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6.1 Introduction

In 1990, Eric Krotkov authored a paper “Active perception for legged locomotion:
every step is an experiment” [ 1], where he discussed how legged robots could improve
performance on natural terrain by “stepping on and kicking things” as a perception
task. When integrated with vision, this approach could lead to better robot locomotion.
In addition, such processes could also improve understanding of the terrain.

Krotkov’s vision does not shy away from novel environmental interactions; unfor-
tunately, such an approach has not been the paradigm in robotics and control. Speak-
ing broadly, these disciplines tend to treat the robot and environment as highly
controlled, sterile systems with simple interaction models. However, this approach
is running up against limits; as seen in Fig. 6.1, robots do and will face terrestrial envi-
ronments that are not controlled, not deterministic and whose physics (needed for
modeling interactions) is unknown.

How should we proceed with the task of discovering principles for robust move-
ment in complex environments, particularly when movement entails organizing huge
numbers of degrees of freedom? One approach, largely stemming from the dynamical
systems community, and applied to living systems, is to seek low-dimensional limit
cycle dynamics or representations, called templates in the language of [2]. When a
locomotor’s many degrees of freedom are controlled to target a template dynamics,
the systems can accrue benefits in speed, stability, and energy use. This paradigm
has proved useful to unite biological locomotion principles (e.g., inverted pendulum,
bouncing inverted pendulum, inertial righting). Once templates are discovered, the
next job is to “anchor” these in physiologically realistic models.

While the template approach has been useful in generating biological control
hypotheses, it has received less application in terrestrial robots—notable exceptions
are bouncing and walking robots that use dynamical stability properties of hopping
and sustained falling to simplify control [3, 4, 4a, 4b]. We posit that this is largely
due to the previously mentioned legacy of robotics and the engineering focus—robots
are treated as afterthoughts once the control scheme has been developed mathemat-
ically and the environment has been controlled. Further robot design and fabrication
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Fig. 6.1 Autonomous robots exhibit increased mobility on a variety of complex terrains.

(A) Hexapod robot “RHex” moving over rough terrain; (B) Atlas, designed to operate outdoors
and inside buildings; (C) “Kilobots” are programmed to exhibit complex swarming behaviors;
(D) modular snake robot that was used in Mexico City earthquake to search for survivors.
(A) credit: Kod*1ab, University of Pennsylvania. (B) credit: Boston Dynamics. (C) credit: Self-
Organizing Systems Research Group, Harvard University (D) credit: Biorobotics Laboratory,
Carnegie Mellon University Robotics Institute.

has been expensive and time-consuming, decreasing design iteration times, and cre-
ative parameter space exploration.

Here then is our plea and challenge: treat the robots as experiments and conduct
physics on them. The physics approach is simply to learn about a complex system
by performing high-quality experiments, constructing simplified models, and subjec-
ting these models to tests outside the expected parameter range. For lack of a better
name, we refer to this process as experimental robotics or “robophysics” [5]. For
example, when applied to locomotion, the performance of novel legged robot plat-
forms on granular media no longer becomes the sole focus of the discipline; discovery
of new fundamental principles of movement—for example, the importance of sub-
strate solidification [6] or fluidization [7]—is only revealed by systematic tests.

The ability to treat robots as experimental tools has been made easier due to the
development of additive manufacturing techniques (e.g., 3D printing), effective
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and low-cost actuators and sensors, and improved power management; we are now
able to design, build, and, if needed, rapidly redesign low-cost robots. Although these
robots are not durable and suitable for a long-lasting interaction, they can be run in
systematic and automated experiments to rapidly explore a wide range of parameter
space and determine the capabilities of the robots’ locomotive configuration.

In this chapter, we will discuss four examples in which using robots as experimen-
tal tools is bearing fruit. We will begin with an example in which a simple legged robot
interacts with granular media and produces surprising complexity such that the envi-
ronment becomes time dependent. Here, our previously developed tools (e.g., resistive
force theory (RFT) [8]) are not yet applicable, and computer simulation is too time
consuming, so we use robots to probe the dynamics and develop novel control
schemes. We will then discuss how we are beginning to use robots to discover prin-
ciples of interaction in heterogeneous environments, regimes where they tend to fail.
We will focus on a snake-like robot and show that when moving through regular arrays
of obstacles, it produces patterns reminiscent of wave-like diffraction. This can be use-
ful for future anticipatory control schemes. Next, we will show how simple changes in
actuation of a robot can lead to effective mechanical interaction with heterogeneous
environments, enabling transit in situations which would otherwise require sophisti-
cated controls. We will close with a discussion of recent efforts to create robots and
robotic materials created from functional robotic components, in effect modeling an
important aspect of living systems.

