3.1 Actuation

The Foambot modules actuate through expansion and contraction of their outer
membrane. During inflation, the outer membrane exhibits an approximately
linear increase in radius; this behavior is mirrored during depressurization

(Fig. 8.3b). The full actuation cycle consists of an expansion period, a contrac-
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tion period, and a rest period. Given the particular pump and membrane elastic
modulus, we found the following parameters to provide significant changes in
properties, while limiting adverse material effects: By running the pump for
T, = 7 s, we see 21% increase in radius from R = 42 mm to 51 mm, a notable
amount of strain amongst soft sensors and actuators. From a fully inflated state,
in isolation, it takes T,,, = 12 s for the module to deflate to ambient pressure.
Further, to enhance sensor signal to noise ratio as discussed in the following
section, we normally add a rest period after an expansion and contraction cycle
where the module remains passive (7., = 19 s). Note that the radial expansion
creates pressure distribution on the surroundings, which allows the module to
perform work on itself or on others, depending on the balance between its own

pushing force and the static friction force of its neighbors.

8.3.2 Acting Forces

Three forces dominate movement in a Foambot collective - magnetic attraction,
pushing forces, and frictional forces with the floor. A module will slide across a
surface making or breaking connections with neighboring modules if the com-
bined magnetic and pushing forces acting on it are greater than its frictional
force. Note that the relative magnitude of each of these forces is an interesting

line of study that we leave for future investigations.

We measured the magnetic holding force between two magnet pairs embed-
ded in Ecoflex™ 00-50 to be 2.38 + 0.33 N (n = 10). This was measured by
fixating one to a load cell (Adafruit, 5 kg), while pulling the other away with

a linear actuator. Fig. 8.3c shows the pushing force during module expansion.
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Note that the contraction cycle shows more variation due to slight differences
in the valves and membrane thicknesses. When measured for a module with
T,,, = 6 s, with a maximum radial expansion of 13% the force reached 4.6 + 0.54
N. We performed this experiment by placing the module at rest between two

walls, one fixed, another connected to the aforementioned load cell.

Due to their slow movement, module friction with the floor is largely static.
The static coefficient of friction between a module’s sliders and different sur-
faces was found by connecting a module to one end of a string on a pulley and
adding load to the other end until the module began to move. These experi-
ments were done with five different modules (each weighing approximately 250
g) for a wooden table surface, a Styrofoam surface, and a white board plane;
the resulting static coefficients of friction were determined to be 0.27 + 0.01,
0.52 £ 0.11, and 0.29 + 0.03, respectively. Each of these surfaces is common to
research labs where algorithms for planar, modular robots can easily be tested

across different terrains.

8.3.3 Deformation

As previously discussed, the softness of the modules paves the way for a range
of interesting studies. Interestingly, as the modules inflate, their elastic modulus
decreases. When at ambient pressure, modules have an elastic modulus given
by the internal poro-elastic foam wrapped by membranes of Ecoflex™ 00-50. As
the module expands, it effectively creates more open space in the outer cavity
decreasing the effective elastic modulus, similar to the way poro-elastic foams

with increasing porosities reduce their effective elastic modulus. To character-
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Figure 8.4: Compression tests of a single module (n = 15).

ize this property we performed compression tests on a single module located
between one plate connected to a linear actuator and another mounted with a
load cell (Adafruit, 5 kg) to determine the applied force. We assumed a constant
area for determining stress, equal to the cross-sectional area given at the mod-
ule’s center. Although the area of interest changes with applied stress, we found
that this approximation matched the general profile found in poro-elastic foams

compressed using an Instron machine.

8.3.4 Sensing

The three sensors on the Foambots facilitate strain-based coordination. These
sensors exhibit greater electrical resistance as their length increases and when
they are squeezed. The former is most pronounced when modules expand; the
latter depends on the acting forces between neighboring modules, e.g. during
expansion, and any magnetic connections. To measure their value, each strain
sensor is connected in a half-bridge Wheatstone configuration. We character-
ized the sensor performance in terms of repeatability, consistency over time, and

the mechanical coupling between them on both passive and active modules.
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Figure 8.5: a) Output from two sensors embedded on a module oscillating 10
times. b) Normalized sensor outputs from an oscillating module (yellow) with
four neighbors (black). In a) and b), solid lines and shaded regions represent
mean and standard deviation respectively. c) Normalized sensor outputs from
a passive module (yellow) with two passive neighbors (black), and one module
(purple) attaching and oscillating.

Fig. 8.5a shows the raw resistance versus module radius over 10 expan-
sion/contraction cycles for two sensors. While the absolute value and range
of resistance varies due to the inexpensive, manual fabrication process, the gen-

eral profile is qualitatively similar.

Fig. 8.5b shows the normalized sensor output for all three sensors on an ac-
tive module with four passive neighbors arranged as shown in the insert. This

data demonstrates the repeatability of the resistance-strain relationship over
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time. Again, we note that the range varies between sensors, but the qualitative
behavior is similar and stays constant over multiple oscillation cycles. Specifi-
cally, the signal dips toward the end of the expansion period, a feature that is
apparent at approximately the same strain (~1.2 mm / mm) across all sensors,
and is mirrored at the beginning of the deflation period (~1.3 mm / mm). This
could be attributed to the gel-like nature of the Carbon composite: a lower strain
value might break up some of the electrical pathways and increase resistance; a
strain higher than a given threshold might cause the gel to move around slightly
within the Ecoflex™ membrane and repair electrical pathways and decrease re-

sistance. Further tests exploring these sensors would be needed to confirm this.

We tested the ability of a module to detect new module attachments and
neighboring expansions (Fig. 8.5c). Because of sensor variability, and because
their signal changes depending on whether one or two modules are connected
over their length, we distinguish between the two events as follows. Attach-
ments were detected by checking if the change in raw sensor output over 100
ms was greater than 4 bits. Inflations were detected by doing a complementary
low pass filter on the change in raw sensor output (alpha = 0.5), and checking
for a change greater than 3.2 bits over 1 s. To eliminate multiple detections trig-
gering in a row, we omit detections occurring up to 5 s after an inflation has been
triggered. Normally, at this time, the sensing module would itself be inflating
and consequently ignore new events anyway. We tested this method with three
sensors over 30 attachments and 30 expansion cycles, in a three and six consec-
utive neighbor configuration. All attachments were detected with a 0.14 s +0.08
s delay. 27 out of 30 inflations were detected with a 1.08 s £0.56 s, as well as
5 false positives and 1 false negative. Four of the false positives occurred on

sensors that were not connected to the expanding module.
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We further found that the sensors have a low signal to noise ratio while
the onboard pump is running. This is due to both direct noise coupling in the
shared power supply, and because the loop configuration of the strain sensors
pick up electromagnetic interference. Therefore, modules can effectively only
sense strain when the module is not expanding. Although this is limiting, this
concept has precedence in natural collectives, where, e.g. large networks of neu-
rons can create emergent behavior in spite of refractory periods occurring after

individual action potentials.

8.4 Foambot Collectives

The advantage of a single Foambot stems from coupled sensing and actuation
and its ability to elastically deform. An aggregate of modules can collectively
leverage these simple functionalities to produce emergent collective behaviors
such as collective force exertion, locomotion, and fracture (Fig. 8.7). Using up
to 9 modules, we demonstrate that each of these behaviors are feasible with the
current hardware and encourage the reader to look at the accompanying video.
Note that we leave it to future work to incorporate full feedback behavior on the
hardware, and that these videos represent hard-coded cycles. In the next sec-
tion, we expand on how decentralized algorithms for these robots might work

through a quasi-static simulation framework.

Fig. 8.6 demonstrates how synchronized modules may push in unison to
achieve greater force exertion. Using the same 5 kg load cell setup mentioned in
Sec. 8.3.2, we found that three modules connected in parallel could exert more

than three times the force feasible when out of phase.
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Figure 8.6: Force exertion by three modules (T,,, = 6's, Teop = 10s, T)oy = 0
s), when they are synchronized (blue), and out of phase by ~ 70 (red) and 135
(green), respectively.

