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‘The mystery of life isn’t a problem to solve, but a reality to experience.
A process that cannot be understood by stopping it. We must move with
the flow of the process. We must join it. We must flow with it.”

DunE, FRANK HERBERT (1965)






SUMMARY

Animals display mesmerizing autonomous behaviors through complex
interplays of physical interactions within their soft bodies and with
the environment in which they live, often even bypassing their central
brain. Contrarily, artificial robots typically perform tasks by relying on
centralized computers that send sequential control signals to actuators.
Here, we ask how we can embody autonomous behaviors directly in
the physical structure of soft machines, beyond processors and control
signals, similar to how natural systems often behave. Through this largely
explorative study, we investigate soft machines with mechanical elements,
such as elastic shells and tubes, coupled with the fluidic domain of
airflow and pressure. We propose that the richness of nonlinear mechano-
fluidic phenomena can set the basis for autonomy without a brain, by
enabling complex behaviors to emerge directly from the physics of the
soft machines rather than being forced from upstream by hardware and
software.

We start by embodying memory effects directly in the machines’ struc-
ture. This allows soft machines, which usually respond passively to
interactions, to remember past interactions even after they occur. We
harness the highly nonlinear behavior of elastic shells to provide bistabil-
ity to the fluidic properties of an enclosed cavity. This bistability allows
a locomoting soft machine to switch between stable behaviors when
tubes in its fluidic circuits kink or unkink upon touch interactions. We
implement both long- and short-term memory in a machine that pro-
grams its behaviors in response to a human user and that autonomously
changes direction after detecting a wall. Via purely geometry and elas-
ticity, embodying memory enables passive physical structures to exhibit
programmability features typically reserved for computer-based systems.

We then explore a peculiar behavior of a specific device in our soft
machines: a self-oscillating valve where two distinct modes, pressure
regulation and oscillation, coexist given the same operating conditions.
We explain this coexistence phenomenon through a lumped-parameter
model that couples the mechanical and the fluidic domains, capturing the
highly nonlinear characteristics of the valve. Using analytical tools from
dynamical systems theory, we learn the mechanical and fluidic conditions
under which the coexistence holds. In addition, our analytical model in-
forms an updated design for the valve that inhibits the regulation regime,
thereby proving useful for applications such as the cyclic activation of a
soft artificial heart that should not stop beating once implanted.
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Following these designer approaches, we next study autonomous be-
haviors that emerge from the physics of body-environment dynamics. We
observe a self-oscillating phenomenon peculiar to soft tubes with flowing
air, where kink instabilities form, travel, and disappear along the tube it-
self. As this behavior is periodic and asymmetric, we find it equivalent to
the motion of animals’ limbs. As such, the tube represents a fundamental
building block for autonomous locomotion by co-localizing multiple func-
tionalities such as oscillation, actuation, and motion sequencing within
the same physical phenomenon. We experimentally show that multiple
of these self-oscillating limbs synchronize at relatively high frequencies
through internal fluidic coupling and external mechanical coupling with
the environment, leading to rapid locomotion. As the synchronization
patterns are responsive to external interactions, these seemingly sim-
ple machines, composed of only tubes as limbs and lacking a brain,
exhibit emergent autonomous behaviors, including obstacle avoidance,
amphibious gait transitions, and phototaxis.

Lastly, we aim to overcome the need for bulky external energy sources,
such as electric pumps and batteries, by instilling activity directly in the
physical composition of soft fluidic machines. In particular, we study
active oscillations emerging from the coupling between elastic membranes
and a catalytic reaction of an energy-dense fuel. We devise a system where
a catalyst embedded in an elastomeric membrane is suspended over a
tank filled with liquid hydrogen peroxide as fuel. With both experiments
and a basic lumped-parameter model, we show that separate timescales
intrinsic to the catalytic reaction lead to active oscillations where the
reaction activates and deactivates spontaneously, cyclically inflating and
deflating the membrane. As such, we demonstrate a soft device that
harnesses the nonlinear physical characteristic of a catalytic reaction to
self-sustain oscillations, drawing power from within the system itself.

In conclusion, through this explorative journey we show how mechano-
fluidic nonlinearities represent a powerful tool to instill complex au-
tonomous behaviors directly in the structure of seemingly simple ma-
chines. From our exploration, we conclude that nonlinearities enable the
co-localization of multiple qualitatively distinct functionalities within the
same device for increased behavioral complexity, and aid rich couplings
both within the machine and with the external environment, leading
to emergent, responsive behaviors. By materializing the concepts of em-
bodied memory, soft dynamical systems, physical synchronization of
limbs, and active oscillations, this work as a whole lays the foundation
for future artificial creatures that will autonomously roam around our
world, exhibiting rich and robust behaviors while not possessing, or fully
depending on, intricate brains.
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INTRODUCTION

“The world of the made will soon be like the world of the born:
autonomous, adaptable, and creative but, consequently, out of our
control. I think that’s a great bargain.’

Out oF CoNTROL, KEVIN KELLY (1994)



[

INTRODUCTION

ILL man-made machines ever behave like natural creatures?
W Will “artificial creatures’ ever roam around us, interacting and
making decisions autonomously, performing actions as if they

had a life of their own [1—4]?

To even try to answer such science-fiction-like questions, we will
first show how the natural counterparts of machines, animals, display
autonomous behaviors in the first place (Section 1.1). Surprisingly, more
often than not, animals do not require a brain and are just fine with
behaviors embedded in their bodies to explore their surroundings and
find food for survival.

Inspired by soft animal bodies, researchers built soft machines that
embody some basic functionalities in the deformable structure they
are made of (Section 1.2). However, soft machines still require a com-
puter (in biological terms, a brain) to exhibit more complex behaviors
such as making decisions or adapting to different environments when
locomoting.

As we learn from nature, for machines to accomplish such feats, we
should increase the behavioral complexity of their body. Initial efforts in
this direction include embedding nonlinearities in the machines’ inter-
nal structure and leveraging emergent behaviors arising from external
interactions (Section 1.3). Inspired by these approaches, can we provide
autonomy to brainless soft machines that locomote? Derived from this
general question, we will delineate specific research objectives and how
we approach them in Sections 1.4 and 1.5.

Hopefully, by the end of this Thesis you will entertain the idea that
seemingly simple devices such as popper toys, elastic tubes, and ketchup
bottle valves hide a great amount of complexity, which can be harnessed
to provide artificial creatures’ bodies with the capability of roaming
around our world autonomously.

1.1 NATURE EMBODIES AUTONOMY, EVEN IN SEEMINGLY SIMPLE
ORGANISMS

All around us, autonomy” is ubiquitous, as natural systems relentlessly
accomplish tasks on their own. From flowers blooming at the right time
in spring [5] to maple seeds spinning and landing far away from the
parent tree [6] to cats perfectly landing on their feet [7, 8] (Fig. 1.1A),
nature seems to have it all figured out.

We define an autonomous system as a system that successfully accomplishes a task without
requiring the intervention of agents from outside the system itself. Accomplishing the task
is useful in terms of achieving a goal. A task can be defined by an external observer, such
as a designer or evolution. For example, in the case of an autonomous car, the designer
defines the tasks of following the road and avoiding pedestrians with the goal of reaching
a certain location.



1.1 NATURE EMBODIES AUTONOMY, EVEN IN SEEMINGLY SIMPLE ORGANISMS

Figure 1.1

IN NATURE, ORGANISMS EMBODY AUTONOMOUS BEHAVIORS. (A) When dropped
from a height, cats usually fall on their feet through a righting reflex. Reproduced
with permission from ref. [8]. (B) Because of their softness, animals often intrin-
sically adapt their shape to their surroundings. In the photograph, the octopus
conforms to the shape of the glass vial it is holding. Original photograph (from
PNAS cover vol. 121, no. 41) reproduced with permission from Ekaterina D.
Gribkova. (C) Sea stars have hundreds of hydraulic tube feet on their bottom
side. (D) The mechanical coupling induced by the body of the sea star and the
substrate leads to synchronization of the tube feet, which oscillate in unison,
resulting in a relatively fast galloping gait used to escape predators. C and D are
reproduced with permission from ref. [9].

It is particularly astonishing how animals autonomously perform
highly intricate tasks, ranging from foraging to constructing shelters to
building social structures, with the goal of survival and reproduction.
Sometimes, one forgets how complex all of these phenomena actually
are. Even the seemingly simpler act of locomoting from one place to
another involves a tremendous number of variables, including the co-
ordination between multiple limbs [10], synchronization of hundreds
of thousands of muscle cells [11], and feedback from the dynamically
changing external world [12].

Considering this high level of complexity, it is even more surprising to
find that animals often accomplish locomotion tasks by relying on their
bodies and bypassing the brain [13-15], through a variety of physical
phenomena. For instance, animals often have soft bodies that passively
adapt to the external world, intrinsically conforming without the need
for computing adjustments (Fig. 1.1B). Physical couplings within the
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body, such as central pattern generators [16, 17] and intra-limb neural
connections [18], produce well-synchronized walking gaits. When you
walk along a bumpy path, your body deals with rocks and holes on the
ground by continuously correcting the gait through closed-loop signal
pathways to the spinal cord, reflexes [19], without often involving your
brain.

A particularly illustrative behavior is peculiar to sea stars. Usually,
sea stars slowly explore the environment in search of food, but when
threatened by predators, they quickly gallop away as an escape response,
synchronizing in unison hundreds of their tube feet (Fig. 1.1C,D). It
turns out that this synchronized behavior arises spontaneously from the
mechanical coupling between the body and the external substrate [9]
without involving a central brain, which would likely be energy-costly
for these creatures with relatively low metabolism [20].

More broadly, these biological examples suggest that the need for
autonomous behaviors in animals drove much of the required complexity
into the body. In this sense, the body of organisms is more than a simple,
passive appendage controlled by an advanced brain; instead, the body
carries a large amount of richness in behavior, which is useful for the
autonomous accomplishment of various tasks.

Complex behaviors are not exclusive to highly developed multicellular
organisms. Even simpler organisms made of a single cell and with-
out neurons can accomplish a wide range of functions by relying on
their physical structure. One of the most notable examples is the rapid
shapeshift of the body of the unicellular predatory ciliate Lacrymaria
olor, which hunts prey by extending a neckline proboscis up to 1.2 mm
in less than 30s (Fig. 1.2A). Remarkably, the control of this extension
is not attributed to a central processor, as this organism does not have
neurons. Instead, the behavior emerges from the morphology, through
the geometrical unfolding of a curved crease origami-like structure of the
cytoskeleton and membrane via topological singularities [21] (Fig. 1.2B).
Besides this layer of emergence at the level of extension and contraction,
Lacrymaria olor embodies even the higher-level goal of searching for food.
In fact, the activity of the cilia on the outer surface of the organism
generates a follower force that induces a buckling instability when con-
tracting, resulting in the emergence of a chaotic reorientation of the
‘head’ in new directions. After multiple consecutive cycles of extension
and contractions, this reorientation allows the neck to autonomously
map a wide area in search of food [22] (Fig. 1.2C).

Another illustrative example of complexity embodied in seemingly
simple organisms is the slime mold Physarum polycephalum, a single-
celled amoeboid that explores the environment in search of food through
growth, creating a tubular network between food sources [23]. What
is impressive about these networks is the combination of high global
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Twist singularity

Figure 1.2

EMBODIED AUTONOMOUS BEHAVIORS CAN EMERGE EVEN FROM SEEMINGLY SIMPLE
ORGANISMS. (A) The unicellular organism Lacrymaria olor displays a rapid ex-
tension of the neck up to 1.2mm in less than 30s. (B) This is the result of a
specialized body morphology, which enables the physical unfolding of a curved
crease origami-like structure of the cytoskeleton and membrane via topological
singularities. A and B are reproduced with permission from AAAS from ref. [21].
(C) During cycles of extension and compression, the active neck of Lacrymaria
olor undergoes buckling instabilities that induce head reorientation, resulting
in the exploration of space in search of prey. Adapted with permission under
CC BY NC ND from ref. [22]. (D) The slime mold Physarum polycephalum, a
single-celled amoeba-like organism, explores the world to find food and forms
tubular networks with efficiency comparable to real-world man-made infrastruc-
ture networks, such as the Tokyo railway system (at the organism scale), despite
being brainless. Reproduced with permission from AAAS from ref. [24].

efficiency, fault tolerance, and low cost that emerges from the local inter-
actions. When food is placed at locations that represent the geographical
locations of cities in the Tokyo area, at the scale of the organism, the slime
mold quickly grows and, within 26 hours, creates a tubular network that
is comparable in effectiveness to the artificial railway network designed
by engineers [24] (Fig. 1.2D).

These examples highlight how single-celled organisms can still display
intricate behaviors autonomously despite their simplicity—they do not
even possess neurons. A key observation to be made is that the com-
plexity of such global behaviors emerges from local interactions of the
organisms with their environment, augmented by morphological insta-
bilities. This behavioral richness arises from the physics of the nonlinear
system, and it is not controlled by a center of command. Behaviors are
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uncontrolled and free to emerge, yet effective and robust, as demon-
strated by these organisms still being alive and well out there on Earth.
We will come back to this important point later in this chapter, where we
discuss how we can implement similar strategies when building artificial
soft machines that exhibit autonomous behaviors despite being brainless.

1.2 SOFT MACHINES

In the past few decades, researchers started developing soft machines [25-
27] inspired by the softness of biological systems [28]. Made of compliant
structures and soft materials [29], soft machines carry several practical
advantages over traditional rigid robots, such as safety when interacting
with humans [30] and resilience to damage [31]. Therefore, soft machines
are promising candidates when we think of building artificial creatures
that can coexist with us in the real world.

As a direct consequence of the deformability of their body, soft
machines intrinsically adapt their shape to what they are interacting
with [32]. This idea was pioneered in the seventies, with probably the
first? soft gripper made of multiple interconnected rigid links and just
two pulleys as input [33]. The softness at the structural level, arising from
the many links connected with a flexible cable, enabled the machine to
grasp objects of various shapes given the same control input, the cable
tensioning. Recent work evolved from this fundamental idea. Inspired
by the shape of animal appendages, such as the elephant trunk and
the octopus arm, the linkage can be shaped in the form of the logarith-
mic spiral, obtaining versatile grasping across a wide range of scales
(Fig. 1.3A) when the length of the cables is externally controlled [34].

Perhaps the characteristic that most distinguishes soft machines from
rigid ones is how their deformable body mediates relatively simple
control inputs into complex output motions. An example is one of the
first locomoting soft machines, the ‘multigait soft robot’ [35], essentially
a silicone rubber balloon with a design that is more involved than that
of party balloons. Upon pressurization, the carefully arranged internal
chambers inflate. This inflation, combined with a strain-limiting layer
made of a stiffer rubber, induces the bending of various appendages of
the machine (Fig. 1.3B). Hence, from one single input (pressurization),
one can obtain a complex continuum deformation as output. Importantly,
by varying the phase and amplitude of these relatively simple control
inputs, the machine displays distinct gaits so that it crawls until it

To the best of our knowledge, the 1978 paper [33] is one of the earliest examples of a soft
robotic gripper. In the article, the authors present a soft gripper to grasp various objects
and introduce concepts of adaptability and complexity of deformations from simple inputs.
Historically speaking, they were three decades earlier than the 2011 article of Ilievski et
al. [26], which kick-started a broader interest in the scientific community.
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B Complexlocomotion gaits

[ ;

Figure 1.3

SOFT MACHINES EMBODY BASIC FUNCTIONALITIES AS INSPIRED BY BIOLOGICAL
sYsTEMS. (A) Inspired by the logarithmic spiral shape of animal appendages
such as octopus arms and elephant trunks, soft robots achieve versatile grasping
across scales. Reproduced with permission under CC BY NC ND from ref. [34].
(B) Soft robots exhibit intricate deformations of their bodies upon activating
control inputs such as pressurization. This softness at the material level enables
complex functionalities, such as walking with multiple gaits. Reproduced with
permission from ref. [35]. (C) Inspired by tip growth peculiar to natural systems
such as developing neurons and trailing plants, soft robots can locomote through
growth [36]. Photograph credit: Stanford, L.A. Cicero. The examples in A, B,
and C do not embody autonomous capabilities, as they require multiple control
inputs to be provided by an external processor.

encounters a narrow passage, after which it undulates under it (Fig. 1.3B).
However, note that the machine has to rely on an external computer, or
a human operator in this case, that delivers these input profiles through
tethers, limiting its autonomy.

Soft machines can perform other formidable behaviors that are simply
not accessible by the rigid body of hard machines. A prime example is
locomotion through growth shown by ‘vine robots’ [36]. These machines
are made of an inverted, soft, thin-walled tube that everts when pres-
surized, thereby lengthening from the tip (Fig. 1.3C). Because they do
not slide along the surroundings when growing, vine robots can move
through harsh environments such as viscous liquids and even squeeze
through narrow gaps. When the relative lengths of the sides of the tube
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are externally controlled while everting, these machines can steer and
explore three-dimensional spaces. For the purpose of the discussion on
autonomous behaviors, note that vine robots are not autonomous and
still require multiple external control inputs (a pressurization profile and
steering cues) to perform all these tasks.

These are just a few examples of the large number of soft machines
being developed as the field of soft robotics is rapidly growing [37].
In general, soft machines display this passive adaptability at the level
of material and structure, often called mechanical or embodied intel-
ligence [38]. However, as exemplified by the representative cases in
Figure 1.3, soft machines typically rely on a processor external to the
body to perform more complex, autonomous tasks. For instance, an ex-
ternal user decides which cables are being pulled with what intensity to
grip various different objects (Fig. 1.3A). An external user decides which
chambers to inflate, at which pressure values, and in what sequence, to
switch between gaits of the multigait robot (Fig. 1.3B).

An initial approach to solving the autonomy problem would involve
placing the computer and all the required valves and pumps on board
the robot [39]. However, introducing a relatively heavy, fragile, and rigid
computer on board defeats the purpose of a lightweight, resilient, and
soft body. Instead, here we take a more holistic approach: Do we really
need to move the external brain on board? Can a soft machine3 perform
tasks autonomously without a brain?

1.3 EMBODYING COMPLEX RESPONSES IN SOFT MACHINES

In the absence of a brain, biological systems manage to exhibit au-
tonomous behaviors by increasing the complexity of their body, as we
discussed in Section 1.1. This complexity stems from the rich physics of
their deformation and their interactions with the surrounding environ-
ment. We will now introduce recent discoveries that demonstrate that
harnessing nonlinear responses and emergent phenomena increases the
complexity of soft machines’ bodies.

1.3.1 Nonlinearities in fluidic machines

In nature, even seemingly simple organisms present rich morphologies,
where nonlinear interactions carry considerable complexity (Fig. 1.2A-C).

We refer to these systems as soft machines to clearly distance them from classical robots.
Typically, robots are described as a computer with a body. Instead, we define machines
as not carrying a computer on board. The early works in Figure 1.3 still require external
computers to operate, so they have characteristics of both machines and robots. As we will
see in Section 1.4, one of the main goals of this Thesis is to remove this requirement for a
brain, moving further away from the concept of a robot.
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Similarly, researchers recently started introducing nonlinear responses
directly in the structure of soft machines to increase their behavioral
complexity [40]. In this direction, a pioneering work [41] introduced a
peculiar soft balloon enclosed in inextensible braids (Fig. 1.4A) with a
special characteristic: when inflated with an increasing volume of fluid
in input, the pressure response follows a nonlinear, non-monotonic trend
(Fig. 1.4B).

The nonlinear response of each balloon leads to rich global behaviors
when coupled with others. Specifically, the non-monotonic individual
curves lead to a global curve that has multiple unstable regions. Interest-
ingly, when being close to the unstable regime, a small increase in the
input volume causes the system to skip the entire unstable path. The
system will find the next stable solution, which can be characterized
by a very different internal state than the previous one. For instance,
supplying just 1 mL to three connected balloons that are on the verge of
instability will lead to a fast transition to another stable state, causing a
large internal volume exchange of ~ 20mL (Fig. 1.4C). In biology, this
kind of amplification of responses through instabilities is found, for
instance, in the mantis shrimp [42], where geometric latching through
linkages accumulates elastic energy and suddenly releases it to achieve
rapid movement [43], and in nematodes, where a kink instability in their
soft cylindrical body rapidly releases energy, allowing jumps up to 20
body lengths in height [40].

Hence, nonlinearities at the structural level increase the available
richness in responses. For instance, these consecutive transitions between
balloon states have been later harnessed to obtain a soft machine that
sequences the activation of nonlinear actuators and generates locomotion
gaits without using a computer but solely relying on a timed, oscillatory
pressure input [44].

To move past the need for an external oscillatory signal, recent ef-
forts involved harnessing similar nonlinearities to generate oscillations
internally with so-called fluidic circuits [45] embedded inside the soft
machines. Fluidic circuits consist of networks of soft pneumatic tub-
ings [46—48] and valves [49-55] with nonlinear responses, which when
combined can lead to self-sustained internal oscillations [53, 54, 56—58].

A representative example of these systems, stemming from our group,
is a fluidic analog of an electronic relaxation oscillator [53]. The oscillator
is based on the nonlinear response of a hysteretic valve, i.e., an elastic
shell with a cut at its pole, often found in ketchup bottle caps [59]. When
pressurized, the valve can be in a closed state (with the shell in rest
condition and the cut closed) or in an open state (shell snapped, cut
open) (Fig. 1.4D). For constant input airflow, when the valve is closed,
pressure will rise until a critical pressure is reached, and the valve will
snap to the open state (Fig. 1.4E, white arrows). In this open state, flow

9
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Figure 1.4

SOFT MACHINES' BODIES WITH COMPLEX BEHAVIORS THROUGH NONLINEAR FLUIDIC
cIrcuITs. (A) Inflatable balloons enclosed in braids (B) display a nonlinear,
non-monotonic input-output response. (C) When multiple of these balloons are
interconnected in series, they display rich responses: in the photograph, when
a small amount of volume is provided in input, the system undergoes large
internal volume changes and global deformations. A and C are reproduced with
permission from ref. [41]. (D) A hysteretic valve—a shell with a cut at its pole—
switches between a closed state and an open state [53]. (E) Pressure applied to
the valve as a function of pole displacement shows a nonlinear trend, with two
positive slope regimes corresponding to the closed and open states. The valve
snaps between these two states, (F) leading to a hysteretic self-oscillating cycle.
(G) This self-oscillation provides pulsatile flow to the soft legs of a machine,
given only constant flow from a pump. The locomotion sequencing results from
the fluidic coupling of the valves. D, E, F, and G are adapted with permission
under CC BY NC ND from ref. [53]. (H) The two stable states of a bistable shell
inside a soft valve result in the opening and closing of channels through the
kinking of soft tubes. Reproduced with permission from AAAS from ref. [50].
(I) The channels can be connected so that three valves are arranged as a ring
oscillator [56], (J) sequencing the limbs’ motion in a quadruped machine [57]. I
and ] are reproduced with permission from AAAS from ref. [57].


https://creativecommons.org/licenses/by-nc-nd/4.0/

1.3 EMBODYING COMPLEX RESPONSES IN SOFT MACHINES

is provided in output (Fig. 1.4F, green line), thereby inducing a decrease
in pressure. When pressure decreases past a low critical value, the valve
snaps back to the closed state (Fig. 1.4E,F blue arrows), and the cycle
will repeat.

When multiple relaxation oscillators are connected to the same flow
source, they spontaneously sequence their activation. This sequencing
enables a soft-limbed machine (equipped with a ketchup valve for each
limb) to locomote forward, performing one step at a time when powered
by a single pump (Fig. 1.4G).

Another representative example of nonlinear fluidic devices that gen-
erate internal oscillations is a valve made of a bistable elastic shell
connected to soft tubes [50] (Fig. 1.4H). The valve has two chambers, one
on each side of the shell, which is encapsulated in a soft container. When
the pressure difference between the two chambers reaches a critical snap-
through pressure, the shell snaps to the other stable state. Since the shell
is mechanically connected to soft tubes, the tube on the snapped side
kinks when the shell snaps, blocking airflow and thereby pressurizing
the associated air channel. When the pressure in output from one valve
is connected to the input of another one, three valves can be arranged in
a ring oscillator architecture [57] (Fig. 1.4I). Given a constant pressure
source, the ring oscillator sustains an oscillation at the system level,
where the three valves pressurize in a sequence. By connecting the pres-
surized chambers of the valves to the inflatable legs of a quadruped
machine, the legs activate alternatively. With only a pressure canister on
board, this soft-legged machine locomotes forward [57] (Fig. 1.4]).

These examples highlight how nonlinearities at the structural level
can enable a soft machine’s body to exhibit relatively complex responses,
such as coordination of locomotion gaits, which traditionally would
require extensive control signals provided by an external processor (for
instance, see the multigait robot in Figure 1.3B).

1.3.2 Toward autonomous behavior in soft machines

As we have seen, nonlinearities in fluidic circuits that are embedded
in the structure of soft machines enable complex internal responses.
In addition, besides this internal form of behavioral richness, complex
behaviors can emerge from the interactions of the machines with the
external environment.

A prime example is ‘bucklebot’ [60], a locomoting device made of
two vibrating toy microbots (Hexbug Nano®) held together by a thin
elastic beam (Fig. 1.5A). When the two microbots vibrate vertically, they
exert a horizontal active force that is enough to buckle the connecting
beam, hence aligning the microbots and allowing the overall buckle-
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Figure 1.5

TOWARD EMERGENT AUTONOMOUS BEHAVIORS THROUGH INTERACTIONS WITH THE
SURROUNDINGS. (A) ‘Bucklebot’ is a locomoting device made of two vibrating toy
microbots (Hexbug Nano®) connected by a thin polyester beam. When the toys
are turned on, the vibrational input induces asymmetric frictional interactions
with the substrate, resulting in locomotion. (B) Bucklebot displays rich responses
that emerge from the interactions with the surroundings, such as temporary
wall-following succeeded by bouncing away with an angle that differs from the
approach angle. (C) The emergent wall following response enables bucklebot to
map unknown environments. A, B, and C are reproduced with permission under
CC BY NC ND from ref. [60]. (D) Even extremely under-engineered agents can
achieve the complex task of locomotion: air bubbles immersed under a vibrating
substrate gallop forward through asymmetries emerging from the deformation
of the soft body that interacts with the substrate. (E) When interacting with
boundaries, the bubbles solve a maze. D and E are adapted with permission
under CC BY from ref. [61].

bot to move forward. The elastic beam, despite its simplicity, allows
bucklebot to exhibit complex but tunable responses when interacting
with the surroundings. For instance, Figure 1.5B shows a bucklebot that
temporarily follows a wall and then bumps away from it. Figure 1.5C
shows a bucklebot that maps an environment and differentiates between
long and short paths depending on the run time.

Even vastly under-engineered agents can exhibit complex behaviors
when their interactions with the surroundings are understood and har-
nessed. For instance, air bubbles immersed in a fluid and trapped under
a substrate gallop forward when the substrate vibrates [61]. Their move-
ment is a result of symmetry breaking that spontaneously arises in the
deformable body of the bubbles (Fig. 1.5D). Similar to bucklebots, the
interaction with boundaries allows bubbles to solve a maze (Fig. 1.5E).

These initial results highlight that even in the absence of a centralized
processor or a designed internal circuitry, seemingly simple agents can
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1.4 RESEARCH OBJECTIVES

passively exhibit complex behaviors that appear to be autonomous,
which emerge from the interactions with the surroundings alone.

1.4 RESEARCH OBJECTIVES

As we have shown in the previous section, soft machines without a
processor can encode basic behaviors in their physical structure. For
instance, internal mechano-fluidic nonlinearities can program specific
fixed behaviors such as walking straight [53], and passive deformations
can induce real-time adaptation to external cues [60]. Inspired by these
promising approaches, in this Thesis we ask: Can we take a step further,
and embody autonomous capabilities, such as reflexes, environmental
feedback, and switching of behaviors, in soft machines with nonlinear
fluidic circuits? We will delineate four research objectives to address this
general question.

Most soft machines run fixed programs and passively adapt to the
environment while locomoting. Beyond real-time adaptation, could soft
fluidic machines use their body to remember interactions that occurred
in the past, and perhaps forget them when not needed anymore? Would
this embodied form of memory enable the machines to program distinct
behaviors in response to interactions? Would this approach result in
robust autonomous responses when exploring an environment? These
questions are summarized within our first research objective:

OsyeCTIVE 1: Develop fluidic circuits to embody memory effects in
the physical structure of soft machines, to enable remembering past
interactions beyond passive real-time adaptation.

With our effort to move complexity in the body of soft machines
using fluidic circuits, new challenges arise when trying to understand
these phenomena. These challenges are associated with the interactions
of internal fluids with the nonlinear mechanical devices, geometric
nonlinearities of elastic elements coupled with fluids, and nonlinear
dynamics of the various deforming parts. How do we understand such
phenomena? What kinds of descriptions are required to gain valuable
insights that enable the design of desired behaviors? As a first step in
trying to answer these questions, we focus on the hysteretic valve [53] as a
case study. We experimentally observed that this valve displays bistability
of behaviors. For a given value of input airflow, the valve can be both
in a dynamic oscillatory state and in a static, pressure-regulating state.
Developing an understanding of this specific coexistence phenomenon
can open doors to general analytical tools that could be leveraged to
explain also other nonlinear phenomena typical of agents with embodied
fluidic circuits. This leads to our second research objective:
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OsJECTIVE 2: Elucidate the coexistence, in a hysteretic valve, of
two qualitatively distinct modes of operation, pressure regulation
and oscillation, given the same operating conditions.

With these approaches, we are able to design in detail the nonlin-
ear internal structure of the legged machines, as if it were a processor
that gives instructions to the various limbs. Beyond these designer ap-
proaches, can we remove the internal fluidic processor and still obtain
rich responses that lead to basic forms of autonomy? Without a clearly
defined internal processor, what kind of locomotion strategy could en-
able robust, responsive coordination of multiple legs? For instance, could
legged soft machines switch gaits to avoid obstacles or move in different
media solely by relying on phenomena that emerge from interactions
between their limbs and the outside world? These questions can be
summarized as my third research objective:

OBJECTIVE 3: Develop a locomotion strategy for legged soft ma-
chines for which autonomy emerges from the physical coupling of
their limbs with the surroundings, without a central controller of
any kind.

To operate, these kinds of oscillating fluidic machines need a pneu-
matic power source that allows inflation of the various body parts. Often,
this means relying on bulky and rigid air compressors or pumps and
batteries, either external to the machine or placed on board. Instead, can
energy be embodied [62] directly in the structure the machines are made
of? Could this embodied form of energy spontaneously lead to activity?
In summary, our fourth research objective is:

OBJECTIVE 4: Investigate an embodied form of energy to instill
activity directly in the structure of soft machines, thereby increasing
their autonomy by removing the need for external energy sources
to oscillate.

1.5 THESIS CONTRIBUTIONS

In each chapter of this Thesis, we will individually address the four
research objectives introduced above.

In Chapter 2, we address Objective 1. We harness the nonlinear re-
sponse of elastic shells to provide bistability to the fluidic properties
of an enclosed cavity. We demonstrate that this bistability enables a
locomoting self-oscillating machine to switch between stable frequency
states. To program such memory states upon external interactions, we
develop fluidic circuits that surround the shell with soft tubes that kink
and unkink when touched. We demonstrate both long- and short-term
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memory in a soft machine that selects new behaviors in response to a
user and that autonomously changes direction after detecting a wall.

In Chapter 3, we address Objective 2 by explaining the phenomenon of
the coexistence of pressure regulation and oscillation modes in the soft
hysteretic valves used in Chapter 2. We introduce a lumped-parameter
model that couples the fluidic domain with the mechanical domain
with a set of ordinary differential equations. Drawing from tools from
dynamical systems theory, we elucidate the stability characteristics of
limit cycles (oscillation) and nodes (regulation). We will then demonstrate
that, informed by the model, we can learn specific design strategies with
practical implications. As an example, we gain knowledge on a design
approach to inhibit the regulation regime, for applications such as the
fluidic control of total artificial hearts that should not stop beating.

In Chapter 4, we address Objective 3. We introduce a soft self-oscillating
limb made of a single kinked tube that only requires a constant flow of
air to perform cyclic stepping motions at frequencies reaching 300 Hz.
When multiple limbs are fluidically coupled together, they synchro-
nize and induce locomotion gaits for high-speed locomotion, orders
of magnitude higher than comparable state-of-the-art. When similar
limbs are implicitly coupled through the mechanical interactions with
the environment, synchronized gaits spontaneously emerge from the
physics, without the need for control signals. The synchronization pat-
terns dynamically respond to variations in the environmental conditions,
enabling these seemingly simple devices to exhibit autonomy, including
obstacle avoidance, amphibious gait transitions, and phototaxis.

In Chapter 5, we address Objective 4 by exploring active oscillations
that arise from the coupling between a catalytic reaction of an energy-
dense fuel and the mechanical response of elastic membranes. We in-
troduce an experimental apparatus where a catalyst connected to an
elastomeric membrane is held over a container filled with liquid hy-
drogen peroxide as fuel. We observe a self-sustained limit cycle where
the reaction subsequently activates and deactivates, and the membrane
inflates and deflates cyclically. With a lumped-parameter model, we
learn that the active oscillation arises from a separation of timescales
between the capillary action and the catalytic reaction, and a negative
feedback induced by the membrane deformation. Hence, this soft device
embodies activity in its physical composition, in that the internal energy
release is a state variable responsible for sustaining the self-oscillation.

Overall, this Thesis on embodying autonomy in soft machines sets the
foundation for the design and physical understanding of artificial crea-
tures that will roam around our world autonomously, displaying life-like,
rich, and responsive behaviors despite not relying on complex brains.
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EMBODYING MECHANO-FLUIDIC MEMORY
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J.T.B., Embodying mechano-fluidic memory in soft machines to program
behaviors upon interactions, Device 3, 100863 (2025)

ABSTRACT

Soft machines display shape adaptation to external circumstances due to
their intrinsic compliance. To achieve increasingly responsive behaviors
upon interactions without relying on centralized computation, embody-
ing memory directly in the machines” structure is crucial. Here, we
harness the bistability of elastic shells to alter the fluidic properties of
an enclosed cavity, thereby switching between stable frequency states of
a locomoting self-oscillating machine. To program these memory states
upon interactions, we develop fluidic circuits surrounding the bistable
shell, with soft tubes that kink and unkink when externally touched.
We implement circuits for both long-term and short-term memory in a
soft machine that switches behaviors in response to a human user and
that autonomously changes direction after detecting a wall. By harness-
ing only geometry and elasticity, embodying memory allows physical
structures without a central brain to exhibit autonomous feats that are
typically reserved for computer-based robotic systems.
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2.1 INTRODUCTION

complex real world [63]. Often inspired by biological systems [28],

soft robots passively adapt to external stimuli due to their intrinsic
compliance [64]. This passive adaptability at the level of material and
structure, often called mechanical or embodied intelligence [38], enables
soft robots to accomplish tasks such as grasping a wide variety of objects
using the same gripper [65], walking over uneven terrain [66], resisting
from external damage [31, 39], and even self-healing [67].

Their natural counterpart, animals, achieve feats that are more com-
plex than mechanical adaptation: they often dynamically change their
behaviors in response to external stimuli. For instance, sea stars typically
slowly explore the environment in search of food, but when threatened
by predators, they suddenly enter a fast galloping gait as an escape
response [9, 68]. Salamanders switch between two stable locomoting
gaits: undulatory swimming in the water and slower stepping motions
on the ground [69, 70]. Even the relatively simple organism Caenorhabditis
elegans switches between basic behavioral states of locomotion, such as
forward moving and turning, depending on the surroundings, previous
experiences, and internal factors [71]. In general, this switching of behav-
iors can be seen as a form of memory, where each adopted behavior is a
stable memory state that depends on past events.

In an effort to provide soft machines with this kind of responsiveness,
researchers developed artificial systems that harness structural phenom-
ena to passively exhibit distinct behaviors depending on external cues.
Mechanical robots, in which geometric nonlinearities combined with
elasticity lead to reprogrammable mechanisms with multi-welled en-
ergy landscapes, continuously change the internal activation sequences
as a direct response to interactions [72]. Soft twisting liquid crystal
elastomers [73] and elasto-active structures [60] exploit environmen-
tal interactions and passive shape reconfiguration to solve mazes. Soft
modular machines sense and respond to different external stimuli by
harnessing responsive materials [74]. In Chapter 4, we will introduce
soft machines with self-oscillating limbs [75] that passively tune their
synchronization pattern depending on external cues through implicit
coupling with the surrounding medium. These exciting initial advances
point toward embodying switchable behaviors within the physical struc-
ture of the machine itself. In this direction, there is ample room for
further investigation in understanding and then utilizing structural phe-
nomena not only for mechanical shape adaptation but also for behavioral
adaptation [76].

In particular, the implementation of memory, where current behaviors
depend on past stimuli [77-84], has been explored in multistable struc-

SOFT robots are being developed for autonomous operation in the
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tures such as elastic beams [79], origami [80], corrugated sheets [81], and
crumpled paper [82]. Multistability allows these systems to transition
from one stable state to another upon applying a stimulus (for instance,
at time t*). Crucially, at a later time t when the system is in this new state
and the stimulus is not applied anymore, the state is stable, and thereby
it carries information of the past stimulus that occurred at time t* < t.
This kind of memory remains largely unexplored in locomoting soft
machines. Embodying memory in the physical structure of the machines
would enable them to selectively program desired, stable behaviors in
response to external interactions.

Focusing in this work on soft fluidic machines, fluidic circuits [45],
consisting of interconnections of pneumatic tubings [46—48] and nonlin-
ear inflatable elements [41, 85] and valves [49, 50, 52-55, 86], represent a
promising platform for implementing behaviors at the centimeter scale.
In fact, multiple tools and tools are available to designers, including vis-
cous flow [46, 47], snap-through instabilities [41, 44, 87], transistors [51]
and oscillators [50, 53, 54, 58, 75, 88]. Fluidic circuits have proven effec-
tive for a variety of behaviors, including sequential activation of soft
fingers [53], automatic gripping [50, 52], and open-loop gait control for
walking robots [44, 53, 55, 57, 58]. Despite the progress at the compo-
nent and circuitry level, integration in autonomous systems capable of
responding and adapting to changing environmental circumstances re-
mains elusive. One exception consists of changing behavior in response
to external cues only once, as seen in a walker that changes locomotion
direction when obstructed [57], and in an extensible gripper developed
in our group that transitions from searching to retrieving a sensed ob-
ject [89].

Here, by instilling memory effects in the physical body of soft fluidic
machines, we enable the programmability of stable behaviors upon
repeated interactions with the surroundings. We start from a soft robotic
crawler (Section 2.2), to which we provide memory by harnessing the
bistability of elastic shells [9o] (Section 2.3). Through fluidic circuits that
surround the shells, we show both long-term and short-term memory
of touch interactions (Sections 2.4 and 2.5). After each interaction, the
memory state is rewritten, and the response of the machine changes
accordingly (Section 2.6). Equipped with fluidic antennae, the machine
detects the presence of obstacles, memorizes the information of the
detection, and responds by autonomously steering away (Section 2.7). By
introducing such a physical form of memory, we expand the repertoire
of design tools for autonomous soft machines [60, 72—75], which can
now remember interactions after they occur, in addition to passively
responding to them.
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2.2 A SELF-OSCILLATING SOFT FLUIDIC MACHINE

We start by designing a self-oscillating locomoting machine consisting
of a single pneumatic bending actuator (Fig. 2.1A). Given a constant
pressure source, the machine crawls in a pulsatile fashion, because it is
cyclically activated through a hysteretic valve [53] mounted inside the
machine. Given constant inflow, the valve oscillates between a closed
state (Fig. 2.1B) and an open state (Fig. 2.1C). While oscillating, the
valve goes through several stages (Fig. 2.12), as we will analyze in
depth in Chapter 3. i) When the valve is closed, no air flow is delivered
to the actuator, and pressure upstream increases. i)) When a critical
pressure is reached, the valve snaps to the open state, allowing flow
to the actuator, decreasing pressure upstream. ii;) When a low critical
pressure difference is reached, the valve snaps back to the closed state.
This hysteresis in opening and closing results in cyclic inflation and
deflation of the actuator, leading to forward locomotion.

The fluidic circuit carried by, and activating, the machine (Fig. 2.1D)
is characterized by six key physical parameters. i) The pressure source
value together with the ii) pre-resistor with resistance Rpre determine the
amount of inflow to the valve. That is, both a larger pressure source and
a smaller pre-resistance lead to higher inflow. iii) The pre-capacitance
with volume Ve is responsible for the timescale of charging, where
larger volume leads to longer charging. After the valve, we place iv) the
actuator that acts as a capacitance with geometric volume Vjctyator, v) the
after-capacitance with volume Vg, and vi) the after-resistance Rfier,
responsible for the amount of inflation of the actuator and the discharge
time [53].

Practically, we build the pre-resistor as a custom-made silicone tube
with a small inner diameter of 0.35 mm, outer diameter 5 mm and length
40mm through injection molding; the after-resistor is an off-the-shelf
needle (20 Gauge, 0.5in length); the capacitors are thin inextensible
pouches custom-made through heat-sealing of nylon-coated thermoplas-
tic polyurethane (TPU) sheets [91]; the pneumatic bending actuator is
a two-material PneuNet custom-made through injection-molding [92]
(Section 2.9.2).

The pulsatile inflation of the actuator induced by the fluidic circuit
causes the machine to move forward at a speed of 0.76 cm/s (2.85 body
lengths per minute) (Fig. 2.2A,B) through consecutive crawling motion of
~5.3mm each (0.03 body lengths for each cycle) (Fig. 2.2C). This single-
input crawling machine is purposefully simple in its behavior, that is,
moving forward at a specific average speed. Throughout the article, we
will use this unit and its associated fluidic circuit as a building block
to construct more complex behaviors by adding memory and sensing
features to the circuit and assembling multiple units together.
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A SELF-OSCILLATING SOFT FLUIDIC MACHINE. (A) A soft crawling machine is
equipped with a bending actuator, pre- and after-capacitances (Vpre and Vygier),
pre- and after-resistances (Rpre and R,g,), and a hysteretic valve mounted in
a rigid holder. Scale bar is 2cm. A single tether provides constant pressure
to the pre-resistance. Given the approximately constant inflow from the pre-
resistance, the soft hysteretic valve oscillates between (B) closed and (C) open
states, enabling pulsatile actuation of the bending actuator. (D) Schematic of the
fluidic circuit embedded in the soft machine.

As a start, we observe that varying the physical parameters of the
circuit directly results in a change of behavior of the machine. For ex-
ample, in a benchtop experiment with the actuator not interacting with
the ground (Section 2.9.3), increasing the volume of the after-capacitance
from O0mL to 40 mL results in the activation frequency decreasing from
1.65Hz to 1.39 Hz (Fig. 2.2D) and the vertical stroke of the actuator low-
ering from 2.7 cm to 1.6 cm (Fig. 2.2E). This change in after-capacitance
volume has a direct consequence on the speed of the locomoting machine.
Adding an after-capacitance with volume 40mL causes the machine to
crawl slower at 0.4 cm/s, at approximately one third of the original speed
(1.1cm/s) (Fig. 2.2F). Varying other physical parameters also affect the
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Figure 2.2

THE SOFT FLUIDIC MACHINE LOCOMOTES FORWARD. (A) Locomotion of the crawler
during one oscillation cycle lasting 0.54 s. Scale bar is 2cm. (B) Location of the
crawler after 3s, 6s, and 9s. (C) Horizontal and vertical coordinates of the rigid
holder of the locomoting machine. Influence of the after-capacitance geometrical
volume Vg, on (D) the oscillation frequency of the actuator, (E) the vertical
stroke of the actuator as defined in Fig. 2.1D, and (F) the average speed of the
machine.

behavior. For instance, increasing the pre-capacitance from O mL to 70 mL
leads to a higher vertical stroke of the actuator (Fig. 2.13).