6.2 Terrestrial locomotion on flowable substrates

Movement through even seemingly simple terrestrial environments such as homoge-
neous sand can be challenging. With each footstep, the material can deform and flow,
influencing the stability of the locomotor as well as the ability to generate propulsive
forces necessary to sustain movement. Previous work adapted RFT, originally devel-
oped to predict the speed of swimmers in highly dissipative viscous environments [9],
to apply to movement within granular materials (another highly dissipative medium).
RFT was able to successfully predict the speed of a lizard swimming within granular
material [10]. Subsequent studies have shown that RFT is able to predict performance
of locomotors of arbitrary geometry moving through granular media [6, 11, 12].
Recent work by Askari and Kamrin provides a theoretical understanding of RFT
and predicts its applicability to a wide range of highly dissipative environments [13].

To generate movement, locomotors often perform cyclic patterns of self-
deformation, which, when coupled to an external environment, can produce move-
ment. Shapere and Wilczek [16] developed a framework that relates body-frame
deformations to displacements in the world-frame for highly dissipative environ-
ments. This geometric approach was extended to understand the principles of effective
locomotion within granular media in which inertial forces were small relative to fric-
tional forces and applied to design gaits for many systems [14, 17-20]. It was also
shown that, despite the lack of fundamental equations of motion, this approach can
also empirically generate locomotion patterns for high-dimensional systems in a
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Fig. 6.2 Comparison of geometric mechanics and robophysical sand-swimming. (A) A three-
link robot at rest on a bed filled with 6 mm diameter plastic spheres. (B) Displacement per cycle
as a function of stroke amplitude. The red curve shows the displacement predicted by constraint
curvature function (CCF) surface integrals for circular gaits of varying stroke amplitude (in
radians, the maximum angle swept out by each arm of the robot). The inset shows the CCF and
an example circle gait (red) as well as the “butterfly gait” (dashed black), which shows the gait
that produces the maximum displacement. In the main plot, DEM and CCF-predicted
displacements are indicated by dashed horizontal lines on the right side of the plot. Black points
with errorbars indicate experimental circle-gait displacements, and gray circles show
corresponding DEM predictions. (C) Net rotations predicted from CCF (red), DEM (gray), and
experimental measurements (black) for figure-8 gaits of different stroke amplitudes (an
example of a figure-8 gait is outlined as the red curve in the inset) [14].

granular medium (Fig. 6.2). However, it is not yet clear if this approach can be used in
situations in which the environment is time dependent, that is, has hysteretic effects.
On granular substrates in particular, repeated contact with the ground creates persis-
tent surface disturbances, which can influence subsequent steps. This terrain hyster-
esis is particularly problematic as locomotion success is quite sensitive to substrate
properties [12, 21]. It has been hypothesized that animals such as turtles and mudskip-
pers have evolved morphological adaptations (e.g., flexible flippers) to accommodate
granular materials [19, 21-23]. Further, collaborative work on tetrapod locomotion
using geometric mechanics and computer models suggests that coordinated body
bending can improve performance on challenging substrates [20, 24].

Here, we take a robophysical approach to exploring morphologies and gait patterns
for tetrapod locomotion on flowable terrain. Specifically, we systematically study
how a back-bending degree of freedom can assist ambulation on a sloped granular
surface [5]. To serve as a robophysical tetrapod model, we built an open-loop
servo-driven 3D-printed robot that has four limbs, an actuated trunk, and an active tail
(Fig. 6.3A). Each limb has a proximal motor that actuates the leg vertical position and
a more distal motor that controls the step size. A central joint in the body controls
horizontal body bending (Fig. 6.3A and B).