Collective motion appears when the following conditions on the module
pushing force are satisfied: it must be greater than its static friction force and less
than the summed static friction force of the modules that actuate after this mod-
ule. Figs. 8.7a-b show the ability of Foambots to locomote collectively through
waves of expansion and contraction traveling opposite the module motion. We
found that 3 modules move ~0.1 robot radii per cycle, and 9 modules move
~0.125 robot radii per cycle. Note that in the latter experiment, the top left mod-
ule is left behind. This is caused by the combined pushing force of several mod-
ules along the diagonal expanding together; the module is pushed out such that
it breaks a connection with one of the modules and can then not join back with
the collective as the group moves away, severing its second connection. This ex-
ample highlights 1) that the aggregate is robust to loss of individuals and 2) the

need to carefully couple neighboring oscillations to avoid unwanted fractures.

As previously indicated, the choice of Foambot magnets will affect the col-
lective behavior. Strong magnets allow experiments without fracture; however,
weak magnets facilitate loose magnetic coupling and reconfiguration which
may be used advantageously to overcome environmental geometric constraints

or to converge on more stable collective morphologies (tight circle packing).
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Figure 8.7: a-b) Snapshots from movie showing locomotion in the uper right
direction of 3 and 9 modules when there are traveling waves in the opposite
direction. c) 7 synchronized modules expand and fill the space in a constraining
membrane. Blue light signifies expansion, red contraction, and blank rest.

Emergent behaviors based on these low-level physical interactions are predom-
inantly dependent on the number of modules, the starting configuration of the
collective, the balance between attractive and frictional forces, and the ampli-
tude and synchrony of radial expansion. As shown throughout the videos sum-
marized in Fig. 8.7, the slow movement of these modules enables most broken
connections to be repaired. In cases where different sections of the collective
are moving in opposing directions, the appearance of larger fractures may be

reduced with greater connection density and appropriate actuation patterns.

8.5 Simulation and Metrics

To support algorithmic development, we wrote a custom simulation framework
based on Matlab® and / or the free alternative Octave Online. The simula-
tion includes the ability of modules to expand and contract radially and detect
when neighboring modules transition between states. It also includes collision
checking, pushing forces, static friction, and magnetic forces. Informed by ex-

periments and COMSOL simulations, the latter was incorporated as a decaying
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function with a maximum force capped at 2.4 N at separation distances < 0.38
module radii, and a minimum of 0 N at a distance greater than 1 module radii.

Incorporation of module deformations is left for future work.

Inspired by the rich literature on coupled oscillators dating back to the basic
Winfree model [224], we suggest three metrics to evaluate the emergent behav-

ior of the collectives:

Global coherence: the average coherence of phases amongst all modules. This is
a dimensionless value between 0 and 1:

Zo = > e (8.1)

J=1

Local coherence: the average coherence of phases amongst neighboring modules.
This is a dimensional value between 0 and 1, where m is the iterative counter for
the total number of modules and 7 is the number of neighbors around a given

module:
1 &[]
_ L 2 : 1 z : i0;
ZL = N " e (82)

% (8.3)

N
—1

1

Throughout these metrics, N is the total number of modules in the collective,

0, is the phase of a given module, and ¥; is the change in module position.

A high global coherence means all modules share the same phase; however,
it is much more common to encounter scenarios where there is low global co-

herence and high local coherence due to fractures appearing in the collective.
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Along the same track, a high linear momentum means that the collective moves
in the same direction, which implies that the collective most likely remains con-
nected. A low linear momentum could also mean that the collective has broken

into multiple clusters, each possibly moving in a different direction.

8.6 Coupled Oscillator Algorithm

To demonstrate how modules may achieve emergent behavior, we took inspira-
tion from past work on static coupled oscillators [224, 46]. Specifically, we mod-
ified the original model, such that modules maintain equal natural frequency,
and a constant T,,, and 7T,,, adjusting only their 7, to achieve collective oscil-
latory patterns. More specifically, modules map their actuation cycle to a phase
value as shown in line 2 of Algorithm 1. Here, 7; is the time since the cycle of
module i began, A, is the actuation state (-1 for contraction, 1 for expansion, and

0 for rest).

Algorithm 1 describes how modules adjust their cycles, and the behavior is
further illustrated in Fig. 8.8, through radial profiles of two interacting modules.
The algorithm uses a coupling factor, K € (0,1), as a “knob” to control the be-
havior of the collective. When a neighboring activation is detected, an agent at
rest will update its phase value by an amount proportional to the phase differ-
ence between itself and the activating neighbor, scaled by K. See line three of

Algorithm 1 for the exact expression.

When a neighbor inflates, the “listening” module calculates a new phase
value 0;(1;) as a function of the coupling factor and its phase difference with

module j. Our algorithm allows for two possible cases: if the new phase is over
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Figure 8.8: Graphical representation of modules’ behavior when a sensing mod-
ule (green) responds to a neighboring module’s (purple) expansion. a) The cou-
pling factor K is sufficiently high that it brings two modules to synchrony within
one cycle. b) The sensing module maintains a phase offset with its neighbor, en-
abling traveling waves of actuation.

the expansion threshold, the module at rest immediately begins to expand and
sets 0;(t;) = 0. In the second case, the phase update does not yet require ex-
pansion, but the resting module still shortens the amount of time it stays at rest.
Intuitively, increasing K increases synchrony by causing the jump in phase to in-
crease, bringing modules closer in phase to their neighbors during an inflation

event.

To demonstrate the range of behaviors that can emerge from this algorithm,
we evaluated our metrics over a range of values of K and the number of mod-
ules in a rectangular 10-module tall configuration. Fig. 8.9a-b demonstrate syn-
chronization as the global and local order parameters increase with increasing
K. A snapshot of 10 modules within a 100 module collective synchronizing
is also shown in Fig. 8.1f. Fig. 8.9c demonstrates locomotion, caused by asyn-

chronous patterns of activation leading to higher linear momementum for lower
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Figure 8.9: Algorithm 1 applied to 10 - 100 module collectives in a rectangular
configuration. Results are averaged over 20 simulations. a) Global Coherence
(Zg)- b) Local coherence (Z;). c) Linear momentum (P)

values of K and smaller collectives. Fig. 8.9a and b show higher local than global
coherence, indicating fracture. At high numbers of modules, the collective may
form fracture lines that split the modules into multiple groups and thus lead to

high local coherence but low global coherence.

Algorithm 1 Coupled Oscillator Algorithm

1 ifAjzlandrj~rm,-nthen

2 Oi(t)) = m

3 0,(7i + dt) = 0,(7;) + K(0i(7;) — 0(7;))dt

4 endif

5 if# #0then

6 if A; = 0and 0,(t)T/(2m) < Torp + Teon then
7 Ai = 1, T, = 0

8 elseif A; = 1 and 7; = T,,, then

9 Ai =-1

10 elseif A, = -1 and r; = T, + T.,, then
11 A,‘ =0

12 end if

13 end if
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8.7 Summary

We introduced a soft robot to enable studies on strain-based coordination of
robot collectives, following inspiration from natural systems. This system is
unique in that modules directly couple actuation and signaling to coordinate
locally. We demonstrated the effects of synchrony, locomotion, and fracture in
9 real modules and up to 100 simulated modules as coupled oscillators. In the
future, we intend to leverage this platform to demonstrate robust emergent be-
haviors through local interactions on the real robots. Given the extreme simplic-
ity of these robots and the strain-based coordination mechanism, insights from
these studies may pave the way for robust emergent behavior in robot swarms

interacting physically at the micro- to macro-scale.
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CHAPTER 9
MICROROBOT COLLECTIVES WITH RECONFIGURABLE BEHAVIORS,
FUNCTIONS, AND MORPHOLOGIES

Collectives in nature often make use of reconfiguration, altering the group’s
morphology to carry out complex functions in various environments [209, 53,
85, 116, 155, 218, 222]. At small scales, reconfiguration enables organisms
to adapt to environmental disturbances and complete diverse functions. In-
spired by the robustness and adaptability of these systems, engineers have
mimicked naturally occurring behaviors through robot collectives that are pro-
grammable and interact with their environment to enable robust reconfigura-
tion. For example, at the macro-scale, Kilobot collectives use programmed in-
teractions to create different formations [164, 178, 181] and reconfigure to ma-
nipulate objects based on global signal inputs [14]. Other macro-scale robot
collectives demonstrate how environmental interactions like contact-based cou-
pling [98, 170, 25, 39] can enable collectives to change their shape [161, 41, 172],
function, and mode of locomotion [15, 137, 169]. At the micron-scale, reconfigu-
ration in artificial systems is rare and it has the potential to open up possibilities
in biomedicine, environmental remediation, and other applications [125, 3]. At
this scale, collectives interact through physical and chemical interactions to or-
ganize global responses beyond the reach of individuals [216, 235, 228, 113, 217].
The main paths for reconfiguration at the microscale include self-driven systems
with active particles, and externally driven systems with particles controlled by
one or more global signals [177]. In self-driven systems, local stimuli dominate a
particle’s behavior; particles react to their neighbor’s actions to produce collec-
tive behaviors [160, 13, 126, 213, 138]. Externally driven microrobot collectives

may be driven by magnetic fields [215], light [94, 250], acoustics [2], or any other
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global stimulus that can alter the motion of one or more particles in the system.
Given the high permeability of magnetic fields in many biological and non-
biological materials used in biomedical applications, many researchers have fo-
cused on developing particle collectives2 [235] and soft materials [249, 76] that
are responsive to one or more quasistatic [44] or time-varying [50] magnetic
tields. Therefore, a system that can utilize the mutual interactions between its
constituents and respond to a global magnetic field stimuli to exhibit different

behaviors would help realize a versatile reconfigurable robot collective.