2.3 MEMORY VIA A BISTABLE MECHANO-FLUIDIC CAPACITOR

To introduce memory in the system, we provide bistability to a physical
parameter of the self-oscillating circuit, so that the crawling behavior also
becomes bistable. In our specific case, we focus on the after-capacitance,
as the speed of the machine is particularly sensitive to this parame-
ter. This is because increasing the after-capacitance leads to a decrease
in both the actuator’s stroke and frequency, while increasing the pre-
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capacitance leads to an increase in stroke but a decrease in frequency,
with a negligible net change in speed (Fig. 2.13).

To provide bistability to the after-capacitance, we use elastic shells, as
they are well-studied structures and exhibit rich nonlinear behavior [50,
90, 93—98]. The design parameters such as thickness, base width, and
shallowness angle (Fig. 2.14) can be tuned [50] so that the shell displays
bistability [9o], with a ‘rest’ stable state (Fig. 2.3A) and a ‘snapped’ stable
state (Fig. 2.3B). We mount the soft shell in a rigid shell-shaped holder,
obtaining a fluidic capacitor with a relatively small (compared to the soft
actuator) geometric volume of ~ 0.8 mL enclosed between the two shells
when the elastic shell is in its rest state (Fig. 2.3C). The second stable
state of the bistable capacitor is accessed by popping the shell to the
snapped state, obtaining a relatively large geometric volume (~ 34 mL)
(Fig. 2.3D).

The behavior of the bistable capacitor upon inflation is highly nonlin-
ear. The pressure-volume curve of the capacitor (Fig. 2.3E) highlights
two stable regimes that cross the zero-pressure line, which is essential
to enable bistability. Increasing (or decreasing) pressure past the critical
snap-through (or snap-back) pressure allows for switching from one
stable regime to the other (Fig. 2.3E, pink arrows). Once the system is
placed in one regime, removing pressure results in the capacitor being
stable at one of the two states (0.8 mL or 34 mL). Note how this highly
nonlinear, non-monotonic behavior fundamentally differs from capaci-
tors (i.e., actuators) typically used in fluidic circuits [53]. Such capacitors
are often characterized by a monotonic pressure-volume curve, even
when displaying nonlinear behaviors, such as stiffening or softening
(Fig 2.15).

We physically mount the bistable capacitor on the crawler (Fig. 2.3F),
fluidically connected in the circuit as after-capacitance Vg, (Fig. 2.3G).
We start by setting the bistable capacitor to the snapped state with large
volume (Fig. 2.3F). When we provide a constant pressure of 1.3 bar to the
tether, the machine locomotes at a speed of ~ 0.4cm/s (Fig. 2.3H,I). After
~ 30s, we manually pop the shell to the rest state, so that the capacitance
snaps to the small-volume state (Movie 2.1). After this external interac-
tion, the machine is moving at a higher speed of ~ 0.8 cm/s (Fig. 2.3H,]),
as expected from Figure 2.1, because of the lower after-capacitance. Cru-
cially, the bistability of the fluidic after-capacitance directly results in
two stable outcome behaviors of the machine. We refer to this mechano-
fluidic bistability as memory, as the state of the system at a given current
time t reflects interactions that occurred in the past at time t* < t [77-84].
In the example experiment in Figure 2.3H-], the speed of the machine
at time t = 60s reflects the past interaction of popping the shell that
occurred at time t* ~ 35s.
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Figure 2.3

EMBODYING MEMORY VIA A BISTABLE MECHANO-FLUIDIC CAPACITOR. An elas-
tomeric shell with thickness 3 mm, base width 55 mm, and shallowness angle
80° displays two stable states, (A) a rest state and (B) a popped state. When
the soft shell is mounted on a rigid shell-shaped holder, the geometric volume
between the two shells also displays two states, (C) a small volume state and (D)
a large volume state. (E) Increasing (or decreasing) pressure above (or below) the
critical snap-through (or snap-back) pressure allows for switching between the
two states (pink arrows). Markers filled in white are consecutive datapoints for
which pressure decreases for increasing volume, hence representing the negative
slope of the pressure-volume curve. (F) We physically mount the bistable capaci-
tor on top of the crawler, (G) fluidically connected as an after-capacitance. (H)
We write the memory state by popping the shell while the machine crawls so
that the machine switches from the first stable state with speed ~ 0.4 cm/s to the
second stable state with speed ~ 0.8 cm/s. Snapshots of the crawling machine in
(I) the low-speed state and in (J) the high-speed state. All scale bars are 2 cm.
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2.4 FLUIDIC CIRCUITS FOR LONG-TERM AND SHORT-TERM MEM-
ORY

We demonstrated a bistable behavior through a mechano-fluidic memory
element. So far, the memory state could be written only once by manually
popping the shell from the snapped state to the rest state. In addition,
we needed a relatively high external force to write the memory state
(~ 13N, given the surface area of the human thumb ~ 3.2cm? [99] and the
internal pressure ~ 40kPa). We now aim to repeatably change behavior
upon consecutive limited-power interactions with the environment. We
develop fluidic circuits around the bistable capacitor to obtain long-term
memory (Fig. 2.4A) and short-term memory (Fig. 2.5A) that require lower
power to switch states (compared to ~ 1 W when manually popping the
dome with a force in the order of TON at a speed in the order of 10cm/s).
Note that we refer to the concepts of short- and long-term memory
from a behavioral neuroscience point of view: short-term memories of
the stimuli are temporary and last for a short amount of time before
they fade out, while long-term memory refers to permanently lasting
memories of events [100, 101].

We develop a long-term memory circuit (Fig. 2.4B) by building upon
the circuit with the bistable capacitor in Figure 2.3G. i) We add a branch
in parallel to the source, connected to the bottom chamber of the memory
element, opposite to the actuator. ii) In this new branch, we introduce
a normally closed (NC) valve upstream and a venting resistance Ryent
downstream (22 Gauge, 0.5 in). iii) We add a normally open (NO) valve in
the actuator branch, between the actuator and the downstream resistance.
We can interact with this circuit by closing (and opening) the NO (and
NC) valves. To design and test these circuits, we make use of solenoid
valves controlled with an input/output electronic board (Section 2.9.3),
which we will replace in later Sections with soft tubes that kink and
unkink [48].

By closing the NO valve, the actuator line pressurizes (Fig. 2.4C). When
the pressure reaches the snap-through pressure of the shell, the shell
snaps to the other state, and the capacitor is in the large volume state.
This, in turn, causes the system behavior to operate at low frequency and
stroke. Then, we can open the NC valve (Fig. 2.4D), so that the bottom
line pressurizes. When the pressure difference between the bottom and
top lines reaches the snap-back pressure of the shell, the shell snaps
back to the rest state, causing the system behavior to operate at high
frequency and stroke.” Each time the memory is set to either state, the
reached state is stable until the next interaction, as a consequence of

Note that the NC (or NO) valve could be opened (or closed) even when the shell is already
in the desired rest (or snapped) state: this stimulus would not change the output, as the
shell would stay in the state it already is.
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Figure 2.4

FLUIDIC CIRCUIT FOR LONG-TERM MEMORY. (A) Long-term memory involves
programming stable states given occurring stimuli. (B) The long-term memory
circuit is equipped with a normally open (NO) valve, a normally closed (NC)
valve, and a venting resistance Ryent placed at the bottom chamber line. (C) We
set the system to the state with low stroke and frequency (high after-capacitance)
by closing the NO valve, thereby pressurizing the top chamber and snapping the
shell. (D) We set the system to the other state by opening the NC valve, resulting
in snap-back of the shell. (E) Actuator stroke in time, with consecutive events of
writing memory.

the bistability of the shell (Fig. 2.4E and Movie 2.2). Therefore, each
time a stimulus occurs (opening/closing of NC/NO valves), the system
expresses the memory of the past stimulus through its current behavior
(frequency and stroke).
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Figure 2.5

FLUIDIC CIRCUIT FOR SHORT-TERM MEMORY. (A) Short-term memory stores in-
formation of the past stimulus for a determined amount of time, and then
self-resets to the initial state. (B) The short-term memory circuit is equivalent to
the long-term memory circuit, with the only differences being the orientation
of the shell in its rest state and the NO valve not being used. (C) We write the
memory by opening the NC valve, resulting in the shell snapping. (D) After this
writing action, the bottom chamber is pressurized (pvent), and air leaks through
the venting resistance, causing a pressure discharge in time, until the shell snaps
back, causing a self-reset of the system to the low-stroke state in B. (E) Actuator
stroke (black) and pvent (yellow) in time.

Starting from the design of the long-term memory circuit, we develop
a short-term memory circuit (Fig. 2.5B). This circuit is equivalent to
the long-term memory circuit, with the only differences being a higher
venting resistance (32 Gauge, 0.25in needle), and the shell flipped so
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that, in the rest state, the chamber connected to the actuator line is in the
high-capacitance state (Fig. 2.5B, grey area above the shell). By opening
the NC valve, the pressure in the bottom line increases until the shell
snaps, and the system behavior is set to the state with high frequency
and stroke (Fig. 2.5C).

After this initial interaction that sets the memory element to the other
state, a seemingly counterintuitive behavior occurs, resulting in short-
term memory. Given the bistability of the shell, at first, one would
expect this system to be bistable as well and, as a consequence, to
stabilize at the high state until the next interaction occurs. However,
at a system level, two phenomena with two distinct timescales occur
simultaneously after the NC valve has been opened: i) pressure pvent
in the bottom chamber decreases relatively slowly in time as air vents
to the atmosphere through the resistance Ryent (Fig. 2.5D and Fig. 2.5E,
yellow); ii) pressure in the top chamber oscillates between ~ 1kPa and
~ 35kPa, because of the hysteretic valve oscillating with a timescale
which is faster than the discharge mentioned above. Given these two
phenomena with different timescales, as long as the difference between
the bottom and top chamber is greater than the snap-back pressure of the
shell (~ —10kPa), the shell is in the stable snapped branch, because the
stability of the shell is determined by the pressure difference between its
top and bottom surface (Fig. 2.3E). When the pressure difference between
the bottom chamber and the top chamber decreases below ~ —-10kPa, the
shell snaps back spontaneously, without external interactions (Fig. 2.16
and Movie 2.2). As a consequence, the system self-resets to the low state
(Fig. 2.5E, black).

Note that the snap-back of the shell is not instantaneous, but instead,
it lasts approximately 45s. This is a consequence of the high venting
resistance Ryent (32 Gauge, 0.25in needle) limiting airflow. Once the
shell initiates the snap-back, it fights against this high venting resistance,
effectively compressing the air in the bottom chamber. The signature
of this effect, which counters the snap-back of the shell, can be seen in
the sudden increase of the pressure pyent in the bottom chamber when
the shell initiates the snap-back (Fig. 2.16 and Fig. 2.5E, yellow). During
this intermediate phase, the shell is operating in the negative-stiffness
regime highlighted with white markers in Figure 2.3E. When the shell
is completely snapped back, at around 90s in the experiment, pyent
finally drops to zero (Fig. 2.5E, rest symbol). Nevertheless, we identify
the initiation of the snap-back as the instant when the behavior of the
system self-resets to the initial state, because this event is associated with
the stroke of the actuator returning to approximately the initial value
(Fig. 2.5E, black).

Therefore, the short-term memory circuit temporarily stores informa-
tion by setting the memory element to the snapped state. After a specific
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INCREASING THE VENTING RESISTANCE LEADS TO A HIGHER MEMORY-RETENTION
TIME. We test the short-term memory circuit (Fig. 2.5) for different values of
venting resistance (different commercial needles, Metcal). After opening the
normally closed valve, the memory element snaps, and the system is set to
the high-stroke state. In the case of the lowest resistance tested (27 Gauge,
0.5in needle), the system self-resets to the low state (the shell snaps back) after
~ 11s (purple line). For higher venting resistance, the time required to self-reset
(memory-retention time) increases. In the case of the highest resistance tested
(34 Gauge, 0.25in needle), the memory-retention time is ~ 71s (yellow line).

memory-retention time, the system spontaneously self-resets to the rest
state (as it was before the interaction occurred) and hence the memory
of the occurred stimuli fades away. The memory-retention time can be
tuned by selecting different values of venting resistance: higher venting
resistance results in slower discharge and, therefore, longer memory-
retention time. Within the set of venting resistances that we tested, the
memory-retention time ranged from 11s to 71s (Fig. 2.6).

2.5 FLUIDIC TOUCH SENSING VIA KINKING TUBES

So far, we could interact with the long- and short-term memory circuits
through NO and NC solenoid valves, requiring a 24V signal to close
and open the valves (Section 2.9.3). With the goal of developing fully-
fluidic machines that can interact with the surroundings, we aim to
develop NO and NC touch sensors harnessing the kinking behavior
of soft tubes [48]. We build a NO sensor by bending a commercial
elastomeric tube with inner diameter 3 mm, thickness 1 mm, and length
70mm (Fig. 2.7A). We mechanically compress the tube to a maximum
displacement umax corresponding to the top part of the tube touching the
bottom rigid holder. At the same time, we measure the fluidic resistance
R¢ of the tube as the ratio between the inlet-outlet pressure difference
and the flow through the tube. While loading, we observe an initial
deformation, followed by a sudden formation of two kinks (Fig. 2.7A).
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Figure 2.7

FLUIDIC TOUCH SENSING VIA NORMALLY OPEN AND NORMALLY CLOSED KINKING
TUBES. A silicone tube (inner diameter 3 mm, thickness 1 mm, and length 70 mm)
is bent 180°. (A) A probe compresses the tube by moving vertically with a
displacement u, first inducing the tube’s deformation and then forming two
kinks that close the channel. (B) A shorter tube of length 50 mm displays a kink
in its rest state (normally closed), it unkinks (opens) when compressed, and it
forms two kinks when further compressed. All scale bars are 1cm.
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FLUIDIC RESISTANCE OF THE TUBES AS A FUNCTION OF PROBE DISPLACEMENT. (A)
The fluidic resistance of the tube Rt sharply increases when the two kinks form
(tube closes). (B) The fluidic resistance of the normally closed tube shows an
initial drop (when the tube unkinks, opening) with a subsequent increase (when
the two kinks form, closing). Labels v and v relate to the photos in Figure 2.7.
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The flow resistance is relatively low (~ 1.5 x 102 kPa/SLPM) when the
tube is not deformed (u/umax = 0) (Fig. 2.8A, white star). The resistance
stays at approximately the same value until half the maximum probing
displacement (u = 0.5 - umax). Then, the resistance suddenly increases to
~1x10" kPa /SLPM when u = 0.6 - umax. This increase corresponds with
the formation of two kinks that block air flow (Fig. 2.7A, black star).
The resistance then increases exponentially with increasing probing
displacement, as the kinks sharpen further. We call this high-resistance
state the closed state (Fig. 2.8A, black star), as leakage is limited. So,
effectively, the tube is a sensor that transduces information from the
mechanical domain (that is, the compressing interaction) into the fluidic
domain (that is, the resistance of a fluidic channel).

To build the NC sensor, we found that we can act on a single design
parameter of the tube. In fact, by reducing the length of the tube from
70mm to 50mm, a kink spontaneously forms when the tube is not
probed (Fig. 2.7B, black star). This is accompanied by the resistance
being relatively high (~ 1 x 10?2 kPa/SLPM) (Fig. 2.8B, black star): the
sensor is in a normally closed state. By compressing, the tube unkinks
(Fig. 2.7B, white star), opening the channel and suddenly decreasing the
resistance to ~ 1.5 x 1072 kPa/SLPM (Fig. 2.8B, white star). So, the shorter
tube is an NC sensor that opens upon interaction. In addition, by further
probing the tube after the opening event, it closes again, as two kinks
form (Fig. 2.7B).

Therefore, we obtained a touch sensor that, depending on the design
parameters, can be in a NO or a NC setting. Interestingly, the NO and NC
mechano-fluidic sensors transduce qualitatively equivalent mechanical
inputs (compression in one direction) in distinct fluidic information,
consisting of closing and opening of channels.

2.6 INTEGRATED MEMORY AND SENSING FOR PROGRAMMABLE BE-
HAVIORS

So far, we introduced a number of separate ingredients that, when
integrated together, we will show can result in programmable behaviors.
We have i) the forward crawling platform (Fig. 2.1 and Fig. 2.2); ii) the
mechano-fluidic memory element (Fig. 2.3), responsible for providing
memory of a stimulus in the form of change in behavior; iii) the short-
and long-term memory circuit designs (Fig. 2.4 and Fig. 2.5), that read
fluidic stimuli in the form of opening and closing of channels; iv) the
touch sensors (Fig. 2.7 and Fig. 2.8), to transduce mechanical stimuli into
fluidic ones when a user vertically compresses the tube.

Now, we integrate these ingredients in a locomoting soft machine that
senses external mechanical cues and reacts accordingly (Fig. 2.9A). The
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machine has two mirrored sides. Each side is built starting from the
single-actuator crawling platform, with the memory element and the
NO and NC touch sensors placed on top. Internally, the fluidic circuit
of each mirrored side is identical to the circuit in Figure 2.4. The two
sides of the machine are physically connected with a bearing, to allow
rotation of the two sides relative to each other, as the crawling behavior
relies on the rotation induced by the bending actuator (Fig. 2.17). In total,
the machine integrates two bending actuators, two hysteretic valves, two
memory elements, four touch sensors, and a single tether connected to a
pressure source of 1.3 bar.

With two bistable memory elements, the machine has four stable
locomoting behaviors (Fig. 2.9B): i) forward slow, when both individual
capacitors are set to the large volume state; ii) forward fast, when both
are set to the small volume state; iii) steer left, when the right capacitor
is set to small volume state and the left to large volume state, as the right
side of the machine moves at a faster speed compared to the left side,
causing global steering; iv) steer right, when the right capacitor is set to
large volume and the left to small.

In Figure 2.10A, we report the trajectory of the machine locomoting
in an arena when receiving touch cues from a human user, with both
circuits set to the long-term memory configuration from Figure 2.4A.
The machine starts with both capacitors set to small volume (both shells
set to the rest state). Hence, the machine starts locomoting with the
fast-forward behavior. Then, the human interacts with the left NO sensor,
closing it. After the interaction, the machine steers to the left because the
left memory element is set to the large-volume state, and the resulting
speed of the left side is lower than the right side. The memory is retained
until a new mechanical cue occurs. After the operator closes the right NO
sensor by touching it, the machine displays the slow-forward behavior.
With the next two interactions, the machine steers to the right and then
goes back to the initial fast-forward behavior (Movie 2.3). Additionally,
we can interact with two sensors at the same time, closing one and
opening the other, to directly switch between sterring left and steering
right (Movie 2.3).

When we set the internal circuit to the short-term memory configura-
tion of Figure 2.5B by flipping the orientation of the memory element and
increasing the venting resistance (replacing it with a 34 Gauge, 0.25in
needle), the machine also displays short-term memory (Fig. 2.10B). The
machine starts with the slow-forward locomoting behavior. After the
user interacts with the left sensor, the left side is set to the high-speed
state, and the machine displays the right-steering behavior. After approxi-
mately one minute, the left memory element self-resets to the initial state,
and the machine returns to the forward-locomoting behavior (Movie 2.3).
Therefore, the memory of the interaction is retained for approximately
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INTEGRATION OF MEMORY AND SENSING FOR PROGRAMMABLE BEHAVIORS UPON
USER INTERACTIONS. (A) We build a two-limb machine by mirroring our single-
limb platform in Figure 2.3. The machine is powered by one pressure tether and
is equipped with two hysteretic valves, two actuators, two memory elements
(bistable shells), and four touch sensors (of which two NO and two NC). Scale
bar is 5cm. (B) The individual states of the two memory elements impact the
individual behavior of the two halves of the machine (low speed: purple, high
speed: green), resulting in four different global behaviors of the machine.

one minute so that the machine steers ~ 90°. After this amount of time,
the memory of the stimulus is forgotten, and the machine goes back to
the default behavior, which is moving forward without steering. Short-
term memory implies that we can design a preferred behavior, in this
case, moving forward, and a temporary behavior, such as steering, that,
upon interaction, overrides the default one for a determined amount of
time.
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THE MACHINE PROGRAMS BEHAVIORS UPON USER INTERACTIONS. (A) With long-
term memory settings, the machine locomotes in an arena and switches between
steering and forward behaviors when an operator interacts with the touch
sensors, by closing the NO and opening the NC sensors. (B) With short-term
memory settings, the machine switches to steering behavior when a human
interacts with the sensor, and after ~ 1 min, it spontaneously returns to the initial
forward-locomoting state. All scale bars are 5cm. Purple: slow; green: fast.

2.7 AUTONOMOUS OBSTACLE AVOIDANCE VIA SHORT-TERM MEM-
ORY

So far, the machine was designed for only a specific kind of interaction,
where a human user touches the sensor. To demonstrate the potential
of integrating memory and sensing for autonomous behaviors, where
the machine itself senses the environment without external inputs from
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a human, we design an antenna taking inspiration from insects. Often,
insects sense the external world with antennae made of relatively rigid
flagella and softer pedicel-flagellum junctions (hinges). The hinges are
the crucial site for mechanoreception, as they are equipped with dense
mechanosensory structures [102]. When the flagellum bends, the recep-
tors in the hinge sense an increase in bending torque, so that the insect
detects obstacles [103] or changes in the wind direction [103, 104].

We develop an artificial antenna (Fig. 2.11A-C and Fig. 2.18) composed
of a rigid 3D-printed flagellum that rotates around a hinge when it
interacts with an external obstacle, such as a wall (Fig. 2.11A). Crucially,
when the flagellum rotates, a kinked tube placed at the hinge unkinks
(Fig. 2.11B,C), acting like the NC touch sensor from Figure 2.7B. Hence,
we localize at the soft hinge the transduction from external mechanical
stimuli into internal fluidic information.

We let a machine equipped with two antennae and two short-term
memory circuits walk toward a wall with a 45° angle of attack (Fig. 2.11D
and Movie 2.4). When the right antenna touches the wall, it rotates
around the hinge, unkinking the tube (Fig. 2.11D, label ‘Interaction”). This
sensing event results in the memory element snapping to the snapped
state, following the same mechanism as previously introduced in Fig-
ure 2.5C. Then, the machine steers away from the wall for approximately
one minute, because the memory of the interaction is retained (Fig. 2.11D,
label ‘Retain memory’). After this memory-retention time, the memory
element self-resets to the initial state, in the same fashion as explained in
Figure 2.5D,E. At this moment in time, the machine forgets the previous
interaction with the wall, returning to the forward-locomoting behavior
(Fig. 2.11D, label ‘Forget’).

2.8 DISCUSSION

By embodying mechano-fluidic memory in soft machines we obtained
programmable behaviors upon interaction with the environment without
requiring electronics or software for control. We introduced memory
in a soft, self-oscillating crawler through the bistability of a physical
parameter of the machine, the capacitance, by leveraging a bistable elastic
shell. With long- and short-term memory circuits and kinking tubes as
touch sensors, the machine could detect interactions with a user and
obstacles, and consequently switch behavior between walking straight
and steering.

We instilled memory and feedback effects by coupling together selec-
tively a low number of components (shells and tubes) that display highly
nonlinear behavior. This approach parts ways from general-purpose
robotics, which instead typically relies on a large number of relatively
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AUTONOMOUS OBSTACLE AVOIDANCE THROUGH SHORT-TERM MEMORY AND INSECT-
INSPIRED SENSING. (A) We place two 3D-printed antennae on board the machine,
allowing rotation around a hinge upon external interaction with an obstacle,
such as a wall. (B) At the hinge, the antenna is equipped with a kinked tube
as an NC sensor. (C) The tube unkinks upon interaction, effectively sensing
the bending moment applied to the antenna and transducing it into fluidic
information (drop in fluidic resistance). Scale bars in A and C are 1cm. (D)
The autonomous machine senses the presence of a wall, temporarily retains the
memory of the interaction by steering away, and finally, forgets the memory of
the interaction, going back to the default forward-locomoting behavior.

simple components in a central computer, in the range of billions of
nanoscale transistors [105]. We envision that this approach of integrating
a limited number of nonlinear components will prove effective for task-
specific applications [106] where specialized tasks are pre-specified and
robustness is of the essence, as it reduces the overall design complexity in
terms of number of components. For instance, in biomedical applications,
microrobots could autonomously navigate inside the human body [107]
and detect cancer tissues by sensing a difference in stiffness [108, 109]
without carrying microelectronics [110]. We also foresee using these
mechanical effects as ‘reflexes” embedded in the structure of machines,
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to which some tasks can be offloaded from a central controller. For
example, in space applications, robots could delegate the autonomous
exploration task to their mechanical body, preventing the breakdown of
the locomoting apparatus in case of solar storm events [111]. For envi-
ronmental monitoring applications [112], self-oscillating machines could
autonomously crawl or swim by harnessing their responsive body. By
removing the need for electronics carried on board, the machines could
potentially be constructed monolithically [52, 113] with biodegradable
materials. By deploying a large number of biodegradable, simple yet
robust machines [114] with basic capabilities of sensing and memory,
instead of a few general-purpose and relatively complex robots, we envi-
sion monitoring remote areas with minimal impact on the surrounding
environment. To close the gap between our current exploratory work
(focused on the principles of embodied memory) and these real-world
applications, further research is required, especially around the topics of
energy efficiency and scalability.

Even though our work mainly focused on conceptually demonstrating
a way to introduce fluidic circuits with memory and sensing, it is impor-
tant to note that from a practical perspective, our current implementation
of the machines as assemblies of various custom-made parts carries the
main downside of limited reliability for real-world applications. For
instance, the hysteretic valves have a limited lifetime, as the elastomer
degrades around the slits after ~ 100.000 cycles, leading to a change in
frequency [53]. The pouch capacitors tend to rupture around the cor-
ners after prolonged use (on the order of tens of hours), likely due to
stress concentrations. Moreover, the two-actuator locomoting machine
intrinsically relies on symmetry between the two halves to avoid drift-
ing while crawling straight. To achieve symmetric behavior, we had to
manufacture a relatively large number of samples for each component
and select pairs that behaved similarly. For these reasons, in future work,
we will focus on more robust manufacturing approaches. For instance,
using fluidic oscillators that do not require cutting silicone, such as those
that use magnets [115], could improve the machines’ lifetime. Moreover,
we envision that developing components where multiple functionalities
coexist, such as the actuators that also self-oscillate [75] in Chapter 4,
will increase the machines’” simplicity and, consequently, their reliability.

Our proposed approach will particularly benefit from carefully tuning
the interactions [116], both internal to the machines and with the exter-
nal environment. However, this potential will come with the associated
downside of an increased complexity of the design process that takes
into account the interactions, especially when they occur in the context
of an unknown environment. While here we specifically focused on
memory effects, other complex behaviors are within reach through me-
chanical interactions, as demonstrated by initial results on self-learning
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mechanical circuits [117] and many-agent cooperation through implicit
mechanical couplings [118]. This ‘integrative mechanics” approach is the
artificial parallel to integrative biology [119], where complex dynamic
behaviors emerge from the interplay between interactions within the
agent and with the environment in which the agent is situated. These
specialized, distributed, and redundant interactions found in biological
systems enable high levels of robustness, while not sacrificing func-
tionality: autonomous machines have the potential to tap into this vast
complexity as well, with embodied memory being one step further in
this direction.

2.9 SUPPLEMENTARY INFORMATION

Links and descriptions of the movies are reported in Section 2.9.1. The de-
sign and manufacturing of the components are reported in Section 2.9.2.
We describe the experimental setups in Section 2.9.3. Supplementary
figures are reported in Section 2.9.4.

2.9.1 Movies

All the movies related to this chapter are available at this link. If you are
holding a paper version, you can scan this QR code:

MOVIE 2.1
MEMORY THROUGH A BISTABLE SHELL. (i) Snapping the bistable
shell reprograms the behavior of the soft fluidic machine, which
changes locomotion speed. (ii) Side-by-side speed comparison
between the two stable states.

MOVIE 2.2
LONG- AND SHORT-TERM MEMORY. (i) The long-term memory
circuit allows to write and rewrite memory states. (ii) The short-
term memory circuit spontaneously self-resets to the initial state
after a memory-retention time.


https://drive.google.com/drive/folders/1yx0DuLeZh0sNaBtAtr50N4K8sxyr0dhd?usp=sharing

2.0 SUPPLEMENTARY INFORMATION

MOVIE 2.3

SWITCHING BEHAVIORS VIA INTERACTIONS. (i) The soft ma-
chine integrates two actuators, two hysteretic valves, two memory
elements, and four kinking tubes as touch sensors, with only one
tether to a pressure source. (ii) In long-term memory configuration,
we repeatedly switch the behavior of the soft machine by touching
the tubes placed on board. (iii) Close-up view of the machine steer-
ing to the right as a consequence of the right shell being snapped
and the left shell being in rest state. (iv) In short-term memory
configuration, we switch the behavior of the soft machine, which
then spontaneously self-resets to the initial behavior.

MOVIE 2.4

AUTONOMOUS BEHAVIOR THROUGH ANTENNAE. (i) We equip
the machine with antennae, which detect interactions (mechanical
moment) by unkinking a soft tube placed at the hinge. (ii) Equipped
with antennae and in short-term memory configuration, the soft
machine autonomously changes direction after the interaction with
a wall, and then spontaneously returns to the forward-locomoting
behavior.

2.9.2 Design and manufacturing

The STL files of all the 3D-printed parts required to build the components
as described below are available at our Zenodo repository [120] (DOI:
10.5281/zen0do.14621970).

Hysteretic valves, bending actuators, soft resistors, and inextensible capacitors

The design and the manufacturing procedure of the hysteretic valves are
based on the original design we previously introduced [53]. We scaled up
the original design by a factor of 2 in all dimensions, and we introduced
a notch in the rigid holders in the same way as described in detail in
Chapter 3 [88].

The bending PneuNet actuator was previously reproduced by our
lab, and both its design and the manufacturing steps are described in
detail in our previous work [89, 92]. The actuator presents two sides,
manufactured via two consecutive injection molding steps. The inflating
side with hollow chambers is made of DragonSkin 10 (DS10) silicone
(Smooth-On). The stiffer side is made of Elite Double 32 (ED32) silicone
(Zhermack), with an embedded inextensible grid fabric (Penelope 70/ 10,
Garenenzo). Before injecting ED32, it is essential to wait for DS10 to be
partially cured (3.5h of the total 5h curing time), to allow for stronger
bonding between the two silicones.
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The soft resistors, implemented as pre-resistances in all the circuits, are
elastomeric hollow cylinders made of Smooth-5il 950 (Smooth-On), with
outer diameter 5 mm, inner diameter 0.35 mm, and length 40 mm. The
soft resistors are manufactured via injection molding, with a two-part
outer mold and a metal rod with diameter 0.35 mm as the inner mold.

The inextensible capacitors are made of two TPU-coated nylon sheets
(‘nylon 7oden TPU-coated one side 170g/sqm heat-sealable’, extremtextil)
that we heat-seal along a specified path. The path is a rectangle, with
an opening on one of the short sides (Fig. 2.19). Given the width w and
the height h, we calculate the geometric volume V of the pouch when
inflated as the solution to the paper bag problem [121]:

vzw3.(%—o.14z.(1—10*‘*/W)). (2.1)

The two sheets are heat-sealed using the 3D printer Felix Tec 4. The
printer presents a custom-made hot head, previously used by our
group [91], that consists of a spherical hot nozzle and a spring that
ensures even sealing lines. A silicone mat is placed between the printer
bed and the sheets, and oven paper is placed on top of the sheets. To
the printer, we send a G-code based on an Adobe Illustrator file con-
taining the desired tool path. After sealing, we cut the residual material
surrounding the sealing lines and, in the open side of the pouch, we
heat-seal the sheets to a TPU Festo™ tube with a soldering iron at 300°.
Finally, we place Luer™ connectors (MLRLoo7-1 Male Luer to 500 Series
Barb 3/32" 2.4 mm with Lock Ring FSLLR-3) in the Festo™ tubes.

Throughout the article, we place a fixed pre-capacitor with volume
Vpre = 60mL (with w = h = 68 mm) on the machines (except in Fig-
ure 2.13A-C, where we purposefully vary the pre-capacitance).

Bistable shells

The bistable shells are defined by four parameters, as illustrated in
Figure 2.14A: the thickness t, the angle « from the vertical axis, the base
width w, and the boundary radius Ry,. Throughout our study, the shells
have t = 3mm, « = 80°, w = 55mm, and Ry, = 2.28 mm. In addition, the
shells have an outer notch and rim that allows for centering when being
mounted in the rigid holders. The rigid holder clamps the shell along
the outer rim, held together with screws (Fig. 2.14B). The rigid holders
compress the silicone rim of 0.95mm (~ 30% of its thickness).

The shells are manufactured via injection molding of Smooth-5il 950
silicone (Smooth-On) using a two-part outer mold. The outer molds were
printed in VeroClear (Stratasys) with a PolyJet 3D printer (Eden260VS,
Stratasys). Before molding, we sprayed a thin layer of release agent
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(Ease release 200, Smooth-On) on the inner surface of the molds to ease
demolding after curing.

Crawling soft machines

The single-actuator crawling soft machine reported in Figure 2.1 con-
sists of various individual components (Fig. 2.17). The first component
consists of two rigid 3D-printed parts that hold the hysteretic valve in
place. The part on the outlet side of the valve has a cavity where the
bending actuator is press-fit. Both inlet and outlet parts have a hole
with diameter 5.5 mm that, after tapping with a 1/4-28 UNF tap, allows
for the insertion of a threaded Luer™ connector (Luer™ quick-turn
tube coupling 1/4"-28 UNF). These Luer™ connectors allow for the
other modules (heat-sealed pouches, resistors, and shells) to be quickly
connected. In addition, on the inlet side, we attach a 3D-printed adapter,
on which we place screws that act as rigid legs of height 25 mm.

The two-actuator crawling soft machine (Fig. 2.9) consists of two
identical copies of the single-actuator crawler. The only difference lies
in the adapter for the rigid legs, which is designed to accommodate a
bearing (Fig. 2.17). The bearing allows for the rotation of the two single-
actuator sides with respect to each other, decoupling the two rotational
degrees of freedom. In this way, when the two actuators activate at
different frequencies and amplitudes, the two sides locomote at different
speeds. Without the bearing, when one side actuates, the other side
would drag along.

2.9.3 Experimental setups

Measuring fluidic quantities

To regulate and measure the fluidic quantities of interest (pressure and
flow), we use a custom-made acquisition setup previously used by our
group [53, 89]. The setup is based on the National Instruments IN
USB-6212 input/output board, with software developed in-house. A
proportional pressure regulator (Festo™ VEAB-L-26-D18-Q4-V1-1R1) is
controlled using an analog port of the board. The regulator is connected
to an upstream precision pressure regulator (Festo'™ LRP-1/4-10), con-
nected to the building pressure source. The setup has various analog
input ports, which read the voltage from the pressure sensors (NXP
MPX4250DP) and flow sensors (Honeywell AWMs5101VN, Honeywell
AWMS5104VN). The fluidic connection between the parts (regulators,
valves, sensors, and samples) is implemented with silicone tubes (Rub-
bermagazijn 2x4mm and 3x6mm), Festo™ tubes (PUN-6X1-BL), and
Luer™ connectors (male-female, Luer-to-barb, and T connectors).
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In the benchtop fluidic experiments in Figure 2.2D,E,F, Figure 2.4,
Figure 2.5, Figure 2.6, and Figure 2.13A,B,D,E, the soft machine is held
in place with the actuator not interacting with the ground, free to bend
mid-air. Detecting an ArUco marker placed at the tip of the actuator
allows for determining the vertical stroke of the actuator when it does
not interact with the ground. The normally closed and normally open
24V solenoid valves (SMC Solenoid Valve VDW250-5G-2-01F-Q) used in
the benchtop experiments are controlled through digital output ports of
the input/output board.

Compressing the fluidic touch sensors

To measure the fluidic resistance of the kinking tubes as a function
of their deformation (Fig. 2.7 and Fig. 2.8), we make use of a fluidic
analog of a resistive voltage divider circuit. Using the fluidic-electrical
analogy [53, 122], we treat pressure as voltage. The kinking tube is
placed in series with a resistor (a needle) that vents to atmosphere.
This resistor has a fixed known resistance Ry ~ 0.5kPa/SLPM that we
measured separately as the slope of the characteristic pressure-flow
curve of the needle. We then connect the kinking tube to a pressure
regulator upstream (1.5bar), and we measure the pressure before the
kinking tube pj, and the pressure after the kinking tube poyt from which
we can derive the resistance of the kinking tube R:

Rt:Ro-(pin —1). (2.2)
Pout

The pressure data is acquired for various static deformation states of the
tube. The tube is deformed in increments of 1 mm using a rigid probe,
controlled with a tensile-testing machine Instron 5965. The starting
moment of each Instron compression is triggered by a digital output
signal from the fluidic setup, ensuring that the acquisitions in both setups
are synchronized. In Figure 2.8, each datapoint is the average fluidic
resistance (with standard deviation) over 5s of this static compression
condition.

Obtaining the pressure-volume curves

To obtain the pressure-volume curves of the capacitors in Figure 2.3 and
Figure 2.15, we quasi-statically inject a controlled amount of water into
the capacitors. We mechanically connect a syringe to the tensile-testing
machine Instron 5965, and we fluidically connect it to the capacitors
making sure all air bubbles are removed. We ramp the displacement
of the tensile-testing machine at a rate of 100 mm/min. Since water is
incompressible, controlling the displacement of the syringe means con-
trolling the geometric volume provided to the capacitors. Knowing the
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diameter of the syringe 26.4 mm, volume is therefore ramped at a rate of
54.74 mL/min. While controlling volume, we measure pressure inside the

capacitors with a water-compatible pressure sensor (Honeywell 6DF5G).

Since the injected water has substantial mass, to remove the effect of
gravity on the pressure-volume curves, we submerge the capacitors in a
water tank while performing the tests.

Tracking machines’ location

To extrapolate the location of the locomoting machines, we place ArUco
markers on board the machines, and we use the Python library OpenCV
to detect the ArUcos for each frame of the GoPro videos. We first convert
each frame to greyscale using the command cv2.cvtColor. We then
correct for warp and distortion of the GoPro camera, using four static
ArUco markers placed as a reference at the corners of the canvas, with
the command cv2.warpPerspective. Then, we detect the ArUcos with
the command cv2.aruco.detectMarkers.
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2.9.4 Supplementary figures
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Figure 2.12

THE HYSTERETIC VALVE SELF-OSCILLATES GIVEN CONSTANT INPUT FLOW. The hys-
teretic valve is an elastomeric shell with a slit at the apex. (A) Valve in closed
state: when pressure builds up, the slit is closed, and output flow is not provided.
(B) Photograph of the closed valve as seen from the outlet side. (C) Valve in open
state: when the shell snaps to the collapsed state, the slit opens, allowing flow in
output. (D) Photograph of the open valve. (E) Schematic relationship between
the output flow and the pressure difference across the valve. When the shell
is in the rest state (valve closed), pressure builds up with zero flow in output.
When the pressure reaches the snap-through value, the shell snaps (valve opens).
When the valve is in the open state, it acts as a nonlinear fluidic resistance that
vents flow in output, hence, pressure decreases. When pressure decreases past
the snap-back value, the shell snaps back to the rest state (valve closes). (F) When
placed in a fluidic circuit with constant flow in input, the valve behaves as a
relaxation oscillator [53], continuously transitioning between the closed state and
the open state. The upstream pressure oscillates between a low and a high value,
and the output flow alternates between zero and positive bursts. Adapted from
Van Laake and Comoretto et al. [88] (Chapter 3 of this Thesis).
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RESPONSE OF THE CRAWLER IN FIGURE 2.1 AS A FUNCTION OF PRE- AND AFTER-
CAPACITANCES. We vary the pre- and after-capacitances of the circuit in the
single-actuator machine (Fig. 2.1) by manufacturing various inextensible pouches
(Section 2.9.2) with different height and width (Fig. 2.19). In particular, all the
pouches have a fixed width of 30 mm, and we vary their height from 30 mm to
150 mm in increments of 30 mm. In the case of the pre-capacitance, we also test a
larger value of volume (70 mL), as the sum of a pouch with height 120 mm and
one with height 150 mm. The values of geometric volume reported in this figure
result from applying Eq. (2.2). The frequency and vertical stroke of the actuator
are measured in a benchtop experiment, with the actuator not interacting with
the surroundings. The speed of the machine is measured by recording the crawler
from above, and detecting the ArUco marker (Section 2.9.3). (A) Frequency of
activation of the actuator, (B) vertical stroke of the actuator, and (C) speed of
the machine as a function of pre-capacitance. (D) Frequency of activation of the

actuator, (E) vertical stroke of the actuator, and (F) speed of the machine as a

function of after-capacitance. Increasing the pre-capacitance volume causes a

decrease in frequency (blue arrow in A) and an increase in stroke (red arrow

in B), resulting in a negligible change in speed (yellow arrow in C) for positive

pre-capacitance volumes. In contrast, increasing the after-capacitance causes

a decrease in both the frequency and stroke of the actuator, leading to a net

decrease in the resulting speed of the machine (blue arrows in D, E, F).
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DESIGN OF THE BISTABLE ELASTIC SHELLS. (A) Schematic of the cross-section of the
shell, with the unclamped section highlighted in blue, and the clamped section
highlighted in white. The design parameters that affect the behavior of the
shell when pressurized are the thickness, the shallowness angle, the width, and
the boundary radius (red annotations). The shells used throughout the article
have thickness 3 mm, angle 80°, width 55 mm, and boundary radius 2.28 mm.
Practically, to clamp the shell in a rigid holder, we designed an extension on the
outer edge consisting of a rim and a notch (black annotations). (B) Render of a
cross-section view of the shell in its holder. The holder presents 8 notches on
the inside of each rigid shell, to ensure that the air provided through the fluidic
connections distributes pressure evenly on the surface of the silicone shell. The
holder has 6 holes, placed radially outside the shell, used to clamp the shell in
place using M3 screws and nuts.
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PRESSURE-VOLUME CURVES OF A POUCH, AN ACTUATOR, AND A BISTABLE DOME.
We inflate three fluidic capacitors under quasi-static volume-control conditions,
by slowly injecting a controlled volume of water; while increasing volume, we
measure pressure (Section 2.9.3). (A) The pressure-volume curve of an inextensi-
ble pouch with width 30 mm and height 120 mm. (B) Photograph of the pouch
pressurized with air at 30 kPa. (C) The pressure-volume curve of a soft bending
actuator. There is an initial volume at atmospheric pressure corresponding to
the geometric volume of the inner chambers. (D) Photograph of the soft bending
actuator pressurized with air at 40kPa. (E) The pressure-volume curve of our
bistable elastic shell. White markers indicate the negative stiffness branch (where
an increase in volume causes a decrease in pressure). For increasing volume,
pressure is non-monotonous. The positive-stiffness branches intersect the zero-
pressure vertical line at two points: the system is stable in both these two states
without applying pressure. (F) Photograph of the bistable shell in the rest state
(volume 0.8 mL, zero pressure), and (G) in the snapped state (volume 34 mL,
Zero pressure).
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Figure 2.16

IN THE SHORT-TERM MEMORY CIRCUIT IN FIGURE 2.4, THE SPONTANEOUS SNAP-BACK
IS NOT INSTANTANEOUS. (A) The pressure difference between the venting chamber
and the chamber after the hysteretic valve (pvent — Pafter) decreases in time after
the system is set to the snapped state, because air in the venting chamber vents
to atmosphere through the venting resistance Ryent. Since the hysteretic valve
oscillates, this pressure difference oscillates as well, while decreasing. When
the pressure difference reaches the snap-back pressure of the shell, the shell
initiates the snap-back. (B) After the shell initiates the snap-back, pressure
in the venting chamber pvent increases, because of the relatively high venting
resistance Ryent connected to the venting chamber. This happens because the
shell deforms toward the venting chamber, effectively compressing the air that
does not immediately vent through the high resistance. Approximately 50s after
the initiation of the snap-back, the shell completes the snap-back (pvent drops to
Z€ro).
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DESIGN OF THE MACHINES. (A) Cross-section view of the main module to which
the rest of the components are connected to assemble the single-actuator ma-
chine. The hysteretic valve is seated between the inlet part (grey) and the outlet
part (blue). The bending actuator connects to the outlet part via press-fit. An
additional part (pink) connects to the inlet part, to allow for screws to be placed
as rigid legs. (B) The two-actuator machine presents two mirrored copies of
the single-actuator assembly, with the only difference being the rigid-legs parts
(pink). These parts accommodate a bearing, to allow relative rotation of the two
parts with respect to each other.
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DESIGN OF THE ANTENNA. (A) Relevant design parameters of the rigid antenna
in Figure 2.11. (B) Design parameters of the hinge, with the antenna (yellow)
connected to the base (grey) with a loose screw that allows rotation (red mark).
(C) Indication of the mounting holes of the antenna (yellow) and the tube holder
(pink) to the base (grey). (D) Photograph of the assembled hinge, with the
antenna (yellow) firmly attached to the silicone tube (inner diameter 2.5 mm,
thickness 0.4 mm, length 30 mm, and inlet-outlet distance 10 mm) with a thin

thread.
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DESIGN OF THE INEXTENSIBLE POUCHES. The pouches are rectangular, with an
opening at one of the shorter sides. An Adobe Illustrator file, containing the red
lines reported here, is used to generate the G-code. The 3D printer follows this
path to seal two TPU sheets together (Section 2.9.2).
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ABSTRACT

Fluidic circuits are a promising recent development in embodied control
of soft robots. These circuits typically make use of highly nonlinear soft
components to enable complex behaviors given simple inputs, such as
constant flow or pressure. This approach greatly simplifies control, as it
removes the need for external hardware or software. However, detailed
fundamental understanding of the nonlinear, coupled fluidic and me-
chanical behavior of these components is lacking. Such understanding is
needed to guide new designs and increase the reliability of increasingly
autonomous soft robots. Here, we develop an analytical model that cap-
tures the coexistence of a pressure regulation mode and an oscillatory
mode in a specific soft hysteretic valve design, that we previously used
to achieve reprogrammable activation patterns in soft robots. We de-
velop a model that describes the mechanics, fluidics and dynamics of the
system by two coupled nonlinear ordinary differential equations. The
model shows good agreement with the experiments, as well as correctly
predicts the effect of design changes. Specifically, we experimentally
show that we can remove the regulation mode at low input flow by
changing the fluidic response of the valve. Taken together, the present
study contributes to better understanding of system-level behavior of
fluidic circuits for controlling soft robots. This may contribute to the
reliability of soft robots with embodied control in applications such as
autonomous exploration and medical prosthetic devices.