At the beginning of each experiment, the robot is placed on a trackway filled with
poppy seeds; see Fig. 6.3C—G. After this the robot executes a predefined gait pattern.
For this study, we command a symmetric diagonal gait, where each forelimb makes
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Fig. 6.3 Study of tetrapod locomotion on granular media. Right panel: The Systematic Creation
of Arbitrary Terrain and Testing of Exploratory Robots (SCATTER) [15] system allows for
automated three-axis manipulation of a robot traversing a granular substrate with specified
surface incline. (A) Top view of the salamander robot. Each leg has two Dynamixel XL-320
servos. A servo motor in the center of the back connects two body segments and enables
actuation of the body angle 0 that ranges from 0 degree (straight back) to 90 degrees (maximally
bent back). (B) The salamander robot moves in poppy seeds. Indentations in the poppy seeds
(here, to the left of the robot) are footsteps that were created by the robot throughout the
execution of a few gait cycles (here, the robot walked from left to right). (C) Optitrack vision
capture system. (D) Openbuilds three-axis gantry system. (E) Electromagnetic gripper.

(F) Fluidized bed trackway filled with poppy seeds. (G) Firgelli tilting actuator.

contact with the terrain simultaneously with its counterpart contralateral hindlimb
(e.g., left forelimb synchronized with right hindlimb). Limb and body positions are
recorded as the robot traverses the trackway via motion capture. When the robot
reaches the end of the trackway, a three-axis gripper locates the robot and returns
it to the initial position. While the robot is being returned to the initial position, the
granular material is fluidized to erase the tracks and reset the surface to a loosely
packed state.

We systematically varied the amplitude of the body angle, 8, from 0 degree to
90 degrees and measured the performance of the robot (the step length, AX). These
repeated experiments revealed that step length increased with larger body bending
motions; however, for @ = 75 degrees, AX decreased because the hind legs interacted
with ground disturbed by previous steps (see Fig. 6.4A and B). For comparison, we
tested locomotion performance on both hard ground and our poppy seed granular
preparation. On hard ground at 0- and 10-degree slopes, the feet did not slip and
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Fig. 6.4 Performance of a tetrapod robot with an actuated body joint moving on granular
media. (A) Amplitude of body bending 8 (changing from 0 degree to 90 degrees)

versus step length (cm). (B) Tracks of the robot in poppy seeds for @ = 75 degrees (leff) and
60 = 60 degrees (right); the numbers show the ground interaction point of the hind left foot for
two successive foot placements. (C) Step length, AX, of the robot while moving on granular
media and hard ground. The slope of the bed is changed from O degree to 10 degrees and
the body angle amplitude is changed from 0 degree to 60 degrees. (D) Corresponding
trajectories of the robot while moving on @ = 10 degrees inclined granular (/eft) and hard surface
(right). The yellow lines represent the trajectory of the CoM during the run.

the added body bending increased the effective step length by ~50% (on level ground)
and ~1% (on 10-degree slopes). On granular material, the robot’s step length
decreased by ~40% (on level ground) and ~80% (on 10-degree slopes) relative per-
formance on hard ground. Back bending restored performance on granular material,
leading to step lengths only ~20% (on level ground) and ~25% (on 10-degree slopes)
less than those on hard ground (Fig. 6.4C and D). The results highlight that robot per-
formance on granular media can be greatly improved by the proper coordination of
body bending with limb placement. We suspect that this improvement is due to avoid-
ance of previously disturbed material and enhancing propulsive forces.

These results provide insight into how hysteretic effects of soft substrate influence
ambulatory locomotion. In contrast to our previous work, which highlighted how
changes in limb morphology (e.g., adding flexible wrists) can improve locomotion
by reducing interactions of the limbs with previously disturbed material [21], here
we find that proper coordination of body-bending and limb placement can also
enhance locomotion by enabling the robot to avoid the potentially detrimental effects
of disturbed media. These studies provide an example of how robophysics can guide
and inform our design of robots that need to move on flowable substrates. This infor-
mation may be helpful to design an anticipatory control scheme that has memory of a
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previously disturbed environment and changes the behavior of the robot according to
the predictions of its future state(s).