One of the first magnetically actuated self-organizing systems was demon-
strated by Grzybowski et al. [65, 66], where millimeter-sized magnetic disks
at the fluid-air interface spun in response to an external rotating magnet and
assembled into hexatic patterns as a result of their hydrodynamic interac-
tions. Manually changing the shapes of the magnetic particles [67] enabled
the system to reconfigure by exploiting hydrodynamic interactions and a per-
manent magnet’s potential well confinement to create self-organized collec-
tives. Other systems, like the one used in this study, use capillary interac-
tions by patterning edge corrugations on micro-disks so that the micro-disk
collectives self-organize into square lattices [216] and rotating collectives [215].
Other microrobotic systems have demonstrated ribbon, chain or vortex forma-
tions [235, 228, 113, 227, 242, 241], locomotion [44, 225], and object manipula-
tion [148, 114]. One study shows impressive locomotion of two microrobotic
swarms that can navigate through various mediums and complex environ-
ments; however, each swarm demonstrates a single mode, one creates ribbon-
like formations while the other creates vortex-like formation [241]. Another ex-
perimental system produces four emergent modes (liquid, chains, vortices, and

ribbons) [228], and it relies on a solid substrate for symmetry breaking to en-
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able the formations and locomotion. Although this system exhibits four modes,
the relative strength of different mutual interactions in the system is not clearly
tunable; this limits the control of the collective’s size, inter-particle separation,
and each mode’s local order. An ideal system should enable an external control
parameter, like the magnetic field frequency, to dynamically program relative
dominance among different particle-particle and particle-environment interac-
tions to reconfigure between several tunable modes and their functions. More-
over, a system that can transition on-demand from globally driven behaviors to
a mutual interactions - dominated self-propelling behavior (like self-propelling
Janus particles [160, 13]) is yet to be realized. Such a system would not only be
useful for robotics applications but also for fundamental studies to explore the

link between globally driven and active systems.

Here, we present a micro-disk collective, consisting of around 120 micro-
disks, at the fluid-air interface externally driven by time-varying magnetic fields
that enable the collective to rotate, oscillate, remain static although individual
micro-disks are dynamic, form chains, locomote through magnetic field gradi-
ents, perform contact-based and flow-based object translation and rotation, and
explore an open space through gas-like self-propelling micro-disk pairs (Fig.
1). Each behavior is enabled by several particle-particle and particle-fluid in-
teractions (e.g., hydrodynamic, capillary, and magnetic dipole-dipole interac-
tions) that are controlled by external magnetic fields. Some of these behaviors
are unique to our system and have no counterpart in other systems. Morover,
our system shows both isotropic (rotating collectives) and anisotropic (chains)
behaviors, and it also transitions from such globally driven behaviors to mu-
tual interactions - dominated self-propelling behavior (like self-propelling Janus

particles). The system’s versatility and the micro-disks” ability to remain at the

230



fluid-air interface is well-suited for practical applications like manipulating cells
within a microfluidic chip, guiding development of micromachines, acting as a
model system for exploring self-organization in soft matter, and studying col-
lective behaviors that could finally translate to three dimensions and be used
for microscale packaging [125] and medical applications, such as targeted ac-

tive drug or other cargo delivery [6, 28, 49].

9.1 Modes of Collective Behavior

All of the collective behavior modes in this study are produced by collectives of
magnetic micro-disks at the air-water interface controlled by a biaxial oscillat-
ing unifiorm magnetic field (Supplementary Fig. 1). Micro-disks are driven by
the global magnetic stimuli and locally interact through three pairwise forces:
capillary, hydrodynamic, and magnetic dipole-dipole interactions. Each micro-
disk is circular and has a six-fold symmetry given by six cosinuisoidal profiles
along the disk’s perimeter; the corrugations along each disk’s boundary enables
capillary interactions that can be attractive or repulsive depending on the rela-
tive disk orientations. The micro-disks” hexatic characteristic causes capillary
interactions with six-fold symmetry. The number of symmetrically-placed cos-
inuisoidal profiles (between 2-6) would not significantly affect the behaviors
presented in this work, however, the six-fold symmetry and circular shape are
used because of simplicity in modeling the mutual interactions between such
disks.When the corrugations on two micro-disks align, they attract; when they
misalign above a threshold ( 8°) they repel each other. A uniform ferromagnetic
nanofilm of cobalt on each micro-disk’s surface enables orientation-dependent

magnetic dipole-dipole interactions. The hydrodynamic interactions are depen-
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Figure 9.1: Microrobot collective reconfigurable behaviors and functions. (a)
Three micro-disks driven by external magnetic fields exhibit magnetic dipole-
dipole attraction, capillary attraction, and hydrodynamic repulsion (top). Six
collective modes are possible: rotation (R), oscillation (O), static (S), chains (C),
oscillating chains (OC), and gas-like mode containing self-propelling pairs (G)
(bottom). (b) Schematic of collective transitioning between the possible modes
to perform various functions. Starting on the left side and continuing clock-
wise along the edge: the collective starts out in static mode and transitions to a
chain to locomote through a narrow channel and exit the channel to form oscil-
lating chains (channel crossing). At the top, the collective lines itself up against
a wall and uses the physical interactions with the wall to separate into two clus-
ters when it transitions to rotation mode (splitting). The collective can then
pass around an obstacle more easily by adapting inter-disk distance through its
static mode at high magnetic field frequencies (adapting to environment). The
collective can then rotate and locomote at the same time (generating azimuthal
flow) and induce motion on surrounding objects through its azimuthal flow
tield ( object rotation and flow-based transport). At the bottom, the collective
forms chains and pushes on an object (contact-based transport) and then dis-
perses through a gas-like mode (dispersion and exploration). The center images
show the collective can rotate objects through the azimuthal flow field when the
micro-disks are within the object as well as encapsulating it.
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Figure 9.2: Demonstration of different collective modes. (a) The external mag-
netic field B modulated in 2D space by the axial magnetic oscillation frequen-
cies, where 6; is the orientation of B with respect to the x-axis. (b) Specific linear
relationships between the two axial magnetic oscillation frequencies enables the
different collective behaviors: Rotation (blue), static (red), oscillation (green),
X chains (black), Y chains (gray), oscillating chains (cyan), GaSPP (magenta).
(c-i) Summary of collective modes: Curve traced by the magnetic field vector
Trace(B) (top left), the derivative of the orientation of magnetic field vector 85
(blue) with respect to the x-axis (red) (top right), representative experimental
images of the collective exhibiting respective behaviors (bottom). The bright-
ness of the images in (c-i) is enhanced using photoshop for better visualization.
The symbols on top of the experimental images in (c-i) represent the mode that
collective exhibits. These symbols correspond to those shown in Fig. 1a.
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Figure 9.3: Characterization plots for the microrobot collectives of 120 micro-
disks in different modes. (a) Collective radius, (b) mean angular velocity, (c)
mean neighbor spacing, and (d) mean local hexatic order parameter for the rota-
tion, static and oscillation modes. (e) Mean chain length and mean local hexatic
order parameter for the chain mode. (f) Mean speed for the GaSPP mode. Error
bars represent standard deviations over 10 s.