=1 (21 (=)
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3.1 INTRODUCTION

and materials [26, 29]. This feature leads to a host of potential

advantages over traditional (rigid) robotics, including intrinsic
adaptability, safety, low weight, and resilience [30]. A specific challenge
with soft robots in general is the design and integration of control sys-
tems. For fluid-driven soft robots in particular [123], which is our focus
in this study, it is not straightforward to embed typical control elements
such as active valves, sensors, and micro-controllers, due to the stiffness
mismatch [45]. However, embedded control is a prerequisite for the
development of more autonomous, untethered robotic applications [124].
Therefore, there is an incentive to develop alternative control strategies
that can potentially be fully soft. For fluid-driven soft robots, a possible
solution is to embed what we call fluidic circuits into their soft bodies.
These fluidic circuits can be designed to behave equivalently to electronic
control circuits, and can thus be used for basic control, such as actuator
sequencing [46, 53, 57, 125-130].

A growing group of soft robots with fluidic circuits uses snapping
shells to program behavior [53, 57, 85, 86], as seen in the memory ele-
ments in Chapter 2 [131]. The key characteristic of such shells in this
context is the hysteresis, and in some cases bistability, under pressure
loading that is due to a snapping instability. This hysteresis is an es-
sential ingredient for the generation of periodic, timed actuation of soft
actuators. In Chapter 2, we used a hysteretic valve based on an elas-
tomeric spherical cap with a slit at its pole [53], similar to the cap of
a ketchup bottle or shower gel container [59]. The slit functions as the
valve element, as it is closed in the initial (pre-buckling) state, and open
after snapping. These features enable the transformation of a constant
inflow of air into timed pulses, which we used to periodically activate
one or more soft bending actuators. In this relaxation oscillator circuit,
the valve periodically closes and opens as a result of the dynamics of
pressure build-up and release.

Outside of the scope of those works [53, 131], we observe an interesting
effect that we study in more detail here. We observe that the valve can
be in a different mode under the same conditions for which it can also
oscillate. In this mode, the valve remains between the open and closed
states, and maintains a nearly constant pressure drop for a wide range
of flow rates. It is not well understood why this mode, which we call the
regulation mode, exists and how we can control in which mode the valve
will operate. On the one hand, the stability of this pressure-regulation
mode is intriguing and in itself potentially useful in applications. On the
other hand, its existence is troublesome when we use the hysteretic valve
in applications where we rely on periodic oscillations for robot control,

SOFT robots are robots that consist mainly of compliant structures
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such as for the actuation of a soft robotic walker [53, 131], or even a
soft total artificial heart [132, 133]. Therefore, we want to understand
i) under which conditions the pressure regulation and oscillation modes
exist, and more specifically ii) what enables the key behavior, namely
the coexistence of the two different modes at the same inflow rate.

A possible approach to this problem would be to look at the three-
dimensional shell buckling problem in detail. In fact, although spherical
shell snapping has been widely studied for decades, and remains an
active topic to date [93, 134, 135], the case of a spherical cap with a slit
or cut at its pole under uniform pressure loading has not been treated to
our knowledge. We expect that the cut acts as only a minor imperfection
in the initial configuration as long as the shell is in compression. On
the other hand, during or after the dynamic transition, the cut opens
and this will certainly affect the mechanics, but it is not exactly known
how. In the existing literature, the work that is most relevant to the
mechanics of the current problem is on the effect of small imperfections
or probing on shell snapping [96, 97, 136, 137]. Existing work that is
relevant for the dynamics of the current problem includes a study on the
dynamics of snapping structures, including toy ‘poppers’ [90, 94] that
are geometrically similar to our valves. Interestingly, snapping has been
shown to slow down near critical points due to loss of stiffness [138].
When visco-elasticity is additionally considered, the effects compound to
result in extremely long snapping times [139, 140]. Yet, it remains unclear
how to take into account the discrete change when the unbuckled dome
suddenly loses stiffness due to loss of contact in the cut.

In this work we aim to capture the essentials of the mechanics in
the simplest possible spring model, and we focus on the system-level
behavior of the valve in interaction with its fluidic environment. The
reason for this approach is the observation that the regulation mode
is not stable without fluid flow. This suggests that we must study the
mechanics and dynamics of the whole system to find why the system-
level bistability occurs. To do so, we develop a system-level model of the
valve system with only two degrees of freedom. The model provides a
mechanistic explanation for the existence of the regulation mode and
thus suggests how this mode can be harnessed or suppressed. In a
final step, we experimentally demonstrate our findings by creating a
modified valve that cannot be in the oscillating and regulating states at
the same inflow rate. This clearly demonstrates the utility of our simple
model. Moreover, it is an important step toward the reliable application
of hysteretic valves and fluidic circuits in real-world applications.

The remainder of this Chapter is organized as follows. In Section 3.2,
the observed behavior is exemplified by three different experiments un-
der varying load cases. In Section 3.3, we introduce a system-level model
that describes the coupled fluidic and mechanical behavior. In Section 3.4,
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we analyze potential behaviors of this model to determine if the model
describes the behavior observed in experiments. The dynamical analysis
(3.4) of the initial model attempt (3.3) reveals that a more complex model
of the valve is required. Hence, in Section 3.5, we extend the mechanical
model by introducing a sudden weakening of the dome upon buckling,
as well as a second local pressure maximum, to account for additional
hysteresis. Only after introducing these features, the model reproduces
the coexistence of oscillation and regulation at the same conditions. In
Section 3.6, we experimentally demonstrate our findings by creating and
testing a modified valve. We share our concluding remarks in Section 3.7.

3.2 OBSERVATION: TWO DISTINCT MODES AT THE SAME CONDI-
TIONS

In order to demonstrate the potential behaviors that the dome-shaped
slit-valve can exhibit, we start with a basic experiment where we place
an air chamber and a soft bellows actuator before a valve, and a silicone
tube behind the valve (Fig. 3.1A). This setup is similar to the fluidic
relaxation oscillator in Chapter 2 [131], where here the air-chamber and
the bellows act as pre-capacitance, and the silicone tube acts as an after-
resistance. The valve is made by casting a dome-shaped membrane from
silicone elastomer (Dragon Skin 20, Smooth-On) in a 3D-printed mold
(VeroClear, Stratasys). Three slits of 1.5 mm each are laser-cut at the apex,
after which the valve is placed in a 3D-printed holder® (Fig. 3.20). We
control the inflow rate Qj, to the air chamber using a pair of mass flow
controllers (VEMD, Festo (up to 20SLPM), in parallel with SLA5850,
Brooks Instrument (up to 5SLPM)), and measure pressures p, and py
immediately before and behind the valve, respectively, as well as flow
rate Qout through the valve. Throughout the first experiment, we apply
a fixed inflow rate Q;, =4 SLPM to the air chamber.

After applying the inflow, we observe that the valve is in its oscillation
mode, where the pressure difference over the valve Ap = p, — p; oscillates
between Ap = 5kPa and Ap = 77kPa (yellow shading in Fig. 3.1B, and
Fig. 3.1C). We then press on the silicone tube behind the valve (red
shading in Fig. 3.1B, and Fig. 3.1D), almost but not completely closing
it. We observe that the valve oscillates briefly at high frequency during
pinching, then stops oscillating and enters the regulation mode. After
completely releasing the tube, the valve remains in this mode, and Ap
stays constant at a value Ap ~ 29kPa (green shading in Fig. 3.1B, and
Fig. 3.1E), i.e., between the lowest and highest pressure observed during

In order to reduce production variability, the valves in the current study are uniformly
scaled up by a factor of two with respect to the earlier work [53], in the same fashion as in
Chapter 2 [131]. The detailed design is shown in Figure 3.20.
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A DOME WITH A SLIT CAN BE IN TWO DISTINCT MODES AT THE SAME CONDITIONS.
(A) Experimental setup with a bellows actuator and a rigid air chamber con-
nected before a hysteretic valve, and a silicone tube directly behind the valve.
(B) Pressure difference over the valve Ap = po — p1 before, during, and after
temporarily pinching the silicone tube. (C) Before pinching, the valve oscillates
between its (i) closed, and (ii) open states, while the actuator cycles between (iii)
extended and (iv) contracted. (D) During (i) pinching, the actuator temporarily
(i) oscillates at high frequency. (E) After pinching, the valve is in its (i) pressure
regulation mode, and the actuator is (ii) semi-extended.
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oscillation. Therefore, under the same experimental conditions (before
and after pinching), the valve is in two different modes. In a separate
experiment, we place the same valve in a different holder (with the
same clamping geometry) where we can observe the deformed state
directly. Figures 3.1C(i), C(ii), and E(i) show the valve in its three different
states, and Figures 3.1C(iii), C(iv), and E(ii) show the actuator in the
corresponding situations.

To further describe the behavior of the valve in either mode, we per-
form three additional experiments. In the first additional experiment,
we start from the pressure regulation mode and vary the inflow rate.
Starting from an initial value of Qj, = 4 SLPM, we first increase the inflow
rate to Qi = 25SLPM, then decrease to Qi, = 0SLPM (Fig. 3.2A). We
ensure the valve is in the regulation mode at the start of the experiment
by briefly pinching the silicone tube. We observe that upon sweeping
the inflow rate, the pressure drop over the valve remains almost con-
stant for a wide range of inflow rates, varying between Ap = 28.1kPa
at Qj, = 4SLPM and Ap = 37.6kPa at Q;, = 25SLPM (Fig. 3.2B), i.e,,
the pressure changes by 34% of the initial value. For comparison, we
measured the pressure drop over a constant restriction (a needle, length
12.7 mm, internal diameter 1.54 mm). The pressure drop varies between
Ap = 1.85kPa at Qj, = 4SLPM and Ap = 50kPa at Q;, = 25SLPM, i.e.,
2600%, or 77 times more than the valve in regulation mode (Fig. 3.21B).
Apparently, in the regulation mode, pressure is modulated by passive
adaptation of the shape of the valve, especially around the opening. At
higher flow rates the opening widens, significantly lowering the effective
resistance to airflow, and vice versa. Meanwhile, the overall deforma-
tion state of the membrane is in between the initial and buckled states
(Fig. 3.2D(i)-D(iii)). When we decrease the inflow rate to Qj, < 2SLPM,
at t ~ 805, the valve exits the pressure regulation mode. As an example
of an application of the pressure regulation mode, it can be leveraged to
control the extension of the soft bellows actuator (Fig. 3.2D(v)-D(vii)).

In the second additional experiment, we start from the oscillation
mode and vary the inflow rate. In response to the same flow profile
shown in Figure 3.2A, the oscillation frequency (Fig. 3.2C and E) initially
increases, as the higher inflow rate causes the pressure in the air chamber
to build up faster. This can be seen in Figure 3.2F from the decrease in
the time the valve is closed during each cycle Tyggeq. Although Toged
continues to decrease with inflow rate, at the same time Topen increases,
such that from Qj, > 14 SLPM the oscillation frequency starts to decrease.
Ultimately, when Qj, > 20SLPM, oscillations stop completely, and the
valve remains in the fully open state. This coincides with the inflow rate
where the pressure drop over the valve in the open state is high enough
to prevent the valve from buckling back. When we decrease the inflow
rate, the system restarts oscillating around the same inflow rate where it
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VARYING INFLOW RATE Q. (A) Applied inflow rate profile. (B) Pressure differ-
ence over the valve for experiments started from the pressure regulation mode,
and (C) from the oscillation mode. (D) The valve and actuator in the regulating
and fully open states. Colored borders correspond to markers of the same color
in panels A, B, and C. (E) Effect of Q;, on cycle frequency (inverse cycle time),
and (F) on the time during each cycle in which the valve is closed (dashed line)
or open (solid line).
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stopped under increasing inflow rate. It remains in this mode until the
end of the experiment.

Importantly, a clear difference in the deformed state between the
fully open state and the regulation mode can be seen from comparing
photographs and pressure drop over the valve at the same inflow rate
Qin = 25SLPM in Figure 3.2D. These are shown for the regulation mode
in Figure 3.2D(iii) (corresponding to the blue markers in Figure 3.2A and
B), and for the fully open state in Figure 3.2D(iv) (corresponding to red
markers in Figure 3.2A and C).

The aim of the third additional experiment is to measure the quasi-
static flow-pressure drop relation of multiple samples of the same valve
design, as a basis for the development of our model, including its pa-
rameters. To measure the fully closed state and the fully open state, we
connect the system to a manually controlled pressure regulator (LRP-
1/4-10, Festo). This enables us to gradually vary pressure po, in order
to accurately determine Apopen and Apjose- Moreover, the pressure reg-
ulator can provide higher flow rates that are beyond the range of our
mass flow controller. We gradually increase the pressure po before the
valve until the valve opens at the pressure difference po —p1 = Apopen-
After the valve opens, we determine the flow-pressure drop relation in
the fully open state. Finally, we decrease the pressure until the valve
closes again at po —Pp1 = Apdlose- 10 measure the valve in its regulation
mode, we connect it to a mass flow controller, and increase and decrease
the flow rate, similarly to the experiment shown in Figure 3.2B. We
repeat these experiments for six specimens of the same valve design
(Fig. 3.21A). Finally, we record oscillations at Qj, = 4 SLPM as a reference
dynamic behavior. In Figure 3.3, we show the results for a representative
specimen, as well as a least-squares fit to Ap(Qout) in the fully open
state (dashed curve). Using the fitting function Ap = a (Qout)b we obtain
a = 0.032(3)kPa/SLPMP®, b = 1.68 + 0.04. A constant orifice is expected
to have Ap ~ Q2 if compressibility effects are negligible [141] (compare
Figure 3.21B).

Taken together, the experiments show that for a remarkably wide
range of inflow rates 2SLPM < Qj, < 20SLPM the valve can be in either
the regulation mode or the oscillation mode, while for a fixed inflow
rate (e.g., Qin = 4SLPM) the valve can be made to go from the oscillation
mode to the regulation mode by briefly pressing on a flexible tube behind
the valve. For a range of inflow rates 20 SLPM < Qj, < 25SLPM the valve
can be in either the regulation mode or the fully open state.



3.3 LUMPED-PARAMETER MODEL OF THE VALVE SYSTEM 61

80

= Open

Closed

Regulation

- = - - Fittoopen
Oscillation 4 SLPM

A__—

20 1 -

—

0 20 40
Q. (SLPW)

60 A

40 |

Ap (kPa)

Figure 3.3

MEASURED QUASI-STATIC PRESSURE DROP AS FUNCTION OF OUTFLOW RATE
Ap(Qour). Fully closed (red curve) and fully open (green curve) states are
obtained in a quasi-static experiment under pressure control. Dashed line shows
a fit to the open state data (Ap = 0.03 (Qout)'®®). The regulation mode (black
curve) is obtained in a quasi-static experiment under flow control. Dynamic
oscillations for Q;, = 4SLPM (blue curve) are shown as a reference to relate the
quasi-static measurements to the dynamic behavior.

3.3 LUMPED-PARAMETER MODEL OF THE VALVE SYSTEM

With the goal of exploring essential ingredients for coexistence of the
pressure regulation and oscillation modes, we develop a minimal lumped-
parameter model. We start with the description of the first order dynam-
ics in the fluidic domain, where the valve is treated as a variable restric-
tion. Secondly, we define a spring-model with one degree-of-freedom
(DOF), to approximate the equilibrium pressure-displacement behav-
ior of the elastomeric dome. Thirdly, we define simplified dynamics of
the mechanical DOF, that describes the transitions between the open
and closed states. Lastly, we explicitly define the variation of the valve
orifice as a function of position of the single DOF of the mechanical
spring-model. Combining these four ingredients, we obtain two cou-
pled nonlinear ordinary differential equations (ODEs) that describe the
behavior of the system.

3.3.1  Fluidic model

The fluidic model is schematically shown in Figure 3.4A(ii). A source of
constant flow rate Qj, is connected to a pneumatic capacitor C, (i.e., a
flexible or rigid air chamber). The valve is placed inline behind the air
chamber. When the valve is open, there is an output flow Qyt through
the valve. The pressure drop over the valve is Ap =p, — ;.
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LUMPED-PARAMETER MODEL OF THE VALVE SYSTEM. (A) Schematic overview of
the model. (i) Mechanical spring model of the dome. (ii) Fluidic model. (iii)
Valve conduction model. (B) Sketch of pressure p as function of displacement
of node P. The curve is non-monotonic, reflecting the behavior of pressurized
domes [90]. (C) Sketch of the conductance behavior of the valve as a function
of the displacement of node P. When the valve is open, conductance increases
for increasing displacement, reflecting the orifice opening when the soft valve is
increasingly stretched.

Using the fluidic-electrical analogy [53, 122], we treat pressure p as
voltage and flow Q as current. With this analogy, and considering that
the integral of air flow is air volume V, a capacitor C satisfies

1

d 1
Q:Cd—z, or p:E/th, or p:EV. (3.1)

Hence, we model the behavior of the capacitor linearly, where the stan-
dard volume of air Vs is related to pressure py as

Vs = Copo, (3-2)



3.3 LUMPED-PARAMETER MODEL OF THE VALVE SYSTEM

where C, is the capacitance in 1/60SL/kPa (the unusual unit is a result
of using the convenient units SLPM (standard litre per minute) for flow,
kPa for pressure, and seconds for time).

The instantaneous variation of standard volume in the chamber is the
difference between input and output flows

dvs _ Qin — Qout, (3-3)

dt
where Qj, and Qqyt are standard flows in SLPM. We assume that the
pressure drop over the valve Ap is proportional to Q2,,, where the
square is expected for flow through a constant orifice [141] (see also
Figure 3.21B)

Ap = RyQout, (3.4)

where Ry is the restriction of the valve in kPa/ SLPMZ, which in exper-
iments and also in our model depends on the state of the valve (as
discussed in Section 3.3.1). Conversely, output flow through the valve is
approximately proportional to the square-root of the pressure drop

Qout = Cv\/Rr Cy =V 1/RV/ (35)

where cy is the conductance of the valve in SLPM/+v/kPa.
From Egs. (3.2), (3.3) and (3.5) we can write the dynamic equation for
the fluidic system

dpo

COE = Qin — cv\/Ap. (3.6)
This can be simplified further if we assume p, is constant
dA
C"(Ttp = Qin —cyV/Ap, (37)

which is the case when the valve is venting freely to its surroundings at
constant atmospheric pressure. In the general case, Eq. (3.6) should be
used, for example when a restriction or a second air chamber, such as a
soft actuator, is placed behind the valve.

The capacitance Cy can be obtained from the slope dpo/dVs in a
dedicated experiment, or analytically from the geometrical volume, using
the ideal gas law. For known Qjiy, Co can also be conveniently determined
in experiments with a hysteretic valve, from the slope dpo/dt when the
valve is closed, i.e., ¢y =0, to also account for some parasitic capacitance
that exists in the tubing, the valve holder, and the valve itself.
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3.3.2  Mechanics of the dome

Figure 3.4A(i) shows a schematic of the model for the mechanics of the
valve. A key characteristic of the mechanical response of our elastomeric
dome is the existence of a local pressure maximum followed by a local
pressure minimum. This behavior can be reproduced in a minimal model
with only two springs. A linear spring with stiffness kg and a rotational
spring kgr account for stretching and bending, respectively.

We assume that node P is allowed to move only in the horizontal
direction. Its position is equal to x = —hg at rest. Node B is constrained
in both directions, therefore width by is constant. An external load Fg is
applied at node P in the horizontal direction. Fg is the opposing reaction
force exerted by the structure. With the aim of obtaining an expression
for Fs, we write the internal elastic energy E in the system, considering
the geometry in Figure 3.4A(i)

k 2k 2
E:TS(\/hé+b%— x2+b%) +7R(arctan(2—g)—arctan(—g—o)) .
(3-8)

The equation of the force exerted by the structure is given by the deriva-
tive of the elastic energy along the degree of freedom x

dE \/h(z) +b - \/Xz +b3 arctan (hg/bg) +arctan (x/bg)
Fg=— = kg x+k; .

- dx N /X2+b% R bo (Xz/b%+1)

(3-9)

We couple the spring model to the fluidic model by assuming the
external load Fr is the net force exerted by the pressure difference over
the valve, acting on the projected area of the valve Ay

Fr=AvAp, Ay =mby2, (3.10)

Analogously, to transform the spring force Fg to a pressure, we divide
by the valve area, such that

Ps = FS/AV' (3~11)

We take by to be equal to the physical radius of the valve, and hy the
height of the dome. We then select ks and k, such that pg has a local
maximum P,y (Xsnap) and a local minimum pgpap (Xgnap) that coincide
with the experimentally observed values Apopen and Apjese in a slow,

pressure-controlled experiment (Fig. 3.3). Note that the positions xJ,,p,
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and Xgpap also result from these assumptions and are somewhat arbitrary.
This is a consequence of using a highly simplified spring model for
the actual three-dimensional mechanics of the dome. In Figure 3.4B
we show the resulting ps(x) for bg = 12mm, hy = by (1 -cos8)/sind =
9.2mm, kg = 2.9 x 107 N/m, and kg = 3.6 x 103 N'm/rad. Notice how the
negative slope in the force-displacement behavior leads to an instability
if the loading is pressure-controlled. This instability gives rise to the
desired hysteresis of the valve. The left and right sections with positive
slope represent the valve in the initial and buckled states, respectively.

3.3.3 Simplified dynamics of the spring model

We define the transitions between open and closed states of the valve
by simplified dynamics of x. We first write the force balance for a
concentrated mass m located at P

2
d”x b%+FS, (3.12)

Fo=me——o
FEMae "Pat

where b is a damping coefficient. Based on the observation that the
transitions occur relatively fast in experiments, we ignore inertial effects
to minimize the number of DOFs, obtaining

dx 1 AV

— = —(Fg—Fg) = —(Ap - ps). .
at ~ p(F=Fs) = ~(4p-ps) (3-13)
We study the effect of parameter b in Section 3.4.3, where we analyze
the asymptotic stability of the system.

3.3.4 Valve conductance as function of node position

The second coupling between the spring model and the fluidic model
is via the valve conductance. The exact evolution of valve conductance
(see Eq. 3.5 for its definition) during the opening and closing of the
valve is not easily observable. However, we know that the conductance
must vary significantly with x to enable the regulation mode, since
the pressure drop over the valve varies little for a wide range of flow
rates, while the overall deformation state (associated with x) also does
not change considerably. Moreover, we observe that the valve remains
hermetically closed (cy = 0) at least until the valve buckles. We define
a position Xepen Where the valve starts to open (cy > 0 for x > Xopen)-
Finally, the experimental data show that the pressure drop in the fully
open state is approximately proportional to the outflow rate to the power
1.68, as shown in Figure 3.3. This exponent, less than 2, implies that the
orifice size continues to grow moderately with increasing position in the
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fully open state, according to our assumed quadratic relation between
pressure and flow rate in a constant orifice in Eq. (3.4). This reasoning is
consistent with visual observation of the orifice. We can reproduce these
features by defining the conductance cy as a function of position x as

0 X < Xopen
cy = P (3.14)
¢ (‘I _ e‘l’(Xoper\_x)) + Soo (X — XOPQII) X > Xopen,

where 1 is a constant that sets the rate at which ¢, approaches the value
¢; and so is a constant representing the remaining slope for x > Xopen,
as shown in Figure 3.4C. For different values of xopen and 1, we can
determine c;, and s by fitting the model to measured values Ap(Qjy).
We study the effect of these parameters in Section 3.4.2.

3.3.5 System model

Combining the fluidic model, the spring model, and the conductance be-
havior, we obtain the following set of two ordinary differential equations
in Ap and x

d
A - & (Qn-et0VBD), 615
2 ap-ps), (316

where cy(x) is defined in Eq. (3.14) (Fig. 3.4C), and ps(x) in Egs. (3.9)
and (3.11) (Fig. 3.4B). Note that Ap and all parameters are positive.

3.4 POTENTIAL BEHAVIORS OF THE INITIAL MODEL

Having established an initial and highly simplified model, we want
to determine if the model can describe the observed behavior in the
specific configurations for which we presented the experimental data in
Figs. 3.1, 3.2, and 3.3. Therefore, rather than studying the model behavior
for a wide range of parameter values, we fix as many parameters as
possible based on the available experimental data. This is possible for
the parameters of the spring model by, hp, ks, and kg, as well as the
parameters that we control in experiments Qj, and Cp. On the other
hand, we cannot directly obtain all fluidics parameters Xopen, WP, i,
Seo, NOT the damping parameter b from measurements. Therefore, we
perform parameter scans for these parameters in order to find values
that are qualitatively compatible with the observed behavior.

The observed behavior we are trying to describe consists of the coex-
istence of regulation and oscillation for 2SLPM < Qj, < 20SLPM, and
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coexistence of regulation and the fully open state for 20SLPM < Qjy <
25SLPM. The pressure drop over the valve in the regulation mode varies
from Ap ~ 25kPa at relatively low flow, to Ap ~ 40kPa at relatively high
flow. Importantly, the regulation mode is stable for a wide range of
flow rates, based on two observations. i) The valve is attracted to the
regulation mode when we temporarily perturb the system (Fig. 3.1). This

leads to the conclusion that the regulation mode is a stable equilibrium.

ii) The valve remains in the regulation mode when we vary the inflow
rate (Fig. 3.2). This shows that the equilibrium remains stable at different
inflow rates.

Therefore, to explain the regulation mode, we need to find equilibria
at a range of pressure values around Ap ~ 30kPa that are stable for a
range of inflow rates around 2SLPM < Qj, < 25SLPM, similar to the
black curve in Figure 3.3. At the same time, there must exist stable limit
cycles, at the same flow rates, that describe the oscillation mode, similar
to the blue curve in Figure 3.3. To determine if parameters exist for
which the current model can describe both behaviors, we firstly analyze
the general existence of equilibria, using arbitrary parameter values for
the fluidics, in Section 3.4.1. In Section 3.4.2, we investigate the influence

of fluidics parameters (xopen and V) on the shape of these equilibria.

In Section 3.4.3 we analyze the effect of damping parameter b on the
asymptotic stability of the existing equilibria. Finally, we look at the
relation between the existence of stable equilibria (regulation mode) and
limit cycles (oscillation mode).

3.4.1 System equilibria

To determine all possible equilibria, we begin by looking at the nullclines
for Ap and x, respectively,

dA

TJ’ =0 < Qin = Cy(Xeq)\/APeq, (3.17)
dx
a =0 Apeq = ps(Xeq). (318)

When the valve is closed (x < Xopen, ¢y = 0) we find from Eq. (3.17) that
the system is in equilibrium only for Qi = 0, which is not of practical

interest in our specific scenario where we have positive inflow Qj, > 0.

Nevertheless, in that situation, the coupling between Ap and x would
reduce to the mechanical model Eq. (3.16), and the equilibria follow from

Eq. (3.18)
Ap(Xeq) = Ps(Xeq)- (3-19)

When the valve is open (x > Xopen), We can substitute Eq. (3.18) in
Eq. (3.17) to find the equilibria (xeq, Apeq)- At equilibrium, the outflow
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THREE PROJECTIONS OF THE NULLCLINES OF THE INITIAL MODEL. Nullclines dx/dt =
0 (black) and dAp/dt = 0 (colored) in the (A) x-Ap plane, (B) x-Qout plane, and
(©) Qout-Ap plane. Highlights in panel C correspond to features of the model
that are similar to the experimentally observed behavior as shown in Figure 3.3.

rate must equal the inflow rate. All equilibria are therefore described by

the single equation

Qin = Qout = Cv(Xeq)\/ Ps(xeq)- (3-20)

This observation allows us to project Egs. (3.17) and (3.18) on any of the
three two-dimensional projections of the system x-Ap-Qout. We illustrate
these projections in Figure 3.5, using representative values for the me-
chanics, but arbitrary parameter values for the fluidics. In Figure 3.5A we
show the solutions to Egs. (3.17) and (3.18) in the x-Ap plane for Qj, = 10,
20, and 30SLPM. In this projection, the nullcline dx/dt = 0 (black line) is
equivalent to the behavior of pg(x) (Fig. 3.4B). The nullclines dAp/dt = 0

(colored lines) are determined by rewriting Eq. (3.17) as follows

Apeq = (Qin/cv(xeq))2 . (3-21)
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The points where two nullclines cross indicate the points where the
fluidic and mechanical pressure/force equilibrate. As such, higher flow
rates lead to higher values of x. Moreover, for some flow rates (e.g., for
Qin = 20SLPM)) we observe multiple equilibrium points. In Figure 3.5B,
we show the same nullclines in the x-Qoyt plane. The nullclines dAp/dt =
0 (colored lines) are conveniently transformed to straight lines, since
Qin = Qout. This makes it straightforward to find the equilibria for any
inflow rate Qj, from inspecting only the single nullcline dx/dt = 0. The
nullcline dx/dt = 0 (black line) is described by Eq. (3.20). In Figure 3.5C,
we show the mapping of the unique values Qout(Xeq) and Ap(xeq)
onto the Qout-Ap plane. This final mapping is most convenient for
our purposes, since Ap and Qout are the variables that we measure in
experiments, such that this projection enables a direct comparison with
experimental data.

Comparing the nullclines shown in Figure 3.5C to the experimentally
observed behavior Figure 3.3, we see four similarities.

1. The closed state of the valve is described by a vertical section at
Qin =0.

2. The fully open state of the valve is represented by a section starting
at the local pressure minimum around Qj, ~ 18 SLPM, Ap ~ 5kPa,
and extending (infinitely) to higher flows and pressures.

3. There is a section connecting the previous two, that spans approxi-
mately the same pressure and flow ranges as the experimentally
observed regulation mode. (In the following points we refer to this
section as the suspected regulation mode.)

4. The range of inflow rates for which the suspected regulation mode
exists, partially overlaps with the range of inflow rates for which
the fully open state exists.

A qualitative difference is that in the model the suspected regulation
mode has a negative Ap(Qout) slope (Fig. 3.5C, grey highlight), while
in the experiments the regulation mode has a dominant region with
positive Ap(Qout) slope (Fig. 3.3).

3.4.2 Equilibria as function of conduction parameters

We have determined the general existence of equilibria and identified a
part of the nullcline dx/dt = 0 that potentially describes the regulation
mode. In the current Section we study how the equilibria change when
we vary model parameters. The nullclines of our initial model depend
only on the spring model and conductance behavior. The assumptions
presented in Section 3.3.2 fully constrain the parameters of the spring
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EFFECT OF VALVE CONDUCTION PARAMETERS ON SYSTEM EQUILIBRIA. (A) Effect of
Xopen for a constant value of 1\ = 1/mm. (B) Effect of 1 for a constant value of
Xopen = 1 mm. The left column (i) shows the relation cy(xeq). The right column
(ii) shows the resulting nullcline dx/dt = 0 (colored lines). Solid black lines
show the experimentally obtained reference curves for the regulation mode
and fully open state. Note that fold bifurcations Qp, 4 and Qf,4 arise from
sweeping one parameter [142], which is flow Qout. When varying two parameters
simultaneously, Qout and 1), we observe a cusp bifurcation [142] at VPcusp.

model based on experimental data. We therefore turn our attention to
the conductance behavior, i.e., the fluidics parameters Xopen, ¥, c; and
Soo-

We seek to optimize the fit between model and experimental values
for Ap(Qout) in the regulation mode, under the constraint that Ap(Qout)
in the fully open state is also matched. We select Xopen and P as the free
parameters. For different combinations of Xopen and { we perform a
two-parameter fit to open state data to obtain ¢; and s... In Figure 3.6
we show the resulting conductance behaviors and nullclines alongside
the measured data.
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Increasing xopen (Fig. 3.6A(i)) leads to a decrease of the pressure at
low flow (Fig. 3.6A(ii)). The pressure at Qout = 0 is equal to ps(Xopen)- Ex-
perimentally, the regulation mode occurs at pressure differences around
Ap ~ 30kPa. This is best approximated for Xopen ~# 1 mm.

Increasing \ (Fig. 3.6B(i)) flattens Ap(Qout), but the slope remains
negative (Fig. 3.6B(ii)), in contrast with the experimental behavior, which
has a slightly positive slope. Therefore, the fit to the measured data
continues to improve as | — oo. As a result, we do not find an upper
bound on 1\ from this analysis. Conversely, decreasing 1\ decreases the
range of flow rates for which regulation and oscillation could coexist.
This is understood when looking at the fold bifurcation Qf ;4 (arising
from a sweep on one parameter [142], flow Qout), which decreases in
value for decreasing \ (Fig. 3.6B(ii)). When sweeping two parameters
simultaneously, Qout and P, a cusp bifurcation [142] appears at Pcusp-
Below this critical value { = Weusp ~ 0.22/mm, the regulation mode and
the fully open state cannot coexist altogether. Since this contradicts the
experimental observations, we will use { > Vcusp as a lower bound in
our further analysis.

The result of this Section is that we have narrowed the feasible range
for four model parameters. We get the best fit with experimental data
for xopen # 1 mm and b > Peysp 0.22/mm. For different values of 1\, we
find ¢; and s, by fitting to experimental data. We show the resulting
values for ¢; and s, in Figure 3.25.

The nullclines for Xopen = 1 mm and 1 > 0.22/mm show that there exist
equilibria at pressure and inflow values similar to those we observed
experimentally in the regulation mode, albeit with negative slope instead
of the positive slope that we observe in experiments. This suggests that
the model could potentially reproduce the observed behavior, but only if
these equilibria are stable in the regulation mode, and only if there also
exists an oscillation mode at the same inflow rates. To determine if this
can be the case, we need to study the dynamics of the system, i.e., the
asymptotic stability of the equilibria as well as the possible (co-)existence
of stable points and limit cycles.

3.4.3 Asymptotic stability of the equilibria

Thus far, we have determined approximate values for all parameters
except for 1 and b. In this Section, we study if there is any combination
of values for 1\ and b that leads to asymptotic stability of the regulation
mode as well as the existence of the oscillation mode. This will finalize
our analysis of the initial model, and allows us to determine if the model
is capable of capturing the qualitative behavior observed in experiments.
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We begin by assessing the asymptotic stability of the equilibria. For
the valve in the closed state (x < Xopen), the system reduces to Eq. (3.16),
and asymptotic stability can be determined from

Av 0ps

dx d
a(a)/ax<0 == <0 = aLXS>O, X < Xopen- (3-22)

For x > Xopen, we write the Jacobian matrix of the system

da dA cv(x) 1 VPs(x) dcy
I: {a(ﬁE)/aAp a(ﬁg)/axl " 2C, Vps(x) B C?O TCX
d d /
ICLYCREIC STL NI At ||
(3-23)
where
aCV B (Xo en_x)
o = beieh tor + Soo, (3.24)
and
aps 1 K, ks (\/b02+h02—\/b02+x2) e

x Ay bOZ(XZ +1)2 Vbo? +x2 "ol ix?

bo?

+ ks x? (\/boz +ho? = Vb +X2) . 2ke x (atan({)‘z) +atan(blo))
(boz +X2)3/2 b3 (gzz . 1)2

(3-25)

Note that the inflow rate does not appear in the Jacobian. That is because
for any equilibrium position the associated inflow rate Qjin(Xeq) can be
inferred, according to Eq. (3.20).

If both eigenvalues A; and A, of the Jacobian, evaluated at an equilib-
rium position xeq, have negative real part, the equilibrium is stable. For
a two-DOF system, this can be determined following

RN <0 (1=1,2) <= det(J)=AA>0 A tr(J)=A;+A,<0.
(3.26)

Considering the first condition needed for asymptotic stability, we write
the determinant of the Jacobian

Ay (ev () B2 +2 ps(x) 32)

0. .
26 Co /a0 > (3-27)

det(]) =




3.4 POTENTIAL BEHAVIORS OF THE INITIAL MODEL

Since the isolated spring model, without fluidic effects, is monostable,
ps(x)>0 ¥V x>-hp, (3.28)
Eq. (3.27) holds if

0 oc
ee(x) G +2ps(x) 55 > 0. (3:29)

As ps, cy(x), and its derivative dcy/0x are greater than zero for x > Xopen,
the determinant is positive for positions where the pressure-displacement
curve has positive slope, i.e., where the spring model has positive differ-
ential stiffness

ops

T2>0= det(]) >0, (3-30)

In the negative differential stiffness region, the Jacobian only has a
positive determinant if

P eV (Xopen—x) | Soo/Ci 1 ops
1 — W (Xopen—x) 4 Soo/Ci (X = Xopen) 2ps(x) ox’

X > Xopen, (3-31)

where we use Eq. (3.24) to highlight the dependence on 1.
Note that Eq. (3.29) is equivalent to positive slope 0Qout/0x, since for
Ps > 0 we have

Qout,eq = CV(X) VALY,

9Qout _ dcv 1_9ps
ox  Ox p5+cv(x)2‘/ps ox’
aQout

>0 < cv(x)%Jers(x)% >0=det(]) >0, (3.32)
0x 0x 0x

which further implies negative slope 9ps/0Qout in the negative differen-

S

tial stiffness region of the mechanics (aaiX < 0), since

0Qout _ 0ps , 9ps

ox ox ' 9Qout”

. (9ps . ops
>0 < si n(—):m n( ) .
g\ 3y ) =S8 300w (333)

This means that those equilibria for which 9pg/0Qout > 0 and dpg/dx <
0 are unstable (saddle points, det(]J) < 0) for any value of damping
parameter b.

For the second condition for stability, we require that the trace of the
Jacobian is negative

(3-34)
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Figure 3.7

ASYMPTOTIC STABILITY OF THE SUSPECTED REGULATION MODE. Areas between
blue lines and orange curves correspond to a (locally) asymptotically stable
equilibrium. As an example, the locally asymptotically stable region for 1} =
10/mm is colored green. The dynamic response of markers by, by, bz, and by is
exemplified in Figure 3.8. The used parameter values are listed in Table 3.1.

The first term of Eq. (3.34) is always less than or equal to zero. There-
fore, the trace is always negative when the spring model has positive
differential stiffness

0
—aps >0=1r(J) <0 (3.35)
x

For the region of the spring model behavior that has negative differential
stiffness, the trace of the Jacobian is only negative for a minimum value
of damping, as we see from rearranging Eq. (3.34)

2AyCo) 0
b>—(vo)psx/p5(x), X > Xopen- (3-36)

cv(x) ) ox

From Egs. (3.22), (3.26), (3.30) and (3.35) we find that equilibrium posi-
tions where the spring model has positive differential stiffness are always
stable. For the region with negative slope, Egs. (3.31) and (3.36) allow us
to determine parameter values J and b for which the regulation mode
is stabilized. We can see that these values will be different for varying
equilibrium positions xeq. Since we also know the unique equilibrium
inflow rate associated with any equilibrium position Qjn(Xeq) according
to Eq. (3.20), we can determine a range of inflow rates for which the
regulation mode is stable, as function of 1 and b.
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In Figure 3.7 we show the flow rates for which the regulation mode
is stable, for P = Peysp, 1, 10, and 100/mm, and damping value 1 <
b<1x 106Ns/mm. The minimum flow rate (orange curve) follows
from Eq. (3.36) (tr(J) < 0). The maximum flow rate (blue lines and blue
projected curve) follows from Eq. (3.31) (det(]) > 0). As an example, we
highlight the stable region in the plane defined by \ = 10/mm (green area
in Figure 3.7). To illustrate the effect of b, we study the system response
in more detail for four points marked by, b;,b3,bs on the line defined
by ¥ = 10/mm and Qj, = 15SLPM. For these values of 1} and Qj,, the
minimum damping to achieve asymptotic stability is b = 1230 N's/mm.
The first two points (b; = 1 and b, = T00N's/mm) are in the unstable
regime. The other two points (b3 =1 x 10% and by = 1x 10° N's/mm), are
in the stable regime.