6.3 Mechanical diffraction and scattering
in heterogeneous terrain

In terrestrial locomotion, intermittent contacts and collisions with the environment are
typically viewed as detrimental to movement, dissipating energy or even preventing
locomotion [25]. However, collisional terradynamics [11] that are properly managed
(e.g., appropriate body shape in cockroaches and robots [26]) or properly planned for
(e.g., properly timed tail use of a hexapod upon leg collision [27]) can prevent loco-
motor failure. While mathematical study of hybrid systems has revealed surprises and
rich dynamics [4, 28, 29], fewer experimental systems have explored collisional
dynamics relevant to locomotion. In fact, collisions can be necessary to generate loco-
motion and simplify control, from turning an unstable static system into a stable pas-
sive dynamic walker [29, 30] to passively stabilizing a rapidly running hexapedal
robot across uneven terrain [4]. Repeated collisions with the environment can even
lead to novel forms of transport [31].

Snakes and snake-like robots are excellent systems to discover principles of mul-
titerrain control because the long, articulated body provides flexibility and adaptabil-
ity in locomotion such that limbless animals move proficiently in a wide range of
environments [32], including slithering through homogeneous terrain [33], swimming
in water [34], gliding in air [35], and navigating through and making use of obstacles
and debris in heterogeneous terrain [36, 37]. Although snake-like robots can move in
homogeneous environments [10, 38, 39] and are showing improvement in the pres-
ence of obstacles [40], they are still limited in their ability to move in clutter, limiting
their use in search and rescue [41]. To systematically study how collisions affect limb-
less locomotion, we took a robophysics approach [5] to build upon previous work [42]
to systematically create a statistical understanding of collisions between a limbless
locomotor and rigid obstacles it encounters. Our robophysical model snake (shown
in Fig. 6.5A), which has 13 segments, is constructed from servo motors connected
together with 3D-printed plastic brackets. Joint angles were controlled by prescribing
servo motor positions to follow a “serpenoid” curve as a function of segment, 7, along
the body and as a function of time, #: {;(f) = {pay sin (271 /N — 2zft) [39]. For exper-
iments presented here, { ;max =40 degrees and f = 0.15 Hz. Wheels affixed to the bot-
tom of each segment introduce a frictional anisotropy with the ground and create a
strongly preferred direction of motion, enabling the robot to convert the local joint
angle displacements into translational motion.

The robot was then placed in a simple heterogeneous terrain: five evenly spaced
vertical posts (intended to approximate rocks, twigs, and other immovable obstacles)
were rigidly anchored to an otherwise homogeneous substrate; Fig. 6.5A. In each
experiment, positions of markers atop each segment were identified and recorded
by overhead cameras as a function of time as the robot traveled toward, mechanically
interacted with, and subsequently exited, the peg array. This interaction, which
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Fig. 6.5 Robotic snake in heterogeneous terrain. (A) A servo-motor-driven robotic snake
moves on a flat substrate and interacts with a row of evenly spaced vertical posts (Where d is the
spacing between the surfaces of adjacent posts). To characterize different robot-post
interactions, the initial placement of the robot is varied within the green box. A zoomed-in
version of three adjacent servo motors (black circles) is shown to the right. (B) Trajectory of the
robot for an experiment with d = 5.7 cm. The robot heading is altered by the interaction.
Colored lines show positions of all segments over time, and the gray line shows the trajectory
followed by the head. (C) Scattering angle distributions for three postspacings, (i) d = 5.7 cm,
(i) d = 6.9 cm, (iii) d = 9.0 cm, each of which contains at least 300 trials. Vertical lines
show the angles associated with the outer £15% of each distribution. (D) 65 vs. d. The dashed
line shows a fit to the function 8,9 = (180/x)(D/d) where D is a fit parameter.

depended sensitively on the initial conditions of the robot, rotated the direction of
travel and scattered the robot by some angle 0, see Fig. 6.5B. To develop a statistical
understanding of all possible collisions and resulting outcomes (for incident heading
perpendicular to the array), we varied the initial placement of the robot within a box
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(outlined in green in Fig. 6.5A) of lateral and longitudinal dimensions L, = d + 2r
(where d is the postspacing and r is the postradius) and L. = v(T, the distance traveled
in one undulation cycle.