dent on micro-disks’ instantaneous spin speeds; faster spinning micro-disks ex-
ert greater hydrodynamic repulsion and create larger azimuthal flow fields that
cause the collective to spread out. Our system differs from those reported ear-
lier [215] in that it exploits two independent oscillating magnetic fields (eq 1),
each along one of the axes on a horizontal plane, as compared to a rotating mag-
netic field used in the previous studies, to drive the ferromagnetic micro-disks.
Therefore, the behaviors shown by the previous systems are a subset of those
exhibited by the current system. Specifically, our system shows the same behav-
iors as the system reported earlier when the oscillation frequencies along both
axes are equal, i.e., Q, = Q,, which produces a rotating magnetic field. The use
of two independent oscillating magnetic fields enables a richer set of behaviors,

some of which are isotropic (e.g., hexatic-like circular collectives) while some
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are anisotropic (e.g., chains). Moreover, our system can transition from glob-
ally driven behaviors to mutual interactions-dominated self-propelling behav-
ior and vice-versa. The magnetic field profiles are explained in Fig. 2, and the
behaviors are characterized in Fig. 3. The external magnetic field exerts a torque
on the micro-disks, trying to align the micro-disks with external magnetic field
vector. The relative strength of the three pairwise interactions changes as the
global magnetic field oscillates at different frequencies, which allows the col-
lective to exhibit different modes and functionalities dependent on the relation-
ship between the oscillation frequencies of the two orthogonal magnetic fields,
Q, and Q,, as shown in the line plots in Fig. 2a-b and the state map in Sup-
plementary Fig. 2. Each colored line in Fig. 2b represents a different global
behavior and is only one instance of several linear relationships that lead to
that behavior. For instance, collective oscillation happens when the frequencies
tulfill Q, = Q, — 1; however, the same general behavior could be found with
Q, =Q,-2and Q, = Q, - 3. In this study, we do not exhaust all possible linear
combinations that lead to particular behaviors, but instead focus on several dis-
tinct modes that enable useful functions and examine the collective’s properties
at one linear relationship for each mode. The magnetic field vector B is defined

as:

Bycos (2nQ2,t) + B,
g o | Bocos (27d) + B 9.1)

Byosin (2n€,t) + By,
where B, and By, are the amplitudes of the axial time-varying fields (10
mT), B,; and By, are the constant axial fields (B, and B, are 0 for all modes
except the X-chains where (B,;,By1) = (0, 10) mT, and t is time. As illustrated at

the top of each subfigure in Fig. 2c-i, the axial frequencies affect the trace of B
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along the two-dimensional (2D) workspace and the time-dependent behavior
of O; B drives the orientation of each micro-disk as it aligns its magnetic dipole
axis with the external field, and 65 indicates the rate at which the external field
changes its orientation. For example, Q, = Q, = Q produces a rotating magnetic
field, the trace of B is a circle and 65 is constant and equal to Q. This rotating
magnetic field exerts a torque on the micro-disks such that each disk spins about
its own center of mass. The linear relationship between Q, and Q, changes each
micro-disk’s angular velocity and its axial oscillation over time. These varia-
tions along with the capillary, magnetic, and hydrodynamic interactions enable

the global formations and functions described in the following sections.

9.1.1 Rotation Mode

For Q, = Q, (blue line in Fig. 2a), B traces a circle, resulting in a rotating mag-
netic field that exerts a torque on the micro-disks (Fig. 2c (top)). Consequently,
each micro-disk spins about its own axis at same angular velocity as the external
magnetic field, below the step-out frequency (~ 65 — 75 Hz), where the external
magnetic torque is insufficient for synchronized disk rotation. Each spinning
micro-disk creates an azimuthal flow field, which enables the collective to or-
bit around a common center of mass. Each disk’s spin speed and the inter-disk
hydrodynamic repulsion increases with frequency while the local hexatic order
parameter decreases. This increased repulsion causes the collective to spread
out and orbit more slowly (Fig. 3a-c). Also, the micro-disks further away from
the collective’s center of mass revolve faster than those closer to it (the red tra-
jectory lines in the image in Fig. 2c) (see Materials and Methods subsection

on experimental protocol). We reproduce the rotation behavior in simulations
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using a numerical model constructed using the pairwise interactions (Supple-
mentary Fig. 3). The agreement between the experiments and simulations sug-
gests that the numerical model contains the right ingredients responsible for
the behaviors of our system (for more details see the Materials and Methods
subsection model for simulations). Above 60 Hz, the collective expands and
conforms to the physical boundary’s shape, however, the simulations retain the
collective’s circular shape across all frequencies. Although this affects the ex-
perimental evaluation of the collective radius, it exemplifies how confinement
forces the collective to adapt its morphology. This mode’s remarkable feature
is the collective azimuthal flow field, which is used for various functions as

demonstrated later.

9.1.2 Static Mode

The static mode is a novel behavior composed of individually dynamic micro-
disks where each disk’s center of mass remains static with respect to the global
reference frame, but the disk oscillates about its own center axis. This mode is
characterized for Q, and Q, lying on the Q, = £ line (red line in Fig. 2b and
Supplementary Fig. 2). This linear relationship between Q, and Q, produces a
parabolic trace of B, which enables a time-varying profie for 8 (Fig. 2d). The os-
cillations of 65 across the x-axis indicate that micro-disks change their direction
of oscillation and angular velocity over time, oscillating while fixed in place and
interacting with their neighbors via time-varying pairwise interactions, which
cancels out any fluid motion in the short term and keeps the collective static.

Increasing the oscillation frequency increases micro-disks’ effective hydrody-

namic repulsion, which increases their mean neighbor separation distance until
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the disks start to step-out around Q, = 50 Hz (Fig. 3c). The distance between
neighbors within the collective allows it to encapsulate objects while maintain-
ing a high local and global hexatic order across all frequencies (Fig. 3d and
Supplementary Fig. 4). Regardless of the object’s size, the collective remains co-
hesive much more easily in this mode; in contrast, during the collective rotation,
all micro-disks exhibit higher hydrodynamic repulsion on each other, which en-
ables dispersion in the presence of non-uniform external forces like repulsion

from boundaries and objects.

9.1.3 Oscillation Mode

Oscillating collectives are characterized for Q, = Q, — 1, with frequencies in the
same range as rotating collectives. For this mode, 0 oscillates for several peri-
ods either below or above the x-axis (Fig. 2e), meaning disks keep a constant
spin direction in the short term but with angular speed fluctuations. This driv-
ing signal enables the whole collective to periodically switch between clockwise
and counter-clockwise rotations with a time-varying angular speed. The key
difference between the static and oscillation modes is that B has a much longer
period for the oscillation mode. This causes uniform collective rotation in one
direction for short-time observation, while the mean long-time angular speed
of this mode is still smaller than that of the rotation mode. The characterization
experiments show that the neighbor separation distance increases with higher
frequencies, and the average angular speed of the oscillating collective is smaller
than that of the rotating collectives (Fig. 3a-c). The local hexatic order for this
mode is lower than for the static mode, but higher than the rotation mode. This

mode enables the collective to remain robust against unfavorable system con-
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ditions like defective particle corrugations or irregularities in the fluid medium

and surrounding boundaries.

9.1.4 Chain Mode

Magnetic fields oscillating about a fixed mean-axis of oscillation create chain
formations aligned along the x or y axis, or any vector between the two. Chains
along the x or y axis only require a frequency along the alignment axis while
the other axis frequency is zero (Fig. 2f-h). Chains along any direction in 2D
can be formed as shown in Supplementary Fig. 2b (see Materials and Methods

subsection on experimental protocol for more details).

Throughout the experimental characterizations and demonstrations, the
chains were kept either in the x or y direction. At low frequencies (Q,, < 50
Hz) the attractive forces surpass the repulsive ones and the micro-disks align
and attach along edge corrugations forming connected chains. For even lower
frequencies (Q,, < 10 Hz), the collective oscillates about its center of mass while
following B, resulting in oscillating chains. At higher frequencies (Q,, > 50
Hz), the micro-disks separate due to greater hydrodynamic repulsion, thereby
forming chains with separated micro-disks, whose neighbor separation distance
increases with frequency (Fig. 3e). At these higher frequencies, the collective re-
sembles formations given by similar frequencies in the static mode with high
hexatic order (Fig. 3e). Although the two modes seem similar in spatial config-
uration, the orientation of the chains can be controlled more reliably than that

of the static configuration.

It is worth noting that although intuitively it seems that a static magnetic
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tield could be used to create chains, this system indeed requires an oscillat-
ing magnetic field. The chain formations are formed as a result of the syn-
chronous orientation oscillation throughout the collective, the flow generated
by each micro-disk, and its effect on neighboring constituents. If a static mag-
netic field is applied, the micro-disks would cease to oscillate about their axes
and the capillary interactions would dominate, which would result in formation

of hexagonal clusters.