In Figure 3.8 we show the system response for different values of
damping parameter b (corresponding to markers by to by in Figure 3.7).
The other parameter values are summarized in Table 3.1. Although we
use P = 10/mm, similar transitions are observed for higher or lower
values of 1 and other values of inflow rate 0 < Qjn < Qg4 (see Figure 3.6
for an indication of the fold bifurcation point Q; ;4). In Figure 3.8A and
B we show the nullclines in the Qqu-Ap plane and x-p plane, respec-
tively. We evaluate the asymptotic stability and color the stable parts
of the nullcline green. Note that green coloring means these points are
stable if and only if the associated inflow rate Qineq = Qout,eq is applied.
We also show two trajectories, one starting close to the expected limit
cycle for oscillation (blue star and curve), and another starting close to
the regulation mode (magenta star and curve), both for Q;, = 15SLPM.
Additionally, we show these trajectories as a function of time in Fig-
ure 3.8C. We obtain these trajectories by forward integration of the ODEs
in Egs. (3.15) and (3.16) with the MATLAB ode23s solver, which uses a
modified Rosenbrock method to solve stiff ODEs.

As expected from Figure 3.7, at low damping (Fig. 3.8A-C (i) and (ii))
there are no flow rates for which the regulation mode is stable. Only the
fully open and closed states are colored green. For higher values of b,
the suspected regulation mode is stable for a wide range of inflow rates
(iii) and (iv). Note that the applied flow rate Qj, = 15SLPM lies within
this range and the equilibrium is therefore stable.

These results show that the suspected regulation mode can be stabi-
lized by sufficiently high damping. However, increased damping also
strongly affects the oscillation mode. At low damping (Fig. 3.8A-C (i))
we see relaxation oscillations with maximum pressure close to Apopen,
i.e., close to the value at which the valve opens in a quasi-static experi-
ment (Fig. 3.3). This agrees with the observed behavior in experiments
(Figs. 3.2 and 3.3). Higher damping still results in relaxation oscillations,
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SIMULATED EFFECT OF DAMPING PARAMETER b ON THE DYNAMIC RESPONSE OF THE
INITIAL MODEL. (A, B) Simulated trajectories (blue and magenta curves) for two
different initial conditions (blue and magenta stars), both for Q;, = 155LPM,
are shown in the Qout-Ap plane in A, and in the x-Ap plane in B. Black curves
represent the nullcline dx/dt = 0, where green overlay corresponds to stable
equilibria. (C) Simulated pressure difference Ap over the valve for the same
trajectories shown in A and B. Columns (i) to (iv) show results for increasing
values of b, as indicated at the top. Parameter values are listed in Table 3.1.
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but with slowed-down transitions between open and closed states, which
increase Apmax and decrease the cycle frequency (Fig. 3.8A-C (ii)). More
importantly, at the same step in damping value for which the suspected
regulation mode appears, the oscillation mode disappears altogether
(Fig. 3.8A-C (iii) and (iv)). Therefore, in this analysis, we do not find any
combination of parameters in line with experimental observations, for
which the current model explains the coexistence of the regulation and
oscillation modes.

Note that the step in damping value from b, to b3 is still two or-
ders of magnitude. To better understand this transition and to confirm
that coexistence does not exist at intermediate values, we perform a
numerical bifurcation analysis. We determine the eigenvalues of the
Jacobian for the equilibrium at Qj, = 15SLPM as a function of b, and we
find the limit cycle of the system by forward integration of the ODEs
in Egs. (3.15) and (3.16) (Fig. 3.9). The results shown in Figure 3.9 sug-
gest that the equilibrium transitions in a continuous manner from an
unstable node to an unstable spiral, then in what appears to be a su-
percritical Hopf bifurcation, to a stable spiral, and finally to a stable
node (Fig. 3.9B) [143]. The limit cycle disappears at the Hopf bifurcation,
where the stable node appears (Fig. 3.9A). This strongly suggests that the
initial system description can only explain the oscillation mode and not
the regulation mode, as the stability of the suspected regulation mode
depends heavily on damping, which is unphysical in comparison to our
experiments.

3.5 MODIFIED VALVE MODEL

The initial model of the valve is based on a basic spring model that shows
a snap-through instability (due to the compressing springs), without
being bistable at zero load, and an intuitive model for the conduction
of air through the valve opening. In Section 3.4.3, we show that this
model cannot explain the regulation mode. In the current Section, we
aim to improve the model so that it will capture the observed behavior.
Thereto, we revisit the experimental results and perform an additional
experiment to understand what we are still missing in our model. We
then update the model to reflect these insights and perform a similar
analysis as we did for the initial model.

3.5.1 Definition of the modified model

When comparing the initial model with experiments, one important
difference is the slope of the regulation mode in the Qout-Ap plane
(Fig. 3.6). Experimentally, we observe that the regulation mode has a
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SIMULATED EFFECT OF DAMPING ON STABILITY OF OSCILLATION AND SUSPECTED
REGULATION MODES IN THE INITIAL MODEL, FOR Qm = 15SLPM. (A) Stable limit
cycles (grey curves) in the Qout-Ap plane for different values of damping b. The
single equilibrium changes from unstable (red) to stable (green). (B) Real and
imaginary parts of the eigenvalues of the Jacobian and trace and determinant of
the Jacobian. Flow symbols indicate (from left to right) unstable node, unstable
spiral, stable spiral, stable node. Open circular marker indicates transition to
asymptotic stability. Parameter values are listed in Table 3.1.

positive slope, i.e., dAp/dQout > 0, and this cannot be reproduced by
the model we derived in Section 3.3. That is because the regulation
mode is located at a displacement value that is characterized by negative
differential stiffness dAp/dx < 0, which requires dAp/dQout < 0 for
asymptotic stability according to Eq. (3.33). We hypothesize that the
experimentally observed positive slope of the regulation mode in the

Qout-Ap plane is essential and should be featured in a modified model.
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That implies that the regulation mode must be associated with positive
differential stiffness, i.e., dAp/dx > 0.

To qualitatively test if there exists another state (besides the fully
open state) that has positive differential stiffness and where the valve is
open, we conduct an experiment where we deform a valve with a probe
(Fig. 3.10A). We control the position of the probe while monitoring the
reaction force and the deformation of the valve. Despite the difference
in loading conditions compared to loading with pressurized air, this
experiment still provides important clues about the general mechanical
behavior of the valve. Specifically, there are two distinct paths, during
loading and unloading (Fig. 3.10B), and the difference seems too large
to be explained from material dissipation alone. Indeed, as evidenced
by its deformation, the valve follows different paths during loading and
unloading (Figs. 3.10C and D). The shape of the valve during loading is
symmetric (Fig. 3.10C), while the shape during unloading is asymmetric
(Fig. 3.10D) and similar to the shape observed in the regulation mode
(Fig. 3.1E(i) and Fig. 3.2D(i)-(iii)).

We recognize that these results may be influenced by the indenter.
Especially along the loading path beyond the pressure maximum, the
indenter seems to stabilize a symmetrically deformed shape that may
not be seen when the valve is loaded with air pressure. We are led to this
belief by experiments where we vary the maximum indentation distance,
as shown in Figure 3.24. That experiment shows that when the valve is
probed to sufficient displacement, representative of the case where the
valve transitions from the fully open state to its initial shape, it follows
the (green) unloading path shown in Figure 3.10B.

Even if the loading path measured with a probe may not be fully
representative of the hydrostatic load case, these observations indicate
there is hysteresis under displacement control that we do not take into
account in our initial model. To represent this finding, we define an ide-
alized description of the observed behavior with a stiffer loading curve
and a softer unloading curve, as shown schematically in Figure 3.11A(i),
and we define x;nap, «ife Of the stiffer curve as the point where the valve
switches between the two curves during loading. During unloading, the
softer path is followed. Since the valve follows different paths during
loading and unloading, the valve orifice does not need to close upon
unloading at the same displacement value where it opens upon load-
ing. Crucially, such hysteresis in the valve conduction may result in the
existence of the required displacement range where the valve is open,
and differential stiffness is positive (grey highlight in Figure 3.11A(i)).
As an idealized description of this conduction behavior, we assume
two identical conduction curves, modulo a certain (as of yet unknown)
translation X4, as shown schematically in Figure 3.11A(ii).
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Figure 3.10

DISPLACEMENT-CONTROLLED LOADING EXPERIMENT OF THE VALVE. (A) Schematic of
the experimental setup. A custom probe is attached to a universal testing system,
Instron (see Figure 3.23 for a detailed overview of the setup). (B) Measured
force during loading (red curve) and unloading (green curve). Circular markers
indicate local maxima, and triangles mark an identical displacement value during
loading (red, pointing right) and unloading (green, pointing left). (C) Deformed
valve during loading, at x = 7mm. (D) Deformed valve during unloading, at
X =7mm.

However, explicitly implementing even this highly simplified addi-
tional hysteresis behavior complicates the model, because both ¢, and pg
are no longer functions of x. We prefer to maintain a uniquely defined
model in x, and to keep the number of DOFs in our model to a mini-
mum, while still introducing this potentially crucial additional behavior.
To obtain this result, we firstly ensure that the conduction behavior is
uniquely defined. Thereto, we translate the conduction curve associated
with unloading by —xgnis, such that it overlaps with the conduction
curve associated with loading (Fig. 3.11B(ii)). Secondly, to maintain the
assumed relation between pressure and valve conduction, we translate
the softer mechanical curve by the same amount (Fig. 3.11B(i)). Note
that the value of xgp;¢; will later be determined from a fit to experimental
data. This procedure artificially makes the relevant part of the unloading
curve accessible, without introducing additional hysteresis.
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A MODIFIED MODEL TO ACCOUNT FOR ADDITIONAL HYSTERESIS IN THE MECHANICS
AND CONDUCTION BEHAVIOR. (A) Idealization of the actual, observed behavior (see
Figure 3.10), with hysteresis in mechanics and valve conduction. (i) Equilibrium
pressure difference over the valve as function of displacement of the dome.
The loading curve (red) is stiffer than the unloading curve (green). At Xopen =
x;rnap, «tife the pressure-displacement curve switches between the stiff and soft
curves. (ii) Valve conduction as function of displacement of the dome. During
loading (red curve), the valve opens around the pressure maximum of the
corresponding pressure-displacement curve (red circular marker), but during
unloading (green curve) the valve closes at a smaller displacement than the local
maximum of the corresponding pressure-displacement curve (green circular
marker). (B) Modified model implementation. (i) The soft curve is shifted to the
right. (ii) The unloading conduction curve is shifted on top of the loading curve.

The modified model is described by the same differential equations
(Egs. (3.15) and (3.16)) and conduction model (Eq. (3.14)) as the initial
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NULLCLINE dx/dt = 0 OF THE MODIFIED MODEL. The red line corresponds to
the stiffer behavior for x < Xopen, Where the valve is closed. The green curve
corresponds to the softer behavior at x > Xopen, where the valve is open. The
nullcline fits measured values Ap(Qout) (black curves) both in the regulation
mode and in the fully open state. Parameter values are listed in Table 3.2.

model. The spring model is piece-wise identical to the initial definition
of Eq. (3.9), i.e,,

Fs(x), ks = Ksstifr, Kr = KR stiff X < Xopen

Fs, mod = (3-37)

FS(X - Xshift)/ kg = kS,softr kg = kR,soft X > Xopen,

where we leave the stiffer curve unchanged with respect to the initial
model.

We introduce three new variables kg soft, KR soft and Xghife that describe
the softer curve. We link their values to experimental observations as
follows. First, we take the values of kggoft and kg ot such that the
local pressure minimum is equal to the value Ap o found in a static
experiment (Ap.ese ~ 5kPa, see Figure 3.3), so Penap,soft = Psnap, stiff =
APdose- Then, for different values of p;nap,soft we determine the values
of xghift and valve conduction parameters \, se and c; that minimize
the least-squares error between model and experimental data. Hence, for
each p;nap,soft’ we obtain those parameters that allow the best fit with the
experiments in terms of least-squares error. Then, we compare various of
these curves (each obtained from one value of p:nap/soft), and we visually

observe that a good fit is obtained for p:nap soft = 40kPa.

The resulting nullcline dx/dt = 0 is shown in Figure 3.12, alongside
measured data. The modified model allows a good fit to data both in the
fully open state and in the regulation mode. Importantly, the modified
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SIMULATED EFFECT OF DAMPING PARAMETER b ON THE DYNAMIC RESPONSE OF
THE MODIFIED MODEL. Simulated trajectories (blue and magenta curves) for two
different initial conditions (blue and magenta stars) and Q;, = 15SLPM, shown
in (A) the Qout-Ap plane, and in (B) the x-Ap plane. Black curves represent
the nullcline dx/dt = 0, where green overlay corresponds to stable equilibria.
(C) Simulated pressure difference Ap over the valve for the same trajectories
shown in A and B. Columns (i) to (iv) show results for increasing values of b, as
indicated at the top. Parameter values are listed in Table 3.2.
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model results in the existence of a displacement range with positive
slope 0Ap/dQout > 0.

Note that we develop our model based on measurements of the regu-
lation mode for inflow rates Qj, < 25SLPM, which is a limitation of our
mass flow control equipment. At Qj, = 25SLPM, the valve is still in the
regulation mode, but the model predicts that the valve must transition
from the regulation mode to the fully open state if we increase the flow
rate even further (Fig. 3.12). For completeness, we qualitatively verify
this prediction, by connecting the valve directly to a pressure regula-
tor, while we measure pressure before and behind the valve and flow
through the valve (Fig. 3.22). That is the same setup we use to measure
the fully open state at higher flow rates (green curve in Figure 3.3).
Interestingly, we observe not only the transition to the open state, but
even the pressure decrease before the transition, although we continue
to manually increase the pressure setpoint. The pressure drop is able
to decrease while we increase the setpoint, because there is restriction
(tubes, connectors) between the pressure regulator and the valve, such
that this setup approximates flow control rather than pure pressure
control. The extended experiment qualitatively verifies the final part of
the nullcline that was not observed at lower flow rates in the experiments
using a dedicated flow controller (black curve in Figure 3.3).

3.5.2  Coexistence of regulation and oscillation in the modified model

To determine if the modified model can explain coexistence of the regula-
tion mode and the oscillation mode, we numerically analyze the effect of
damping parameter b, as we did for the initial model. In Figure 3.13 we
show the system response for four values of damping, and for a constant
inflow rate Qi, = 15SLPM.

Crucially, and differently from the initial model, at any of the studied
values of damping there exists an asymptotically stable equilibrium for a
wide range of inflow rates, specifically for any inflow rate where dpg/0x >
0. For increasing damping values, the stable range of inflow rates grows
to include also the part where 0Qout/9ps < 0 A 0ps/dx < 0. Similarly to
the initial model, we observe a limit cycle that corresponds to the oscil-
lation mode. Increasing damping affects the oscillation mode. Higher
damping slows down the transitions between open and closed states,
which increases Apopen, and decreases the cycle frequency (Fig. 3.13(i)
and (ii)). As in the initial model, the oscillation mode disappears alto-
gether at high damping (Fig. 3.13(iii) and (iv)). Excitingly, the modified
model thus reproduces the coexistence of the oscillation and regulation
mode (for moderate values of the damping parameter).



3.5 MODIFIED VALVE MODEL

In the modified model, the oscillation mode is surrounding a stable
equilibrium. Therefore, for the stable limit cycle to exist, there must also
exist an unstable limit cycle between the stable regulation mode and
the stable oscillator. To probe the existence of such unstable limit cycle,
we integrate differential equations Egs. (3.15) and (3.16) both forward
and backward in time, where we use the modified model Eq. (3.37) for
the mechanics, using if statements to distinguish soft and stiff domain.
We integrate with the MATLAB ode23s solver, which uses a modified
Rosenbrock method to solve stiff ODEs. We start from initial conditions
near the expected limit cycle, near the stable equilibrium, and in between.

In Figure 3.14A we show stable (grey) and unstable (red) limit cycles
for different values of b. At lower damping values, we find a single
unstable limit cycle between the stable oscillating and regulation modes,
as required for the coexistence of both modes. Interestingly, both limit
cycles deform for increasing damping, until at b » 220Ns/mm they
disappear in a fold of limit cycles. This is in contrast to the situation
in the initial model, where the oscillation mode disappeared in a Hopf
bifurcation, giving rise to the regulation mode. In the modified model,
the regulation mode transforms from a stable node to a focus and back
for increasing damping values, but never becomes unstable (Fig. 3.14B).

Having determined the coexistence of regulation and oscillation, as
well as the effect of damping, we can now try to replicate key results
observed in experiments. Firstly, recall that the system can enter the
regulation mode as a result of a disturbance (Fig. 3.1). In the experiment
we temporarily pinch a tube behind the valve. In our numerical replica-
tion of the experiment, we approximate this disturbance by temporarily
increasing damping parameter b (Fig. 3.15A). This is a rough approx-
imation of the experimental conditions, motivated by the assumption
that the increase in downstream resistance induces a temporary vacuum
effect when the valve snaps back, effectively slowing down the snap-back
transition. In the simulation, this increase in damping causes the system
to transition from the oscillation mode to the regulation mode. That is
because increased damping temporarily removes the oscillation mode,
conform Figs. 3.13 and 3.14. The system is therefore attracted to the
regulation mode. Once in the regulation mode, the system stays in that
mode even when the damping value is restored to its original value,
because it is now inside the unstable limit cycle that separates the two
modes.

Secondly, recall that upon varying the inflow rate over a wide range
in an experiment, the system remains in the mode in which it started
(Fig. 3.2). Numerically, we similarly apply a varying inflow rate (Fig. 3.15
B(i)) and first start the system from an initial condition corresponding to
the regulation mode (green star in Figure 3.15B(ii)). As in the experiment,
the system remains in the regulation mode as the flow rate is increased
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SIMULATED EFFECT OF DAMPING ON ASYMPTOTIC STABILITY OF OSCILLATION AND
REGULATION MODES IN THE MODIFIED MODEL, FOR Quv = 15SLPM. (A) Stable
(grey curves) and unstable (red curves) limit cycles in the Qout-Ap plane for
different values of damping b. For all values of b, the single equilibrium is stable
(green marker). (B) Real and imaginary parts of the eigenvalues of the Jacobian
and trace and determinant of the Jacobian. Flow symbols indicate (from left to
right) stable node, stable spiral, and stable node. Parameter values are listed in
Table 3.2.

and decreased. Differently from the experiment, the simulated system
does not exit the regulation mode until the flow completely stops. Then,
we start from an initial condition corresponding to the oscillation mode
(red star in Fig. 3.15B(iii)). The simulated system continues to oscillate
when the inflow rate is changed. The oscillation frequency first increases,
then decreases until the system stops oscillating as it enters the fully
open state. Upon decreasing the inflow rate the system restarts oscillating
at the same inflow rate where it stopped.
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NUMERICAL REPLICATION OF EXPERIMENTAL RESULTS. (A) A temporary distur-
bance permanently moves the system from the oscillation to the regulation mode
(compare to the experiment in Figure 3.1). Simulated pressure difference Ap for
a constant inflow rate Qj, =4 SLPM. b = 20N 's/mm for the first twenty seconds,
b = 1x10* N's/mm between t = 20s and t = 30s, then b = 20N's/mm again. (B)
The system remains either in regulation or oscillation mode for a wide range
of inflow rates (compare to the experiment shown in Figure 3.2). (i) Inflow rate
Qjn = 4SLPM in the first five seconds, then increases to Q;, = 25SLPM at t = 305,
for b = 20N s/mm, when starting from initial conditions close to the regulation
mode (ii) or oscillation mode (iii). Parameter values are listed in Table 3.2.

89



90

ON THE COEXISTENCE OF PRESSURE REGULATION AND OSCILLATION

36 SUPPRESSING THE REGULATION MODE

The modified model provides a mechanistic explanation for the existence
of the regulation mode. In the remainder of this work, we will test the
predictive power of the model by using it as a design tool to avoid
the existence of the regulation mode. This goal is motivated by the
application of hysteretic valves in soft robot control, where the existence
of the regulation mode could be a risk, such as when controlling the
pulsatile activation of soft total artificial hearts [133]. As we have seen,
the system can enter this mode by temporary disturbances, which may
not always be avoidable once the heart is implanted in the human body.

Of several available routes to avoid regulation, here we focus on chang-
ing only the valve conduction behavior, without significantly changing
the mechanics. The regulation mode exists at low flow rates because it
maintains a large enough pressure drop to prevent the valve from snap-
ping back to its initial state (Figs. 3.1B and 3.2B). This is possible because
the valve orifice is almost completely closed (Fig. 3.1E(i) and 3.2D(i)-(iii)).
This prompts us to study what happens when the valve never completely
closes, except in its initial state.

In Figure 3.16 we show an implementation of this concept in our
model. We study the effect on the nullclines when we assume that
a finite orifice opening remains for all x > Xopen. We implement this
inhibition of premature closing by adding a factor p to the definition of
conduction

0 x <X,
Cv = P (3.38)
pci+(1-p)c (] _ elb(xOpen—X)) +Soo (X —Xopen) X > Xopen-

In Figure 3.16A we show the resulting conduction behavior, and in
Figure 3.16B we show the effect on the nullcline dx/dt = 0. Varying
parameter p between 0 and 1, i.e., increasing the minimum conduction
value from 0 to 1 times c;, results in the disappearance of equilibria in
the range 0 < Qin < Qreg, Where

Qr_eg =Cv (X0pen) \ PS(Xopen) =PCiy/ pS(Xopen)/ (3-39)

such that Q. increases linearly with p (Fig. 3.16C). Intuitively, this effect
of disappearing equilibria arises because we are imposing the orifice to
stay open (which means it enforces positive Qout) when the mechanics
is in the soft regime. Setting p = 1 all but completely suppresses the
coexistence of the oscillating and regulation modes. From an application
perspective, Q. is a safe maximum operating inflow rate, below which
the regulation mode cannot exist.
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AVOIDING REGULATION BY AVOIDING COMPLETE CLOSURE OF THE VALVE. (A) The
effect of design parameter p on valve conduction. For increasing values of p,
valve closure in the open state is increasingly inhibited. p = O represents the
original valve design where the valve closes completely before snapping back
to the fully closed state, p = 1 nullifies the effect of {p and maximizes the
discontinuous jump at Xopen. Green circular markers indicate conduction value
cy(Xopen) = pcj at valve opening and closing. Green lines indicate a jump. (B)
Effect of p on nullcline dx/Dt = 0. Green circular markers correspond to outflow
rate Qreg at valve opening and closing. Red triangles correspond to the local
flow rate minimum Qgpap (associated with the local pressure minimum Apgnap)-
(C) Evolution of Qreg and Qgnap as function of p.
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EXPERIMENTAL REALIZATION OF SUPPRESSION OF THE REGULATION MODE. (A)
Oblique view photograph of the modified valve. The inset shows a side view of
the protrusions and the slit (scale bar 5 mm). (B) Measured pressure drop Ap
over, and measured inflow rate Qj,, through the valve. There are no flow rates for
which the regulation and oscillation mode coexist. Star symbols refer to panels
C-E. (C) The valve has entered the fully open state (light grey star), (D) the valve
has been forced into the regulation mode (grey star), (E) the valve is about to
restart oscillating (black star).

To experimentally validate this predicted behavior, we fabricate a valve
that has additional features aimed at preventing the valve from closing
completely when it is in the regulation mode. Thereto, the valve has
protrusions on the convex side of the dome, around the cut. Moreover,
instead of three shorter slits, we cut a single longer slit, as shown in
Figure 3.17A. The detailed design is shown in Figure 3.20. We conduct
an experiment where we first increase the flow rate from Qj, = 0 to
Qin = 20SLPM in 70s. We observe that the valve enters the fully open
state at Qj, = 10SLPM (light grey star in Figure 3.17B). While we hold
the flow rate at Qi, = 20SLPM, we physically push the valve, causing
it to enter the regulation mode (grey star). Excitingly, when we then
decrease the flow rate, the modified valve exits the regulation mode and
restarts oscillations around the same inflow rate (black star) where it
entered the open state. This means that there is no longer coexistence
between the regulation mode and the oscillation mode at any flow rate,
demonstrating the validity of the model-based prediction.
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REFERENCE EXPERIMENT WITH ORIGINAL VALVE DESIGN. (A) Oblique view photo-
graph of the original valve. (B) Measured pressure drop Ap over, and measured
inflow rate Qj, through the valve. Star symbols indicate three important mo-
ments in the experiment, and the valve deformation at these moments is shown
in panels C-E. (C) The valve has entered the fully open state (light grey star), (D)
the valve has been forced into the regulation mode (grey star), (E) the valve is
about to restart oscillating (black star). Red shaded area indicates the flow rates
for which the regulation and oscillation modes coexist.

As a reference, in Figure 3.18 we show results of the same experiment
using the original valve design. The valve enters the fully open state
at Qjn = 18SLPM, which is higher than the modified valve. Again,
we physically push the valve, causing it to enter the regulation mode
(grey star). When we decrease the flow rate, the valve remains in the
regulation mode until Qj, = 2SLPM (black star), as expected from the
other experimental evidence (e.g., in Figure 3.2).

These results demonstrate that we can prevent the valve from closing
completely in the regulation mode, which in turn removes the existence
of the regulation mode at lower flow rates, as predicted by the model.
This high-level result is summarized in Figure 3.19, where we depict the
inflow rates for which the oscillation mode, the regulation mode, and
the fully open state exist for the two valve designs. Note that, besides
the desired effect, modifying the design also causes the valve to enter
the fully open state at a significantly lower flow rate compared to the
original design. The model did not predict this decrease of the maximum
flow rate for the oscillation mode as a result of changing p. In reality,
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FLOW RATES FOR WHICH THE ORIGINAL AND MODIFIED VALVES CAN BE IN EACH OF
THREE STATES: THE OSCILLATION MODE, REGULATION MODE, OR FULLY OPEN STATE.
(A) Top view schematic of the dome (black) and cut pattern (red) for the original
valve. (B) Red bars indicate for each mode at which range of flow rates the
valve can be in that mode, showing significant overlap between oscillation and
regulation. (C) Top view schematic of the modified valve with added features
(black), and cut pattern (green) for the modified valve. (D) Green bars indicate for
each mode at which range of flow rates the valve can be in that mode, showing
no overlap between oscillation and regulation.

the modifications to the design do not only change the fluidics, but also
affect the mechanics to some extent, resulting in a decrease of pgp,,. We
measure a pressure drop at closing of the valve Ap o # 0, indicating
that the modified valve is nearly bistable. In future work, this could
potentially be mitigated by also changing mechanical parameters such
as thickness and dome angle.

3.7 DISCUSSION

The goal of the present study is to understand the coexistence of a pres-
sure regulation mode and an oscillation mode in soft hysteretic valves,
and more generally to better describe the mechanics and dynamics of
the valve in a fluidic circuit. In previous work, we model the same valves
as pressure-controlled switches that can be either in a fully open, or a
fully closed state [53]. Using that approach we can, by definition, only
describe the behavior of the valve in the oscillation mode and the fully
closed and open states. Therefore, in the present work, we aim to develop
a more complete, but minimal model that captures also the regulation
mode.

We conclude from our analysis that an essential feature to explain the
coexistence of the regulation and oscillation modes at the same inflow
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rate and realistic damping values is the existence of a displacement
range with positive differential stiffness. Moreover, the regulation mode
relies on near-complete closure of the orifice, which we can prevent
by changing the valve design. Taken together, our analysis provides a
mechanistic explanation of the observed behavior, and can be used for
informed design change decisions.

This work is limited to a specific valve design, of which we change the
fluidic characteristics in order to remove the regulation mode at low flow.
However, we conclude that specifics of the mechanics are also essential
for the existence of the regulation mode. Therefore, in future work, it
will be interesting to study the effect of the undeformed shape of the
valve, such as the thickness and shallowness of the dome, as well as its
boundary conditions.

Furthermore, in this work, we neglect visco-elastic effects, although
visco-elasticity may cause some detailed effects that we currently do not
capture in our model. For example, our model predicts a continuous
increase of Apopen for increasing Qji, (Fig. 3.15). In experiments, we see
that Apopen initially increases, then decreases (Fig. 3.2). We hypothesize
that this is caused by a memory effect. At higher flow rates, the valve
remains longer in the open state before snapping back (Topen increases),
such that it increasingly relaxes in that deformation state. At the same
time, the valve spends less time in its initial state (T¢jose decreases). The
net outcome could be an increased effect of residual stress on the forward
snap-through event, which results in a lower effective Apopen. A better
understanding of this relation could be valuable in applications where
small imperfections between multiple valves affect activation patterns of
multiple actuators [53].

We focus on the development of a minimal model, ultimately geared
toward promoting one or the other mode in our hysteretic valves. How-
ever, we notice that our system shows behavior that may be interesting
for more fundamental future studies as well. The valve in its oscillating
mode slows down considerably as we increase the inflow rate, until
it stops oscillating. Potentially, our valve could provide an interesting
platform for studying dynamics around critical points [138].

Finally, we note that circuits with hysteretic valves, and fluidic circuits
in general, are increasingly used to control fluid-driven soft robots [46, 53,
57, 85, 86, 125-131]. Multidisciplinary studies (mechanics, fluidics, and
dynamics) like the present one, may contribute to better understanding
of system-level behavior. This is especially important in the field of
soft robotics, where embodied intelligence and safe interaction with
humans are important claimed benefits, while formal robustness and
other performance criteria are still underdeveloped. As a result of the
present study, we better understand stability criteria of the regulation
mode in a specific type of hysteretic valves. This may contribute to the
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reliability of future soft robotic applications such as autonomous walking
robots, and medical prosthetic devices.

38 SUPPLEMENTARY INFORMATION
Table 3.1

PARAMETERS USED FOR THE ASYMPTOTIC STABILITY ANALYSIS OF THE INITIAL
MODEL.

Parameter  Value Unit
bo 12 mm
ho 9.2 mm
0 75 deg
Ay 4524 mm?
ks 2.9%x107 N/m
kr 3.6x108 Nm/rad
Co 0.06 1/60SL/kPa
Xopen 1 mm
U} 10 1/mm
ci 45 SLPM/\/kPa

Sco 0.7 SLPM/v/kPa/mm
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Table 3.2
PARAMETERS USED FOR THE ASYMPTOTIC STABILITY ANALYSIS OF THE MODIFIED
MODEL.
Parameter  Value Unit
bo 12 mm
ho 9.2 mm
0 75 deg
Ay 4524 mm?
ks 3.0x107 N/m
kg 3.7x 108 Nm/rad
Ks soft 1.6 x 107 N/m
KR soft 2.2x108 Nm/rad
Co 0.06 1/60SL/kPa
Xopen -3.9 mm
Xghift 3.7 mm
) 1.1 1/mm
ci 3.9 SLPM/VkPa
Soo 0.3 SLPM/v/kPa/mm
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VALVE AND HOLDER DESIGNS. (A) Assembled valve holder. (B) Valve holder design.
(C) Original valve design (uniformly scaled up by a factor two with respect to
the design used in our previous work [53]). (D) Modified valve design.
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PRESSURE DROP OVER THE VALVE, COMPARED TO PRESSURE DROP OVER CONSTANT
ORIFICES. (A) Measured pressure drop Ap over the valve, as function of flow rate
Qout obtained in quasi-static experiments, under pressure control for the fully
open state, and under flow control in the regulation mode. Different colors refer
to six specimens of the same valve design. a and b are mean fitting parameters
for six valves, for the open state behavior. (B) Measured pressure drop Ap over a
needle (length L = 1.27 mm, internal diameter D = 1.54 mm), as function of flow
rate Qout, Obtained in a quasi-static experiment under flow control. In A and B,
a and b are fitting parameters for the fitting function Ap = a (Qout)®.
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Figure 3.22

EXPERIMENT OF QUASI-STATIC PRESSURE DROP AS FUNCTION OF OUTFLOW RATE
Ap(Qour) FOR EXTENDED RANGE OF FLOW RATES COMPARED TO FIGURE 3.3. (A)
One representative sample. All curves, i.e., the closed (light red curve) and fully
open (light and solid green curves) states, as well as pressure regulation mode
(light and solid black curves) are obtained in the same quasi-static experimental
setup using a pressure regulator connected to the valve holder. Solid black and
green data represent the extended flow rate range. (B) Seven samples.
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Figure 3.23

EXPERIMENTAL SETUP FOR PROBING VALVE HYSTERESIS. (A) Overview of the setup.
The valve (not visible) is mounted inside the holder with its convex side up. The
holder and probe are 3D-printed (VeroClear, Stratasys). The probe is fitted with
a length of shrink tube to increase friction. (B) Probe design.
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DISPLACEMENT-CONTROLLED LOADING EXPERIMENT OF THE VALVE. We vary the
maximum displacement xmax of the probe. (A) Measured reaction force F as a
function of probe displacement x for different values of xmax. A single repre-
sentative loading curve (grey) is reported, as for all values of Xmax the loading
curves overlap. Unloading curves are colored by xmax according to the legend. (B)
Loading curve (grey) and two representative unloading curves, one for probing
with low displacement (purple), and one for high displacement (yellow). (C) Full
loading/unloading trajectories for increasing values of xmax (from left to right).
Circular markers indicate local maxima.
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FOR DIFFERENT VALUES OF Xopen AND 1), WE DETERMINE C1, AND Soo BY FITTING
TO MEASURED VALUES Ap(Qmn). Here, we show the resulting values for the
(inverse) valve conduction 1/c; (vVkPa/SLPM), and slope soo (SLPM/v/kPa/mm)

for xopen = T mm.
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PHYSICAL SYNCHRONIZATION OF SOFT
SELF-OSCILLATING LIMBS FOR FAST AND
AUTONOMOUS LOCOMOTION

PUBLISHED AS: Comoretto, A., Schomaker, H.A.H., and Overvelde,
J.T.B., Physical synchronization of soft self-oscillating limbs for fast and
autonomous locomotion, Sciernce 388, 610-615 (2025)

ABSTRACT

Animals achieve robust locomotion by offloading regulation from the
brain to physical couplings within the body. In contrast, locomotion in
artificial systems often depends on centralized processors. Here, we in-
troduce a rapid and autonomous locomotion strategy with synchronized
gaits emerging through physical interactions between self-oscillating
limbs and the environment, without control signals. Each limb is a single
soft tube that only requires a constant flow of air to perform cyclic step-
ping motions at frequencies reaching 300 hertz. Physical synchronization
of several of these self-oscillating limbs enables locomotion speeds that
are orders of magnitude faster than those of comparable state-of-the-art
robots. Through body-environment dynamics, these seemingly simple
devices exhibit autonomy, including obstacle avoidance, amphibious gait
transitions, and phototaxis.
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PHYSICAL SYNCHRONIZATION OF SOFT SELF-OSCILLATING LIMBS

4.1 INTRODUCTION

bodied solutions, harnessing the synergy between the nervous

system, body, and environment [13]. The foundation of animal
locomotion lies in the periodic and asymmetric motion of individual
limbs [14, 144] (Fig. 4.1A). Multiple oscillating limbs are typically coordi-
nated through a variety of embodied couplings, which are computation-
ally and metabolically inexpensive by diminishing or even eliminating
the need for sequential individual inputs from a central brain [14]. These
embodied couplings are often implemented through both internal neural
connections (i.e., explicitly) and external interactions with the environ-
ment (i.e., implicitly). For instance, stick insects achieve synchronized
walking gaits through both explicit neural connections and implicit body-
environment interactions, avoiding centralized patterning [18]. Sea stars
explicitly coordinate their five arms in a decentralized fashion through a
nerve ring [145] and occasionally exhibit a fast bouncing gait as an escape
response, with their hundreds of tube feet achieving synchronization®
through implicit mechanical coupling with the external substrate [9]
(Fig. 4.1A).

Inspired by nature, robots can delegate the locomotion task to their
bodies [72, 146], thus minimizing energy and time costs associated with
a central computer. For instance, by harnessing the dynamics of the
body, rigid robots based on passive-dynamic walkers [147] and synergy-
based quadrupeds [148] reduce, but do not eliminate, the amount of
control required for locomotion. Without processors, soft robots based
on twisting liquid crystal elastomers [73] and elasto-active structures [60]
harness shape reconfiguration to avoid obstacles autonomously. However,
due to the lack of limbs, their applicability is limited to specific tasks
and environments [149], in contrast to the wide spectrum of robust
behaviors typical of animals, which is often enabled by interactions
between multiple self-oscillators [70].

Among soft-limbed robots, fluidic circuits [45] sequence the activation
of limbs [125] for walking gaits [44, 53, 55, 57] without the need for elec-
tronic processors. However, fluidic circuits still emulate their electronic
counterpart [51], involving multiple, macroscopic, digital or analog com-
ponents that deliver sequential control signals. This architecture leads to
energy losses and delay across the fluidic network, causing slow sequenc-
ing of the limbs in the order of one hertz, with consequent ineffective
locomotion of only a few body lengths (BLs) per minute [44, 46, 49, 50,

NATURE masters the complex problem of locomotion through em-

We refer to synchronization as the emergence of a stable oscillatory pattern, which does not
necessarily require exact matching of the frequency and phase of the oscillators. In nature,
for instance, sea stars do not engage all their tube feet identically when synchronizing.
However, globally, a synchronized behavior emerges [145].



4.2 A SELF-OSCILLATING LIMB

53, 55, 57, 58, 150], which is impractical for most real-world applica-
tions [112, 151, 152]. Moreover, autonomous behavior of walkers with
fluidic processors remains elusive, with the exception of one-time-use
touch sensing [57] and reprogrammable sequencing of non-integrated
soft fingers [53].

Inspired by the movement principles of animals that do not require
centralized processing, we aim to harness physical synchronization of
limbs for rapid and autonomous locomotion in soft-limbed robots with
embedded fluidic circuits. To do so, in this work we introduce three levels
of behavioral hierarchy (Fig. 4.1B) based on i) asymmetric self-oscillating
motion at the limb level, ii) explicit internal fluidic coupling leading to
synchronized gaits, and iii) implicit coupling between body dynamics
and environmental interactions resulting in autonomous behavior. Based
on these principles, we develop robotic demonstrations that display rapid
locomotion and adaptive behaviors, providing fundamental and general
insights into how to instill autonomy in systems without electronic,
electronic-like mechanical [78], or fluidic [51] processors.

4.2 A SELF-OSCILLATING LIMB

To enable rapid locomotion without a central processor, here we develop
a limb that undergoes periodic and asymmetric motions by harnessing
a self-oscillating behavior of thin soft tubes, analogous to oscillations
occurring in flat tubes with flowing water [153], and reminiscent of
promotional air dancers [154] often seen by the roadside. We build the
limb by simply bending a thin-walled commercial silicone tube 180° and
constraining it at the inlet and outlet in a 3D-printed holder (Fig. 4.1C
and Fig. 4.34). If no airflow is provided, the tube displays two stable
states with either one [48] or two kinks (Fig. 4.1C,D). However, when we
apply a constant airflow of 15 standard liter per minute (SLPM) to the
inlet on the left side of the tube, the tube starts to spontaneously oscillate
between states with one and two kinks, at a frequency of approximately
100 Hz (Fig. 4.1E and Movie 4.1) (standard units of airflow in Table 4.4).

The motion of the tube during the oscillation cycle is intrinsically
asymmetric due to the applied directed airflow. As a result, the tip of
the limb, which we define as the point on the tube closest to a defined
surface (Fig. 4.1F and Fig. 4.12), traces a hysteretic trajectory in the x-
y plane orthogonal to the surface (Fig. 4.1G and Fig. 4.12). The tube,
therefore, acts as a limb that undergoes a full-step motion, with a pe-
riodic closed-loop sequence of stance and swing phases (Fig. 4.1G and
Movie 4.1), reminiscent of animals’ limbs [14] (Fig. 4.1A). For constant
input airflow, we delegate both the oscillation generation and the se-
quencing of the tip motion within each cycle directly to the limb itself,
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SELF-OSCILLATING LIMBS THAT CYCLICALLY PERFORM FULL-STEP MOTIONS. (A) An-
imals locomote by coordinating multiple limbs via explicit coupling through
neural connections or implicit coupling through interaction with the environ-
ment [9, 18, 145]. Each limb of the animal performs oscillating and asymmetric
(full-step) motions with stance and swing phases [14, 144]. (B) We exploit these
principles of explicit and implicit couplings between self-oscillating limbs for
autonomous locomotion in robots. Our artificial limb is a soft tube bent 180°
that, in static conditions, displays (C) one or (D) two kinks. (E) When constant
airflow of 15 standard liter per minute (SLPM) is provided at the inlet on the left
end, the tube self-oscillates at a frequency of 115 Hz (snapshots of one oscillation
cycle). (F) The tip of the limb is the point on the tube closest to a defined surface
(photograph with 0.5s exposure time, capturing ~ 50 consecutive oscillations).
(G) The tip cyclically undergoes a full-step loop trajectory, with a stance phase
followed by a swing phase (the reported tip trajectory coordinates % and {j are
normalized). Scale bars are 1cm.

bypassing the requirement of additional circuitry [45], either fluidic [55,
57] or electronic [39].

We next aim to empirically understand the switching behavior between
one and two kinks in the self-oscillating limb. To do so, we detect the
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outer and inner edges of the tube (Fig. 4.2A and Section 4.6.8) and
we map them on a new coordinate system along the center line of the
tube (Fig. 4.2B, Fig. 4.15, and Fig. 4.38). Focusing on the local minima
of the tube width, we indeed identify one or two kinks (Fig. 4.2B and
Movie 4.2). We refer to the kink with the smallest width as the dominant
kink, and the second kink (if present at that instant) as the non-dominant
kink.

From the location of the kinks in time (Fig. 4.2C and Fig. 4.15), and the
inlet pressure (Fig. 4.2D), we can identify four key steps during a single
oscillation cycle. At ~ 5ms (Fig. 4.2E), we observe two kinks staying
approximately at the same location on the tube until ~ 35ms (Fig. 4.2F).
During this time, the pressure at the inlet decreases, causing the non-
dominant kink to increasingly sharpen (Fig. 4.25). Between ~ 35ms and
~ 40 ms the non-dominant kink becomes dominant, while the other kink
disappears at ~ 40 ms (Fig. 4.2G). Until ~ 60ms, the only kink in the tube
starts to travel along the tube (Fig. 4.2H), as a result of an increase in
pressure before the kink (Fig. 4.17). Finally, after ~ 60 ms, a new kink
forms upstream again due to an increase in bending moment (Fig. 4.25).
This state (equivalent to Figure 4.2E) is characterized by a lower fluidic
resistance than the single kink state in Figure 4.2G, as both kinks have a
larger angle (Fig. 4.25), and thus causes pressure to drop again.

From a basic mass-spring model (Section 4.6.2), we gain insight into
three ingredients that lead to the self-oscillating behavior (Fig. 4.8): 1)
a local nonlinear torque-angle curve under bending leads to localized
kinking of the tube (Fig. 4.9); ii) the local flow resistance increases at the
kink location, leading to increased pressure before the kink (Fig. 4.24);
iii) pressurization of the tube increases the torque required for kinking
and unkinking (Fig. 4.9 and Fig. 4.11). Overall, for a constant inflow of
air, the internal pressure varies depending on the kinks’ resistance. In
turn, pressure decrease favors kink growth, and pressure increase causes
kinks to travel. This interaction between tube stiffening, kink growth
and travel, and change in resistance sets up a hysteric actuation loop
(Fig. 4.17) that results in the self-oscillating behavior for constant inflow.