The interaction with the post array altered the heading of the robot, scattering the
trajectory by an angle, 8. We characterize the statistical effects of this “mechanical
diffraction” with obstacles on the trajectories of the robot by creating &-distributions
for evenly sampled initial conditions. These distributions are shown for three values of
postspacing, d, in Fig. 6.5C. All have a central peak around zero and are symmetric,
and as spacing decreases, secondary peaks emerge (particularly when d is small), indi-
cating the presence of preferred reorientations. We quantify how these distributions
change with spacing by measuring the quantile angle, 8;,, which captures the inner
70% of the distribution (the 70th quantile is akin to a standard deviation, but is more
general in that no underlying assumptions about the nature of the distribution are
made). These quantile angles are shown as vertical lines on each distribution. As
shown in Fig. 6.5D, 6, values decrease with increasing d, confirming that the weight
of the distributions shifts inward as spacing increases. Remarkably, this function is
captured by a function similar to the Bragg formula used to describe scattering of
X-rays, neutrons in crystal lattices.

Our experiments thus reveal that the interaction of a snake-like robot behaves as an
active unit with both particle and wave-like properties, a “wavicle” duality [43]
observed in subatomic processes (and recently in a hydrodynamic system [44, 45]).
In addition to giving us a qualitative picture of how simple undulatory locomotors
interact with heterogeneities, these results can provide a statistical understanding of
where the robot is likely to travel after interactions with obstacles of a given separa-
tion, with smaller d leading to a higher probability of large deflections—that is, a
robotic uncertainty principle. This statistical approach provides a starting point for
developing simple control schemes which, like our previous work with legged systems
[27], can use minimal information from the environment to anticipate and therefore
alter the outcome of the interaction.

6.4 Exploring heterogeneous environments with simple
strategies

From scattered trees in the forest to rocks in the soil, the natural world is full of homo-
geneous landscapes punctuated by obstacles that are hard to penetrate. These hybrid
dynamics create an inconsistency of interaction that can make model-based robotic
control complicated. However, control in such environments needs not be mathemat-
ically complex. A biologically relevant example is plant root growth in soil. While
much of the soil substrate is homogeneous (e.g., sand or dirt), it can be riddled with
rocks and other plant roots as obstacles. As plant roots grow, they must navigate these
hybrid dynamics to explore their environment and root themselves deep in the soil.
Here, we undertake a robophysical approach inspired by root growth behavior to study
how to explore complex environments, and use it as an example of studying simplified
control in the face of hybrid dynamics. In search and rescue robotics for example, it is
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unclear exactly how much feedback and sensing is required to navigate cluttered envi-
ronments, for example, a collapsed building [41]. A robophysical approach offers a
proof of concept of what can be accomplished when environmental feedback and sens-
ing are virtually nonexistent.

A variety of plant species have roots that exhibit a growing behavior called circum-
nutation, a circular corkscrew-like motion exhibited by the root tip illustrated in Fig.
6.6A. However, the function of circumnutation is unclear with respect to its natural
growth media [46]; does it aid the root in either exploration or substrate penetration?
To investigate hypotheses about mechanical penetration benefits of such winding
motion, we constructed a simple robotic model of root growth capable of both
“growing” and circumnutating into an artificial substrate, in this case, a lattice of rigid
obstacles. Existing work observed force reduction effects from circumnutation in
homogeneous granular material, for example, soil and sawdust [47]. We specifically
sought to test the effects of circumnutation on penetrating heterogeneous substrates,
such as rocks and other hard obstacles embedded in soil.

Stepper motor shaft

Rotating flexible
inner shaft
(has restoring force)

Outer flexible tube
(no restoring force)

(A) (B) (C)

0 100

S g

= = 80

£ Y \ { .S

8 /| Penetration f & ©

g / = () g 60 =

S 50 I I 5 U g

R | is | B T 40

h= | |"" s \ £

g /Il - it [

fl & i =

§ fh‘ Circumnutation J \‘ * Circumnutation 8 20

© 3l angle: 0° d Y angle:60° iC

~ 100 of 0

-50 0 50 -50 0 50 0 30 60

(D) Horizontal position in lattice (%) (E) Circumnutation angle (degrees)