9.1.5 Gas-like self-propelling pairs (GaSPP) mode

One-dimensional (1D) oscillating magnetic fields (like in eq. 2) produce a
gas-like formation in which the collective breaks into several micro-disk pairs
that randomly disperse, similar to the way active self-propelling Janus parti-
cles behave when they are stimulated30,31. The key difference here is that the
micro-disks’ collective behaviors are determined by controllable global stimuli,
whereas active Janus particles are mainly driven by local stimuli. The micro-
disk pairs translate perpendicularly to the line joining their two respective cen-
ters (Fig. 2i); their translation speed increases with frequency and drops to zero
as soon as the pair collides with a boundary or other micro-disks, both points at
which the pair permanently or temporarily break apart. The micro-disks trans-
late in a new direction if they rejoin or become pairs with other micro-disks.
Interestingly, two pairs frequently collide and exchange partners before moving
off in new directions. Tight clusters and single micro-disks far away from others
remain at a location until other micro-disk pairs collide with them. The average
velocity of the pairs in this mode increases with frequency until a threshold

(~ 50 Hz) when the collisions of the pairs with the physical boundary becomes
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Figure 9.4: Collective mode transitions between different collective formations
defined by the value for Q, and Q,. (a) Experimental transitions (from left to
right): static (Q, = 60 Hz, Q, = 30 Hz), oscillation (Q, = 31 Hz, Q, = 30 Hz), Y
chains (Q, = 0 Hz, Q, = 30 Hz), X chains (Q, = 30 Hz, Q, = 0 Hz, B, = 10 mT),
oscillating chains (@, = 1 Hz, Q, = 0Hz, B, = 10 mT), GaSSP (Q, = 70 Hz, Q, = 0
Hz, By = 0 mT), Rotation (2,92, = 70 Hz), Static (Q, = 60 Hz, Q, = 30 Hz). (b)
Simulated mode transitions corresponding to the experiments in (A). The last
frame of a mode in the simulations is used as the first frame in the simulation
of a subsequent mode. The brightness of the images in (a-b) is enhanced using
photoshop for better visualization. The symbols on top of the sub-images in
(a-b) represent the mode that collective exhibits. These symbols correspond to
those shown in Fig. 1a.

more frequent, thereby reducing their average velocity (Fig. 3f). This mode en-
ables collectives to disperse and fill open areas at different speeds. An example

of the magnetic field profile that enables GaSPP mode is the following;:

10cos (401)
B= (9.2)

0

Supplementary Figs. 5-6 shows that the collectives exhibit all the above men-

tioned behaviors even with a low number of micro-disks.
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9.1.6 Transition Between Modes

The mode transitions are demonstrated via experiments and simulations (Fig.
4 and Supplementary Fig. 2c). A rotating collective of around 120 micro-disks
starts out at Q,, = 70 Hz and transitions to a rotation mode at Q. , = 20 Hz, this
increases the collective’s average angular velocity and decreases its size. The
collective then transitions from the rotation mode to a static collective, followed
by a transition to the oscillation mode. Further, the system transitions from
isotropic oscillation mode to anisotroic Y chains. The Y chains transition to X
chains by changing the alignment axis; the collective then switches to oscillat-
ing chains, where each chain oscillates about the x-axis. Thereafter, the collec-
tive transitions from the globally driven chains to self-propelling mode, where
the disks disperse through the GaSPP mode and transition to rotation mode
at higher frequencies. Finally, the static mode collapses the collective back to
the center and forms a stationary hexatic-like structure. The transition sequence
was simulated using a numerical model where the collective starts with rotation
mode (Q,, = 20 Hz) and transitions through the whole sequence and ends with
the static mode (Fig. 4b). The qualitative agreement between the experiments
and simulations indicates that our system’s behaviors can be explained using
the main pairwise interactions between the micro-disks and external magnetic
fields (for more details on the numerical model see Materials and Methods sub-
section on model for simulations and model for GaSPP simulations). Note that
there are some discrepancies between experiments and simulations in the final
formations for the rotation mode (x,y = 70 Hz) and static mode (x = 60 Hz,
y = 70 Hz). These discrepancies arise because we do not consider the hydro-
dynamic drag from the arena boundary, which remains insignificant in most

cases but becomes significant at higher frequencies of the external magnetic
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tield. The main reason for slight differences in the experiments and simulations
for the chain motions could be due to the simplified model used for the capil-
lary interactions between the disks in simulations. The capillary interactions are
simplified to be pairwise in simulations, however, in experiments the capillary
interactions could also include a many-body term. The capillary interactions
significantly affect the assembling of the micro-disks and the absence of the
many-body term could explain the presence of unattached micro-disks in the
simulations for chains. Because the modeling of the many-body capillary term
and the drag from the arena boundary is highly non-trivial and because the ab-
sence of these terms does not influence the simulation results significantly, these
terms were not included in our numerical model. Additionally, a concave air-
water interface can drive the disks towards the center of the arena, creating an
effective attraction between the disks. The simulations assume a flat air-water
interface and each experiment approximates this; however, even a small con-
cavity in the interface lowers neighbor spacing between micro-disks in the ex-
periments, constraining the motion of individual disks. This difference is most

clearly evident in the simulations of the chain mode.

9.2 Mode-Enabled Robotic Functionalities

Next, we demonstrate diverse functions using different collective modes and
quantitatively characterize several key parameters, including locomotion and
dispersion speed under various external field parameters and angular veloc-
ities of the manipulated objects. These demonstrations begin with magnetic
field gradient-based mechanisms that enable collective locomotion and naviga-

tion through complex environments and enable contact-based object transport
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(Figs. 5). Figs. 6-7 demonstrate the collective’s ability to manipulate itself and
the surrounding environment through the fluid medium; this includes flow-
induced locomotion, object transport, object rotation and orientation control.
Finally, we show the useful functions available through the GaSPP mode: dis-
persion and space-filling with directional flows, and splitting by using the en-
vironment boundaries (Fig. 8). Most of the demonstrations in this section make
use of multiple modes to achieve different functions. For example, to demon-
strate object transport, the collective can simply start near the object that is to
be transported, however, that may not always be the case in realistic situations.
Therefore, to present a complete picture, we present demonstrations where the
collective starts farther from the object and needs to locomote to get near the
object and make the transport possible. Such demonstrations better highlight

the advantage of using multiple modes even to achieve a single function.

9.2.1 Gradient-based locomotion and navigation through intri-

cate environments

We use 2D external magnetic field gradients to enable collective locomotion. We
characterize around 120 micro-disks’ average locomotion speed as a function of
their collective mode, field gradient along the x and y axes, and field frequency
(Figs. 5a-b) and collective size (Supplementary Figs. 7-8). The chain mode with
alignment along the gradient’s axis exhibits the highest speed among the four
tested modes. Note that the chains slow down when they approach the arena’s
boundary as a result of the confinement effect; this results in higher standard

deviations (Fig. 5a-c). The collective moves on desired trajectories to form the
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Figure 9.5: Magnetic gradient-assisted collective navigation through confined
environments and contact-based object transport. (a) Locomotion speed com-
parison for the rotation, static, oscillation, and chain modes with N = 126 micro-
disks driven at different frequencies when the gradient is F = 0.7 Gauss / mm.
The chains move faster than other modes. The error bars represent standard
deviations over 5 s. (b) Displacement of each mode over time when Hz. The
chains move faster and get slowed down due to the physical boundary around
2.5 s. This contributes to large standard deviations in chain speed in (a). (c)
Representative images showing the trajectories of static (left), oscillating (mid-
dle left), rotating (middle right), and chain (right) collectives under the influence
of a magnetic field gradient along the y axis. (d) Y chain of seven micro-disks
driven with magnetic field gradients to produce MPI and C trajectories. (e)
17 micro-disks transition between different modes to navigate through narrow
passages. (f) The collective switches between the modes static, X chains, and
Y chains to locomote and push an object. The brightness of the images in (c-f)
is enhanced using photoshop for better visualization. The symbols on the sub-
images at the bottom, in (c), and top, in (e-f), represent the mode the collective
exhibits. These symbols correspond to those shown in Fig. 1a. The sub-images
in (f) are labeled at the bottom with the function that the collective performs.
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letters “MPI” and “C”, while maintaining a chain formation (Fig. 5d). Next,
we demonstrate the system’s ability to switch between collective modes that
enable it to navigate through a complex environment (Fig. 5e). Throughout
this environment, the collective passes through narrow passages that require
it to switch between X- or Y-chains in order to keep all micro-disks together.
Additionally, the collective moves quickest as a chain, when the chain is aligned
along the direction of the magnetic field gradient. After about 150 s, we switch
the collective to the GaSPP mode, demonstrating that the collective can disperse

within a complex arena and coalesce afterwards through the rotation mode.