We find that the frequency of the self-oscillation can be tuned by vary-
ing the flowrate through the tube. When we sweep the inflow between 0
and 20 SLPM, we observe three domains, with sharp transitions between
them (Fig. 4.3A). For inflow values below ~ 3.8 SLPM, the tube leaks
and does not oscillate (Fig. 4.16). For flowrates between ~ 3.8 SLPM
and ~ 11.4 SLPM, the system oscillates at frequencies between ~ 13 and
~ 45Hz. For even higher flowrates the frequency suddenly jumps to
higher frequencies above ~ 90 Hz.

This last sudden jump in frequency seems to be the result of structural
resonance (Movie 4.2). This can be seen from the increase in the distance
traveled by the kink (Fig. 4.3B,C and Fig. 4.15) and by the dramatic in-
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INTERPLAY BETWEEN PRESSURE AND KINKS' STATE ENABLES SELF-OSCILLATION.
(A) Detected edges of the tube (dark red) and coordinate system along the
tube (pink). (B) The dominant and non-dominant kinks correspond to the local
minima (black and grey dots) of the local width along the tube. The (C) location
of the kinks along the tube and (D) pressure inside the tube are coupled. (E, F,
G, H) State of the tube at four instants of the oscillating cycle.

crease in the kink velocity, that approaches a sinusoidal trend (Fig. 4.3D)
(Section 4.6.8 for the definitions of kink distance and velocity). In com-
parison, the kink location along the tube does not change considerably
when the flow is increased (Fig. 4.3E), therefore not constituting the
origin of the sudden increase in frequency. Another clue that resonance
is the reason for the high oscillation frequency lies in the observation
that the instant when the non-dominant kink forms is aligned with the
entire structure displacing backward (Movie 4.2). This results in the non-
dominant kink relatively quickly becoming dominant. This is apparent
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STRUCTURAL RESONANCE ENABLES HIGH OSCILLATION FREQUENCIES. (A) The oscil-
lation frequency displays three regimes for different inflow rates. Orange and
blue dots correspond to the non-resonating and resonating study cases at 6.5
SLPM and 16 SLPM, respectively. The tube has lower structural displacement
in the (B) non-resonating domain than in the (C) resonating domain, as shown
by the kink covering a shorter distance. (D) In the resonating case, the structure
undergoes high quasi-sinusoidal velocities, in comparison to the near-zero veloc-
ities of the non-resonating case. (E) The kink locations along the tube itself, for
the two cases, overlap.

when comparing the duration of the non-dominant kink within an oscil-
lating cycle for the two cases: the non-resonating tube shows a longer
delay required for the kink to become dominant (Fig. 4.3E, shaded dots
at kink location ~ 20 mm). We conclude that we can significantly increase
the oscillation frequency by exploiting the resonance of the structure, as
well as by varying design parameters (Fig. 4.14 and Fig. 4.22).
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Figure 4.4

On the left side.

SYNCHRONIZATION OF MULTIPLE LIMBS THROUGH EXPLICIT, INTERNAL COUPLING
FOR ULTRAFAST LOCOMOTION. (A) We couple two limbs in parallel to the same
input flow source of 15 SLPM with two identical silicone tubes. We observe
in-phase synchronization, with (B) simultaneous kink traveling and (C) aligned
pressure signals, or anti-phase synchronization, with (D, E) alternate activation
of the limbs. We scan the length of the coupling tubes, observing two separated
in-phase and anti-phase domains, as (F) the oscillation frequency of left and right
limbs match, and (G) the phase-shift is either ~ 0° or ~ 180°. (H) The tethered
robot has four limbs connected to a 3D-printed monolithic body, with four inner
coupling channels. (I) Comparison between tethered soft robots with internal
and external control and our robot equipped with synchronizing self-oscillating
limbs, in terms of relative speed and body length. (J) The robot achieves ultrafast
locomotion on a flat surface (speed ~ 30BL/s, 1.1 m/s). The four limbs, within
~ 3ms, simultaneously go through a (K, L) stance phase, followed by a (M, N)
swing phase. All scale bars are 1cm.

4.3 EXPLICIT INTERNAL COUPLING OF MULTIPLE LIMBS

The individual self-oscillating limb requires integration with other limbs
in a multi-limbed system to enable locomotion and autonomy in robotic
applications. With the goal of synchronizing the activation of several
limbs to generate specific gaits, we couple two limbs by connecting
them in parallel to a single input, using two identical coupling tubes
with an inner diameter of 2mm (Fig. 4.4A). When providing a constant
airflow to the inlet we observe that coupling tubes shorter than 12cm
lead to in-phase synchronization. The result is that the two kinks travel
simultaneously (Fig. 4.4B) and the pressure signals align (Fig. 4.4C and
Movie 4.3), even though the natural frequencies of the two limbs are not
identical and differ by ~ 5Hz (~ 2%) (Fig. 4.19). In contrast, coupling
tubes longer than 12 cm result in anti-phase synchronization where the
limbs alternatively activate with a phase shift of ~ 180° (Fig. 4.4D,E and
Movie 4.3).

When scanning a wide range of the coupling tubes’ length, we note
a sharp transition between the in-phase and anti-phase eigenmodes
(Fig. 4.4FG). When placed at this transition, the system continuously
switches between the in-phase and anti-phase eigenmodes (violin plot at
12 cm in Figure 4.4G, Figure 4.19, and Movie 4.3).

This synchronization effect is reminiscent of strong coupling between
the two oscillators [155]. In soft systems, strong coupling has previously
been observed in mechanically-coupled liquid crystalline oscillators [156],
while here the coupling is induced by the fluidic interconnections.
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Based on these findings, we build a robot with four strongly-coupled
self-oscillating limbs, assembled onto a 3D-printed body with short
inner channels with length ~ 1.5cm, connected in parallel to a single
tether (Fig. 4.4H, Fig. 4.36, and Fig. 4.37). We orient the limbs with a
30° angle to the surface to optimize the effective stance (Fig. 4.12 and
Fig. 4.13). When we provide a constant inflow of ~ 28 SLPM to the tether
(Fig. 4.26), the robot accelerates (Movie 4.4), reaching a steady-state
speed of 30 + 2.5BL/s (1.1m/s) (Fig. 4.41]), with a response time of 0.66 s
(Fig. 4.26) and Froude number ~ 20.6 (Section 4.6.5). This speed is two
orders of magnitude higher than comparable state-of-the-art tethered
robots with internal actuation sequencing [55], and similar to current
ultrafast tethered soft robots that need external control [157] (Fig. 4.41,
Fig. 4.32, and Table 4.1).

Looking closely at the gait in Figure 4.4K-N and Movie 4.4, we observe
that all the limbs autonomously activate in synchrony, since we used
short inner coupling channels. The robot runs with a stotting gait, typi-
cal of gazelles [158], reached after some initial transient asynchronous
behavior which lasts ~ 0.2s (Movie 4.4). Note that the four limbs oscillate
at a frequency of ~ 300 Hz (Fig. 4.4K-N), about three times higher than
the case of the single limb that we analyzed in Figure 4.2, because the
tubes are smaller in diameter by a factor ~ 0.8 and shorter in length by a
factor ~ 0.5 (Section 4.6.5).

4.4 IMPLICIT ENVIRONMENTAL COUPLING FOR AUTONOMY

Even though our robot achieved ultrafast locomotion without external
control, it still required a tether that provides a power of ~ 85W, leading
to a relatively high cost of transport of ~ 1926 (Section 4.6.5). At the
moment, it is not possible to generate this power from a lightweight
on-board pressure source, making this robot not directly suited for
untethered applications. We find that the main limitation comes from the
required flow of ~ 3.8 SLPM for the individual limb to not leak through
the kink and start oscillating (Fig. 4.3A and Fig. 4.16). We hypothesize
that an increase in kink resistance can reduce the leakage and thus
the minimum flow needed to achieve self-oscillation, thus reducing the
required power.

We modified the design of our tubes by heat-sealing two thermoplastic
polyurethane (TPU) sheets along two parallel lines. We mount this
TPU component to a hinge joint to obtain a self-oscillating pouch limb
(Fig. 4.35). This updated limb has a much higher flow resistance upon
kinking (Fig. 4.25) and performs the full-step oscillation (Fig. 4.5A) with
a minimum input airflow of only 0.1 SLPM (Fig. 4.20). Compared to the
silicone tube limb, we observe a lower oscillation frequency of maximum
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oscillating
limb Balance limb

Figure 4.5

A POUCH LIMB FOR UNTETHERED LOCOMOTION. The updated pouch limb (A)
cyclically performs full-step motions with a low inflow of 0.3 SLPM, (B) dis-
playing large hysteresis and stroke enabled by a hinge joint. (C) We mount two
self-oscillating limbs on an untethered robot that carries a LiPo battery and two
pumps. (D) The robot cyclically hops with (i, ii) a stance phase followed by (iii,
iv) a swing phase. All scale bars are 2 cm.

~ 3.5Hz (Fig. 4.20 and Fig. 4.22). This is likely due to the higher geometric
volume of air required for the kink to travel (~ 2.5mL compared to
~ 0.04mL, Section 4.6.3) which leads to a longer kink traveling time, and
the absence of a resonant mode. However, this frequency reduction is
compensated by a larger stroke per cycle of the pouch limb (Fig. 4.5B,
Fig. 4.20 and Movie 4.1).

We build an untethered robot with two pouch tubes as soft limbs, each
requiring only ~ 0.06 W of fluidic power (Section 4.6.3 and Fig. 4.21), and
each connected to its own 3V air pump, powered by a 3.7 V LiPo battery
with 380 mAh (Fig. 4.5C, Fig. 4.36, and Fig. 4.37). The total weight of
the assembled robot equals 76.7 g, which is ~ 6 times lower than the
maximum force two pouch-based limbs can provide (Fig. 4.23). When we
turn the pumps on, the robot starts to cyclically hop at a rate of ~2Hz
(Movie 4.5), with each hopping cycle characterized by a stance phase
followed by a swing phase (Fig. 4.5D). The untethered robot moves with
a speed of 1.93+0.07BL/s (18.1cm/s) (Fig. 4.26), which is one order of
magnitude faster than untethered soft fluidic robots [49], and comparable
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Figure 4.6

SYNCHRONIZATION OF LIMBS THROUGH IMPLICIT INTERACTION FOR FAST, UNTETH-
ERED LOCOMOTION. (A) The two limbs are not synchronized when the system is
upside down, because they are independently powered by the two pumps. (B)
When the robot interacts with the ground, the two limbs synchronize. (C) While
interacting, the pressure signals of the two limbs increase, and the frequencies
equalize. Scale bars in A and B are 2cm.

to state-of-the-art untethered soft robots [159] (Fig. 4.33 and Table 4.2).
Under the tested conditions, the robot locomotes with a cost of transport
~ 11, in the same order of land animals of comparable size such as
mice [160], and with Froude number ~ 0.16 (Section 4.6.5).

In this untethered scenario, the robot’s high speed is attributed to the
synchronization of the soft limbs. However, in this case, synchronization
emerges due to implicit interactions with the environment, and not
through embedded fluidic connections as was the case for the tethered
robot, as each limb has its own power source. In principle, we observe
that the two limbs actuate at different natural frequencies and thus out
of phase when placed upside down (Fig. 4.6A and Movie 4.5). When
we flip the robot into the working position where the two limbs interact
with the ground, either on a flat surface (Fig. 4.6B) or on gravel (Fig. 4.27
and Fig. 4.29), the limbs start to actuate simultaneously and in-phase,
while requiring higher pressures (Fig. 4.6C and Movie 4.5). This in-phase
synchronization results from the positive coupling between the limbs,
where the activation of one limb stimulates the activation of the other
limb. Additional mass stabilizes the in-phase synchronized mode and
improves the tolerance to imbalance in left and right input flows (Section
4.6.5 and Fig. 4.31).

Harnessing such implicit interactions to achieve synchronization also
enables autonomous behaviors, as external cues can affect the coupling
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between the body dynamics and the environment. For instance, through
implicit coupling with its surroundings, the robot autonomously transi-
tions to a new locomotion gait when interacting with an aquatic environ-
ment (Fig. 4.7A and Movie 4.6), without requiring any control input [70]
or morphological change [160]. After diving into the water, the in-phase
hopping gait within seconds transitions to an anti-phase gait (Fig. 4.7B),
which is stable in steady-state conditions, with a phase shift of 181 + 8°
(Section 4.6.5). The anti-phase gait seems to be stabilized by a sideways
swaying of the robot, leading to negative coupling in which the activa-
tion of a limb suppresses the activation of the other limb (Movie 4.6). To
confirm this, we check that manually constraining the swaying motion
causes the limbs to not synchronize anymore (Movie 4.6). Therefore,
the coupling between the body dynamics and the surrounding medium
determines the stability of a specific gait for the robot and, thus, its
behavior.

When encountering an obstacle, too, the mechanical interactions be-
tween the body and an obstacle cause temporary asynchronous activa-
tion of the legs, resulting in the robot steering in place and avoiding the
obstacle (Fig. 4.7C and Movie 4.6). By harnessing these environmental
cues, the robot changes behavior and autonomously escapes a U-shaped
obstruction after noisy and consecutive random changes of direction
(Fig. 4.30 and Movie 4.6).

As the amphibious locomotion is unidirectional and the body-obstacle
interactions result in random outcomes (Movie 4.6), we propose that
additional sensing is still needed to provide the robot with a high-level
sense of direction. We take inspiration from Braitenberg’s ‘aggressive
vehicle 2b’ [1], and design internal connections by equipping the robot
with two ‘eyes’ (LDR light sensors) that activate the opposite soft limbs
when sensing light (Fig. 4.7D and Fig. 4.37). This relatively simple robot
achieves autonomous phototaxis, as it steers in place when only one eye
detects light and implicitly coordinates the limbs to hop forward when
both eyes do (Fig. 4.26 and Movie 4.7). Outside of the lab, this allows the
robot to move from a dark room to a brighter one (Movie 4.7) and to
continuously follow an operator who carries a light (Fig. 4.7E).

4.5 DISCUSSION

In conclusion, we leverage kinks traveling along a soft tube to create a
self-oscillating limb that cyclically performs a full-step motion at high fre-
quencies. Inspired by nature, we blur the boundaries between actuation,
control, and body-environment feedback by physically synchronizing
multiple limbs via explicit and implicit couplings, realizing rapidly
moving, autonomous robots.
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AUTONOMY THROUGH PHYSICAL INTERACTIONS WITH THE ENVIRONMENT. (A) After
diving into the water, the robot equipped with buoyancy pouches (50 mL of air)
autonomously transitions to an anti-phase swimming gait, through the implicit
coupling with the new aquatic environment. (B) The phase shift between the
two self-oscillating limbs is ~ 0° (in-phase) when hopping on the ground and
spontaneously transitions to ~ 180° (anti-phase) when interacting with water. (C)
When encountering an obstacle, the mechanical interactions (white circles) cause
the limbs to activate asynchronously and, as a consequence, the robot steers in
place, avoiding the obstacle. (D) To provide the robot with a high-level sense of
direction, and inspired by Braitenberg’s ‘aggressive vehicle’ [1], we cross-link
light sensors (eyes) and the pumps so that a limb is active when the opposite eye
detects light. (E) This robot achieves autonomous phototaxis by steering in place
when only one eye is active and hopping forward when both eyes are, following
an operator that carries a light in a real-world environment. Scale bars in A and
Care 2cm.



46 SUPPLEMENTARY INFORMATION

The observations from the various robotic demonstrations we per-
formed point toward the potential of a holistic and overarching approach
when designing robots, to achieve robust and adaptive behavior across
diverse environments. This approach does place emphasis on the phys-
ical design of the highly interacting robot, and therefore, it will likely
require the development and improvement of available design tools for
these types of integrated systems [161] to discover or design useful and
robust emergent dynamic behaviors.

In addition, we envision opportunities in utilizing the coupled sys-
tems as physical models [162, 163] for exploring how morphology and
body-environment interactions result in autonomous behaviors across
scales, from non-neuromuscular multi-cellular organisms [164] through
microrobots with no microelectronics [110] to meter-scale devices [165]
and animals [68].

Such a holistic approach opens up a playground of opportunities for
versatile, autonomous behaviors without the need for a central controller,
of which here we have only scratched the surface.

46 SUPPLEMENTARY INFORMATION

Links and descriptions of the movies are reported in Section 4.6.1. The
mass-spring model is reported in Section 4.6.2. Additional experiments
on the self-oscillating limbs are reported in Section 4.6.3. In Section 4.6.4,
we study the kink formation in thin tubes undergoing bending. Addi-
tional experiments on the locomoting robots are reported in Section 4.6.5.
We describe the manufacturing procedure of limbs and robots in Sec-
tion 4.6.6. The details of the experimental setups are reported in Sec-
tion 4.6.7. In Section 4.6.8, we describe our pipeline for the numerical
analysis of the high-speed recordings data. For brevity, we refer to the
self-oscillating limb as the ‘actuator’. All data, code, and manufacturing
tools are available at our Zenodo repository [166].

4.6.1  Movies

All the movies related to this chapter are available at this link. If you are
holding a paper version, you can scan this QR code:

o
5{- By
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MOVIE 4.1

THE SELF-OSCILLATING LIMB. The self-oscillating limb is a soft
tube bent 180° and constrained in a rigid holder. i) The limb per-
forms a full-step motion while self-oscillating at a high frequency
of ~ 100 Hz, when constant input airflow of 15SLPM is provided.
High-speed recordings highlight the asymmetric cyclic motion of
the limb, in slow motion (200x slower, repeated movies of two
consecutive oscillations). The trajectory of the limb’s tip on the
actuating plane shows that the x- and y-coordinates are intrinsi-
cally sequenced, tracing the full-step loop in the plane. ii) The TPU
pouch version behaves similarly to the silicone tube limb, while
exhibiting higher stroke and hysteresis in the actuation, at lower
frequencies. iii) The self-oscillating limb is versatile, operating with
both compressible (air) and incompressible (water) driving fluids.
We supply water flows of 333 mL/min to the silicone tube limb and
56 mL/min to the TPU pouch limb, respectively.

MOVIE 4.2

THE RESONATING BEHAVIOR. High-speed recordings highlight
that the resonating behavior of the limb enables high frequencies of
oscillation. i) We detect the edges of the tube for each frame of the
recording. The kinks are the points along the tube corresponding
to the minima of the tube width (distance between edges). The
behavior of the tube width in time (40x slower, repeated movies
of two consecutive oscillations) shows that the kinks arise, travel,
and disappear along the tube. ii) The distance covered by the
kinks on the plane and their velocity show that high frequencies
of oscillation are triggered by resonance. The distance covered by
the kink in the resonating case overshoots by ~ 50% the one of the
non-resonating case. The kink velocity in the resonating case is
quasi-sinusoidal and reaches ~ 3.5m/s, while in the non-resonating
case is not quasi-sinusoidal and stays close to zero.

MOVIE 4.3

SYNCHRONIZING VIA FLUIDIC COUPLING. We realize strong
coupling between two self-oscillating limbs through parallel con-
nection to the same flow source of 15SLPM using Y-connected
tubes. We vary the length of these coupling tubes, and we display
the measured pressure and the high-speed recordings (200x slower).
For short coupling tubes of 7cm, we observe in-phase synchro-
nization (same frequency, phase ~ 0°). For longer coupling tubes
(17 cm), we observe anti-phase synchronization (same frequency,
phase ~ 180°). There is a critical length for which the behavior
transitions from in-phase to anti-phase. When the system is placed
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at this transition (12cm), the self-oscillating limbs continuously
alternate between the two eigenmodes.

MOVIE 4.4

THE TETHERED ROBOT. The tethered robot runs at more than one
meter per second with a stotting gait. As a reference for scale, the
body length of the robot is 36 mm. i) The robot design consists of
a monolithic rigid body and four tubes as self-oscillating limbs.
The robot moves at 30 + 2.5 body lengths per second (1.1 +0.09m/s)
among six runs. ii) High-speed recordings of the robot (400x and
800x slower) show that the four limbs perform full steps with in-
phase synchronization, being fluidically coupled through the inner
channels. The robot is locomoting with a stotting gait. When the
robot is not in contact with the ground, the four limbs are still
synchronized, confirming that the coupling arises from the fluidic
internal connections and not from the interaction with the ground.
iii) When the four limbs are not synchronized, the robot stumbles,
and ultrafast speeds are not reached anymore (10x slower).

MOVIE 4.5

THE UNTETHERED ROBOT. The untethered robot exploits envi-
ronmental interactions to achieve in-phase synchronization of two
limbs, moving at 1.9 body lengths per second. All the recordings
are in real time. i) The untethered robot is equipped with two self-
oscillating limbs, two mini air pumps, a LiPo battery, and two rigid
balance limbs. When the pumps are turned on, the robot displays
a hopping gait. ii) Occasionally, we observe a transient phase with
no synchronization of the limbs during the startup of the pumps.
iii) When upside-down, the limbs do not synchronize, as they are
independently powered by two distinct fluidic lines (one pump for
each limb). iv) When we flip the robot into locomotion position, the
limbs synchronize thanks to the interaction with the environment,
as shown by the pressure signals of the two limbs aligning.

MOVIE 4.6
AUTONOMY THROUGH PHYSICAL INTERACTIONS WITH THE
ENVIRONMENT. The untethered robot exploits body-environment
interactions to transition between locomotion gaits depending on
the medium, and to navigate obstacles autonomously. i) Before
diving into the water, the robot hops on the ground with an in-
phase gait. After diving, the robot autonomously transitions to
an anti-phase swimming gait. This change in behavior occurs
spontaneously via the implicit coupling with the new medium,
without any control input or change in morphology. The phase
shift of the swimming gait, obtained from the measured pressure
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signals, is stable around ~ 180°. ii) We prevent lateral swaying
by manually blocking the body of the robot. In these conditions,
the implicit coupling between the buoyant body and water is
inhibited, and the limbs do not synchronize anymore, as seen
by the phase shift assuming all values between 0° and 360°. iii)
When hopping on the ground, the limbs temporarily get out of
synchronization when the robot is externally perturbed, and then
return to the stable synchronized mode. iv) When encountering
an obstacle, too, the robot exits the synchronized mode and steers
in place, randomly either to the left or right. This behavior is
stochastic, as it relies on noisy, friction-dominated interactions.
v) The robot harnesses the noisy body-obstacle interactions to
escape a U-shaped obstruction autonomously, through consecutive
random changes of direction (8x and 16x faster). vi) When the
robot navigates among multiple (seven) obstacles, the outcome
is unpredictable due to the stochasticity of the interactions. We
overlay eight different runs recorded from above (6x faster).

MOVIE 4.7
AUTONOMOUS PHOTOTAXIS THROUGH INTERNAL CONNEC-
TIONS. The untethered robot exhibits autonomous phototaxis
through internal connections directly between sensors and limbs. i)
We design a high-level sense of direction through internal connec-
tions between the limbs and two photoresistors. The photoresistors
are placed facing the front-left and front-right directions. The front-
left photoresistor is connected to the right limb, and vice-versa
for the front-right sensor, inspired by Braitenberg’s ‘aggressive
vehicle’ [1]. In this way, when the light is coming, for example,
from the front-left direction, the right limb will be active, and the
robot will steer to the left. The robot autonomously moves toward
the light (real time and 8x faster). ii) We place the robot in a dark
room. When we open the door of another room, the robot prefers
the brighter one (real time). iii) The robot autonomously follows
an operator that carries a light in a real-world environment, the
coffee corner at AMOLF (16x faster).

4.6.2  Mass-spring model of the self-oscillating behavior

To gain fundamental insight into the self-oscillating behavior, we de-
veloped a basic mass-spring model. In summary, from the model, we
learn three fundamental reasons behind the self-oscillating behavior: 1)
the localized kinking of the tube is associated with a local nonlinear
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torque-angle curve under bending; ii) the local flow resistance increases
when kinks are formed, leading to increased pressure before the kink;
iii) the internal pressurization increases the torque required for kink-
ing and unkinking. We will now proceed to elaborate in detail on the
development of the model and on the results of the simulations.

Model description

We represent the tube (mechanically) as a series of point masses con-
nected by linear and torsional springs, simulating both stretching and
bending resistance (Fig. 4.8A). The tube is discretized into N point
masses, each of mass m, connected by linear springs of rest length L,
and spring constant ks, and torsional springs with stiffness ky,. The
positions of the nodes are denoted by:

ry = (Xi/yi)l (41)

fori=1,2,...,N. We implement the model using a non-dimensionalized
framework to view the relative differences of the parameters in the
equations and describe the qualitative behavior.

The dynamics of each node i are governed by Newton’s second law:

2
m% = Flinear,i + Ftorsional,i - C%/ (4-2)
where c is the damping coefficient?, Fineq i is the net force due to linear
springs, and Fyysional i is the net force due to torsional springs acting on
node i.
The linear spring forces? are calculated based on Hooke’s law for
adjacent nodes:

i-T

T -1 i —Ii4
Flinear,i = —ks | (¢i,i-1 - Lo)ﬁ + (Liie1 - Lo)% , (43)
ii- ii+

where {; ; = |r; — ;] is the distance between nodes i and j.
The torsional spring forces arise from the resistance to bending be-
tween consecutive segments:

Ftorsional,i =—kp-(01-00), (4-4)

Note that we implement numerical damping (and not mechanical damping), as the
damping coefficient ¢ multiplies the derivative of the nodes’ coordinates (and not the
nodes’ physical velocity).

Experimentally, we observe that the tubes in our operating conditions tend to bend more
than contract or extend, so the contribution of the linear springs could be neglected. For
completeness, we build the model considering both contributions, and we will assign a
larger stiffness to the linear spring than to the torsional springs.
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where 0; is the angle at node i between segments r; —r;_7 and ri, — 1y,
and Oy is the rest angle. In our case, the rest configuration is when the
tube is straight, so 0¢ = 7. The angle 0; is computed using:

0; = arctan2 (Cy,Dy), (4-5)

where C; and Dj are, respectively, the cross product and the dot product
of vectors ry —rj_7 and ri q —ry:

Ci = (xi =%i-1) - (Yi+1 = Y1) = (Yi =Yi-1) - (Xis1 = %i)

, .6
Di = (i =%i=1) - (Xi+1 = %) + (Yi = Yi-1) - (Yi+1 ~ Y1) (46)

where we used the notation for r;_1, r;, and r;i,1 in Eq. (4.1).

Non-dimensionalization

To reduce the complexity of the equations, we non-dimensionalize the
system using characteristic scales:

e length scale: the rest length of the linear springs, Lo;

. T
e time scale: tg = 4 /k—,‘
S

* mass scale: the mass of each node, m.
We further define the non-dimensional variables as:

¢ non-dimensional position, with r being the dimensional position:

= 4-7)

t, =T (48)

* non-dimensional velocity:

dr’  to dr
I = — = T . .
VTar T, dt (49)
The non-dimensional parameters are:
kb to
=—>—, (=c—, .10
n kL2 - (4.10)
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MASS-SPRING MODEL TO SIMULATE THE SELF-OSCILLATING BEHAVIOR OF A TUBE.
(A) Mechanical mass-spring model representation of the tube, with point masses
at nodes connected by linear and torsional springs that simulate stretching and
bending. (B) Assumption one: nonlinear torque-angle curve 3(8) of the torsional
springs. We also report the reference points used for interpolation (31, 32, and
B3). (C) As a consequence of assumption one, when inlet and outlet are moved
closer together, a kink forms in the tube, because that specific torsional spring
snaps to the other stable branch between 3, and 3. (D) Assumption two: the
section of the tube before the dominant, sharpest kink (red dot), on the inlet side,
is pressurized because the kink locally increases fluidic resistance under flow-
controlled conditions (Fig. 4.24 and Fig. 4.25) (larger white dots correspond to
higher pressure). (E) Assumption three: the torsional springs on the pressurized
section of the tube are stiffer by a factor . In this specific case, we assigned « = 2.

resulting in the equations of motion in non-dimensional form:

a’r! , dr!
dt 121 = Flinear,i + Ftorsional,i - Cditl,/ (4.11)
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where the non-dimensional forces are calculated similarly to their di-
mensional counterparts but using non-dimensional variables. The non-
dimensional linear spring forces are:

r -1 r/ —r!

/ -1 ! +1
Flineari = = | (ti-1 = )(%,71+( Livi— D=, (4.12)
ii-1 ii+1

where ﬂ{j = |r{ - rj’ |. The non-dimensional torsional spring forces are:

tlorsional,i =-n (e{ - ”T)/ (4.13)

with 0 computed using the non-dimensional positions.

Assumption one: nonlinear bending stiffness

Since we model the system with a set of torsional springs and near-
rigid bars (linear springs with high stiffness compared to the torsional
springs), we experimentally characterize the behavior of the tube under
controlled bending. This will inform us about the torque-angle curve of
the kinking tube. We will transfer this information to the torque-angle
curve of the non-dimensional torsional springs in the model.

We use a microtorsion testing machine (Instron MT1-E1) to increase the
bending angle quasi-statically, at a rate of 130 °/min. At the same time,
we measure the torque exerted on the tube (load cell W-5510-T4 with
torque capacity 0.225 N m), and we regulate pressure inside the tube with
a Festo™ pressure regulator (details on the setups in Section 4.6.7). In
Figure 4.9A, we report the measured torque-angle curve of the silicone
tube (with inner diameter 2.5mm, thickness 0.4mm) for a pressure
of 20kPa. In Figure 4.9B, we also report snapshots of the experiment
at four angle values. We observe that the torque-angle curve is non-
monotonic, displaying the negative-stiffness regime typical of snapping
structures (parallel to the negative stiffness of the pressure-volume curves
of nonlinear inflatable elements [167], but in the torque-angle regime).
While kinking, the tube goes through an unstable regime when bending
stiffness is negative, displaying a peak and a valley (Fig. 4.9A, red and
blue dots).

To qualitatively capture the experimentally observed non-monotonic
mechanical behavior of the tube during the kinking process, we redefine
the torque-angle curve for each node F; . . as a nonlinear function of
the torque with respect to the bending angle 0:

tors1onal =P (9 ) (4.14)

We introduce a negative stiffness regime in 3(6) by using interpolation
techniques that allow us to specify the peaks and minima of the torque
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angle curve. This approach enables us to simulate the nonlinear behavior
of the tube when the kink forms, which is assumption one (Fig. 4.8B).
We define a set of control points representing the desired torsional force
values at specific angles. These points are determined by a vector of
stiffness parameters ky, = [0, B1,B2], corresponding to the torque at
key angular positions. The torsional force function 3(6) is constructed
using a Piecewise Cubic Hermite Interpolating Polynomial (PCHIP). The
control points are given by:

edata = [OI 03/ ZTT[IZT[]/
Kb, data = [0, B0, B1,B2]-

Using these points, the bending stiffness function becomes:

[3(9) = PCHIP(edatar kb,data)(e)r (4-16)

where PCHIP denotes the interpolation operator.

The negative stiffness regime in the 3(0) curve introduces an unstable
equilibrium at a bending angle of 0.3 (Fig. 4.8B). When the tube’s ends
are brought closer together, the bending angles at the nodes increase, and
the system seeks to minimize its elastic potential energy. The negative
stiffness regime results in a sudden increase in the bending angle of an
element (a kink) as the system moves toward the local energy minima.
This phenomenon effectively models the kinking behavior observed
when bending flexible tubes [48]. To introduce the kink in our simulated
system in the most natural way, we initialize the system in half a circle
with a curvature where the stable equilibrium of the system does not
have a kink; we then drive the outer ends of the system closer together to
a point where the system kinks (Fig. 4.8C). After we bring the endpoints
closer together, we fix their positions for the rest of the simulation.
Mathematically, we defined a movement function for the first two nodes:

(4.15)

f et if t7 <400,
Xl,(t,) — {vaVe 1 (417)

Viove <400, if t7 > 400,

move

‘ 4 . . .
where v/, e = — is the non-dimensional movement rate.
400

Assumption two: the local flow resistance increases at the kink location

In the case of the self-oscillating tube, we assume that the point of high-
est curvature acts as a dominant fluidic resistance in the tube (Fig. 4.2,
Fig. 4.24, and Fig. 4.25). This higher fluidic resistance will cause a pres-
sure difference before and after the kink (point of highest curvature). As
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TWO EXPERIMENTAL OBSERVATIONS THAT INFORM THE MASS-SPRING MODEL TO
SIMULATE THE SELF-OSCILLATING TUBE. Using a microtorsion testing machine, we
increase the bending angle of a silicone tube of length 36 mm, and we measure
the torque while regulating pressure inside the tube. (A) Observation one: we
observe a non-monotonic torque-angle response, with a negative stiffness branch
between a peak (red dot) and a valley (blue dot): the formation of the kink is a
mechanical instability. (B) Snapshots of the tube at angle (i) 37.5°, (ii) 75°, (iii)
112.5°, (iv) 150°. (C) Observation two: when increasing the pressure inside the
tube, higher torques are required to kink and unkink the tube. (D) A thicker
silicone tube with inner diameter 3 mm and thickness 1 mm still displays the
non-monotonic response, but the relative change in behavior upon pressurization
is lower than in the case of the thinner tube in C.
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a result, the nodes on the side of the air inflow (left) up to and including
the kink (point of highest curvature) will be under more pressure than
the nodes on the other (right) side of the kink (Fig. 4.8D). In our model,
we do not directly model the flow. Instead, we assume that the kink
leads to infinite fluidic resistance.

Assumption three: pressurization of the tube increases the torque required for
kinking and unkinking

Experimentally, we observe that the torque required to form a kink in-
creases as the pressure in the tube increases (Fig. 4.9C,D). Mathematically,
we represent this effect by introducing a stiffness multiplier, denoted
as k, which multiplies the baseline torque-angle curve (Fig. 4.8E). The
torque-angle curves for nodes that are in a “pressurized” state (i.e., that
are on the left to the kink, including the kink) are modified as follows:

B'(0) = k- B(0), (4.18)
where:
* B’(0) is the torque-angle curve for nodes under higher pressure.

* k is the stiffness multiplier (x > 1) representing the effect of
pressure-induced stiffening.

* (3(0) is the baseline torque-angle curve, as previously defined in
Eq. (4.16).

Implementation of the three assumptions in the model

To incorporate these two assumptions into our numerical simulation, we
perform the following steps.

1. Forming the kink: at the start of the experiment, we drive the fixed
nodes closer together to form the kink (Fig. 4.8C). From t’ = 400
onwards, we fix their positions for the rest of the simulation.

2. Kink detection: at each time step starting from t" = 600, we identify
the node with the maximum deviation from the rest angle 6 = 7.
This node corresponds to the location of the kink (red dot in
Figure 4.8D).

3. Pressure-induced stiffening: once the kink is identified, we increase
the bending stiffness of all nodes to the left of the kink (including
the kink node) (Fig. 4.8D) by multiplying their torque-angle curve
by « (Fig. 4.8E).
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4. Time-dependent stiffening: to approximately model the gradual
effect of pressure buildup, we use a sigmoid function to smoothly
transition the stiffness increase over time:

k(t') =1+ 6K-S(t' _tliink)’ (4.19)
where:

® 8K = Kassigned — | is the maximum scalar with which the force
is multiplied. So, effectively, k transitions smoothly from 1
to the assigned value Kyssigned- Note that in the remainder of
the text, for simplicity, when we refer to the assigned stiffness
multiplier, we use «.

. tliink is the non-dimensional time when the kink is formed.
e S(t’) is the generalized sigmoid function:

1

, —
S(t) = 1 +e-k(t'=x0)’

(4.20)
with parameters k controlling the slope and x( the midpoint
of the transition.

5. Updating torsional forces: the torsional spring forces for nodes i on
the left of the kink i <= iy, are recalculated using the increased
torque:

torsional.i = ~K(t) - B (81 —7), for <= ink. (4.21)

6. Time-dependent softening: for the torsional spring force acting
on the nodes on the right side of the kink, we use the inverse of
Eq. (4.20) to smoothly transition back to the initial () curve. t;; .
is updated to the t’ where 1 > ijjnx.

Results of the model

When we drive the inlet and the outlet closer together, a kink forms
(Fig. 4.10A). At non-dimensional time t’ = 600 (start), we enforce as-
sumptions two and three, i.e., the stiffening of the springs on the left of
the kink (Fig. 4.10B). We observe the kink propagating along the simu-
lated tube (Fig. 4.10C). Since assumption one also holds for the stiffer
springs (that is, the stiffer springs are also nonlinear in the torque-angle
behavior), a new kink forms in the stiffer region of the tube (Fig. 4.10C,
pink star). This kink will then travel again due to the stiffening, and the
cycle repeats.

We visualize the evolution of the simulated system# in the spatiotem-
poral domain (Fig. 4.10D), noticing the single kink with one angle at a

4 We refer to our Zenodo repository [166] for the implementation of the Python simulations.



46 SUPPLEMENTARY INFORMATION

A B » o
N 3
,: wv
a wv
m s HE
> & 5
=z
w1 2
E \/
= L O A N O T g
o g o o 5
c —‘I._
s L LN 3
T — g
© £
o <>}
= -0
1%
K]
0 T T

0 Start 1000 1200

naaaaaanad

_. Location along tube
| ]
|
1
0 (radians)

~
w

1000 1100 1200

Figure 4.10

SIMULATION OF THE MASS-SPRING MODEL OF THE TUBE. (A) We start the simulation
by displacing the inlet side toward the outlet side, and, as a consequence of
assumption one (Fig. 4.8), a kink forms around the center. (B) We enforce
assumptions two and three (Fig. 4.8). (C) As a consequence of the three assump-
tions, after the kink forms, the stiffening on the left side of the kink results in the
kink traveling along the tube. When the kink reaches a critical location along the
tube, a new kink forms in the stiffer section (pink star), because the springs in
the stiffer part of the tube still exhibit the nonlinear behavior of assumption one.
(D) Spatiotemporal signature of the system, i.e., the angles of the springs on all
locations along the tube, over time. From non-dimensional time t’ = 600 (start),
the stiffening (assumption two and three) is enforced, and the kinks arise, travel,
and disappear cyclically at a stable frequency. (E) Spatiotemporal signature for
two full oscillation cycles, showing how the second instability causes two kinks
to briefly appear simultaneously. A switch in the dominant kink is then ob-
served, leading to the spontaneous reset of the system, such that the cycle repeats.
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high value (red) and all other angles at a low value (grey) until t’ = 600.
After switching on assumptions two and three, the system self-oscillates
at a stable frequency (Fig. 4.10D). We look at the spatiotemporal signa-
ture of two consecutive oscillations in Figure 4.10E. For a short amount
of time, two kinks exist simultaneously on the tube, in accordance with
the experimentally observed behavior (Fig. 4.2). The duration of this
two-kink state is, however, shorter (in relation to the traveling duration)
when compared with the experiments in Figure 4.2C. Indeed, in terms
of this two-kink state duration, it seems that our model is capturing the
dynamic, resonating case in Figure 4.3E. When the newly formed kink
eventually becomes dominant, it will travel again in the next cycle.

These results confirm that the model captures the essential features of
a self-oscillating tube, including kink formation, traveling, and sponta-
neous cyclic resetting. This self-sustained oscillatory behavior emerges
from three experimentally proven assumptions. Note that this model still
captures the oscillating behavior despite approximating the dynamics
of the fluidics. In fact, for simplicity, we model a sudden increase in
pressure as a consequence of the kink. However, in reality, the fluidic re-
sistance would suddenly increase, and pressure would smoothly increase
as a consequence. As we learned in Chapter 3 [88], the variable pressure,
given constant inflow, would follow the orifice dynamics, which we did
not include in this coarse-grained model.

From this model, we also learn that when the stiffening of the pressur-
ized section is not high enough, the kink does not travel along the tube.
In fact, when the stiffness multiplier « is low, up to 1.5 (Fig. 4.11A), the
formed kink does not propagate along the tube (Fig. 4.11B,C,EG). For
k = 1.7 we observe the kink traveling once, likely due to inertia effects,
but subsequent oscillations are not sustained (Fig. 4.11D,H). When the
stiffening is high enough (for k = 1.9), the kink is able to travel, and a
new kink forms when the previous one reaches the critical position along
the tube (Fig. 4.11E). This results in the system sustaining subsequent
self-oscillations (Fig. 4.11I).

This key role of the pressure-induced stiffening in enabling the self-
sustained oscillations is in line with experimental observations. In Fig-
ure 4.9D we report the experimental torque-angle curves of a thicker
silicone tube with inner diameter 3 mm and thickness 1 mm for different
pressurization levels. For this tube, assumption one still holds (the curves
present a peak and a valley, and we observe the formation of a kink),
and assumption two as well (the kink locally increases fluidic resistance).
However, when controlling the input flow up to 20 SLPM, we do not
observe the kink traveling and the tube oscillating: this is the well-known
static behavior of a kinked thick soft tube previously studied [48]. With
the observations from the model, we now have a better indication of
why, in this specific case, the kink does not travel along the tube: the
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Figure 4.11

IN THE SIMULATION, INCREASING THE PRESSURE-INDUCED STIFFENING ENABLES THE
SELF-OSCILLATION. (A) Torque-angle curves of the springs in the soft region after
the kink (orange line) and in the stiff region before the kink (blue to green lines),
for different values of stiffness multiplier « (1, 1.5, 1.7, and 1.9). (B) Bending
angles of the nodes along the tube (location 0 being the inlet, and location 1
the outlet) over time for k = 1. Insufficient stiffening prevents the kink from
traveling further than the middle of the tube, and the oscillation is not sustained.
(C) Angles over time for k = 1.5. The kink is able to propagate further along
the tube because of the increased stiffness but does not reach the point where a
new instability forms in the stiff region, so oscillation is not sustained. (D) For
k = 1.7, the kink propagates far enough to reach a second instability and initiate
a restart of the process once due to initial momentum, but it is not able to sustain
the oscillation over multiple cycles. (E) Angles over time for k = 1.9. This is the
lowest value of k that enables the tube to sustain subsequent oscillations. (F, G,
H, I) State of the tube over time corresponding to the situations in B-E.
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increase in the critical torque to induce kinking due to pressurization
(from assumption three) is considerably lower than in the case of the
softer tube (compare Figure 4.9C with Figure 4.9D). The stiffening effect
is not sufficient to induce the kink to travel, similar to the case of the
model with k up to 1.5 (Fig. 4.11B,C,D).

Practical information about the simulations

The parameters used in the simulations are:
e Number of nodes (including boundary nodes): N = 17.
e Dimensionless damping coefficient: (' = 0.4.
¢ Dimensionless bending stiffness parameters: f = [1.20,0.1,0.2].
¢ Sigmoid function parameters: k =5, xo = 1.5.

The kink propagation was managed by updating an extra_array that
keeps track of the state and timing of each node’s stiffening and softening
due to the kink. When a kink is detected at a node (based on a threshold
angle deviation), the bending stiffness at that node is increased over time
following the sigmoid function.

We followed the following steps for each simulation:

1. Initialization:
* set initial positions along a half-circle and zero initial veloci-
ties;
* initialize parameters and non-dimensional variables.
2. Time integration loop:
¢ at each time step, compute linear and torsional forces;
* update positions and velocities using the ODE solver;
* apply boundary conditions;
¢ update the bending stiffness at nodes affected by the kink.