Fig. 6.6 Robophysical investigation into plant root penetration, an example of a simple strategy
for exploring heterogeneous environments. (A) Sketch of a plant root tip circumnutating as
it grows. (B) Schematic of a robophysical circumnutating root model. (C) Robotic root model
navigating an obstacle lattice. (D) Root tip path of multiple lattice penetration trials using
two different circumnutation angles (0 degree and 60 degrees). (E) Statistics showing

that penetration of the lattice is more consistent and deeper on average with greater
circumnutation angle.
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The robophysical model, diagrammed in Fig. 6.6B, consists of a rotating flex-
ible root attached to a robotic arm. The flexible root needs compliance to deform
around obstacles in its path. The root-like mechanism consists of a rotating inner
shaft and a nonrotating outer shaft. The rotating inner shaft is made of 3D-printed
nylon, which deflects while having a restorative bending force to restore it to its
nominal shape. The nylon was printed to have a bent tip at a predefined angle,
which sets the angle of nutation for the root tip. The outer shaft is constructed
out of bendable drinking straws to allow deflection without large restorative forces
that would return the outer shaft to a nominal shape. While this robophysical model
has a number of mechanical differences from root growth (e.g., an intruding shaft
instead of a growing tip) it does function as a controlled test for circumnutation as a
simplified control scheme.

The inner shaft is mounted to a stepper motor, allowing for simple rotation about
the long axis of the root. As a consequence, the tip of the outer shaft draws a circular
path without rotating the skin of the outer shaft relative to the world. To facilitate
growth, a 6-DOF DENSO robotic arm slowly intrudes the root apparatus down into
a chosen substrate. The arm is instrumented with a load cell to measure the forces and
torques between the arm and root, which also enables the measurement of energetics
for root intrusions. As a heterogeneous substrate for intrusion, we constructed a lattice
of acrylic pegs, allowing for the possibility of the root to get “stuck’ on the obstacles
and halting growth progress. The acrylic obstacles, pictured in Fig. 6.6C, are signif-
icantly more rigid than the flexible root and thereby emulate rigid heterogeneities.
Progress through the obstacle lattice was monitored using a webcam, which was used
to track the root tip over time.

Through multiple statistical trials, we found that increased circumnutation angle
allowed for deeper penetration of the obstacle lattice. Fig. 6.6D shows the time-
varying path of the mechanism tip both with and without circumnutation, and Fig.
6.6E statistically plots how penetration varies with nutation angle. The mean penetra-
tion increased and the variance decreased by forcing the root model to explore via this
spiraling motion. Further, the root would rapidly switch contact modes and frictional
regimes, making the investigation difficult via use of a computer model. Instead, by
examining this phenomenon with a robophysical model, we were able to evaluate the
efficacy of simple strategies in spite of these complex interactions. We posit that such
techniques can aid robots that must maneuver through complex landscapes that are
challenging to map [48] and properly sense [49] and thus plan locomotion. Con-
versely, this motivates robotic solutions where mechanical compliance can handle
the complex dynamics of uncertain heterogeneous environments [50].

6.5 Collective behaviors from mechanical interactions

When many individuals interact, they have the potential to perform tasks collectively
that each cannot accomplish alone. We are particularly interested in swarms [51] of
functional robots that form emergent behaviors via changes in shape and through col-
lisions. Appropriate coordination of such collisional shape-changing machines could
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imitate phases of matter or useful mechanisms on demand. For example, they could
lock together to form and break physical chains, or push neighbors away to generate
diffusive motion like a gas, or make and break contacts through shape change to gen-
erate flowing motion of a collective like a liquid. Thus one could imagine that future
robots are actually composed of collectives of robots, such that limbs are periodically
stiffening chains and bodies are deforming fluid ensembles. Here we develop simple
robots (smart active particles or “smarticles”) which have shape-changing capabili-
ties. Through systematic study of properties of ensembles of smarticles, we discover
novel emergent properties, including collective drift and diffusion of confined ensem-
bles and ductility of smarticle chains.

Each smarticle is a three-link, two-degree-of-freedom robot (Fig. 6.7C), made from
two servos fitted inside a 3D-printed body. Each smarticle is equipped with various
sensors, allowing it to sense its environment. These sensors include a current sensing
resistor to perceive stress applied to its outer links, photoresistors (located on both
front and back) to distinguish various intensities of light, and a microphone which
can be used to determine sound levels as well as frequency of sound in the environ-
ment. Each smarticle uses an Arduino Pro Mini to control its motors and query the
various sensors on its body.

A single smarticle can only control its shape; this means that, depending on the
orientation a smarticle is placed in, a single smarticle may not be able to translate
or rotate autonomously, which is true when a smarticle is oriented such that its bottom
face rests on a surface (pictured in Fig. 6.7A and B). This remains true independent of
any positions the arms may move to, or any gait they may perform, where a gait is a
periodic trajectory in the smarticle’s 2-degree-of-freedom configuration space. One
particular gait, called the square gait, is illustrated in Fig. 6.7D. While one smarticle
cannot locomote by itself (in this orientation), a collective of smarticles can.