9.2.2 Contact-Based Object Transport

We also show object transport using physical contact (Fig. 5f) through a collec-
tive that must navigate towards and around an object and then reconfigure to
push it in the desired direction. The collective starts out at the arena’s left side in
static mode and passes the spherical object (1 mm-diameter polystyrene bead)
as X-chains, driven by a magnetic field gradient (0.7 Gauss/mm). It is impor-
tant that the collective exhibits the X-chain mode when moving to the right side
of the arena since this allows it to maximize its speed and minimize the contact
surface area to prevent pushing the bead to the right side. Then the collective
switches to Y-chains and pushes the bead to move left. The Y-chains ensure that
the collective has a large surface contact area along which it can push the object

from the right side of the arena to the left.
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9.2.3 Flow-Induced Locomotion

Flow-induced locomotion enables a collective to move around by taking advan-
tage of the generated fluid flows and surrounding environmental boundaries.
When the collective reaches the arena’s bottom right corner (after 190 s in Fig.
5e) it transitions into a clockwise rotation mode with a constant downward field
gradient and moves towards the left, opposite to how a wheel rolls on a bound-
ary. We speculate that this counter-intuitive leftward movement is caused by a
combination of the clockwise flow and the symmetry breaking due to the pres-
ence of a fixed boundary on one side of the collective. A detailed study will
give insight into the specific mechanisms that enable this collective behavior;
however, this is beyond the scope of this paper. The complex interplay between
parameters like magnetic field gradient, boundary conditions, and bi-axial mag-
netic field frequencies opens up many avenues for researchers to explore opti-
mal control methods for transporting a collective within complex and/or dy-

namic environments.

9.2.4 Azimuthal Flow Fields

The emergence of flow-induced locomotion results from the azimuthal flow
generated by each spinning micro-disk in rotation mode. Fig. 6a shows a flu-
orescent dye that is introduced to the left of a clockwise-rotating collective and
spreads through a combination of its own diffusion and the azimuthal flows
generated by the collective. A close look at the images shows that the dye cir-
cles around individual micro-disks” edges and is swept by azimuthal flows onto

other nearby micro-disks.
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Figure 9.6: Flow-assisted contact-free object transport. (a) Qualitative demon-
stration of flow around micro-disks when the collective is rotating. Green and
blue lines were extracted using edge detection. (b) Collective rotates to guide a
purple ball to the bottom right-hand corner. (c) Collective rotation guides a ball
around the perimeter of the arena by using the arena design. The brightness of
the images in (a-c) is enhanced using photoshop for better visualization. The
symbols on top of the sub-images in (b-c) represent the mode the collective ex-
hibits. These symbols correspond to those shown in Fig. 1a. The sub-images in
(b-c) are labeled at the bottom with the function that the collective performs.

9.2.5 Contact-Free Object Transport

Contact-free object transport is achieved through the rotation mode. First, a
collective of 120 micro-disks rotates to move a polystyrene ball (I mm) from
the top center of the arena to the lower right corner (Fig. 6b). The collective
rotates in the counter- clockwise direction to generate a flow that drags the ball
along, thus transporting it into the greater open space in the lower right corner
of the arena. Similarly, the ball can be transported to the arena’s left side using

a clockwise rotation (Supplementary Fig. 9).

The second demonstration of contact-free object transport is shown in Fig. 6¢c
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where the goal is to move the ball to the arena’s bottom right corner. Similarly to
the experiments in Fig. 5f, the collective navigates to the right side of the arena
and around the bead. As opposed to the demonstration in Fig. 5f where the col-
lective must be aligned adjacent to the bead to transport it, here the collective
must encapsulate the bead so there is a significant density of micro-disks around
it in all directions. After locomoting to the arena’s right side at a high speed
through X-chains, the collective switches to static mode so that micro-disks can
evenly distribute throughout the bead’s perimeter without transferring torque
that might send the bead in an undesired direction. The micro-disks begin to
spin clockwise to generate a flow that moves the ball towards the left. Because
the arena has a center barrier with fluid all around it (rectangular loop design),
the ball makes its way to the left side, downward, and then back to the right side
where it finishes below its starting point. The cumulative effects of the bound-
ary, the size of the collective, their direction of rotation, and the general arena
design dictate the ball’s trajectory. This experiment demonstrates the capabil-
ity of our system to use external factors, like boundaries, to achieve otherwise
difficult tasks. Although it is beyond the scope of this paper, the complex inter-
play between these different parameters offers great opportunities to develop
robust, efficient, and real-time control strategies for targeted manipulation of

one or multiple objects.
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9.2.6 Flow-induced object manipulation (rotation and orienta-

tion control)

We have shown the collective can transport large spherical objects through
contact-based and contact-free mechanisms; however, it is also useful if these
collectives control single or multiple objects that encapsulate the collective, or
that the collective itself encapsulates. Fig. 7 demonstrates the various flow-

induced object manipulation behaviors possible.

The azimuthal flow fields from the individually spinning micro-disks,
placed inside a ring, creates a larger circular flow around the collective’s perime-
ter; the viscous drag on a ring’s inner boundary enables it to rotate (Fig. 7a). Fig.
7b shows that the collective can also control the motion of an object externally,
as would be needed for solid objects. In these cases, a ring’s direction of ro-
tation is opposite the individual micro-disks” spin direction. The strength of
the azimuthal flows generated by the collective can be changed in three ways:
by using different numbers of micro-disks (varying the area density), by us-
ing rings of different sizes while keeping the number of micro-disks constant,
and by changing the rotation speed of the collective. These experiments were
performed for three ring objects of different sizes and with different numbers
of micro-disks inside or outside the structure in each case. Their characteriza-
tion demonstrates that increasing the frequency of the external magnetic field
decreases the collective’s angular speed (Fig. 7a-c and Supplementary Figs. 10-
11). Interestingly, at low frequencies several micro-disks forms pairs and rolls
along the outer perimeter of the rings in several instances. The rotational ma-
nipulation is not restricted to objects of circular shapes; Figs. 7d-e show rod-

and star-like shapes encapsulating collectives, rotating about their center axis
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Figure 9.7: Flow-assisted object rotation and orientation control. (a) Micro-disk
collectives within ring-shaped objects of different sizes; the object rotates in the
same direction as the collective. (b) Collectives encapsulate and rotate ring-
shaped objects; the object rotates in the opposite direction as the collective. Red
line in (a-b) shows the rotational trajectory of the rings. The same rings are
used for (a) and (b). (c) Angular velocity of a ring-like object (ID 3.4 mm and
OD 6.5 mm) when there are 60 micro-disks inside or outside the structure. Error
bars represent standard deviations over 10 s. (d) Collective rotates a rod-shaped
object and (e) a star-shaped object. (f) Two collectives within adjacent objects
enable coupled object rotation. (g) A collective within one of two adjacent ring-
like objects rotates the structure it is in and exerts a torque on the neighboring
object to enable gear-like motion. (h) A collective enters a C-shaped object, ro-
tates it, and exits the structure. A red circle is added to highlight the orientation
of the rings (a-b) and (g-f). The red dashed arrows in (d-g) show the direc-
tion of rotation of the individual objects (thin arrows) and their center of mass
(thick arrows). The brightness of the images in (a-b) and (d-h) is enhanced us-
ing photoshop for better visualization. The symbols on top of the sub-images
in (a-b) and (h) represent the mode that the collective exhibits. These symbols
correspond to those shown in Fig. 1a. The sub-images in (h) are labeled at the
bottom with the function that the collective performs.
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as a result of the azimuthal flows. The next set of demonstrations address dual
object manipulation when there are collectives within one or both of the objects
(Fig. 7f-g). Two rings of different sizes, each encapsulating different numbers
of micro-disks (34 in a small and 60 in a large ring, respectively), rotate in the
same direction, but since they touch each other’s boundary, their motion be-
comes coupled due to capillary torque and the two rotate about their common
center of mass. However, when only one of the rings encapsulates a collective,
the torque is exerted from the driven ring to the passive one, like gears, and as
a result they rotate in opposite directions (Fig. 7g). This way the collective is
used to demonstrate torque transfer between two rings, one ring actuated by
the collective, while the other ring rotates either indirectly about its own axis
or about a common center of mass with the first ring. Using the experiments
discussed above, we finally demonstrate that the collective can switch between
different modes to manipulate a C-shaped object with a small opening, stop it
at a desired orientation to enter it, rotate it from the inside, and then exit (Fig.