3. Data recording: store positions, velocities, and other relevant vari-
ables for analysis.

4. Post-processing: analyze the results to observe the oscillatory be-
havior and the effect of the kink-induced stiffening.
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4.6.3  Actuator analysis

We aim to obtain an overview of the behavior of the actuator by studying
i) the full-step actuation cycle, ii) the frequency dependencies of the
silicone tube actuator, iii) the kinks” behavior in time, iv) the response
under flow and pressure control, vi) the fluidic coupling of two actuators,
vii) the frequency and stroke of the TPU pouch actuator compared to the
silicone tube actuator, viii) the power consumption of the TPU pouch
actuator, ix) the characterization of the TPU pouch actuator in terms of
design parameters, and x) the constrained actuation of the TPU pouch
actuator against an external load.

Full-step actuation cycle

Given the non-trivial behavior of our actuator, which displays kinks
traveling on the continuity of the tube, the definition of the actuator tip
is not straightforward. For each frame of the high-speed video of the
oscillating tube (details on the recording setup in Section 4.6.7) we detect
the outer edge of the tube (details on the algorithm in Section 4.6.8). For
each time instant, we define the actuator tip as the point of the outer
edge furthest from the horizontal axis of the reference frame defining
the actuating plane> (Fig. 4.12A). Importantly, if we rotate the actuating
plane, the actuator tip is represented by another point in the plane
(Fig. 4.12B).

The actuator tip trajectory in the actuating plane has different shapes
depending on the amount of rotation of the actuating plane. We report
three example cases for plane angle equal to 0°, 15°, and 30° in Fig-
ure 4.12C,D,E. Note that the actuator is in the non-resonating oscillation
regime—the input airflow is 6.5 SLPM. Also, note that each trajectory is
reported for two subsequent oscillation cycles.

We report the normalized x and y displacement of the actuator tip
in time for the three example cases of plane angle equal to 0°, 15°, and
30° in Figure 4.12FG,H. Note that non-optimized motions show either
an anticipation (in the case of 0°) or a delay (in the case of 30°) of the
y-motion. The optimized motion (at 15°) is approaching the shape of
an ideal full-step cycle, where the stance (increase in x displacement) is
performed when the y displacement is low, and the swing (decrease in x
displacement) when the y displacement is high.

To find the value of the plane angle that optimizes the full-step cycle,
we define a cost function as the ratio between the y-stroke and the x-

This defines the actuator tip as the point on the outer edge closest to the surface on which
the actuator will perform the full-step. This definition holds for non-zero curvature, which
is typically ensured under the experimental conditions of the bent tubes.
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THE FULL-STEP ACTUATION CYCLE IS INFLUENCED BY THE RELATIVE ANGLE BETWEEN
THE LIMB AND THE SURFACE. (A) The limb tip is defined as the point of the outer
edge furthest from the x-axis of the actuating plane reference frame (the x-axis is
parallel to the surface on which the limb will step). (B) When the reference frame
of the surface is rotated, the limb tip is, by definition, a different point. (C, D, E)
Limb tip trajectory for plane angle 0°, 15°, and 30°, for input airflow of 6.5 SLPM.
(F, G, H) Normalized x and y displacement (in the actuating plane reference
frame) of the limb tip in time, for plane angle equal to 0°, 15°, and 30°. In F, G,
and H, we refer to x (light curves) and y (dark curves) as the displacements of
the limb tip along the two axes of the reference frame of the actuating plane
defined in A.

stroke. These strokes are defined as the difference between the maximum
and the minimum value of, respectively, the x-coordinates and the y-
coordinates of the trajectory points. Therefore, qualitatively, the cost
function is maximizing the ‘effective” stance, so reducing the portion of
the stance that is ‘lost’ by not being in contact with the ground. The cost



4.6 SUPPLEMENTARY INFORMATION 135

0.7 6.5 SLPM
16 SLPM
061
c
So0s
1%}
5
204 o
&z
o
“ 03 ? )
0.2 \ ? g
|~15°
0 20 40 60

Plane angle (°)

Figure 4.13

COST FUNCTION OF THE FULL-STEP ACTUATION CYCLE. The shape of the cost
function, defined as the ratio between the y-stroke and the x-stroke, for plane
angle between 0° and 60°, shows a global minimum. Colored dots relate to the
three cases in Figure 4.12C-H.

function shows a global minimum at ~ 15° for inflow 6.5 SLPM and at
~ 30° for inflow 16 SLPM (Fig. 4.13).

Frequency dependencies of the silicone tube actuator

The oscillation frequency of the silicone tube actuator depends on various
design parameters (Fig. 4.14). For example, scaling a reference design
(with 1=36mm, D; = 2.5mm, t = 0.4mm, and d = T0mm) by a factor of
~ 0.8 results in an increase in the activation frequency by a factor ~ 1.4
for the 15 SLPM (resonant) case and ~ 2.1 for the 5 SLPM (non-resonant)
case (Fig. 4.14A). In fact, scaling down the tube by a factor k ~ 0.8
decreases the volume of air required for the kink to travel forward in one
cycle by a factor k3 ~ 0.512. This is because we approximate the volume
of air as a cylinder, with height being the distance covered by the kink
and radius being the inner radius of the tube. Therefore, in principle,
this factor approximately doubles (1/0.512) the frequency of oscillation,
as it halves the time required for the kink to travel, given the same inflow.
As shown in the experimental results reported in Figure 4.14A, when the
tube is not resonating, frequency indeed doubles from ~ 40 Hz to ~ 80 Hz.
Instead, in the dynamic resonating case, in practice, the frequency scales
by a factor ~ 1.4, likely because of inertia playing additional roles that
we did not take into account.

We also tune the frequency by acting on the parameters of the sur-
rounding fluidic circuit. We increase the downstream fluidic resistance by
decreasing the diameter of an orifice placed in line after the outlet of the
actuator. As orifices, we use the Luer-to-barb connectors with different
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nominal ID diameters (1.6 mm, 2.4 mm, 3.2 mm, and 4 mm). Note that
we manually measure the internal diameter of the orifice with a caliper,
obtaining 1.2mm, 1.8 mm, 2.3 mm, and 3 mm. For higher downstream
resistance, the frequency of oscillation decreases, both in the resonant
(Fig. 4.14B) and non-resonant (Fig. 4.14C) cases.

We study the influence of structural asymmetry on the oscillation
frequency by adding a design parameter h, the height of the inlet over
the outlet. Note that, for each h value, we adjust the length 1 of the tube
by subtracting h from a reference length 1y. With this design choice, h
represents the portion of the tube that is being clamped at the inlet side.
We observe a non-monotonic trend of the oscillation frequency over h,
for samples with | = 36 mm, D; = 2.5mm, t = 0.4mm, and d = T0mm
(Fig. 4.14D). This non-monotonic frequency trend is accompanied by
a monotonic decrease in the x-stroke of actuation (Fig. 4.14E). We can
calculate an estimated value of the locomotion speed for a hypothetical
one-limb robot by multiplying the x-stroke by the activation frequency,
observing an optimal value for h between 4 mm and 6 mm (Fig. 4.14F).

Given these various design parameters, we can achieve higher frequen-
cies using a combination of them. For example, the tethered robot reaches
300Hz (Figure 4.4K-N) because we chose low downstream fluidic re-
sistance, the optimal asymmetry value, and small tubes with diameter
scaled by a factor ~ 0.8 and length scaled by a factor ~ 0.5 relative to the
reference design (Section 4.6.5).

Kinks behavior in time

To ease the understanding of the behavior of the kinks forming, traveling,
and disappearing along the tube reported in Figure 4.2, we report addi-
tional data in Figure 4.15. For clarity, refer to the definitions reported in
Section 4.6.8.

For each pixel belonging to the outer edge cluster (for example, the
180-th pixel in the cluster is the green dot), we find the closest pixel
belonging to the inner edge (magenta dot) (Fig. 4.15A). The pixel with
the coordinates average of these two points (black dot) is assigned to the
center line cluster. We resolve the outer and inner edges along the center
line (Fig. 4.15B), and we plot the local width along the tube every 5ms
(Fig. 4.15C). The local minima of the local width are the two kinks. If
only one local minimum is detected, then only one kink is present. In
Figure 4.15D, the history of the individual kink (pink highlight) shows
that the kink location doesn’t change when the kink is not dominant (grey
arrow), while it increases once the kink becomes dominant (black arrow).
Moreover, in Figure 4.15E we see that the kink sharpens (the width
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FREQUENCY DEPENDENCIES OF THE SILICONE TUBE ACTUATOR. (A) Oscillation
frequency of a reference silicone tube design (with 1 = 36 mm, D; = 2.5mm,
t = 0.4mm, and d = T0mm), and a factor ~ 0.8 scaled design, for the 15 SLPM
(resonant) case and for the 5 SLPM (non-resonant) case. (B, C) We place a needle
in series with the actuator, connected to the outlet, to introduce a downstream
fluidic resistance. Influence of the downstream orifice diameter over the fre-
quency for the resonant case in B and the non-resonant cases in C. Influence of
the asymmetry parameter h over (D) the oscillation frequency, (E) the x-stroke
of actuation, and (F) the locomotion speed of a hypothetical one-limb robot, for
inflow 15SLPM.

decreases) while being non-dominant and non-moving (grey arrow),
until it becomes dominant (blue star).
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In the resonating oscillation regime (16 SLPM), the kink covers a
larger distance in the x-y plane. The kink distance overshoots the non-
resonating case of approximately 50% (Fig. 4.15F). Note that the ‘kink
distance’ fundamentally differs from the ‘kink location’. The kink dis-
tance is defined on the x-y reference frame and, therefore, carries infor-
mation regarding the structural displacement of the tube in the actuating
plane. On the other hand, the kink location is defined on the reference
frame along the tube itself (center line) (Section 4.6.8 for details on these
definitions).

Flow-controlled and pressure-controlled response

We take a silicone tube actuator with 1 = 36 mm, D; = 2.5mm, t = 0.4 mm,
and d = T0mm. We decrease the input airflow from 20 SLPM to 0 SLPM
in 2min (Fig. 4.16A), observing two different oscillating pressure regimes
(Fig. 4.16B) corresponding to the two frequency regimes (Fig. 4.16C)
analyzed in Figure 4.3B-E. At ~103s (~ 3.8 SLPM) the system stops
oscillating because the flow is not high enough to build up pressure, and
the tube stays in the two-kinks state. When pressure is low enough (at
~112.5s), the non-dominant kink becomes dominant and the other kink
disappears. The fluidic resistance increases, so the upstream pressure
increases too, but without resulting in oscillation, since the kink is static.

We investigate the direct influence of pressure over the kinks’ states by
quasi-statically controlling the upstream pressure using a proportional
pressure regulator (details on the setup in Section 4.6.7). We first increase
the upstream pressure to 130 kPa in one minute, and then we decrease it
to atmospheric pressure in one minute (Fig. 4.17A).

The output flow through the tube throughout the experiment (Fig. 4.17B)
is directly related to the structural state of the system (Fig. 4.17C). Ini-
tially, the actuator is in a ‘leaky state’, with air flowing through. The
actuator is then ‘closed’ because a sharp kink forms, blocking the airflow.
For increasing pressure, the kink travels along the tube. When the kink
reaches the left side of the tube, the kink angle increases, causing the kink
to leak and, therefore, the actuator to ‘open’. When pressure decreases,
the actuator follows a different pathway, staying open and forming a
new, non-dominant kink. When pressure is low enough (around 20 kPa),
the new kink fully forms, and the actuator goes back to the leaky state.
The pressure-flow profile emphasizes this fluidic hysteresis that arises
under pressure-controlled conditions (Fig. 4.18).

In summary, by experimentally simulating the pressure build-up and
release, we confirm that the kinks’ state is a direct consequence of the
pressure state, with a hysteretic dependence. Throughout our work,
under flow-controlled conditions, the kinks’ state is, in turn, affecting the
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KINKS BEHAVIOR IN TIME. (A) Visualization of the outer and inner edges of the
tube (red), the center line (pink), and the local width (brown). (B) Tube resolved
on the center line. (C) Local width along the tube every 5ms. (D) History of
the individual kink location (pink highlight), with an initial non-moving state
(grey arrow) and a subsequent traveling state (black arrow). (E) History of the
individual kink width, with the kink sharpening while being non-dominant
and non-moving (grey arrow), until it becomes dominant (blue star). (F) Kink
distance for the non-resonating (6.5 SLPM) and resonating (16 SLPM) cases.

pressure state, causing pressure build-up when the actuator is ‘closed’,
and pressure release when the actuator is ‘open’, inducing the self-
oscillatory behavior.
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FLOW-CONTROLLED RESPONSE. We take a silicone tube actuator with 1 = 36 mm,
Di = 25mm, t = 0.4mm, and d = 10mm. (A) Applied input airflow profile,
linearly decreasing from 20 SLPM to 0 SLPM in 2 min. Measured (B) pressure
and (C) frequency.

Fluidic coupling

We fluidically couple two self-oscillating actuators by connecting them in
parallel to the same flow source using two identical tubes (Fig. 4.4A-G).
The actuators have 1 = 18mm, D; = 2mm, t = 0.3mm, d = 7.8 mm, and
h = 3.9mm. The coupling tubes used for the experiments all have the
same inner diameter of 2mm. The minimum length of each coupling
tube is ~ 7 cm, which includes the Luer™ T-connector and the additional
length of the actuator at the inlet side. For each experiment, the input
flow rate is set to 15 SLPM.

When we couple the two self-oscillating actuators using tubes of length
12 cm, we observe a distribution of the oscillation frequencies with two
maxima at the two characteristic frequencies for in-phase and anti-phase
activation (Fig. 4.19A). The system alternates between the in-phase and
the anti-phase eigenmodes, as highlighted by the distribution of the
phase shift (Fig. 4.19B). The pressure signals in time show how the two
actuators are smoothly transitioning in and out of the two eigenmodes
(Fig. 4.19C).
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QUASI-STATIC PRESSURE-CONTROLLED RESPONSE. We take a silicone tube actuator
with 1 = 36 mm, D; = 25mm, t = 0.4mm, and d = 10mm. (A) The applied
pressure profile increases to 130 kPa in one minute, and then decreases to atmo-
spheric pressure in one minute. (B) The output flow through the tube throughout
the experiment. (C) Snapshots of the tube state in time.

For coupling tubes’ length between 24 cm and 47 cm, we observe the
frequencies of the two actuators becoming different, as a consequence
of weaker coupling. With tubes longer than 52cm, coupling effects
disappear, as we see the frequencies approaching the natural frequencies
of the individual actuators, measured separately by providing half the
inflow (7.5 SLPM) to each actuator alone (Fig. 4.19D).

Comparison of frequency and stroke in silicone tube and TPU pouch actuators

The inflow required to activate the oscillation for the TPU pouch actuator
is ~ 0.1 SLPM, which is lower than the inflow provided by the two 3V
mini air pumps used to power the untethered robot (~ 0.54 SLPM and
~ 0.64 SLPM when connected to the LiPo battery) (Fig. 4.20A). Note that,
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HYSTERETIC PRESSURE-FLOW CURVE UNDER PRESSURE-CONTROLLED CONDITIONS.
(A) Pressure-flow profile, for two subsequent cycles of pressure loading and
unloading. (B, C, D, E) Snapshots of four key states.

in comparison, the activating inflow of the silicone tube actuator is ~ 3.8
SLPM (Fig. 4.16), which the mini air pumps cannot provide.

The maximum measured frequency of the TPU pouch actuator (with
length 80 mm, width 10 mm, and holder angle 55°) is ~ 3.5 Hz (Fig. 4.20A).
The reason for this lower oscillation frequency compared to the silicone
tube design is likely the absence of a resonant mode and the higher geo-
metric volume of fluid required for the kink to travel. We approximate
the geometric volume Vi, associated with the traveling kink as the
volume of a cylinder with area equal to the circular cross-section of the
tube (with inner diameter D;) and the height equal to the length of the
tube covered by the traveling kink Lyjq:

D;\?
Viink = (7) -7 Liink- (4.22)

In the case of the silicone tube, we have D; = 2.5mm by design and
Lyink ® 8mm, since the kink moves from ~ 20mm to ~ 28mm along
the tube (Fig. 4.15D). In the case of the TPU pouch, we know that at
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Figure 4.19

Fruibic courLING. (A) Distribution of the oscillation frequencies of two actu-
ators coupled through two coupling tubes of length 12cm (data reported in
Figure 4.4F). The actuators have 1 = 18mm, D; = 2mm, t = 0.3mm, d = 7.8 mm,
and h = 3.9mm. (B) Distribution of the phase shift (data reported in Figure 4.4G).
(C) Pressure signals of the two actuators in time. (D) Frequency of the two
actuators for coupling tubes’ length between 22 cm and 77 cm.

rest, the perimeter of the cross-section is two times the pouch width,
which is W = 10 mm by design. Therefore, approximating the shape of
the pressurized pouch’s cross-section as a circle, the diameter of the
pressurized cross-section is D; = 2- W/ ~ 6.366 mm. From Fig. 4.5A
and Fig. 4.20B, we notice that the kink travels approximately from the
beginning to the end of the tube, therefore Ly ~ 80 mm. Therefore, we
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FREQUENCY AND STROKE OF THE TPU POUCH ACTUATOR. (A) Frequency of the
TPU pouch actuator for increasing input airflow from 0SLPM to 3 SLPM. (B)
Trajectory of the actuator tip on the rotated x-y reference frame (data reported
in Figure 4.5B). (C) Tip trajectory of the silicone tube actuator in the same scale
as the TPU pouch actuator.

obtain the geometric volume associated with the kink traveling in the
silicone tube as:

2

2.
viube ( 75) 78 % 39mm? w 0.039mL, (4-23)
and in the TPU pouch as:
h 6366\
VIR~ (252) 80 = 2546 mm 2,546 mL (4.24)

The stroke of the TPU pouch actuator is ~ 57.1 mm, higher than the
stroke of the silicone tube actuator, which is ~ 13.4mm (Fig. 4.20B).
Note the stroke of the actuator is obtained as the difference between
the maximum and minimum x-coordinates of the actuator tip trajectory
on the 26° rotated x-y reference frame. The tip trajectory is obtained
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from the tip coordinates of four subsequent cycles (Section 4.6.8 for
details), re-ordered as nearest neighbors. We also report the silicone tube
actuator’s tip trajectory in the same scale as the TPU pouch actuator
to highlight the higher actuation hysteresis of the TPU pouch actuator
(Fig. 4.20C).

Power consumption of the TPU pouch actuator

We are interested in the fluidic power needed for the TPU pouch actu-
ators to locomote (as the product between flow through the actuators
and upstream pressure), in addition to the electric power consumed
by the pumps, which is ~ 1.5W (Section 4.6.5). This analysis removes
the contribution of the efficiency of the pumps, indicating the effective
power consumed by the limbs to operate.

To compute the flow through the limbs while the robot locomotes, we
use the measured pressure signals reported in Figure 4.6C. We do so by
using the pump curve, which relates the downstream pressure to the flow
the pump delivers. In principle, higher downstream pressure implies a
lower flow delivered by the pump. With no downstream pressure, the
pump delivers the maximum flow. We measured the pump curve by
placing the pump in line with a pressure sensor, a variable resistance, and
a flow sensor. We manually increased the resistance, while measuring
pressure and flow. In Figure 4.21A,B, we report the measured curves of
the pumps connected to the left and right limbs, respectively. We used
MATLAB to fit the data with a function Q = Q(p) that is the sum of two
exponential terms:

Q(p)=a-ePP+c-edP, (4-25)

obtaining a, b, ¢, d that minimize the error between the data and the
curve (Fig. 4.21A,B).

Next, we compute the flow through the limbs by applying the function
(4.25) to the pressure signals of the limbs (Fig. 4.21C), obtaining the flow
signals reported in Figure 4.21D. We convert the flow from SLPM to liters
per minute by using Equation (4.32) (with Tgas being the temperature in
the lab 295.65 K, and pgas being atmospheric pressure plus the pressure
in Figure 4.21C). We obtain the flow in cubic meters per second by
dividing by 6-10%.

We compute the fluidic power provided to each limb by multiplying
the pressure in pascals and the flow in cubic meters per second, obtaining
the curves shown in Figure 4.21E. The average fluidic power provided to
each limb is ~ 0.06 W. We obtain the total fluidic power provided to the
locomoting robot (Fig. 4.21F) as the sum of the power provided to each
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FLUIDIC POWER REQUIRED FOR THE TPU POUCH ACTUATORS TO OPERATE IN THE
UNTETHERED SCENARIO. The pressure-flow curves of the pumps connected to
(A) the left actuator and (B) the right actuator of the untethered robot. (C) The
measured pressures of the left and right actuators of the robot locomoting on
the ground (experiment shown in Figure 4.6A-C). (D) The flow provided to
each actuator, determined from the pressure values in C and the pump curves
in A and B. (E) The fluidic power provided to each actuator, determined by
multiplying the pressure in C in pascal and the flow in D converted to cubic
meters per second. (F) The total fluidic power provided to the robot, obtained by
summing the fluidic power provided to the two actuators in E.

limb. From this signal, we obtain the average fluidic power provided to
the robot ~ 0.1TW.

For an analysis of the locomotion efficiency compared to other animals
or robots, we refer to the cost of transport analysis in Section 4.6.5.

Characterization of the design parameters of the TPU pouch actuator

In this section, we will provide quantitative design guidelines to select
soft tubes that display the self-oscillating behavior, based on the learnings
from the mass-spring model (Section 4.6.2). We then characterize the
self-oscillating behavior in response to changes in the design parameters
of the tubes.
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Our mass-spring model (Section 4.6.2) highlights three key charac-
teristics that the tube must satisfy in order to achieve self-oscillation,
namely:

(A) a non-monotonic torque-angle curve, with a negative stiffness
regime. This characteristic is a requirement for the formation of a
single kink;

(B) an increase in torque needed for kink formation (which typically
also relates to stiffening upon pressurization);

(C) a significant increase in flow resistance at the location of the kink
(Fig. 4.24 and Fig. 4.25).

Material-wise, since the options of commercially available tubes are
limited, throughout this Chapter, we tested off-the-shelf elastomeric
tubes with shore hardness 60 A, and we manufactured TPU tubes with
shore hardness 85 A. A complete experimental study on the effect of
Young’s modulus is therefore difficult to perform. Our coarse-grained
model is also not suitable to validate the effect of stiffness. Yet, we can
hypothesize the effect of the stiffness, and we believe that increasing the
stiffness of the tubes will overall decrease the frequency of oscillation.
Note that the kinking of tubes is formed when specific strains are reached,
which correlates to the amount of volume in the tube (and thus to the
flow). As the input flow is constant in our implementation, we expect the
tube to go through the same deformation sequence, independently of
stiffness. Yet, higher Young’s modulus requires higher pressures, which,
in the case of air, requires more air input and will also lead to more
leakage through the kink. These two effects will delay the formation
of kinks and thus decrease the frequency. Still, it should be noted that
stiffer tubes are expected to increase the resonance frequency, such that
there might be specific inflows where the stiffness could have a positive
effect on frequency.

Various other parameters are more straightforward to change (and
therefore more useful in practice). Since the options of commercially
available thin tubes are fairly limited, we addressed the characterization
of the self-oscillating tube by manufacturing custom-made TPU tubes
of various lengths, inner diameters, and thicknesses (details of the man-
ufacturing steps in Section 4.6.6). We measured the average oscillation
frequency and stroke, given various input flows (Fig. 4.22). As a whole,
the results serve as a guideline for a designer who would have specific
requirements in terms of stroke and frequency, so that they could select
the appropriate parameters to achieve it.

The TPU pouch tube is characterized by three design parameters: the
thickness of the TPU sheet, the length of the sealing lines, and the width
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Continues to the right.

CHARACTERIZATION OF THE TPU POUCH ACTUATOR FOR SEVERAL DESIGN
PARAMETERS. (A) The TPU pouch actuator is characterized by three design
parameters: the thickness t of the TPU sheet, the length L of the sealing lines,
and the width W between the sealing lines. (B) When inflated with air and at
atmospheric pressure, these design parameters result in a tube with the same
length, the same thickness, and inner diameter equal to 2- W/m. (C) Frequency
and (D) stroke of the actuator as a function of thickness. The tubes have fixed
inner diameter 6.37 mm and length 80 mm. (E) Frequency as a function of the
input flow for the tubes with thickness 0.15 mm and 0.28 mm.
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Continues from the left.

CHARACTERIZATION OF THE TPU POUCH ACTUATOR FOR SEVERAL DESIGN PARAME-
TERS. (F) Frequency and (G) stroke of the self-oscillating tube as a function of
length for various input flows between 0.05 SLPM and 0.30 SLPM. The tubes
have fixed inner diameter 6.37 mm and thickness 0.15 mm. (H) Frequency and
(I) stroke of the actuator as a function of width. The tubes have fixed length
80 mm and thickness 0.15mm. In panels C, D, F, G, H, and I, the green dashed
line refers to the design parameters of the limb that we placed on the untethered
robot. In panels C, F, and H, each dot represents the average frequency and
standard deviation over 20s of steady-state oscillation. (J,K,L,M) Overlapped
photographs highlight the stroke of the actuator for four example cases.
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W between the sealing lines (Fig. 4.22A). These design parameters result
in a tube with the same length, same thickness, and an inner diameter
equal to 2- W/m, because the circumference is twice the width between
the sealing lines (Fig. 4.22B).

We start by comparing tubes with thickness 0.15mm and 0.28 mm,
and same length 80 mm and inner diameter 6.37 mm. We observe a
considerably lower frequency for the thicker tube (Fig. 4.22C). In this
case, the stroke is unaffected by the increase in thickness (Fig. 4.22D).
The flow-frequency trend is qualitatively similar in the two thickness
cases and scaled by a factor ~ 6.9, approximately equal to the cube of the
thickness ratio (0.28 mm/0.15mm)? ~ 6.5 (Fig. 4.22F).

We vary the length of the tube for a fixed inner diameter of 6.37 mm
(width 10mm) and thickness 0.15 mm. We observe that the frequency
drops for increasing tube length, as more geometric volume of air is
required for the kink to travel (Fig. 4.22F). The stroke increases with
increasing tube length (Fig. 4.22G,] K).

Finally, we vary the inner diameter of the tube by sealing tubes with
widths from 7.5mm to 15mm, keeping the length fixed to 80 mm and
thickness 0.15 mm. The frequency decreases for increasing inner diameter
(Fig. 4.22H). In contrast to increasing the length, increasing the inner
diameter results in nearly no change in the stroke (Fig. 4.221,L,M).

In conclusion, with the overall information in Figure 4.22, a designer
can determine tube parameters and inflow values that satisfy specific
requirements in stroke and frequency. For example, given a requirement
in stroke, we can determine the tube length that satisfies it (Fig. 4.22D).
Then, for example, if we have a constraint in input flow that the pumps
can provide, we check what frequency is reached by the tube of that
length and width 10 mm (Fig. 4.22C). Given this result, if we require a
higher (or lower) frequency, we design a tube with a lower (or higher)
width (Fig. 4.22E) because the stroke will be unaffected (Fig. 4.22F).

Constrained actuation

The actuator undergoes the full-step actuation cycles even when con-
strained between two rigid walls. To study the behavior of the actuator
when a rigid wall limits the workspace, we build the setup in Fig-
ure 4.23A. We mount the holder of the actuator on the bottom clamp of
a tensile testing machine (details about the machine in Section 4.6.7) at
a defined angle with the horizontal. We fix a 3D-printed flat PLA plate
on the top clamp in series with the load cell. The plate displacement
d is defined as a downward displacement of the top clamp. At zero
displacement, the plate is not touching the oscillating actuator. Constant
flow is provided with a proportional flow regulator, and the pressure in
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CONSTRAINED ACTUATION OF THE TPU POUCH ACTUATOR. (A) The experimental
setup measures the force exerted by the actuator while oscillating against a
fixed wall. (B) Example force profiles for a fixed holder angle (0°), for wall
displacement d equal to 1Tmm and 11mm. (C) Peak force, (D) peak actuator
pressure, and (E) oscillation frequency for five holder angle values, increasing
the wall displacement.

the actuator is measured with a pressure sensor (Section 4.6.7) placed
before the inlet of the actuator. An x-y stage is placed on the bottom
clamp to align the actuator with the top plate.

When fixing the holder angle to 0° and the actuator in contact with the
wall, we observe a tooth-shaped profile of the measured force in time;
when the wall is closer to the actuator (for higher wall displacement d),
amplitude of force increases and frequency decreases (Fig. 4.23B).

When scanning the entire domain of the wall displacement d, we
observe an increase in peak force for increasing values of d, for five dif-
ferent values of the holder angle (Fig. 4.23C), with a maximum measured
force of ~ 2.4 N. Likewise, the peak pressure inside the actuator increases
with d (Fig. 4.23D), reaching ~ 150 kPa. This increase in peak force and
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Continues to the right.

SETUP FOR EXPERIMENTS ON KINK BEHAVIOR UNDER BENDING AND PRESSURIZATION.
(A) The experimental setup to control the bending angle and the upstream
pressure of a tube while measuring the pressure drop over, and the flow through,
the tube.

peak pressure is accompanied by a decrease in oscillation frequency
(Fig. 4.23E). We do not observe oscillation (zero frequency) for holder
angle —15°, 0°, and 15° at d/dmax = 1.

4.6.4 Kink formation in thin tubes undergoing bending

To investigate the behavior of the kink formation in thin tubes under-
going bending and pressurization and to understand the underlying
differences between the specific tubes used throughout our study (sili-
cone tubes and TPU pouches), we build a setup that involves two main
parts (Fig. 4.24A).
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Continues from the left.

SETUP FOR EXPERIMENTS ON KINK BEHAVIOR UNDER BENDING AND PRESSURIZATION.
Two example datasets for (B) the silicone tube sample and (C) the TPU pouch
sample, where we fix the upstream pressure to 20kPa, and we increase the
bending angle in 1 minute. In both B and C, we overlay the results of three
tests. In the case of the silicone tube, for increasing bending angle, after (D) an
initial state with the absence of a kink, we observe (E) a snapping event to a
leaky-link state, followed by (F) a fully-formed-kink state. In the case of the TPU
pouch actuator, after (G) the no-kink state, the system directly snaps to (H) a
fully-formed-kink state.

In the first part, to control the bending angle in a quasi-static fashion,
we mount a 3D-printed rack on the top clamp of a tensile testing machine
(details about the machine in Section 4.6.7), and a 3D-printed pinion on
a bearing connected to the bottom clamp. In this way, controlling the
displacement of the rack results in controlling the angle of the pinion.
We place the sample on the setup, fixing the inlet side to the bottom
stage, and the outlet side to the pinion, so that an imposed angle of the
pinion results in an imposed angle between the inlet and the outlet. An
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x-y stage mounted at the bottom guarantees alignment between the rack
and the pinion. The setup is similar to the one used for the soft kink
valves [48], although here we explicitly control the bending angle of the
tube, instead of the linear distance between the inlet and the outlet.

In the second part, to control the upstream pressure in a quasi-static
fashion, we connect the inlet of the sample to a proportional pressure
regulator. The regulator is connected to a pressure supply of 1.5bar.
Note that, to guarantee that the desired upstream pressure is applied,
we place a needle at the outlet of the tube (METCAL 918050-TE, 18GA
1/2"). The needle acts as a fluidic resistance, to impose the pressure
drop needed for the regulator to set the upstream pressure. Between the
pressure regulator and the inlet of the sample, we place a flow sensor
to measure the airflow Q through the sample. Two pressure sensors are
placed before and after the sample, to probe the upstream pressure p;
and the downstream pressure p; (details on the sensors and regulators
in Section 4.6.7).

We select a silicone tube sample with length 36 mm, inner diameter
2.5mm, and thickness 0.4 mm, and a TPU pouch sample with length
36mm and width 1T0mm. This specific choice reflects the two kinds
of tubes used throughout our study. We set the upstream pressure to
20kPa, and we control the bending angle by linearly increasing the rack
displacement from 0 mm to 88 mm for the silicone tube, and to 80 mm
for the TPU pouch, in 1 minute. From the signals of py, p2, and Q we
extract the fluidic resistance as (p1 —p2)/Q.

In the case of the silicone tube (Fig. 4.24B), we observe low resistance
(~ 0.1kPa/SLPM) for low bending angle values, until ~ 80°, because no
kink is present in the tube (Fig. 4.24D). At around 100°, the system
snaps to a higher resistance state (~ 20kPa/SLPM), because the kink
suddenly forms (Fig. 4.24E). The kink is not fully closed, resulting in
leakage through the kink; the resistance now increases exponentially
with the bending angle (‘leaky kink’ regime in Figure 4.24B). Only for
bending angles higher than ~ 130°, the kink is fully closed (Fig. 4.24F),
with the output flow dropping to zero (plus sensor noise) (‘kink’ regime
in Figure 4.24B).

For the case of the TPU pouch (Fig. 4.24C), we also observe an initial
no-kink state (Fig. 4.24G). For increasing bending angle, the system
shows a sudden snapping event at ~ 100°, with the kink fully forming
(Fig. 4.24H). We don’t observe an intermediate leaky-kink regime in this
specific test on the TPU pouch.

We derive the phase spaces of both the silicone tube and the TPU
pouch as the fluidic resistance function of upstream pressure and bend-
ing angle. We perform ten tests with the silicone tube, where we impose
the upstream pressure (from 10kPa to 100 kPa in increments of 10 kPa)
and we sweep the bending angle (Fig. 4.25A). We reverse the loading
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order by first imposing a bending angle and then sweeping the upstream
pressure (Fig. 4.25B). These two experiments allow us to illustrate the
phase space of the tube for both cases of loading order (Fig. 4.25C,D).
We perform equivalent experiments for the TPU pouch but with a lower
pressure limit since we observe the curves approaching asymptotes
(Fig. 4.25E,F).

When we compare the phase spaces of the silicone tube (Fig. 4.25C,D)
and of the TPU pouch (Fig. 4.25G,H), we notice some similarities. In
both cases, increasing the upstream pressure leads to a reduction of the
kink phase (Fig. 4.25C,G). This is due to the known effect of inhibition
of the kink due to pressurization of the tube [48]. Moreover, increas-
ing the imposed bending angle leads to kink formation in both cases
(Fig. 4.25D,H).

Comparing the phase spaces, we also notice important differences.
We observe a first difference at high upstream pressure values: the kink
phase of the silicone tube disappears (Fig. 4.25C), while it is still present
in the case of the TPU pouch (Fig. 4.25G). This difference also holds for
low values of the imposed bending angle: the kink phase is not present
in the case of the silicone tube (Fig. 4.25D), while it appears (for low
pressures) in the case of the TPU pouch (Fig. 4.25H). Moreover, we see
that in general, the silicone tube has a larger leaky kink phase compared
to the TPU pouch. This is particularly evident at low pressure values,
where it is practically absent for the TPU pouch, and it scans half of
the angle domain for the silicone tube (Fig. 4.25C,G). In addition, for
low pressure values, the kink of the TPU pouch appears at much lower
values of bending angle than in the case of silicone tube (Fig. 4.25C,G).
Finally, when the TPU pouch is first bent at high angle values and then
pressurized, it cannot exit the kink phase when pressurized (Fig. 4.25H),
while the silicone tube transitions to a leaky state (Fig. 4.25D).

Taken together, these observations lead us to the conclusion that the
TPU pouch favors kink formation, and inhibits kink leakage, compared
to the silicone tube, especially at low pressures. The ease of forming a
kink and the reduced leakage directly result in the TPU pouch requiring
dramatically lower input power than the silicone tube (approximately
three orders of magnitude) to self-oscillate (Section 4.6.3).

4.6.5 Robots analysis

In this Section, we report additional results and calculations concerning
our tethered and untethered robots. We report the analysis of i) the
tethered robot stotting, i) the untethered robot hopping, iii) the cost of
transport of the untethered robot, iv) the untethered robot on irregular
terrain, v) the tolerance of the implicit synchronization to imbalance
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Continues to the right.

BEHAVIOR OF THE KINK UNDER BENDING AND PRESSURIZATION. (A, E) Fluidic
resistance resulting from the quasi-static sweep of the bending angle, for different
values of imposed upstream pressure (A silicone tube, E TPU pouch). (B, F)
Fluidic resistance resulting from the quasi-static sweep of the upstream pressure
for different values of imposed bending angle (B silicone tube, F TPU pouch).

between the inputs, and vi) the robots’ speed performance compared
with the state-of-the-art.

Tethered robot stotting

The tethered robot is connected to the pneumatic power source through
a thin tube with inner diameter 2mm, thickness 0.3 mm, and length
70cm. When we apply a pressure pi, = 1.7bar = 1.7 x 10° Pa at the
tether alone, we measure a flow Qj, » 28 SLPM (Fig. 4.26A). We derive
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Continues from the left.

BEHAVIOR OF THE KINK UNDER BENDING AND PRESSURIZATION. (C, G) The resulting
phase space when we fix the upstream pressure and sweep the bending angle
(C silicone tube, G TPU pouch). (D, H) The resulting phase space when we fix
the bending angle and sweep the upstream pressure (D silicone tube, H TPU
pouch).

the flow in cubic meter per second by using Equation (4.33), obtaining
Qin #4.98 x 1074 m3/s.
We calculate the power provided to the robot via the tether:

Pin = Pin - Qinr (4-26)

with pin = 1.7 x 10° Pa and Qj, ~ 4.98 x 107+ m3/s, obtaining Pj, ~ 85W.
Each limb is therefore powered by ~ 21W.

We perform six tests where we turn on the pressure at the tether,
and we track the robot’s location in time, observing repeatable behavior
(Fig. 4.26B). We select the last 11 datapoints of the tracked location in
time for each test, obtaining the steady-state speed for each test as the
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Continues to the right.

RUNNING ROBOTS. (A) We provide constant flow as input using a pressure source
of 1.7bar at the tether. (B) We let the robot run, measuring its location every
20ms. (C) Last 11 datapoints of the location for each test (dots, each run with a
different color), and linear fit (lines, each run with a different color). (D) One
example dataset of the tracked position in time of the untethered robot (dots)
and linear fit (line). (E) Eleven tests of the hopping untethered robot, offset by
0.5s (each run with a different color).

slope of the linear fit (Fig. 4.26C). The average steady-state speed is
1.08 +0.09m/s (30 £2.5 BL/s).
We calculated the Froude number FR of our robot according to:

v2

FR = 9.7}1, (4‘27)
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Continues from the left.
RUNNING ROBOTS. (F) Schematic showing the definitions used to describe the
distance and orientation of the phototactic robot with respect to the light source.
(G) The autonomous version of the untethered robot achieves phototaxis (87%
success rate) among 15 runs (each run with a different color) as shown by
the distance between the robot and the light decreasing in time. Detected (H)
distance of the robot from the light and (I) its angle to the light during one
example run.

with v the robot’s speed, g = 9.81m/s? gravity acceleration and h the hip
joint height [168, 169]. The Froude number is useful when comparing
locomoting gaits of robots or animals that widely differ in size, as it
normalizes the speed in relation to the body size (hip joint height),
similarly to the relative speed in body lengths per second. In our case,
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the hip joint height is the distance between the rigid limb-connector
and the ground, therefore, the height of the active soft limbs. This
distance does vary in time as the limbs self-oscillate, so we consider the
approximate average value throughout one oscillation cycle. In the case
of the tethered robot, we have v = 1.1m/s and h » 6mm = 6 x 1073 m,
obtaining FR ~ 20.6.

We can predict the steady-state speed of the robot from the experi-
mental results concerning an individual limb. Note that the following
calculation is approximate, given the manufacturing differences between
tubes and the approximate scaling factors. An individual limb with
inner diameter 2.5 mm and asymmetry height 6 mm, when resonating,
oscillates at ~ 155 Hz with a stroke of ~ 10 mm, resulting in an estimated
single-limbed robot’s speed of ~ 1.5m/s (Fig. 4.14D-F). Note that the
robot is equipped with actuators with inner diameter 2 mm, which are
smaller than the 2.5 mm by a factor 0.8. We also designed the other pa-
rameters of the actuators on the robot (reference length and inlet-outlet
distance) as scaled by a factor 0.8. Therefore we assume that the stroke in
Figure 4.14E also scales by a factor 0.8. Importantly, in the final design we
use shorter tubes on the robot, with length 18 mm (instead of the directly
scaled length of ~ 28 mm), therefore we further scale the stroke by a
factor 0.65. Moreover, the volume of air required for the kink to travel
scales linearly with the length of the tube, as it approximates a cylinder
with height being the distance covered by the kink along the tube. So,
we estimate that the time required for the kink to travel also scales
linearly with the length. Therefore, we scale the expected frequency by
1/0.65 = 1.54, as we scaled the length of the tube by 0.65. Because we
scaled the whole tube down by a factor 0.8, we scale the frequency by
another factor 1.4 that we measured experimentally (Fig. 4.14A). This
leads to an estimated speed (as stroke times frequency) of ~ 1.67m/s,
close to the measured speed of the real robot (1.08 m/s +0.09m/s). The
difference might be due to losses in friction and overestimation of the
effective stroke of the actuator when interacting with the ground.

Untethered robot hopping and swimming

One example dataset of the tracked position in time of the untethered
robot shows that a linear fit captures the locomotion behavior (Fig. 4.26D).
Among eleven runs, the robot locomotes in a repeatable fashion: to ease
the visual understanding, in Figure 4.26E, we offset each dataset along
the time-axis so that they are separated by 0.5s. The robot hops with
an average speed of 18.17 £ 0.68 cm/s (1.93 + 0.07 BL/s). We calculate the
Froude number FR of the untethered robot using Eq. (4.27), with hip
joint height h » 20mm = 2 x 1072 m, obtaining FR = 0.16.
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The phototactic version of the robot has two modifications. First,
the on/off switch is removed. Second, each pump is connected to a
transistor, which in turn is connected to a photoresistor (Section 4.6.6
and Fig. 4.37C for details on the connections). We place the robot with
an initial angle and distance with respect to the light (Fig. 4.26F). With
this relatively simple update involving the two photoresistors, the robot
achieves phototaxis with 87% success rate among 15 runs (Fig. 4.26G).
The robot steers in place because only one photoresistor detects light, as
can be seen in Figure 4.26H,I by the distance not changing and the angle
decreasing. The robot hops forward when both photoresistors detect
light. Note that the forward hopping presents a slight drift, with the
angle increasing while the distance from the light decreases (Fig. 4.26H,1I).
This might be due to differences between the two LDRs and the two
transistors that, if large enough, result in different pressures in the
actuators and, therefore, different forces exerted on the ground. Despite
being synchronized in terms of phase, this asymmetry in the force
amplitude might be the reason for the robot’s drift. However, this drift
is negligible in the forward-hopping behavior. Importantly, whenever
the cumulative drift causes the robot to point in the ‘wrong’ direction,
the robot autonomously compensates by steering in place, achieving
successful phototaxis despite the manufacturing imperfections (Movie 4.7
for visual confirmation).

To quantify the phase shift between the two limbs in the swimming
robot, we tether both limbs to two flow regulators set at 0.3 SLPM, and we
measure pressure at the tethers with pressure sensors (Section 4.6.7). In
addition to extrapolating the change in phase shift of the pressure signals
due to the transition from ground to water (Fig. 4.7B), we also compute
the average phase shift in steady-state conditions, for 50 oscillations of
each limb, in both media. For the water case, we let the robot swim in the
tank, and we consider pressure data of 50 oscillations of each limb when
the robot is freely swimming, so we discard spurious data corresponding
to the robot bumping against the walls of the tank. On the ground, we
use pressure data of the robot hopping 50 times. We extrapolate the
phase shift over these 50 limb oscillations, obtaining 0.6 +4.2° for the
ground case and 181.5 +7.7° for the water case, confirming the stability
of each gait in steady state.