When smarticles are placed together in a group, the collective can be more capable
than a solitary smarticle. One particular experiment illustrating this idea is seen in the
system we call the “supersmarticle,” shown in Fig. 6.7E [52]. A group of five identical
smarticles performing identical shape-change sequences are confined along the gro-
und inside an unanchored ring. While each smarticle contained in the unanchored ring
cannot individually move, by modulating their shape in such a high-density area, the
smarticles interact with their neighbors and the surrounding ring, creating motion of
the collective. The mechanical interactions between the smarticles and ring generate
Brownian diffusion when tracking the ring’s center of geometry. Thus a system com-
posed of nonmotile particles generates motion. The motion generated by these inter-
actions, as described earlier, does not yet have any bias in the movement direction; the
final position after a given amount of runtime does not seem to depend strongly on any
particular variable.

While the supersmarticle system does indeed move, as a biological analog, we seek
to add directional control as well. This shortcoming can be remedied by introducing a
single inactive smarticle, depicted in red in Fig. 6.7F, which serves as an asymmetry to
the system. The inactive particle will hold a particular shape, specifically a straight
rod-like configuration, while the rest of the smarticles continuously change their shape
performing a square gait trajectory. This has the effect of creating biased displacement
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Fig. 6.7 Smarticle system and its collective capabilities. (A) Frontal view of a smarticle robot;
(B) smarticle rear view; (C) smarticle schematic with coordinate system and dimension
definitions; (D) smarticle square gait with key configurations illustrated; and (E) picture of a
light controlled supersmarticle; gray spheres are used to track rotation of and translation of ring.
(F) Selected experimental trajectories from light controlled photophilic supersmarticle; the
control direction is highlighted in the schematic in the lower right, the flashlight directing the
supersmarticle to the /eft. (G) Final positions of all light directed photophilic supersmarticle
trials. Experimental trials were taken with the flashlight directing the smarticle in different
directions and were rotated into a single direction (shown in the bottom right corner) to ensure
biased motion was not a result of systematic error. (H) Single experimental trajectory

shown for a photophobic supersmarticle following a “T” trajectory by sequencing lights as
shown in the figure.

of the ring toward the inactive smarticle. We can control which smarticle becomes
inactive through the aforementioned light sensors placed on both sides of the smarticle
(Fig. 6.7A and B). The control for inactivity is a level threshold; a smarticle is made
inactive when a bright enough light is detected. In the supersmarticle, the nearest
smarticle to the light source becomes inactive, occluding light from the neighbors
behind it; therefore, the asymmetry necessary to generate biased displacement
remains in the same location. Results from experiments showing this biased motion
in the supersmarticle are depicted in Fig. 6.7F and G. By leveraging this property we
are able to create a robot, the supersmarticle, made of other robots, the smarticles,
capable of directed displacement in two dimensions, an impossibility for a single
smarticle [53].
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We next highlight emergent ensemble properties afforded by the smarticles’ entan-
glement ability. In an experiment we call a “smarticle chain,” with the setup shown in
Fig. 6.8A, we measure the material properties of a group of smarticles. In this exper-
iment we interlink a group of smarticles and with one side of the chain fixed, we apply
a constant strain rate () and measure the resulting force. Force-strain tests (Fig. 6.8B),
bear features of elastic to plastic behaviors in ductile metal systems [54]: at low strains
the smarticle chain exhibits linear elastic properties. As the chain reaches its yield
strength, we find physical rearrangement of the smarticles in the chain. After this yield
point, the chain displays strain hardening and eventually strain softening behaviors,
before finally fracturing. While the smarticle chain’s force-strain response looks typ-
ical for this particular experiment, this behavior is a result only when the smarticle
passively tries to keep its initial “U-shape” position. More exotic force-strain curves
can be generated by utilizing the stress-sensing sensors, allowing the smarticles in the
chain to actively respond to the applied force.