7h).

9.2.7 Dispersion and Splitting

Finally, we show that the propulsion behavior in the GaSPP mode can be use-
ful to disperse the collective (Fig. 8a). More specifically, this mode enables
small collectives to disperse across large areas, within an object without trans-
ferring a significant amount of torque, as well as escape a free-floating structure
without changing its orientation. We show that the mean velocity of the pairs
increases with oscillation frequency (€2,) of the 1D magnetic field (Fig. 3f). We

compare the dispersion of micro-disks when using the expanded rotating collec-
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Figure 9.8: Dispersion and splitting of the microrobot collective. (a) Represen-
tative images of a collective transitioning from Y chains to GaSPP to explore the
available area. (b) Collective disperses using the rotation mode (70 Hz) within
a quadrotor-shaped object; the collective expands and rotates the object about
its center. (c) transition from rotation mode to GaSPP mode; the collective ex-
pands but does not rotate the object. (d) Collective splits into two groups by
forming chains along a boundary and then transitioning to rotation mode. (e)
Demonstration of a collective splitting between two sides through GaSPP and
then returning to the same side through gradient-assisted X chain locomotion.
The brightness of the images in (a-e) is enhanced using photoshop for better vi-
sualization. The symbols on top of the sub-images in (a-e) represent the mode
the collective exhibits. These symbols correspond to those shown in Fig. 1a. The
sub-images in (b-c) and (e) are labeled at the bottom with the function that the
collective performs.

tive and the GaSPP mode (Fig. 8b-c). In Fig. 8b, we place the rotating collective
(Q,, = 20 Hz) inside an arbitrary shape and then transition to the rotating col-
lective at Q,, = 70 Hz, and in Fig. 8c the collective transitions to a GaSPP mode
at Q, = 70 Hz. We find that a rotating collective rotates the whole boundary
while uniformly spreading across the whole available area, whereas the collec-

tive in GaSPP mode expands less uniformly, much faster, and without rotating
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the boundary. Finally, we demonstrate two different ways to split up the collec-
tive. We first show the temporary splitting of the collective using reconfigura-
tion into other modes and the physical boundary (Fig. 8d and Supplementary
Fig. 12). In this case, the collectives split into two circular, rotating collectives
for a short time until the inter-disk attraction takes over and they merge into a
single collective. Then we demonstrate the use of GaSPP to split the collective
and then merge the two small collectives using the chains, aided by magnetic
tield gradients, to navigate through a narrow opening (Fig. 8e). Specifically, we
place the micro-disks inside a rectangular arena that is divided into two squares
by a wall. The only way for the micro-disks to go from one side of the arena
to the other is via a small (~ 1 mm) opening at the center of the dividing wall.
We start by placing the collective in the left square, forming Y-chains, and then
changing to GaSPP mode (2, = 70 Hz). This mode enables fast dispersal of the
micro-disks to the right side of the arena and on switching to the rotation mode
(Q,, = 50 Hz), the collective forms two rotating groups, one on each side of
the arena. The two groups then merge by transporting the group on the right
side using the X-chains to go back to the left side through the narrow opening
at the center, when assisted by a magnetic field gradient. This experiment high-
lights the capability of our system to adapt to and explore diverse environments
by reconfiguring into different formations. Aside from an application perspec-
tive, this novel mode has great potential in carrying out fundamental studies on
self-propelling particles; although the behavior is enabled by mutual interac-
tions between particle pairs, their speed is tuneable through a global magnetic
tield frequency. Studying the fundamental behaviors of this mode more closely
could give insight into the possibilities of self-propelling collectives like those

composed of Janus particles.
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9.2.8 Discussion

In summary, we present a microrobot collective system that can reconfigure
into six different behaviors, each of which is capable of diverse tasks. First,
we show the different behaviors our system exhibits, both via experiments and
simulations. These behaviors include globally rotating, static and oscillating
formations composed of dynamic micro-disks, static and oscillatory chains, and
a novel gas-like mode composed of self-propelling pairs. Our system exhibits
various formations, each possessesing further tunability of collective size, an-
gular velocity, and locomotion speed. We further characterize each behavior
at different frequencies and demonstrate inter-mode transitions. Finally, by ex-
ploiting the reconfiguration capabilities of our system, we realize several func-
tions like collective navigation through confined environments, contact-based
and contact-free object transport, flow-induced object rotation, and collective
dispersal to explore available areas and to split into smaller groups. These be-
haviors are possible due to the intricate balance between the mutual interactions
between the micro-disks and the arena, and the judicious choice of the external

magnetic field’s form to drive the collective.

Although we explore two orthogonal oscillating magnetic fields in this
study, we keep several parameters constant, like the phase difference between
the two oscillating magnetic fields and the magnetic field intensity. Further vari-
ation of such parameters could uncover new behaviors in our system. One lim-
itation of our system in its present state is its low force-bearing capacity, which
limits the size of the object that can be pushed (via contact) using the chains.
However, this problem could be solved either by increasing the collective size

or through stronger magnetic field gradients. Moreover, the numerical model
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for GaSPP mode contains a noise term and its physical origin is fundamentally
intriguing. Further studies on the physical origin of this noise is out of the scope

of this study and will be reported separately.

To the best of our knowledge, our system is more versatile and demon-
strates more behaviors and functions than any other system at this scale and
at the fluid-air interface. In addition, two of the presented behaviors are novel
and unique to our system, i.e., the static collective composed of dynamic micro-
disks and the gas-like formation composed of self-propelling pairs. Unlike any
other system in the literature, our system transitions from globally driven to
mutual interactions-dominated self-propelling behavior. Moreover, our system
enables the use of traditional mechanical coupling at the millimeter scale for
torque transfer, paving a way for the transfer of knowledge of traditional me-
chanical systems to build machines at smaller length scales. One feature of our
system is that even an incredibly small number of micro-disks, as small as 7,
can exhibit all the formations demonstrated in this study. This capability could
be very advantageous in scenarios when the collective needs to be broken into
smaller groups while still retaining the ability to reconfigure. We envision that
our system would be useful in performing several tasks applicable to microscale
self-assembly and packaging?22, and its use as reconfigurable micromachines in

biomedical and environmental applications.
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9.3 Materials and Methods

9.3.1 Fabrication of the Microrobots

Microrobots were printed using two-photon polymerization-based 3D micro-
printing (Nanoscribe Photonic Professional GT) and nanofilms of 500 nm cobalt

and 60 nm gold were then sputtered onto them using Kurt J. Lesker NANO 36.

9.3.2 Video Acquisition and Analysis

The experiments were performed under Leica manual zoom microscope Z16
APO and they were recorded using Basler acA2500-60uc camera. LED light
source SugarCUBE Ultra illuminator connected to a ring light guide (0.83” ID,
Edmund Optics 54-176) and was used to illuminate the micro-robots. A Python
script was developed using the OpenCV library to process the experimental
videos and extract the positions of the micro-robots. The analysis of the pro-
cessed data was done using MATLAB. The raw images were used without any

enhancements for the processing.

9.3.3 Experiment Protocol

The characterization experiments (Fig. 3) were done in a square arena with a
12 mm side length. These experiments were perfomed using 120 micro-disks.
For the rotation and oscillation mode, the experiments were performed for Q,,

above the frequency range that results in aggregation (> 10 Hz) and below the
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step-out frequency (~ 65 — 75 Hz), where the external magnetic torque is insuf-
ticient for synchronized disk rotation. The experiments for static mode were
performed for up to Q, = 60 Hz with a step size of 5 Hz, since the disks start to
step out at higher oscillation frequencies. At low frequencies (2., < 10 Hz), the
capillary and magnetic dipole-dipole torques exceed the external magnetic field
torque, while the attractive forces dominate over the repulsive hydrodynamic
lift force, causing the micro-disks to align and connect along their corrugations,

thereby forming aggregated clusters.

The experiments demonstrating the chain formations along any orientation
(Ocnain With respect to the x axis), the frequencies can be set to the linear rela-
tionship needed for a static collective (Q, = 2Q,) while B,; and By, are varied
according to the function 6., = arctan(fracBy,B,,). For example, if 6.4, should
be 45° below the x-axis, like the example shown in Supplementary Fig. 2b, then

B could have the following parameters:

10cos (40t) + 5
B= (9.3)
10sin (201) = 5

The gear-like configuration (Fig. 7 f-g) was tested multiple times with the
rings in physical contact and the result was the two rings rotating about their

center of mass because of the increased capillary torque between the two rings.