Cost of transport of the untethered robot

We calculate the total cost of transport Ct of the untethered robot fol-
lowing:
Ein

Cr= .
= (4.28)
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with Ej, the electrical input energy from the LiPo battery, w the weight
of the robot, and d the distance traveled given the input energy [147]. We
can rewrite equation (4.28) as function of input power P, and robot’s
speed v:
Pin

Cr=7"1 (4-29)
The system operates with an electric power Py, = 1.5 W. We calculate this
value by visually measuring, with an ampere meter, the total current
of ~ 0.4 A drawn by the hopping robot when connected to a 3.7V DC
power supply. Considering Py, = 2-PimP » 1.5W, robot’s weight w =
7.67 x 1072 kg-9.81m/s?, and speed v = 1.817 x 10~! m/s, we obtain:

Cr~10.97. (4.30)

Therefore, in terms of the total cost of transport, our robot is more
efficient than a mouse and less efficient than a rat, according to the
comprehensive list reported by Baines et al. [160].

We compare our tethered robot with the untethered robot in terms of
speed and efficiency. The tethered robot moves fast with a high Froude
number ~ 20.6, but inefficiently with high cost of transport ~ 1926. Our
untethered robot, on the other hand, moves efficiently with a relatively
low cost of transport ~ 11, but more slowly, with Froude number ~ 0.16.

Untethered robot locomoting on irreqular terrain

To understand how the untethered robot negotiates irregular grounds,
we started by placing a single bump in front of the untethered robot
(Fig. 4.27). We ran multiple tests with bumps of width 200 mm, depth
16 mm and different heights ranging from 3 mm to 21 mm in increments
of 3mm.

We observed three distinct behaviors of the robot in response to the
presence of the bump. The robot negotiates low bumps (up to around
9 mm) by hopping over it, as the soft limbs deform when interacting with
the bump (Fig. 4.27A). The robot fails to overcome the bump for bump
heights around 12 mm, as the front rigid limbs act as a pivot (Fig. 4.27B).
Higher bumps act as an obstacle, and the robot avoids them as the limbs
go out of synch, causing the robot to steer in place (Fig. 4.27C).

We ran five tests for each value of bump height for two cases of surface
(flat metal and flat paper). For each test, we took note of the outcome of
the negotiation. We observe that the success rate of negotiation drops
as the bump height increases (Fig. 4.28A, purple). On a paper surface,
the increase of friction between the limbs and the ground leads to
higher success rates (Fig. 4.28B, purple). This is thanks to the front limbs
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Figure 4.27

THE UNTETHERED ROBOT NEGOTIATING BUMPS. We observe three distinct reactions
of the robot to a bump. (A) For bump height 6 mm, the robot hops over the bump,
(i) with the limbs deforming when interacting with the bump. (B) For bump
height 12 mm, the robot fails to negotiate the bump, (i) flipping around the front
limbs. (C) For bump height 15mm, the bump acts as an obstacle (experiment
reported in Figure 4.7C). (i, ii) As the robot interacts with the obstacle, the limbs
activate asynchronously, and the robot steers in place.
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Figure 4.28

OUTCOME OF NEGOTIATION OF BUMPS AND INITIAL PERFORMANCE ON GRAVEL. (A)
Success rate of bump negotiation on a flat metal surface, varying bump height
(five tests for each value of bump height). (B) Success rate of negotiation on
a paper surface. (C) When locomoting on granular terrain with granule size
8 mm-16 mm, the robot fails, (i) displaying the pivot-flipping behavior seen in
Figure 4.27B.

elevating at larger heights, likely as a result of the higher forces exerted
by the self-oscillating limbs due to the increased friction.
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A Side view Top view

Figure 4.29

UPDATED DESIGN OF THE FRONT RIGID LIMBS RESULTS IN SUCCESSFUL LOCOMOTION
ON GRANULAR TERRAIN. (A) Side view and top view of the robot (red) with
the updated front rigid limbs (black) compared to the previous limbs (grey).
The updated limbs are 15 mm longer and 105 mm wider. (B) The updated robot
does not display the pivot-flipping issue seen in Figure 4.27 and successfully
locomotes on a granular terrain with granule size § mm-16 mm. (C) The updated
design diminishes the rotational motion of the robot, stabilizing the in-phase
synchronization of the self-oscillating limbs and therefore preventing the obstacle
avoidance behavior observed in Figure 4.27C.

With this understanding of how the robot deals with a single bump,
we checked how it manages locomotion on an irregular, granular terrain
with granules size between 8 mm and 16 mm (Stonewish Yellow 8-16mm,
GAMMA). As shown in Figure 4.28C, the robot displays the same failure
mode as in the single bump scenario, pivoting around the front rigid
limbs. Considering that this whole-body flipping is the only failure mode
we observed, we decided to re-design the front limbs to address the issue.
We 3D-printed longer limbs (15 mm longer), and we placed them wider
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(iii) 68s

Figure 4.30

THE ROBOT AUTONOMOUSLY ESCAPES U-SHAPED OBSTRUCTIONS. When interacting
with the walls, the robot randomly turns left or right, as shown in Figure 4.27C.
(i) In this example test, the robot after 4 s interacts with the first wall. In the
next ~ 60s, the robot turns right and left multiple times, until it turns right
twice in a row. (ii) The robot then hops straight. When the robot interacts with
the bottom-left corner, the robot turns 180°. Note that this last interaction is
particularly sensitive to the approach angle, as we observed the robot taking
various random directions after interacting with corners (Movie 4.6).

on the body of the robot (105 mm wider) (Fig. 4.29A). The updated robot
successfully locomotes on an uneven, granular terrain with granules
size between 8 mm and 16 mm, with the limbs synchronizing in-phase
(Fig. 4.29B). This updated design reduces the rotational motion of the
robot, stabilizing the in-phase synchronization of the self-oscillating
limbs. As seen in Figure 4.29C, this change in the body morphology
removes the obstacle avoidance behavior that we previously observed in
Figure 4.27C.

Tolerance of the implicit synchronization to imbalance between the inputs

To understand the tolerance of the synchronized behavior to differences
in left and right inputs to the limbs, we focus on the untethered robot as
the platform for the case study. To precisely control the variable inputs
to each limb, we removed the pumps and battery, and we tethered each
limb to a flow regulator (details on the fluidic setup in Section 4.6.7).
We applied a constant input flow of 0.4 SLPM to the left limb, and we
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varied the input flow to the right limb from 0.4 SLPM to 0.1 SLPM in
intervals of 0.05 SLPM. For each of these cases, we measured the natural
frequencies of the self-oscillating limbs when not interacting with the
ground, and we then placed the robot in locomoting position on the
ground.

In Figure 4.31A, we report the on-ground frequencies of the limbs
as a function of the ratio of the two natural frequencies. We observe
that up to natural frequencies ratio ~ 1.7, the two on-ground frequencies
match (Fig. 4.31A), so their ratio is ~ 1 (Fig. 4.31B). Up to this value
of the difference between the two inputs, the system is in a phase-
lock state: the in-phase synchronization is stable (Fig. 4.31A,B, yellow
highlight). For larger differences in inputs, the two limbs oscillate at
different frequencies (Fig. 4.31A,B). We call this value the critical natural
frequencies ratio (purple star in Figure 4.31B), as the synchronization
tolerates a ratio of natural frequencies smaller than such value.

We repeated the same experiments while adding additional mass
to the robot (Fig. 4.31C). We added weights of ~ 35g and ~ 65g. We
discovered that, due to the added inertia, the critical ratio of natural
frequencies increases (Fig. 4.31D). In other words, the system with mass
~ 98 g now synchronizes in-phase even if the natural frequency of the
left limb is ~ 3.4 times the one of the right limb. This is because the two
limbs are more strongly coupled, thanks to the increased downward
force acting on them.

Robots’ speed performance compared with the state-of-the-art

We frame the performance of our robots in the context of state-of-the-art
soft robots. We gather data concerning the fastest tethered and unteth-
ered soft robots and classify them depending on their actuation and
control mechanisms. We classify ‘tethered” as any soft robot that is con-
nected to the tether line, either for power or control. We call ‘untethered’
any soft robot that instead carries both power and control systems on
board. Note that here, when we mention ‘control’, we slightly diverge
from the classical mechatronics definition. We consider ‘control’ any
mechanism that sequences the activation of robotic actuators so that
a desired functionality, such as a walking gait, emerges. For example,
classical control involves microcontrollers sending sequenced input sig-
nals to activate pumps or motors, and fluidic circuits generate these
sequenced signals through the interaction of fluid flow or pressure and
nonlinear mechanical elements, that imitate analog or digital electronic
circuits [45].

Next, we divide the fast tethered robots into two categories. i) Soft
robots that internally embody the actuation sequencing [44, 49, 50, 53,
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Figure 4.31

A LARGER BODY MASS INCREASES TOLERANCE TO IMBALANCE IN LEFT AND RIGHT
INrUTs. We provide different values of inflow to the left and right limbs, and
we measure both the two natural frequencies and the frequencies when the
robot locomotes on the ground. (A) Frequencies of the left and right limbs when
the robot locomotes on the ground as a function of the ratio of the natural
frequencies of the two limbs. (B) Ratio of the on-ground frequencies of the limbs
as a function of the ratio of the natural frequencies of the two limbs. The purple
star indicates the critical natural frequencies ratio—higher values result in the
limbs not activating in-phase, while lower values result in the phase lock of the
limbs. (C) The robot has an additional weight placed on its back, and one tether
connected to each limb. (D) The critical ratio of the natural frequencies increases
for increasing mass of the robot.

55, 57, 58, 150] (blue dots in Figure 4.32 and in Figure 4.4I). ii) Soft
robots that rely on external control apparatus for actuation sequencing
(typically microcontrollers and software, or signal generators), spanning
a wide range of physics underlying their actuation (among others, piezos,
dielectric elastomers, shape-memory alloys, etc.) [157, 159, 170-182] (grey
dots in Figure 4.32 and in Figure 4.41).

By definition, the untethered robots carry their control systems on
board. Therefore, technically, they all have internal actuation sequencing
based either on microcontrollers or fluidic circuits. For this reason, we de-
cide to classify them depending on the actuation technology: fluidic [39,
49, 55, 57, 58] (blue dots in Figure 4.33) compared to any other technol-
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Figure 4.32

COMPARISON BETWEEN OUR TETHERED ROBOT AND COMPARABLE STATE-OF-THE-ART
TETHERED SOFT ROBOTS. (A) Body length of some of the current fastest tethered
soft robots versus their absolute speed. (B) Body weight of some of the current

fastest tethered soft robots versus their
reported in Table 4.1.

absolute speed. The data points are
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Figure 4.33

COMPARISON BETWEEN OUR UNTETHERED ROBOT AND COMPARABLE STATE-OF-THE-
ART UNTETHERED SOFT ROBOTS. (A) Body length of some of the current fastest
untethered soft robots versus their absolute speed. (B) Body weight of some of
the current fastest untethered soft robots versus their absolute speed. The data
points are reported in Table 4.2.
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Table 4.1

STATE-OF-THE-ART TETHERED SOFT ROBOTS. Data of the tethered soft robots re-
ported in Fig. 4.4I and in Figure 4.32 sorted for descending relative speed in
body lengths per second (BL/s).

Reference  Speed (BL/s) Speed (mm/s) Weight (g) Length (mm)

Our work 30 1080 4.09 36
[157] 20 200 0.024 10
[170] 13 117 0.19 9
[171] 12 60 0.001 5
[172] 6.1 51.83 6.5 8.5
[173] 6.01 390.5 1.1 65
[174] 5.82 168.6 1.6 29
[175] 2.68 187.5 50 70
[176] 1.5 52 3 35
[177] 1.33 60 225 45
[159] 1.28 257 41 200
[178] 1 20 0.2 20
[179] 0.85 30 0.19 35
[180] 0.7 35.3 0.32 50
[181] 0.56 112 n/a 199
[55] 0.25 33 76.5 132
[57] 0.09 21 390 240
[44] 0.05 25 1100 500
[150] 0.05 5.2 n/a 104
(53] 0.033 833 367 260
[58] 0.03 5 6 138
[50] 0.01 14 n/a 105

ogy (grey dots in Figure 4.33) [159, 170, 176, 179, 182]. The data gathered
for this modest performance review are reported in Tables 4.1 and 4.2,
sorted for descending relative speed (BL/s). Note that data strictly refers
to robots that perform controlled, robust locomotion on a flat surface.
We did not include robots locomoting on engineered surfaces or robots
performing uncontrolled or unstable locomotion.
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Table 4.2
STATE-OF-THE-ART UNTETHERED SOFT ROBOTS. Data of the untethered soft robots
reported in Figure 4.33 sorted for descending relative speed (BL/s).

Reference  Speed (BL/s) Speed (mm/s) Weight (g) Length (mm)

Our work 1.93 181 76.7 94
[159] 1.56 313 72 200
[170] 1.2 10.8 0.71 9
[182] 12 28.8 1.9 24
[176] 0.56 32 25 57
[179] 0.3 12 0.97 40

[49] 0.1 254 n/a 254
[55] 0.07 95 556 132
[57] 0.03 7 584 240
[58] 0.01 1.8 34 180
[39] 0.0076 5 5000 650

Our tethered robot is two orders of magnitude faster than state-of-
the-art robots with internal actuation sequencing and runs at a speed
comparable to other ultrafast soft robots that require external control
signals to operate (Fig. 4.32 and Fig. 4.4I). Our untethered robot is one
order of magnitude faster than state-of-the-art untethered fluidic robots
and hops at a speed comparable to other untethered soft robots that
implement any other soft technology (Fig. 4.33).

4.6.6 Manufacturing

The silicone tube actuator is composed of only two parts, a rigid holder
and a soft tube, resulting in a three-step manufacturing procedure
(Fig. 4.34). The thermoplastic polyurethane (TPU) pouch actuator, despite
requiring more distinct parts than the silicone tube actuator, also follows
a relatively straightforward manufacturing procedure (Fig. 4.35). The
minimalistic design of the actuators results in a straightforward assembly
of the tethered and untethered robots (Fig. 4.36). The STL files of all
the 3D-printed components are available at our Zenodo repository [166]
(DOL: 10.5281/zenodo.14055942).


http://dx.doi.org/10.5281/zenodo.14055942
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Silicone tube actuator manufacturing

We 3D-print the rigid holder with the desired clamping distance d
(Fig. 4.34A). Throughout our study, we chose the material VeroClear
RGD810 (in combination with support material SUP705) using the Strata-
sys Eden260VS/VS Poly]Jet printer to achieve high precision. Similar
results can be obtained with cheaper materials, e.g. PLA, using FDM
3D-printers such as the Ultimaker3. We press-fit the tube (internal di-
ameter D; and thickness t) in the left hole of the holder, and we mark
the desired length 1 on the tube with a permanent marker (Fig. 4.34B).
We press-fit the right side of the tube, making sure that the mark on
the tube is aligned with the top surface of the holder (Fig. 4.34C). We
estimate a total material cost of ~ 10 cents for an actuator with 1 = 36 mm,
D; =25mm, t =0.4mm, and d = 12mm, with the holder printed in PLA
(~ 2.7 cents) and the tube manufactured by Rubbermagazijn (~ 7.3 cents,
since it is currently sold for 1.13 € per meter, and we require ~ 65 mm).
A manufactured sample is shown in Figure 4.34D-F.

TPU pouch actuator manufacturing

We take two TPU sheets (Ecoseal™ Film T150 85A, Rivertex) with
thickness 0.15mm and two TPU Festo™ tubes (PUN-6X1-BL) with
external diameter 6 mm and length 10 mm (Fig. 4.35A). We seal the two
sheets along two parallel lines of length L + 10 mm, with L the desired
length of the actuator, placed at a distance W, which is the width of the
actuator. Throughout our study, we used actuators with L = 80 mm and
W = 10mm. To heat-seal the two sheets, we use the printer Felix Tec
4, with a custom-made head, previously used by our group for similar
sealing purposes [91]. The head is equipped with a spherical nozzle that
heats up and with an internal spring that allows for an even sealing of
the sheets along the two lines. Note that we place a silicone mat between
the bottom sheet and the print bed and oven paper between the top sheet
and the hot head. The G-code sent to the printer is based on an Adobe
Mlustrator file containing the two parallel lines with desired length and
distancing (red lines, Fig. 4.35B).

After sealing, we cut away the residual material using a scalpel. We
insert the two TPU Festo™ tubes in the two open sides of the pouch,
heat sealing the sheets to the tubes with a soldering iron at 300° so that
the free length of the pouch tube is L (Fig. 4.35C). We insert Luer™
connectors (MLRLoo7-1 Male Luer to 500 Series Barb 3/32" 2.4 mm with
Lock Ring FSLLR-3) in both Festo™ tubes to ease future connection in
setups and robots (Fig. 4.35D). The actuator weights 0.88 g without the
two Luer™ connectors, and 2.65 g with the connectors mounted. An
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MANUFACTURING OF THE SILICONE TUBE ACTUATOR. The manufacturing of the
silicone tube actuator follows a straightforward three-step procedure. After (A)
printing the holder and marking the desired tube length, we (B) insert the tube
in one end, sliding it until the first mark. (C) We then insert the other end. (D, E,
F) Photographs of a manufactured sample.

example sample with L = 80 mm and W = 10 mm, when not pressurized,
has low bending stiffness and doesn’t display multistability (Fig. 4.35E).
Finally, we connect the inlet to a holder that is fixed to a base with a 55°
angle, and the outlet to a holder that is fixed in position on the base, but
free to rotate (Fig. 4.35F).

Tethered robot manufacturing

The body of the tethered robot is monolithic, and it acts both as a
structural element to keep the four limbs in place and as the fluidic
circuit to couple the four limbs so that they synchronize in-phase. The
top view of the body (Fig. 4.36A) displays the inner channels of diameter
3mm and length ~ 15 mm that link the inlet to the four limbs connectors
(Fig. 4.36B). We 3D-printed the body with the rigid material VeroClear
RGD810, using the Stratasys Eden260VS/VS printer. We used the support
material SUP705, which we then dissolved by placing the print in a 5%
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MANUFACTURING OF THE TPU POUCH ACTUATOR. The manufacturing of the TPU
pouch actuator follows a three-step procedure. (A) We take two TPU sheets
with thickness 0.15mm and two TPU Festo'™ with external diameter 6 mm
and length 10 mm. (B) We heat-seal the two sheets along two lines of length
L+ 10mm, at a distance W from each other (with L the desired length of the
actuator and W the desired width) and we cut the residual material. (C) We
insert the Festo™ tubes in both ends of the pouch (both entering 5 mm inside
the pouch) and we seal the pouch to the tubes with a soldering iron. Photographs
of a manufactured sample, (D, E) without and (F) with holder.

KOH solution in 20 L of water. However, one could 3D-print the robot’s
body with soft materials like TPU, given the monolithic design [52].

To reach the higher frequencies for the tethered robot, we imple-
mented three design changes to the self-oscillating limb of Figure 4.1
and Figure 4.2. In Section 4.6.5, we explain in detail how such changes
affect the frequency of the limbs and the speed of the robot. The three
implemented changes are the following.
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* We introduced an asymmetry in the design of the holder, plac-
ing the inlet higher than the outlet at a height h. We studied
the influence of this parameter by testing samples with different
asymmetry heights. In Figure 4.14D,E,F, we report the resulting
frequency, stroke, and product between frequency and stroke for
various heights. For the robot, we chose h = 6mm as it maximizes
the product of frequency and stroke of the limb and, therefore, the
theoretical speed that the robot can reach.

* We scaled down the tube (including the inlet-outlet distance d and
the asymmetry height h) by a factor ~ 0.8. The tube in Figure 4.1
and Figure 4.2 has inner diameter 2.5 mm and thickness 0.4 mm,
while the updated tube has inner diameter 2mm and thickness
0.3mm. Scaling down the tube by a factor k ~ 0.8 decreases the
volume of air required for the kink to travel forward in one cycle by
a factor k3 ~ 0.512. Therefore, in principle, this factor approximately
doubles (1/0.512) the frequency of oscillation, as it halves the time
required for the kink to travel, given the same inflow.

¢ In addition to adding asymmetry and scaling down the tube, we
shortened it (so, shorter than the 0.8-scaled-down length) by an-
other factor 0.65.

Each limb holder in the tethered robot is characterized by three param-
eters: the inclination o from the vertical, the distancing d, and the height
h between the connector and the outlet holder (Fig. 4.36C). The holders
of our robot are characterized by o = 30°, d = 7.8 mm, and h = 3.9mm.
Each limb is mounted on the robot with a three-step process. The silicone
tube (Rubbermagazijn) with inner diameter 2mm and thickness 0.3 mm
is fitted over the limb connector (Fig. 4.36D). A TPU Festo™ tube is
fitted over the silicone tube to guarantee air-tightness (Fig. 4.36E). The
silicone tube is press-fitted in the outlet holder, making sure that the
actuator length is | = 18 mm. The remaining part of the tube is inserted
in the horizontal holder so that the output flow doesn’t create horizontal
thrust effects that would otherwise contribute to the locomoting behavior
of the robot (Fig. 4.36F).

Untethered robot manufacturing

The design of the untethered robot is modular, as displayed by the ex-
ploded render in Figure 4.36G. Each module is 3D-printed in PLA (BASF
Ultrafuse PLA filament, color neutral, 2.85 mm) with the Ultimakers
printer. The main body (red) has a LEGO®-like design so that all the
other modules can be inserted or screwed on it. We fix the pumps holder
(orange) and the on/off switch holder (yellow) on top of the main body.
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Figure 4.36
MANUFACTURING OF THE ROBOTS. (A, B) Renders of the body of the tethered

robot. (C, D, E, F) The limbs are mounted on the robot with a three-step process.

(G) Exploded render of the untethered robot.

On the bottom, we fix the limbs’ inlets holder (purple) with a 55° angle
to the main body surface, same as in the case of the single actuator
in Figure 4.35F. We insert the outlet holders (pink) on the green axis
without tightening the screws so they rotate freely. We insert the female
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SCHEMATICS OF THE ROBOTS. (A) Schematic of the fluidic connections of the
tethered robot. Schematic of the fluidic and electrical connections of (B) the
untethered robot and of (C) the phototactic untethered robot.

Luer connector (FTLLB230-1 Thread Style Panel Mount 1/4-28 UNF to
200 series 1/8" 3.2 mm) on both inlet and outlet holders to interface
with the actuator’s male connector. Finally, the balance limbs (blue) are
screwed into the front side of the robot.

We insert the two 3V mini air pumps (YYPN20-3M) in the holder.
Each pump is independently connected to a pouch actuator through
a silicone tube (inner diameter 2 mm, length 80 mm). We place a LiPo
battery (Carson 500608131 Lipo-Akku 3.7V 38omAh) using Velcro adhe-
sives. The pumps are connected to the LiPo through an on/off switch.
The phototactic version of the untethered robot is equipped with two
photoresistors (GL5528 LDR) and two transistors (BC546A) to detect
light and activate the associated pump.

The complete schematics of the fluidic and electrical connections
for the tethered, untethered, and phototactic robots are reported in
Figure 4.37, highlighting their minimalistic design.
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4.6.7  Experimental setups

In this Section, we describe the setups that we use for our experimental
campaigns. We use combinations of four setups, depending on the goal
of each specific experiment. The fluidic setup is used wherever we need
to control and acquire data of relevant fluidic quantities such as pressure
and flow. The high-speed recording setup is used wherever imaging of the
high-frequency oscillating actuator is needed. The force-displacement setup
is used in the experiments where we constrain the actuator between fixed
plates and where we control the bending angle of the tubes. The torque-
angle setup is used in the experiments where we control the bending angle
of the tubes while measuring the applied torque. The Arlco tracking
setup is used whenever we are interested in the position and speed of
the locomoting robots.

Fluidic setup

The fluidic setup, previously used by our group [53, 88] for similar ac-
quisition purposes, is a custom-made acquisition setup based on the Na-
tional Instruments IN USB-6212 input/output board and custom-made
software. The setup has two analog output ports, which control the pro-
portional pressure regulator (Festo'™ VEAB-L-26-D18-Q4-V1-1R1) and
the proportional flow control valve (Festo™ VEMD-L-6-14-20-D21-M5-1-
R1-V4). Both regulators are connected to an upstream precision pressure
regulator (Festo'™ LRP-1/4-10). The setup has multiple analog input
ports, which read the voltage output of pressure and flow sensors. The
pressure sensors used throughout our study are the NXP MPX5100DP
to read up to 100 kPa, and the NXP MPX4250DP to read up to 250 kPa.
To measure pressures in the actuators of the hopping untethered robot,
we used more compact pressure sensors (Honeywell 015PDAA5). We
used the airflow sensor Honeywell AWMs5104 to measure mass flow
up to 20 standard liter per minute (SLPM). The regulators and sen-
sors are summarized in Table 4.3. To remove sensor noise, we filter
all acquired raw data with the MATLAB function smooth with loess
method. The connection between the various parts of the setup (regula-
tors, sensors, and samples) is done using a combination of silicone tubes
(Rubbermagazijn 2x4mm and 3x6mm), Festo™ tubes (PUN-6X1-BL),
and Luer™ connectors (male-female, Luer-to-barb, and T connectors).
The setup is equipped with digital output ports, used to trigger the
high-speed recording setup and the force-displacement setup.
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Table 4.3
COMPONENTS OF THE FLUIDIC DATA ACQUISITION SETUP. List of the components
used to regulate and acquire the fluidic quantities (pressure and flow).

Part | Model

Input/output board | National Instruments IN USB-6212
Precision pressure regulator | Festo'™ LRP-1/4-10
Pressure regulator | Festo'™ VEAB-L-26-D18-Q4-V1-1R1

Proportional flow control valve Festo™ VEMD-L-6-14-20-D21-M5-1-R1-V4

Pressure sensor 100 kPa | NXP MPXs5100DP

Pressure sensor 250 kPa | NXP MPX4250DP
Pressure sensor 15 | Honeywell 015PDAA5
Flowrate sensor 20 SLPM | Honeywell AWM5104

The airflow sensor that we used (Honeywell AWM5104) measures
mass flowrate in Standard Liter Per Minute (SLPM). To obtain airflow
values in SI units, we first convert to liters per minute [183]:

27315 pgas | (4:31)

with the temperature of the gas Tgas = 295.65 K assumed to be equal to
the temperature in our lab, and the pressure of the gas pgas assumed
atmospheric (1.01325 x 10° Pa = 14.696), since in all our experiments the
tubes vent to atmosphere. Therefore, we obtain the flow in liters per
minute as:

and we convert to cubic meters per second as:

Qm's - 1.068 LQSLPM,

=510t (4-33)

Throughout the text, we reported flow rates in SLPM. In Table 4.4,
we report the corresponding values in SI units obtained by applying

Equation (4.33).
High-speed recording setup

The high-speed recording setup consists of the high-speed camera Phan-
tom v4.2 with the lens Navitar fysmm / F1.8, together with the spotlight
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Table 4.4

LOOKUP TABLE FOR THE CONVERSION OF UNITS OF FLOW RATE. Values of flow rate
in standard liter per minute (SLPM), used throughout this Chapter, converted to
cubic meter per second (m3 /s) using Eq. (4.33).

Flow rate (SLPM) | Flow rate (m3/s)
010
0.05 | 8.9x1077
0.1]1.78x10°®
0.3 | 534x10°°
04 | 712x10°°
38 | 6.76x107°
4 712x107°
65 | 1.16x107%
75 | 1.33x107%
114 | 203x107%
15| 2.67x1074
16 | 2.85x1074
20 | 3.56x 1074
28 | 4.98x107%

Nanlite FS-300B LED Bi-color. The camera is set to a 256x256 pixels
resolution, acquisition rate of 4000 frames per second, and 10 ps shutter
speed. The camera trigger is controlled through a digital signal sent by
the fluidic setup to ensure synchronization of the acquisition of both
setups. The camera continuously records frames and stores the ~ 0.5s
before the trigger instant.

Force-displacement setup

The force-displacement setup consists of the tensile-testing machine
Instron 5965, equipped with a static load cell (Instron 2530-100N) with
100N capacity. We used the machine in the displacement-control mode,
storing force and displacement values. We trigger the starting of the test
using a digital output from the fluidic setup, ensuring synchronization
of the acquisition of both setups.
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Torque-angle setup

The torque-angle setup consists of the microtorsion testing machine
Instron MT1-E1 that controls the bending angle of the tube. At the same
time, we measure the torque exerted on the tube with the load cell
W-5510-T4 with torque capacity 0.225 Nm.

ArlUco tracking setup

To measure the speed of each of our robots, we place an ArUco marker
vertically on top of the robot. We record the robot sideways at a rate
of 50 fps with the camera Canon EOS 850D equipped with the lens
Canon fsomm / F1.8. For each frame of the videos, we detect the pixels
associated with the four corners of the ArUco marker. We define the
position of the robot as the average of the four detected corners.

To detect the ArUco marker, we use the following algorithm. We
begin by initializing the standard ArUco marker detection parameters
(cv2.aruco.DetectorParameters_create) and accessing a predefined
dictionary of ArUco markers that correspond to the printed ArUco on
the robot (aruco.DICT_4X4_100). The script opens a video file using
OpenCV'’s video capture capabilities (cv2.VideoCapture). This opens a
VideoWriter object to save the processed output.

As the script processes the video, it iterates through each frame, crop-
ping off the nonessential parts of the video. These are the areas that do
not have an ArUco throughout the entire video. Note that this cropping
procedure is important in the side view experiments as the robot sits on
a wooden table. In fact, the table would interfere with the tracking since
the texture of the wood can cause false positives in the ArUco detection.
Each cropped frame is converted to the LAB color space to improve
local contrast using Contrast-Limited Adaptive Histogram Equalization
(cv2.createCLAHE). The script employs the cv2.aruco.detectMarkers
function to detect the four corners of the ArUco markers in each frame.
The script applies additional image processing methods if the initial
detection attempt fails. For its second attempt, it uses a Gaussian blur
(cv2.GaussianBlur) to soften the edges of the ArUco. For its third at-
tempt, it employs a contrast and brightness adjustment to enhance the
image using cv2.convertScaleAbs. In the rare cases where the four
corners of the marker are not detected, the script is designed to use a
fallback method, employing manual detection.
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4.6.8 Numerical analysis of the video recordings

We develop an algorithm to extrapolate quantitative information from
the high-speed videos of the actuator that self-oscillates at high fre-
quency. The Python algorithm implements, for each frame iFrame of the
recording, detection of the pixels associated with the edge of the tube
and clustering of the outer and inner edges. Using MATLAB code, we
extrapolate the center line, local width, kink location along the center line,
kink width, actuator’s tip, kink distance, and kink velocity.

Edge detection and clustering

SILICONE TUBE ACTUATOR. For each frame of the high-speed recordings,
we increase the resolution using the command cv. resize. We convert
to greyscale (cv.cvtColor) and apply Gaussian blur (cv.gaussianBlur).
We perform Canny edge detection to identify pixels that separate bright
areas from dark areas (cv.Canny). Note that an appropriate experimental
setting of the lighting conditions, with the bright, illuminated tube on a
dark background, is essential for successful edge detection.

For each frame, after edge detection, we have a matrix with False val-
ues, except for the True pixels associated with the edges. We cluster the
inner and outer edges, obtaining two separate lists of points associated
with the two edges. To do so, we visually define a vertical threshold
threshold_y for the image to exclude pixels underneath it. We visually
define a value zero_x representing a vertical line between the inlet and
the outlet sides of the tube. We call the two sizes of the image width and
height. We define the function dfs for a recursive depth-first search to
find the connected pixels of the two clusters.

. def dfs(x, y, visited, cluster):
# Mark the pixel as visited and add it to the cluster

visited.add((x, y))
cluster.append((x, y))

6 # Define the neighbors to visit
neighbors = [(x-1, y), (x+1, y), (x, y-1), (x, y+1), (x-1, y-1), (x-1, y
+1), (x+1, y-1), (x+1, y+1) 1

# Visit each unvisited neighbor
for nx, ny in neighbors:
11 if (nx, ny) not in visited and 0 <= nx < width and 0 <= ny < height
and ny <= start_y and table[ny, nx]:
dfs(nx, ny, visited, cluster)

We find the starting index, and we run the recursive depth-first search.

# Find the starting y-coordinate for the outer edge
for y in range(0, height):
for x in range(0, width):
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if tablely,
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# Find the outer edge cluster

visited = set()

outer_edge = []

dfs(start_x, start_y, visited, outer_edge)

Note that, at this point, it is not ensured that the pixels associated
with the edges are connected. Occasionally, we observe the pixels being
disconnected at the kink, which is a challenging area of the image for
the Canny detection algorithm. For this reason, we perform the recursive
depth-first search twice, first starting from the left of the image, and then
from the right. This ensures that the edges are complete. We then repeat
this clustering process for the inner edge.

TPU roucH ACTUATOR. The detection algorithm described so far
proved challenging in the case of the TPU pouch actuator, given its
sharper kinks. For this reason, we implemented a slightly different al-
gorithm so that the edges of the TPU pouch actuator can reliably be
detected for each frame. Similar to the previous algorithm, we open
the video (OpenCV). With a loop, we process the data of the individual
frames. For each frame, we perform a series of image-processing steps.
We resize (using cv.resize) to enhance the number of pixels and there-
fore smooth the edges of the actuator. Second, we convert to grayscale
(cv.rgb2gray) to highlight the difference between the black background
and the white actuator. Third, we create a masking circle on the frame
using cv.circle. This circle masks the actuator’s holders, leaving only
the TPU pouch tube visible. We combine this mask with the original
image using cv.bitwise_and for selective focus on the TPU section of
the actuator. Fourth, the script further processes each image by applying
Gaussian blur (cv.GaussianBlur), smoothing the edges of the TPU and
the background (specifically the kink, where the actuator folds onto
itself). Fifth, we perform thresholding with cv.threshold to obtain a
binary distinction between the TPU actuator and the background. Lastly,
we use contour detection (cv.findContours) to extract the edge pixels
between the TPU actuator and the background.

To cluster the inner and outer contours of the TPU pouch actuator, we
employ the following custom algorithm to filter and connect the coor-
dinates of the extracted contours. We start by identifying the start/end
point of the outer contour as the coordinate with the maximum x and y
positions. This is followed by a loop that sets the start as a reference and
matches this with the closest coordinate in the list of all the contours.
If the closest matching curve is within a set threshold (20 pixels), the
algorithm connects the coordinates to form the curves, updates the new-
found coordinate as a reference, and removes it from the initial list. Once



19

46 SUPPLEMENTARY INFORMATION

no connecting coordinate is found, the same is repeated for the inner
contour. The end result is a set of two sequences of coordinates that
represent the inner and outer edges of the TPU actuator in the image.
# Identify the initial reference point

ref_point_idx = np.argmax(np.sum(coords, axis=1))
ref_point = coords[ref_point_idx]

# Function to compute the distance between two points
def compute_distance(ptl, pt2):
return np.sqrt(np.sum((ptl - pt2)*x2))

connected_coords_outer = [ref_point]
# Remove the reference point from the array
coords = np.delete(coords, ref_point_idx, axis=0)

while len(coords) > 0:
# Compute distances from the current ref_point to all other points
distances = np.array([compute_distance(ref_point, pt) for pt in coords])

# Index of the closest point
min_distance_idx = np.argmin(distances)

# Check if the closest point is further than 20
if distances[min_distance_idx] > 20:
break

# Append the new coordinate and update the reference point
ref_point = coords[min_distance_idx]
connected_coords_outer.append(ref_point)

# Remove the selected coordinate from the array
coords = np.delete(coords, min_distance_idx, axis=0)
# select new reference point index

ref_point_idx = np.argmax(np.sum(coords, axis=1))

Definition of quantities of interest

Through the edge detection and clustering process, we obtained the two
lists of the outer and inner edges’ history in time. Each element of the
list is an array with the points associated with the edge at the instant of
interest. For each of these arrays, we extrapolate the following quantities
of interest, reported in Figure 4.38 for visual clarification.

o The rearranged edges, defined as the same points of the detected clus-
ters, but rearranged using a single linkage hierarchical clustering
with leaf order optimization.

¢ The cluster of the closest points in the inner edge to the outer edge,
defined as the ensemble of points in the inner edge that minimize
the Euclidean distance to each point in the outer edge.
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The center line cluster as the ensemble of the average values between
each pair of points belonging to the ordered outer edge and their
closest points in the inner edge.

The local width of the tube, defined as the Euclidean distance be-
tween each pair of points, one belonging to the ordered outer edge
and one to its closest point in the inner edge.

The center line reference frame, defined as the cumulative sum of the
distances between consecutive points belonging to the center line.

The actuator’s tip, defined as the point on the outer edge with the
maximum y-coordinate in the x-y reference frame.

The kinks” location along the center line, defined as the two local
minima of the local width over the center line coordinate.

The kinks’ position in the x-y reference frame, defined as the points
of the outer edge associated with the kinks’ locations.

The kinks” width, defined as the local width of the tube at the kinks’
locations.

We then define the following, for each instant t;.

e The kink distance, defined as the Euclidean distance between the

kink position in the x-y plane at time t; and the kink position in the
x-y plane at the reference time t,o, which is arbitrarily defined as
the instant when the non-dominant kink changes role and becomes
dominant.

The kink velocity, defined as the finite difference of the kink distance.
Note that the term velocity here is not used according to the classical
meaning, since it expresses the rate of change of the distance of
the kink and not the rate of change of its position.
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VISUAL REPRESENTATION OF THE DEFINED QUANTITIES. (A) Quantities that can
be extrapolated from a single frame of the high-speed recordings. (B) Storing
the kink position at an arbitrary reference instant allows us to define the kink
distance. (C) Numerically unfolding the tube along the center line allows us to
extrapolate the kink location and the kink width.
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ABSTRACT

Soft fluidic machines often rely on self-sustained oscillations to achieve
tasks autonomously without the need for electronics or software. Typ-
ically, these oscillations arise from nonlinearity through complex me-
chanical geometries or from relatively involved fluidic circuitry, and are
passive in that they require external power sources. Here we show that,
by harnessing the coupling with a catalytic reaction, active oscillations
can arise even in flat elastic membranes without the need for fluidic
circuits or external power. We embed silver wire as the catalyst in a flat
elastic membrane suspended over a pool filled with liquid hydrogen
peroxide as fuel. When in contact with the catalyst, the fuel reacts, re-
leasing gases. We observe an oscillation where the reaction activates and
deactivates spontaneously, causing the membrane to cyclically inflate
and deflate for hours consecutively. Using both experiments and a basic
lumped-parameter model, we show that the oscillation arises from an
interplay between capillarity of the catalyst, membrane stiffness, and
venting resistance, which together give rise to negative feedback and
separation of timescales. As such, we demonstrate an active oscillation
in which the release of energy is directly coupled to internal states of
the oscillation itself. By embodying energy within the oscillation dynam-
ics, we expand the library of phenomena to achieve self-oscillation in
autonomous soft fluidic machines.
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5.1 INTRODUCTION

in real-world scenarios [63]. The intrinsic compliance of their body

leads to features that distinguish them from rigid machines, includ-
ing passive adaptability [64], safety when interacting with humans [30],
and resilience to damage [31, 39].

Relatively recently, fluidic circuits [45] have been identified as a promis-
ing platform to increasingly move autonomy capabilities from a central
electronic processor to the machine’s soft body itself [184]. Fluidic cir-
cuits, consisting of networks of centimeter-scale tubings [46—48] and
nonlinear inflatable elements [41, 85], allow for internal sequencing of
complex motions given simple pneumatic inputs. For example, given a
cyclic pressure drive, completely fluidic robots sequence leg movements
to locomote [44], and even play Beethoven’s Ninth Symphony [87].

To achieve such feats, these systems [44, 87] require an externally
timed pressure signal. To increase the independence from external com-
puters, fluidic circuits can generate their own timing signals internally,
harnessing self-oscillation [185]. Given a constant input, self-oscillating
fluidic circuits [50, 53-55, 58, 113, 131, 186] embedded in the machines’
bodies generate oscillatory pressure signals, sequencing the actions of
the machines. For example, fluidic relaxation oscillators obtain cyclic
activation given a constant inflow of air through a single hysteretic valve
that alternates between closed and open states [53, 131]. Fluidic ring
oscillators [56], given constant input pressure, display a pressure wave
that travels along a ring of three interconnected valves, sequentially
inflating limbs of a locomoting robot [57]. In Chapter 4, self-oscillating
limbs made of kinked elastic tubes display cyclic, asymmetric motions
when connected to an external mini air pump, resulting in responsive,
synchronized gaits across various environments [75].

In general, fluidic circuits rely on relatively complex mechanical de-
signs to self-oscillate, where hysteretic behavior arises from microfluidic
networks [125, 187] or macroscopic elements with highly nonlinear re-
sponses. For instance, as shown in Chapter 3, the relaxation oscillator [53,
131] relies on a shell with a non-monotonic pressure-volume curve and
with a cut at its pole [88]; the ring oscillator [56] requires multiple bistable
valves, each assembled from a bistable shell, an external soft capsule,
and two kinking tubes [50]; the self-oscillating limb [75] in Chapter 4
leverages a thin elastic tube along which kink instabilities spontaneously
form, travel, and disappear [153].

Moreover, these self-oscillations are passive, as they rely on an external
pneumatic power supply, often in the form of a compressor. Even when
untethered, the power supply is a separate component placed on board
as bulky pumps and batteries [58, 75] or pressure canisters [57, 113].

SOFT machines [26, 27] hold great promise for autonomous operation



5.2 AN ACTIVE FLUIDIC OSCILLATOR WITH EMBODIED ENERGY

To remove rigid parts associated with the power supply, researchers
harnessed liquid fuels that rapidly decompose into gases when in contact
with a catalyst [188, 189], directly inflating soft limbs [125]. However,
even in this scenario, the energy system is external to the passive self-
oscillating system, which still requires a relatively complex network of
gates and microfluidic components [187] to generate cyclic activation.

Outside the realm of fluidics, self-shadowing effects are commonly
used to obtain active oscillations. For instance, flat strips of photoac-
tive polymers undergo self-oscillations when illuminated with constant
light [190-192]. The stimulus-induced activation leads to shape changes
that cause subsequent suppression of the stimulus, effectively resetting
the system for the next cycle. Crucially, we observe that these systems
are active, in that the access to the energy source is directly coupled to
internal states of the oscillating dynamics, allowing relatively simple
geometries (such as flat beams [156, 193]) to undergo out-of-equilibrium
oscillations. This active oscillation architecture contrasts with typical
fluidic self-oscillators, which instead require highly nonlinear mechan-
ical elements, likely because of the passive oscillating system being
decoupled from the active power-source system [57, 58, 75, 113, 125].

Here, we present a soft system to study active oscillations in the
context of soft fluidic machines. We couple an elastic membrane with a
catalytic chemical reaction of liquid hydrogen peroxide that decomposes
into gases. We observe that this coupling alone leads to oscillations of
the reaction, and thereby of the membrane, that self-sustain for hours
consecutively. The pressure oscillation does not require membranes with
complex, nonlinear responses, intricate fluidic circuits, or external power
sources. Instead, we show with a lumped-parameter model that the
dynamic inflation-deflation cycle arises from an interplay between the
membrane stiffness, venting resistance, and capillarity of the catalyst.
Importantly, in this system, the release of energy is directly coupled
to internal states of the oscillation itself. Hence, we refer to this model
system as an active fluidic oscillator that embodies energy [62].