Despite the smarticle chain exhibiting the stress-strain properties of a normal duc-
tile metal response in the force versus strain, the smarticle chain can display the
uncommon property of being “auxetic” [54], where auxetic materials, when strained,
expand (rather than shrink) in the transverse direction. Because of its auxetic nature,
the properties of the smarticle chain can change in the presence of transverse bound-
aries. That is, the fracture strength of the chain depends on its confinement. As the
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Fig. 6.8 Data from shape-focused smarticle experiments. (A) Schematic of a smarticle

chain experiment in the initial configuration; /1 denotes the instantaneous transverse chain span
and H the confining span. (B) Force versus time data measured from the smarticle chain
system. The blue line represents the force from the chain as it resists strain, where strain is
in units of the unstretched chain’s length. (C) Force at fracture versus initial linear filling
fraction, ho/H where hy is the initial smarticle span. The smarticle chain is auxetic; therefore, the
maximum strength measured at fracture will change as a function of H. As initial filling
fraction increases, less force is shared between smarticles before a portion of that force

is directed to the outer walls rather than being distributed among smarticles alone.
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chain is strained, it becomes thicker; depending on the confinement width H shown in
Fig. 6.8, it may expand enough to interact with the outer boundary. Upon contact with
the boundary the force, which was previously shared between one smarticle and its
neighbor, is directed outward into the walls of the system. The lower the strain nec-
essary for the chain’s auxetic behavior to cause to fill the system, the more force is
offloaded to the wall; therefore, the force the chain can support before fracturing is
increased (Fig. 6.8).

Here we demonstrated robotic systems made of other robots, engaging in functions
with no centralized intelligence. The supersmarticle collective is more capable than its
constituents, able to translate despite being composed of nonmotile individual
smarticles. Further, its motion, which is controlled purely through mechanical inter-
actions, can be extrapolated to many already existing systems. Further, we were able
to show that shape change in robots allows for interlocking to create materials with
specific mechanical properties. We envision that future robots composed of shape
changing robots could have features in common with certain biological systems.
For example, biomolecular machines perform functions via conformational change
in the cooperative “control” of oxygen uptake in hemoglobin molecules [55]; we
can imagine that robotic subunits composed of smarticles could function similarly.
And most provocatively, inspired by Yim et al. [56], we imagine that the current par-
adigm for robot construction—robots made of nonrobot components—can change if
we adopt a more “metazoan” approach (where organisms are composed of functional
living systems, cells). We believe that such modular robots will benefit from appro-
priate mechanical interactions and shape changes.

6.6 Conclusion

In conclusion, as robots—from life-sized humanoids to nanoswimmers—enter the
real world, they will encounter never-studied interactions with their complex environ-
ments which, from an engineering perspective, require new mechanics, dynamics, and
controls to use/overcome. We have given examples from our work in which treating
the robots as experimental tools through systematic study of robots as dynamical sys-
tems (rather than as engineered objects to accomplish a particular task) is important to
discover and understand novel dynamics. We urge researchers at the interface of
robotics and physics to embrace the mindset that one can actually learn from the
robots!

In terms of actionable recommendations as to how to train researchers at this inter-
face, we advocate that physicists should interact with roboticists to learn about critical
challenges robotics researchers face. Physicists (especially those studying behavior in
living systems [57, 58] and active matter [59]) can also benefit from the robotics focus
on function, behavior, and goals [60] in dynamical systems, typically not considered
in physics. And techniques in machine learning [61, 62] and optimization [63] can
point to new physics phenomena. In terms of what physics can bring to robotics,
we advocate that roboticists become trained in the practice of experimental
science-controlled systematic experiments on simplified systems. While obviously
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some robots push the state of the art in materials and design, sufficient down-scoping
of goals can lead to better understanding of the system.

We also posit that the integration of physics and robotics can benefit biology. Echo-
ing John Pierce, an engineer who participated in and witnessed the great intersection
of solid-state physics and electrical engineering in the mid-20th century:

...I will, however, maintain that we can learn at least two things from the history of
science. One of these is that many of the most general and powerful discoveries of
science have arisen, not through the study of phenomena as they occur in nature,
but, rather, through the study of phenomena in man-made devices, in products of tech-
nology, if you will. This is because the phenomena in man’s machines are simplified
and ordered in comparison with those occurring naturally, and it is these simplified
phenomena that man understands most easily....

In proper collaboration, the practitioners of robophysics and integrative biologists
could learn from robots to make progress into core principles that govern the astound-
ing capabilities of living systems.
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