9.3.4 Simulations

The numerical model developed by Wang et al.35 was modified to simulate the

different formations. In the simulations, the initial positions of the micro-disks
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were chosen to be on a hexagonal lattice centered at the center of the frame. The
distances between the neighboring microrobots were 600 um. The behaviors
were simulated for a total time of 10 s with 1 ms steps. The equations described
in the supplementary section of the simulation model were solved using the
Explicit Runge-Kutta method of order 5(4) in the SciPy integration and ODEs

library (see section on Model for simulations for more details on simulations).

9.3.5 Model for Simulations

9.3.6 Model for GaSPP Simulations

9.3.7 Calculation of hexatic order parameter

The local hexatic order parameter was calculated as:

166
WGLocal = % (94)

where K is the total number of neighbors of all micro-disks; k is neighbor
index, 6 is the polar angle of the vector from each micro-disk to the " neigh-
bor. Calculation of global hexatic order parameter. The global hexatic order

parameter was calculated as:

Zk ei69k
K

(9.5)

l//6Global = ‘
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9.3.8 Dye for Flow Visualization Experiments

Fluorescein sodium (C20H10Na205) dye from Fischer scientific (code:

F/1300/48) was used to visualize the azimuthal flow around the rotating col-

lective.

9.4 Supplementary Materials
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Figure 9.9: Experimental setup. (a) Two-axis Helmholtz coils and imaging
setup: (1) Manual and computer view onto stage; (2) X-coils; (3) Y-coils; (4)
Stage. (b-g) Arena designs for experimental demonstrations: (b) Maze arena.
(c) Ball Motion Arena. (d) Quadrotor object. (e) C-shape object. (f) Rod-like
object. (g) Star-like object. (h) Plot of frequency of output coil current vs input
signal to generate the magnetic field. The output current has the same frequency
as the input signal. (i) Bode plot of magnitude and phase of the coil current. The
magnitude of the output current falls below the 3dB line after 200 Hz.
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Figure 9.10: Additional collective behavior analysis. (a) State diagram across
Q,,Q, space at 5 Hz increments. (b) Chain formation at two orientations not
along the magnetic frequency axes (Q, = 40 Hz, Q, = 20 Hz: (left) 45° below the
x axis, (right) 45? above the x axis. (c) Mode Transitions: (Top) Rotation (€, = 40
Hz); X-Chains (Q, = 30 Hz); Static (@2, = 60 Hz); Y-Chains (Q, = 30 Hz); GaSPP
(Q, = 70 Hz); Rotation (Q,, = 50 Hz); GaSPP (Q, = 70 Hz); Oscillation (Q, = 40
Hz). (Bottom) GaSPP (Q, = 70 Hz); Y-Chains (2, = 30 Hz); Rotation (Q,, = 40
Hz); GaSPP (Q, = 30 Hz); Oscillation (Q, = 30 Hz); X-Chain (Q, = 50 Hz);
GaSPP (Q, = 70 Hz); Static (Q, = 140 Hz).
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Figure 9.11: Characterization of the simulated rotating collectives with 120
micro-disks. (a) Collective radius; (b) mean angular velocity; (c) mean neigh-
bor distance; (d) local hexatic order; (e) global hexatic order. The error bars
represent standard deviation over 10 s.
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Figure 9.13: Experimental characterization of 34 micro-disks in the rotating, os-
cillating, and static modes. (a) Collective radius; (b) mean angular velocity; (c)
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Figure 9.14: Velocity characterization of collectives with 7, 34, and 60 micro-
disks exhibiting the GaSPP mode. Mean velocity of collective with (a) 7, (b) 34
and (c) 60 micro-disks, respectively. The error bars represent standard deviation
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Figure 9.15: Chain locomotion speeds for different frequencies when there are
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error bars represent standard deviation over 5 s.
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Figure 9.16: Locomotion speeds across various gradients and frequencies for
chains aligned along the y direction. (a) Results for when there are 126 micro-
disks and a gradient is acting on them in the (i) x direction and (ii) y direction.
(b) 34 micro-disks. (c) Seven micro-disks. The error bars represent standard
deviation over 5 s.
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Figure 9.17: Flow-induced collective object manipulation in the rotation mode.
Video snapshots of the collective in the rotation mode inducing flow that pro-
pels a ball in the left direction.
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Figure 9.18: Collective radius when the micro-disks are within ring-like struc-
tures packed at various area fractions. (a-c): (a) 7 micro-disks, (b) 34 micro-disks,
(c) 60 micro-disks. Collective radius when the micro-disks encapsulate ring-like
structures with various OD (outer diameters) (d-f): (d) 34 micro-disks, (e) 60
micro-disks, (f) 120 micro-disks. The error bars represent standard deviation

over 10 s.
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Figure 9.19: Mean angular velocity of micro-disks when they are within a ring-
like structure. (a) 60 micro-disks. Mean angular velocity when the micro-disks
encapsulate ring-like structures with various OD (outer diameters) (b-d): (b) 34
micro-disks, (c) 60 micro-disks, (d) 120 micro-disks. The error bars represent
standard deviation over 10 s.

Figure 9.20: The collective separates into two clusters by using the arena bound-
ary and then reforms a single cluster.
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CHAPTER 10
SUMMARY & CONCLUSIONS

In this dissertation, I have discussed my work on robot collectives at the
macro and micro length scales. I am interested in all aspects of collective sys-
tems that demonstrate emergent behaviors, ranging from the mechanical design
of macro-scale agents to the algorithms and coordination mechanisms used to

implement the behaviors at the different scales.

Through the branch of cross-scale coordination mechanisms, I expanded on
a swarming coupled oscillator model to reveal many new emergent behaviors
that can replicate the collective behaviors of several natural and artificial col-
lectives. I also demonstrated that the environment could be designed to enable
different emergent time-varying collective formations. The abstract mathemat-
ical frameworks I studied have strong potential in characterizing many differ-
ent types of collective systems as well as providing simple control mechanisms
to enable many different static and time-varying behaviors in collectives com-

posed of agents with limited capabilities.

At the macro-scale, I developed soft actuators that use fluidic actuation to
enable rotational motion and traveling waves. I also developed a stretchable
strain sensor that can be used for different applications like tactile grid localiza-
tion, and implemented it on a soft robotic oscillator to demonstrate how strain
could be used to enable various emergent behaviors in a collective of expand-
ing and contracting soft robots. I also developed the algorithms and simula-
tions to study the different emergent behaviors on these robots. At the macro-
scale, I also worked on the self-reconfigurable modular robots, the Donuts, to

demonstrate proof-of-concept motion and docking. I developed several simu-
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lation platforms for these robots to study their various sensing methodologies,

including touch sensors, IR transceivers, and strain sensors.

At the micro-scale, I worked on a ferromagnetic microrobot collective sys-
tem to demonstrate various emergent behaviors tunable through an external
bi-axially oscillating magnetic field. I demonstrated that a micro-disk collective
can reconfigure on-demand between several different collective modes to nav-
igate through a complex arena, push an object, generate flows to transport an
object to a desired location, and manipulate objects much larger than the indi-
vidual agents. I also demonstrated that a heterogeneous collective composed
of small and large micro-disks can spatially self-organize by size under an ex-
ternal magnetic field, can tune the local spacing / stiffness, and that this be-
havior can be replicated through a simple swarming coupled oscillator model. I
also demonstrated that the rotational collective mode can be used to manipulate
large and small objects when the collective has a small number of micro-disks,
like ~ 35, and when it has a large number, like ~ 1000. I showed that a collec-
tive could also be used as a large set of micro-actuators to create more complex

small-scale machines.

I hope that my work at the different length scales and with the cross-scale
coordination mechanisms will lead to more studies on emergent collective be-
haviors. In my work, I have demonstrated many interesting collective behav-
iors and have shown in some cases how they can be used to manipulate objects,
navigate through a complex environment, and exert forces on the surround-
ings. There is still a lot of room for high-impact exploration with the macro-
scale robots, micro-robots, and cross-scale coordination mechanisms I used and

I hope many more people expand on each of these avenues so that the fields
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may further develop in the coming years and find practical uses for biomedical

applications, small-scale manufacturing, and environmental remediation.
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