5.2 AN ACTIVE FLUIDIC OSCILLATOR WITH EMBODIED ENERGY

To embody energy within a soft fluidic system, we look at liquid hydro-
gen peroxide due to its high energy density ~ 1.44k]J/g, about one order
of magnitude higher than common lithium-ion batteries [125]. When
the fuel (concentration of 50 % hydrogen peroxide in water) comes into
contact with a catalyst (99.9 % pure silver wire) (Fig. 5.1A), it rapidly de-
composes the hydrogen peroxide into gas (water vapor and oxygen) and
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residual liquid water (Fig. 5.1B), following the exothermic reaction [194]:

2H,0, (1) — 2H,0 (g, 1) + O, (g) 1, (5.1)

where we indicate the liquid phase (l), the gas phase (g), and the re-
leased heat (1). At atmospheric pressure, a small volume of liquid fuel
decomposes into a large volume of gas, with a volume increase of ~ 250
times [195]. From just 6 mL of liquid fuel (Fig. 5.1A), we can obtain
~15L of gas (Fig. 5.1B).

With the goal of coupling the reaction directly to a soft system, we
embed the catalyst in an elastic silicone rubber membrane [Smooth-
On Dragon Skin 10 (DS10)] (Fig. 5.1C). The catalyst is a silver wire
with length 50 cm and diameter 0.5 mm, manually loosely packed in
the shape of a sphere with a diameter of ~ 9mm. The catalyst is only
partially embedded in the membrane, with the majority of the surface
area of the wire left exposed (Section 5.9). We then 3D-print a holder
with a pool to contain 6 mL of fuel, with three ports to allow for the
insertion of sensors (Fig. 5.1D). We clamp the membrane on top of this
holder, with the catalyst facing the pool, obtaining a closed chamber
between the membrane and the holder (Fig. 5.1E). Lastly, we seal the
ports and connect a needle to one of them to have control over the
amount of venting of the gases generated during the reaction (Fig. 5.1F).
In Figure 5.2, we show a photograph of the complete experimental setup.

In an experiment where we fill the pool with fuel, we observe that this
relatively simple system, composed of a flat membrane, a catalyst, fuel,
and a needle (Fig. 5.1F), spontaneously self-sustains an active oscillation,
visible from the membrane inflating and deflating cyclically (Fig. 5.1G).

5.3 THE ACTIVE OSCILLATION SELF-SUSTAINS FOR HOURS

To systematically study the active oscillation, we prepare the experiment
by inflating the membrane so that the embedded catalyst is displaced
away from the pool, as shown in Figure 5.2. This allows us to fill the
pool with 6 mL of fuel without triggering the reaction. After this setup
procedure, we start the experiment by venting the chamber to the at-
mosphere through the on/off valve (Fig. 5.2). We define the start of the
experiment (t = 0s) when the chamber reaches atmospheric pressure.
After this initial manual interaction, we let the system evolve over time,
without further external interactions.

In the first minutes of the experiment, we observe the start of an
active oscillation of the membrane, which alternatively inflates and
deflates between 10 kPa and 20 kPa at a frequency of ~ 0.06 Hz (Fig. 5.3A).
Interestingly, after about 2 hours, the system is still oscillating, although
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Figure 5.1

AN ACTIVE FLUIDIC OSCILLATOR WITH EMBODIED ENERGY. (A) When a catalyst
(50 cm of silver wire with diameter 0.5 mm) enters in contact with fuel (liquid
hydrogen peroxide, 50 % concentration in water), (B) the fuel rapidly decomposes
releasing large amount of gas (water vapor and oxygen) and residual liquid
water. The fuel stores large amount of energy (with energy density ~ 1.44k]/g,
one order of magnitude higher than lithium-ion batteries [125]) which is released
in gas, and hence can be directly used to power pneumatic systems. (C) We
partially embed the silver wire catalyst in an elastic membrane, leaving the
majority of the surface area of the wire exposed (Section 5.9). (D) The fuel
(6 mL in volume) is contained in a 3D-printed rigid holder, with three ports for
insertion of two temperature sensors and a pressure sensor. (E) The membrane is
clamped on top of the fuel pool, with the catalyst facing the pool. (F) A needle is
connected to one of the ports to vent the gases generated during the reaction. (G)
The membrane exhibits an active oscillation, alternatively inflating and deflating
as a consequence of the reaction activating and deactivating cyclically. Scale bars
inC, D, E, and G are 1cm.

at lower pressures (6-13kPa) and with an order-of-magnitude lower
frequency (~ 0.008 Hz) (Fig. 5.3B).

To better illustrate the active oscillation, we examine an individual
oscillation cycle. In particular, we look at the evolution of pressure and
catalyst temperature during the fourth cycle (Fig. 5.3C). We identify two
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Refueling line
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Figure 5.2

THE EXPERIMENTAL SETUP OF THE ACTIVE OSCILLATOR. We connect a one-way
valve on the bottom of the chamber to allow initial injection of fuel into the pool.
We insert two temperature sensors: one is attached directly to the catalyst, and
the second measures the temperature of the air in the chamber. A needle allows
for venting the reacted gases to atmosphere. A pressure sensor measures the
pressure inside the chamber. We initially keep the membrane inflated (as shown
in the photograph) using an on/off valve to prevent the catalyst from activating
the reaction. Scale bar is 1 cm.

main phases within the period: a reaction phase followed by a discharge
phase. At first, the catalyst temperature increases from 50 °C to 100°C,
indicating the activation of the catalytic reaction (Fig. 5.3C, orange line).
This increase in temperature is accompanied by an increase in pressure
to ~ 20kPa (Fig. 5.3C, blue line), as a consequence of the gases generated
during the reaction. Effectively, the system is transitioning from a state
with cold catalyst and deflated membrane, and the catalyst dipped in the
fuel (Fig. 5.3D(i)), to a state with hot catalyst and inflated membrane, and
the catalyst displaced away from the fuel (Fig. 5.3D(ii)). While reacting,
some of the generated gases leak into atmosphere through the venting
needle. However, the faster timescale of the reaction dominates over the
slower leakage, effectively causing an inflation of the membrane.



5.3 THE ACTIVE OSCILLATION SELF-SUSTAINS FOR HOURS

A . _ C
20 Start of experiment I 20
©
(a9
=
[
510 18
2
<
o 16
0 . &
0 2 4 £
Time (min) 14 ¢
B N . 2
20 After 1h 45 min 8 3
= r 3 12 &
g &
g
510 _\/\/\_ 10
a
v "
a 0]
0 P 12 13 14 15
105 106 107 108 109 ‘ T o :
Time (min) Time (min)
0] (i) g (iii) g
Cold, deflated Hot, inflated Cold, deflating
Figure 5.3

THE ACTIVE OSCILLATOR SPONTANEOUSLY INFLATES AND DEFLATES FOR HOURS.
(A) Active oscillations occurring in the first 4 minutes of the experiment. (B)
After 1 hour and 45 minutes, the active oscillation is still self-sustaining, with a
lower frequency and at lower pressures. (C) The trends of the temperature at
the catalyst and of the pressure during the fourth oscillation cycle highlight a
reaction phase followed by a discharge phase. (D) Schematics of three stages
of the oscillation cycle: (i) the catalyst is cold and dipped in the fuel, as the
membrane is deflated, (ii) the catalyst is hot and the membrane is inflated as the
reaction occurred, and (iii) the gases are venting to atmosphere, the membrane
is deflating, and the catalyst is cooling down.

Eventually, when there is no more fuel attached to the catalyst, the
reaction ends, and pressure stops increasing (Fig. 5.3C(ii)). This is the
start of the discharge phase, in which the leakage through the venting
needle takes over, causing pressure to drop (Fig. 5.3C, blue line). Simulta-
neously, the absence of contact with fuel allows the catalyst to cool down
(Fig. 5.3C, orange line). As pressure decreases, the membrane deflates,
causing the catalyst to displace toward the fuel (Fig. 5.3D(iii)). Once the
catalyst comes into contact with the fuel, the reaction is activated again,
and the cycle repeats.

In addition to this local profile of temperature and pressure within
one cycle, the active oscillation also evolves globally over time. In the
first ~ 13min (Fig. 5.4, green star), the oscillation frequency increases
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Figure 5.4
EVOLUTION IN TIME OF THE ACTIVE OSCILLATION. Evolution over more than
3 consecutive hours of (A) the oscillation frequency, (B) the maximum and
minimum values of the oscillating pressure, (C) the maximum and minium
values of the oscillating catalyst temperature, and (D) the temperature inside the
chamber.

from 0.06 Hz to 0.1 Hz (Fig. 5.4A), with the maximum and minimum
pressures marginally decreasing (Fig. 5.4B). Within this period, the maxi-
mum catalyst temperature stays at around 100 °C, the minimum catalyst
temperature rises from 50 °C to 64 °C (Fig. 5.4C), and the chamber tem-
perature goes from 26 °C to 37 °C (Fig. 5.4D).

After this initial phase, the frequency starts to drop. Approximately 1h
after the experiment started (Fig. 5.4, pink star), the frequency reaches
a nearly steady-state’ value of ~ 0.008 Hz (Fig. 5.4A). This is when the
maximum and minimum values of the oscillating pressure and catalyst
temperature reach a quasi-steady state as well (Fig. 5.4B,C). Excitingly,
starting from 1 hour after the experiment begins, the system continues to

We refer to it as a nearly steady-state condition because the oscillation does not reach an
actual steady state, as the fuel in the pool is being depleted in time.
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oscillate in this nearly steady-state condition for 2 more hours. Eventually,
at time 184 min, these large-amplitude oscillations cease to exist, and
the system is attracted to a state with pressure ~ 8kPa and catalyst
temperature ~ 38 °C (Fig. 5.4B,C, gray arrows).

5.4 THE ACTIVE OSCILLATION IS AFFECTED BY PHYSICAL PARAME-
TERS

After observing these active oscillations that self-sustain for hours, we
are interested in understanding the key factors that trigger and affect the
active oscillation behavior. To start answering this question, we decide
to vary two physical parameters that are relatively easy to tune experi-
mentally: the membrane stiffness and the amount of venting resistance
(Fig. 5.5).

When we equip the active oscillator with a stiffer membrane (DS20
with shore hardness 20 A instead of the previously used DS10 with shore
hardness 10 A), we do not observe an oscillation anymore. Instead, we
observe an initial increase in pressure (Fig. 5.5A, blue line), symptomatic
of the reaction occurring. We then observe a gradual decrease in pres-
sure, which converges within 15min to a static condition with ~ 7.5kPa.
In contrast, the system with a softer membrane displays oscillations
(Fig. 5.5A, orange line). From these observations, we learn that a stiffer
membrane suppresses the active oscillation behavior and instead leads to
a steady reaction that will occur until the hydrogen peroxide in contact
with the catalyst is fully depleted.

Similarly to varying the membrane stiffness, we check how the system
responds to variations in the venting resistance. We swap the 25 GA
venting needle with a needle with larger diameter (16 GA), which offers
lower resistance to airflow (Fig. 5.5B). We observe the membrane initially
inflating to ~ 5kPa, and then rapidly going back to atmospheric pressure
(0kPa). Although the reaction is occurring, the low venting resistance
results in the generated gases venting to atmosphere without pressuriz-
ing the chamber. Since the membrane does not inflate, the catalyst stays
dipped in the fuel, constantly inducing the reaction. Hence, the system
stays at a state with zero pressure (Fig. 5.5B, blue line) and high catalyst
temperature around 80°.

In general, we discovered that changes in two parameters (membrane
stiffness and venting resistance) lead to substantially different output
behaviors. These results suggest that the various parameters must be
selected carefully to balance the competing influences of reaction rate,
elastic forces, and leakage. In particular, a specific combination of low
membrane stiffness and high venting resistance allows the active oscilla-
tion to self-sustain.
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Figure 5.5

MEMBRANE STIFFNESS AND VENTING RESISTANCE CONTRIBUTE TO THE ACTIVE OSCIL-
LATION. (A) Evolution in time of the pressure in the active oscillator with a stiffer
membrane (Smooth-On DS20) (blue) and with a softer membrane (Smooth-On
DS10) (orange), given the same venting resistance (25 GA needle). (B) Evolution
in time of the pressure in the active oscillator with a lower venting resistance (16

GA needle) (blue) and with a higher venting resistance (25 GA needle) (orange),
given the same membrane (Smooth-On DS10).

Now that we have learned that this combination of soft membrane
and high resistance places the system in the oscillating regime, we still
wonder what key principle is behind the active oscillation. In particular,
we know that for an active oscillation to self-sustain, a form of negative
feedback, switching nonlinearity, or delay within the internal states of
the system is required [185]. What is the source of the active oscillation
in our specific system?

5.5 A LUMPED-PARAMETER MODEL OF THE ACTIVE OSCILLATION

To understand the behavior of the active oscillation, and in particular
to uncover the influence of various physical parameters, we develop a
model that captures the physical contributions to the system (Fig. 5.6).
The model aims to couple together the influence of the reaction kinetics,
the effects of the catalyst temperature, the capillarity of the catalyst, the
mechanics of deformation of the membrane, and the leakage through the
venting resistor. The model, which lumps complex physical phenomena
at play through relatively simple relationships, qualitatively captures
the experimental results and offers insights into the key phenomena
that enable the active oscillation to occur. Specifically, the model teaches
us that the active oscillation arises from a time offset induced by the
catalyst capillarity and negative feedback resulting from the catalyst
being physically attached to the inflating membrane. Together, these
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effects will also explain the reason why a stiffer membrane and a lower
venting resistance suppress the active oscillation.

5.5.1  Overview of the model

In Figure 5.6A, we schematically represent the subsystems of the model
related to both the catalytic reaction and the mechanics of the membrane.
We model the main pool as a container with fuel, of which the mass
is the sum of a reactable part m]ép (Fig. 5.6A, green) and an inert part

m]Ic,]D (Fig. 5.6A, white). This distinction comes from using a fuel made of
hydrogen peroxide diluted in water: when reacting, only the hydrogen
peroxide will decompose, while water will not, being inert. Note that,
although in Figure 5.6A we visually represent the fuel as two distinct
mass parts, the fuel is a homogeneous mixture (a solution) of hydrogen
peroxide and water.

We model the catalyst as another container of fuel, with a smaller
fuel capacity compared to the larger pool (Fig. 5.6A, small rectangle).
This assumption effectively implies that the catalyst can hold a certain
amount of fuel through capillary forces. The mass of fuel in the catalyst
is also modeled as the sum of a reactable part m]é . (Fig. 5.6A, purple)

and an inert part m%c (Fig. 5.6A, white). Through diffusion, fuel is
allowed to be exchanged between the pool and the catalyst, with rate ¢
(Fig. 5.6A, black arrows).

Crucially, we assume that only the reactable part of fuel in the catalyst
decomposes into gases, with a reaction rate k; (Fig. 5.6A, purple). We
assume that the fuel in the pool does not react, motivated by the experi-
mental observation that only hydrogen peroxide in close contact with
the catalyst decomposes.

The inflating membrane does not operate in the snap-through [41]
regime, that is, the pressure-displacement curve is fairly linear and
does not present negative stiffness regions [196, 197] in the observed
deformation range. Hence, we model the membrane as a linear spring
with stiffness ks attached to the catalyst, with a damper C4 in parallel
(Fig. 5.6A, blue). The spring compresses vertically by a displacement u
under the force F, that originates from the pressurized gas inside the
chamber.

The subsystem related to the internal gas is represented in Figure 5.6B.
The reaction occurring at the catalyst generates gas products of mass
m%en, which increase the total mass of gas inside the chamber mg,
inducing pressurization p (Fig. 5.6B, purple). For simplicity, we assume
that pressure does not affect the reaction rate. Intuitively, the gas that
leaks through the venting needle (m'$?¥) decreases the mass of gas

9
present in the chamber (Fig. 5.6B, black).
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SCHEMATIC OF THE MODEL OF THE ACTIVE OSCILLATOR. (A) We model the pool as a
volume of fuel with a reactable part mfR,]D (green) and an inert part m},p (white).
The catalyst is also modeled as a container of fuel, with a reactable part mfR, c
(purple) and an inert part m%/c (white). Through diffusion (black arrows), fuel
exchanges between the pool and the catalyst, with rate rii¢. Only the reactable
fuel in the catalyst is assumed to decompose into gases, with a reaction rate
kr. The catalyst is attached to a linear spring with stiffness ks and a damper
with damping coefficient C4, and it moves upwards by a displacement u under
the force Fp generated by the pressurized gas. (B) The mass of gas generated

through the reaction m%en increases the total mass of gas inside the chamber mg,

inducing pressurization p. The gas leaking through the venting needle mlsak
reduces the mass of gas in the chamber. (C) The temperature of the catalyst
Te increases due to the heat Q8" generated by the exothermic reaction, and
decreases due to heat losses Qloss, as a function of the catalyst mass mc, the
specific heat capacity of the silver catalyst cp,s, the water mass m%c, and the
specific heat capacity of water cpw. We denote the state variables as s;, with

i=1to 8.

The thermal subsystem of the model is shown in Figure 5.6C. Hydro-
gen peroxide decomposition is an exothermic reaction, which generates
non-negligible heat [198]. We model this phenomenon by considering
that the temperature of the catalyst T¢ increases due to the heat Q8" gen-
erated by the exothermic reaction. In addition, T. decreases due to heat
losses Q! as a function of the silver catalyst mass mc, the silver specific
heat capacity cp s, and the water specific heat capacity cp . Importantly,
we assume that the temperature of the catalyst affects the reaction rate
kr = kr(Tc), as the reaction is known to be temperature-dependent [199].

In total, our model represented in Figure 5.6 involves eight state
variables: the mass of reactable fuel in the pool m?lp, the mass of inert

fuel in the pool m! o+ the mass of reactable fuel in the catalyst mR _, the
mass of inert fuel in the catalyst m% o the mass of gas in the chamber mg,
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the temperature of the catalyst T¢, and the displacement u and velocity
1t of the membrane. The state vector becomes:

—mEp(t)-
m},p(t)
mEC(t)
s(t) = | Mee (V] G2)
mg(t)
Te(t)
u(t)
[ u(t) |

In the following Sections, we introduce the key assumptions that lead to
relationships between the state variables, resulting in a coupled system
of eight ordinary differential equations (ODEs).

5.5.2  Fuel mass balances

In the pool, the total mass of fuel at time t is the sum of the reactable
part and the inert part:

mep(t) = mg, (8) + mp (1) (5.3)

Likewise, the total fuel mass attached to the catalyst through capillary
forces is the sum of the reactable and inert parts:

me,c (t) = mme (t) + m},c (t) (54)

The reactable and inert mass of fuel in both the pool and the catalyst are
state variables as in Eq. (5.2), so they can evolve in time. In later Sections,
this will prove to be an important factor that drives the active oscillation
behavior.

We define the concentration of reactable fuel in the pool o, (t) as the
ratio between the reactable mass and the total mass of fuel:

m]lf,p (t)
msp (1) ‘

At the beginning of the experiment, the concentration of reactable fuel
in the pool? is «p, = 0.42, and it will decrease over time as the reaction
occurs.

op(t) = (5.5)

We measure the actual value of the initial fuel concentration by weighing with a chemical
mass balance (of 0.1 mg precision) a known volume of 1mL of fuel measured with a
precision pipette, and accounting for density of water ~ 1 g/mL and density of hydrogen
peroxide ~ 1.4 g/mL. The value o, = 0.42 differs from the theoretical 0.5 of the manu-
factured 50% hydrogen peroxide, probably because of the spontaneous decomposition
that occurred when storing the product in the lab between 2022 and 2024.
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Likewise, we define the concentration of reactable fuel in the catalyst
ac(t) as the ratio between the reactable mass and the total mass (when
the total mass is positive):

()~ {o if myc(t) =0, -6

R (4 _
2:8 if me o (t) > 0.

5.5.3 Surface area of contact between catalyst and fuel

The contact between the moving catalyst and the fuel in the pool is a
crucial element that affects the diffusion of fuel to the catalyst. During
the experiment, the catalyst moves up and down, and at the same time,
the height of the pool decreases as the reaction occurs: both affect the
surface area of contact at time t.

We start by accounting for the total volume of fuel in the pool decreas-
ing over time. The change in total volume of fuel in the pool since the
start of the experiment AV; ,(t) depends on the current concentration
of fuel ap(t) at time t, which affects the current fuel density:

msp (t)
PH,O, - Xp (t) + PH,O* (1- Kp (t))/

Avf,p (t) = Vf,po - (5-7)
with V¢, - = 6mL the initial volume of fuel in the pool, py,0, = 1.45 x
103 kg/m> the density of hydrogen peroxide, and pg,o = 1 x 103 kg/m?3
the density of water. This decrease in volume since the start of the
experiment results in a reduced height of fuel in the pool Aut ,(t).
Knowing that the fuel pool is a cylindrical container, we get:

Augp () = 22t (5.8)

27
with 1, = 15.451 mm the radius of the cylindrical pool.

To model the surface area of the contact between the catalyst and the
fuel, we idealize the catalyst as a cylinder with radius r. and height h..
At t = tp, the catalyst is at zero displacement uy, and is assumed to be
fully dipped in the pool. When the bottom of the catalyst is above the
height of the pool (1(t) > he — Aut (1)), the contact area is zero. When
the bottom of the catalyst is dipped underneath the pool surface, the
portion of the cylinder underneath the pool surface contributes to the
contact area:

if u(t he - A t
As(t) = 0 if u(t) > he —Augp (1),

2704 27 - (he —u(t) - Augp(t)) if u(t) <he —Augp(t),
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(5.9)

in which we account for the decrease in the fuel height Auy ,(t).

5.5.4 Diffusion of fuel between catalyst and pool

When the catalyst is in contact with the fuel in the pool, the fuel transfers
from the pool onto the catalyst through capillary action, which we
model in a simplified fashion as a diffusion process. We assume that the
diffusion is a function of just the amount of fuel present in the catalyst,
and not the amount of fuel in the pool, as the mass of fuel in the pool
is much larger than the mass of fuel that can be present in the catalyst.
The expected rate of fuel mass entering the catalyst through diffusion at
time t is a function of the coefficient of diffusion Cf}iff and the contact
surface area As(t), and it is zero when the mass of fuel in the catalyst
reaches the maximum mass value my'c* that can be held by the catalyst
through capillary forces:

mf(t) = CP. A (1) - (P —me e (1)) (5.10)

The maximum fuel mass in the catalyst m}'¢* is obtained from the

assumed maximum fuel volume that can be held by the catalyst Vi ™™
through capillary forces and the initial fuel concentration o,:

mye = Vi (PHZO2 apo +PH,0° (1- Oépo)) . (5.11)

Of the total expected rate of fuel mass in Eq. (5.10), we distinguish
between the diffusion of the reactable and inert parts. We model the
reactable fuel flow rate from the pool entering the catalyst by account-
ing for the baseline capillary term, function of the pool concentration
op (t), and for a factor that compensates for differences in concentration

between the fuel present in the catalyst and in the pool:
g e () = ()0 (1) + O AS (0 M (o9 (8) - (1) (512)

To reach the expected total fuel flow rate, we define the inert fuel flow
rate as the difference between the expected (Eq. (5.10)) and the reactable
(Eq. (5.12)) rates:

(diff (diff
(1) = i (1) - e (). (5.13)
5.5.5 Gas produced from the reaction

We assume that the mass of hydrogen peroxide attached to the silver
catalyst mf . decomposes into only gas mass mg " (water vapor and
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oxygen gas) without any residual liquid water. In reality, only some of the
generated water evaporates due to the high temperatures around 100 °C
and some stays in liquid form; however, it is not obvious to quantify
the amount of residual liquid water, so we neglect this contribution and
we assume all water evaporates for simplicity. The hydrogen peroxide
decomposition has been described as a first-order catalytic reaction [200]:

g () = ke (Te(t)) - mE(1). (5.14)

This reaction is known to be temperature-dependent, where the rate k. at
which the reaction occurs is exponentially higher for higher temperatures
T. following the Arrhenius equation [199]. As we are aiming for a
qualitative, yet informative, description of the overall coupled system,
for simplicity, we assume the reaction rate to be linearly increasing with
the catalyst temperature T:

ke (Te(t)) = kry + Cr - (Te(t) = To), (5.15)

with Ty the ambient temperature, ky, the baseline reaction rate at am-
bient temperature, and C, the reaction constant, that is the slope of the
reaction rate function of catalyst temperature.

5.5.6 Pressure and gas leakage

While the reaction occurs and gases are being generated inside the cham-
ber, at the same time, gas leaks through the venting needle, inducing a
gas mass loss:

. leak p(t)
m (t) l— (516)
9 Ry
with p(t) the pressure inside the chamber and Ry a constant that repre-
sents the fluidic resistance of the venting needle. The pressure inside the
chamber at time t is a function of the total mass of gas m4(t), under the
assumption of ideal gas:

B mg(t) R-Ty

p(t) ,
( Mg Va

(5.17)

where Mg is the molar mass of the reacted gas, R = 8.314Jmol/K is
the gas constant, and Vg, = 24 x 107 m?3 is the volume of the chamber,
which we assume to be constant for simplicity, despite it actually varying
in the order of magnitude of 1mL in experiments, as the membrane
deforms when pressurized. We calculate My = 0.022 667 kg/mol as the
molar mass of water vapor and oxygen mixture at a ratio of 2:1 moles,
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based on the simplifying assumption that the product of the reaction is
only gas (without liquid water), and based on the 2:1 molar ratio of the
decomposition in Eq. (5.1). The gas mass balance (Fig. 5.6B) becomes:

Tig (1) = (1) — ik (b). (5.18)

5.5.7 Thermal balance

The catalytic reaction generates heat as a function of the heat of decom-
position of the exothermic reaction Hge. = 2884.5k]/kg [198] and the rate
of generation of gas:

QB (t) = Hee - 1 (1) (5.19)

Simultaneously, the catalyst dissipates heat as a function of its tempera-
ture:

Q% (t) = Cogs - (Te (1) - To), (5.20)

with Cjes the heat loss coefficient.

The effective heat capacity of the catalyst M (t) sees contributions
from the silver mass m. and the residual mass of water present on the
catalyst m% (1):

Mc(t) =me-cp,s + m]Ic,C(t) “Cp,ws (5.21)

with cp s = 235]/(kg °C) the specific heat capacity of silver and ¢y =
4200]/(kg°C) the specific heat capacity of water. The temperature dy-
namics (Fig. 5.6C) follow:

. B Qgen(t) _ Qloss(t)
Te(t) = Mc () :

(5.22)

5.5.8 Mechanics of the membrane

We idealize the membrane as a vertical linear spring connected to the
catalyst, with a damper in parallel to account for dissipative forces such
as friction and other viscous effects (Fig. 5.6A, blue). We model the
pressurization of the membrane as a force applied to the spring, which is
proportional to the internal pressure in the chamber p(t) and the surface
area of the membrane A y,:

Fp(t) = Am - p(1). (5-23)

The dynamics of the catalyst attached to the spring follow Newton’s
second law:

me (L) = —kg -u(t) - Ca - (t) + Fy (1), (5.24)
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with m. the mass of the catalyst, ks the spring stiffness, and C4 the
damping coefficient3.

5.5.9 ODEs system

Following the above relationships, we write the system of equations:

R diff
e (t) = —mie (1)

: 1,diff
i (t) = —mye (t)

R, dlff gen

e (t) = e () - i
() = m‘dlff(w
tivg (1) = ™ (1) — g™ (1)

Te(t) = [QE™(1) - Q= (1) Mc (1)
u(t) = u(t)

(1) = [~k - u(t) - Ca-1t(t) + Fp(1)] /me

, (5-25)

in which we can plug in the relationships of Equations (5.12), (5.13),
(5.14), (5.16), (5.19), (5.20), (5.21), (5.23), and consequently the rest of the
required equations as described above, obtaining the set of 8 ODEs in
Eq. 5.26 reported in Section 5.9.

56 THE MODEL EXPLAINS THE ACTIVE OSCILLATION

Having developed a model that takes into account the chemical reaction,
the capillarity of the catalyst, the mechanics of the membrane, and gas
and temperature balances, we first aim to confirm that the model cap-
tures the active oscillation observed in experiments. We assign physically
plausible values to the parameters as summarized in Table 5.1, where we
indicate for each parameter if it is either scientifically well established,
or experimentally measured by us, or resulting from a qualitative fit so
that the simulations qualitatively match the experiments in Figure 5.4.
We integrate forward the set of ODEs in Eq. (5.26) with the MATLAB
ode23s solver, which is effective in solving stiff ODEs through a modified
Rosenbrock method [201, 202]4.

We observe that the model captures the active oscillation, with both the
chamber pressure and the catalyst temperature oscillating at a frequency

We assign m. = 1.2 g as measured, ks so that the membrane lifts the catalyst past the fuel
pool surface with 10 kPa of pressure, and C4 = 0N's/m (Table 5.1).

Given the parameters in Table 5.1, the ODEs are stiff in that the timescale of diffusion is
much faster than the timescale of reaction, which is faster than the timescale of the gases
venting to atmosphere.
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of ~ 0.011 Hz (Fig. 5.7A), qualitatively similar to the experiments (Fig. 5.3).
The total mass of gas present in the chamber and the mass of reactable
fuel in the catalyst also oscillate, with a time offset with respect to each
other (Fig. 5.7B).

Importantly, we find that a key phenomenon enabling the active
oscillation is this time offset between the catalyst gaining reactable fuel
and the effective inflation of the membrane. This time offset can be better
understood by looking closely at the third> inflation cycle (Fig. 5.7C,D).
When the catalyst dips into the pool (green), it gains reactable fuel via
diffusion (Fig. 5.7D, blue arrow). Pressure marginally rises because some
of the gained fuel in the catalyst reacts, and importantly, it keeps rising
(Fig. 5.7C, red arrow) even after the catalyst exits the pool (purple).

This delayed pressurization occurs because there is fuel present in
the catalyst (which got transferred through diffusion and we assume it
stays via capillary forces), which reacts and turns into gases (Fig. 5.7D,
red arrow), even when the catalyst is no longer dipped in the pool.
When this fuel is fully reacted (m]}l . = 0), pressure will decrease as the
reacted gas vents to atmosphere through the venting needle (Fig. 5.7C,
grey arrow). This causal sequence of diffusion-reaction-venting is not
imposed a priori (as the ODEs hold at all times), but instead it arises
from the separation of timescales of the three phenomena: diffusion
occurs much faster than reaction, and reaction occurs much faster than
venting.

This apparent time offset between the diffusion of reactable fuel into
the catalyst and the reaction that generates gases results in a hysteretic
behavior, noticeable when plotting pressure against reactable fuel in the
catalyst mR . (Fig. 5.7E). When dipped, mF . increases while pressure
drops (blue/ arrow). When pressure starts to increase (small red arrow),
the catalyst has already gained m]le . ® 12mg. After exiting the pool, this
gained fuel will react, hence pressure increases while m?c decreases
(red arrow), until m?, . =0 and the reacted gas vents to atmosphere (grey
arrow).

Hence, this model teaches us that the active oscillation arises from two
sources: 1) a time offset between fuel entering the catalyst in liquid form
and leaving the catalyst in the form of gases, and 2) negative feedback
between pressurization and reaction. The first contribution, the time
offset, is a consequence of i) the catalyst being able to hold liquid on its
surface through capillary forces, even when not dipped in the pool, and
ii) the faster timescale of diffusion of fuel in the catalyst with respect
to the timescale of the reaction, and the reaction faster than venting,
which result in a causal sequence of events to arise, where first the

We focus on the third cycle to make sure we are not looking at the transient behavior of
the first cycles.
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THE MODEL CAPTURES THE ACTIVE OSCILLATION. (A) Evolution in time of the
catalyst temperature (orange) and the chamber pressure (blue) of the modeled
system (third to fifth inflation cycles). (B) Evolution in time of the mass of
reactable fuel in the catalyst (black) and the mass of gas in the chamber (gray)
of the modeled system (third to fifth inflation cycles). (C, D) A zoomed view
of the third inflation cycle highlights when the catalyst enters the pool (green)
and when the catalyst exits the pool (purple). (E) Hysteresis highlighted by a
period of oscillation displayed in the domain of reactable fuel in the catalyst
mfR/ ¢ s. pressure. (F) The maximum and minimum pressure values (blue) and
fuel concentration in the pool (dark red) decrease over 8 simulated hours. (G)
The maximum catalyst temperature decreases over 8 hours, while the minimum
catalyst temperature stays around ambient temperature. The parameters used in
these simulations are listed in Table 5.1.
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BLOCK DIAGRAM OF THE ACTIVE OSCILLATION. We represent how the key variables
in the model qualitatively affect each other. Flat arrowheads from a variable A to
a variable B indicate that A inhibits B, meaning that an increase in A causes a
decrease in B. Pointy arrowheads from variable A to variable B indicate that A
promotes B, meaning that an increase in A causes an increase in B. We highlight
in blue the diffusion of fuel from the pool to the catalyst, causing an increase in
the mass of fuel in the catalyst m¢ . In red, we indicate the catalytic reaction
that generates a mass of gas mggen from the mass of fuel in the catalyst m¢ . In
grey, we indicate how the gas that vents to atmosphere reduces the mass of gas
in the chamber. In green, we indicate the effect of negative feedback, for which
an increase in displacement u causes a decrease in the surface area of contact
As of the catalyst with the fuel in the pool, inhibiting diffusion of fuel to the
catalyst.

diffusion occurs, then the reaction happens, then venting takes over. The
second contribution, negative feedback, results from the catalyst being
physically attached to the membrane, which displaces upwards when
pressurized, hence distancing the catalyst from the pool of fuel.

The time offset between causally sequenced diffusion, reaction, and
venting, and the negative feedback are apparent when we represent the
model in a block diagram (Fig. 5.8) where the key variables either inhibit
or promote each other, inspired by the representations in Ref. [203]. We
notice how diffusion promotes the mass of fuel in the catalyst (Fig. 5.8,
blue), which in turn promotes the generation of gases through the
reaction (Fig. 5.8, red), which will cause pressurization and promote
the catalyst displacement u to increase. In turn, the catalyst displacing
upwards causes a decrease in the surface area of contact As of the
catalyst with the fuel in the pool, inhibiting diffusion of fuel to the
catalyst, thereby acting as a negative feedback mechanism (Fig. 5.8,
green).
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In addition to explaining the active oscillation behavior, the model also
captures the long-term evolution in time of the oscillation. In particular,
the model captures the decrease over time of the maximum and mini-
mum oscillation pressures (Fig. 5.7F, blue). This is a consequence of the
available reactable fuel in the pool being depleted, as indicated by the
concentration of fuel in the pool dropping from o, = 0.42 to & = 0.07
over the course of 8 simulated hours (Fig. 5.7F, dark red). The reduced
amount of available reactable fuel effectively results in the system re-
acting less and less, as indicated by the maximum catalyst temperature
dropping to ambient temperature (Fig. 5.7G). When this condition is
reached after approximately 8 hours, the system stops oscillating.

5.7 INFLUENCE OF PARAMETERS ON THE ACTIVE OSCILLATION

Having learned that the separation of timescales and the negative feed-
back intrinsic to our system are the sources of the active oscillation, we
wonder how the system responds to variations in key physical param-
eters. In particular, we will first vary parameters that can be tuned by
design, such as membrane stiffness and venting resistance, to confirm
that the model captures the change of behavior observed experimentally
in Figure 5.5. Then, we will investigate how the behavior of the modeled
system changes when we vary the parameters intrinsic to the reaction,
such as catalyst capillary capacity and reaction constant. These two stud-
ies will inform us on whether there are other regimes that the system
can be placed at (in addition to the already observed oscillation), on how
sensitive to parameters the active oscillation phenomenon effectively
is, and on whether we can tune specific parameters to obtain desired
output behaviors, such as oscillation frequency and amplitude.

5.7.1 Influence of design parameters

Among the various parameters in Table 5.1, we focus on the membrane
stiffness ks and the venting resistance R; as key design parameters,
because they are relatively easy to tune by a designer. The former can
be increased by casting the membrane with a stiffer silicone, while the
latter can be tuned by swapping the venting needle with one with a
different Gauge value, that is, with a different inner diameter, as we did
in Figure 5.5.

When varying the membrane stiffness by four orders of magnitude, we
visually identify three distinct regimes (Fig. 5.9A). The first regime shows
that a soft membrane suppresses oscillations after an initial inflation
(Fig. 5.9B(i)). In the second regime, the frequency of oscillation increases
when the membrane is stiffer, while at the same time, the maximum
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Figure 5.9

INFLUENCE OF MEMBRANE STIFFNESS AND VENTING RESISTANCE ON THE ACTIVE
OSCILLATION. (A) Frequency (green) and maximum pressure (pink) of the active
oscillation when varying the membrane stiffness ks from 1x 10" N/m to 1 x
10° N/m. The three regimes are highlighted with grey bars, with numbers 1, 2,
and 3. (B) Catalyst temperature (orange) and pressure (blue) for the four key
cases (i-iv) in A. (C) Frequency (green) and maximum pressure (}:)ink) of the
active oscillation when varying the venting resistance Ry from 1x10'° kPas/g to
1x10"3 kPas/ g. The three regimes are highlighted with grey bars, with numbers
1, 2, and 3. (D) Catalyst temperature (orange) and pressure (blue) for the four
key cases (i-iv) in C. All simulation parameters (apart from the varied ones) are
listed in Table 5.1. When frequency is zero, we define the maximum pressure as
the pressure value at the end of the test, at time 40 min.

reached pressure increases as well (Fig. 5.9B(ii, iii)). The increase in
frequency is a consequence of the discharge phase occurring within a
short time period, as the stiffer membrane pushes the gases through the
venting needle at a faster rate. The higher pressure is a direct result of
the increased stiffness, as the displacement for which the catalyst lifts
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past the pool occurs at a higher pressure. For even stiffer membranes,
the system operates in the third regime, where the catalyst is dipped in
the fuel and the reaction keeps occurring without oscillations, until the
fuel in the pool completely depletes (Fig. 5.9B(iv)). The stiff-membrane
regime in Figure 5.9B(iv) differs from the soft-membrane regime in
Figure 5.9B(i), in that a stiffer membrane forces the catalyst to fully
dip in the pool and induce a high-temperature, high-pressure reaction,
while a softer membrane deforms considerably even at low pressure (at
slow reaction rates), leading to a low-temperature, low-pressure reaction
where the catalyst stays on the surface of the pool.

When varying the venting resistance, too, we observe three operational
regimes (Fig. 5.9C). In the first regime, the resistance is so low that the
reacted gases vent to atmosphere without inducing pressurization in the
chamber (Fig. 5.9D(i)), as the venting timescale is in the same order of
the reaction timescale. In the second regime, for low venting resistance,
we observe relatively high oscillation frequencies, as the discharge phase
occurs relatively rapidly (Fig. 5.9D(ii)). For higher venting resistance, the
maximum reached pressure decreases (Fig. 5.9C, pink). This reduction is
a result of the diminished losses of the reacted gases through venting:
for each oscillation cycle, the reacted gases more effectively displace
the membrane upward, stopping the reaction earlier. Simultaneously,
for higher venting resistance, the frequency drops (Fig. 5.9C, green)
the third regime, too high a venting resistance effectively suppresses
the oscillation, as the membrane is attracted around the pool surface
(~ 10kPa) (Fig. 5.9D(iv)).

These results indicate that the membrane stiffness and the venting
resistance, contextualized in the coupled system with intrinsic negative
feedback and internal time offset, both enable the active oscillation
to arise, and can be leveraged as design tools to tune the oscillation
performance. Importantly, the results from the simulations in Figure 5.9
qualitatively match the experiments in Figure 5.5, where we observed
that both a stiffer membrane and a lower resistance suppress oscillations.

5.7.2  Influence of capillarity and reaction parameters

Having confirmed that the model predicts changes in design parameters,
we continue by studying how the system behaves when the capillarity of
the catalyst has reduced or increased effect, that is, when the catalyst can
hold more or less volume of fuel on its surface through capillary forces.
We observe three main regimes when we vary the maximum volume of
fuel that the catalyst can hold (V{"&*) by 3 orders of magnitude, between
3uL and 3mL (Fig. 5.10A).
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The first regime appears at the very low volume of 3 pL (Fig. 5.10A,
grey bar ‘1”), and is characterized by the absence of oscillation as indi-
cated by the frequency being zero (Fig. 5.10A, green). In this regime, the
catalyst holds so little volume of fuel that the fuel fully reacts before the
catalyst lifts past the pool surface. While the low-temperature reaction
occurs, this small amount of fuel in the catalyst is constantly being re-
plenished through diffusion from the pool. Moreover, the small amount
of generated gases vent to atmosphere, without inducing pressurization
of the membrane. Hence, the system stabilizes at this steady-state slow-
reaction condition, with pressure stabilizing at ~ 2.1kPa and the catalyst
temperature staying at ambient temperature (Fig. 5.10B(i)).

The second regime appears between 3 uL and 0.3 mL (Fig. 5.10A, grey
bar “2’). In this regime, the maximum pressure increases (Fig. 5.10A,
pink) and the frequency decreases (Fig. 5.10A, green) for larger capillary
volumes. This trend is expected from the assumption that all the reactable
fuel present on the catalyst must react. Hence, larger volumes of fuel on
the catalyst will result in larger inflation, increasing the amplitude and

The third regime between 0.3 mL and 3mL (Fig. 5.10A, grey bar ‘3’)
shows the maximum pressure dropping for increasing capillary volume,
and the frequency even reaching zero for high enough volume values
around 3mL. In this regime, the catalyst can hold so much fuel that
the first oscillation cycle substantially depletes the pool of fuel (which
has an initial volume of 6 mL). This depletion in the first cycle results
in the subsequent cycles reaching lower maximum pressures. If the fuel
volume in the catalyst is large enough, the first cycle depletes the pool to
a point that subsequent oscillations do not occur within the tested time
frame (Fig. 5.10B(iv)).

Note that the regimes ‘1" and ‘3" are not physically relevant to our
specific experiment, where the actual catalyst can hold around 0.2 mL
of liquid through capillary forces®. However, looking at such extremes
teaches us that i) enough capillary volume is required for a limit cycle to
appear, otherwise the small amount of fuel held by the catalyst would
react before displacing past the pool surface, and ii) too large a capillary
volume would inhibit the oscillation after one initial inflation.

We then investigate the influence of the rate of the reaction on the
active oscillation. When varying the reaction constant C, (that is, the
slope of the reaction rate function of temperature in Eq. (5.15)) by four

We measure the maximum volume of liquid that the catalyst can hold through capillary
forces by dipping the catalyst in water and measuring the weight against its weight without
water, obtaining 0.22 g, so 0.22 mL in volume.
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INFLUENCE OF CATALYST CAPILLARITY AND REACTION CONSTANT ON THE ACTIVE
OSCILLATION. (A) Frequency (green) and maximum pressure (pink) of the active
oscillation when varying the maximum volume of fuel in the catalyst V{'¢* from
3L to 3mL. The three regimes are highlighted with grey bars, with numbers
1, 2, and 3. (B) Catalyst temperature (orange) and pressure (blue) for the four
key cases (i-iv) in A. (C) Frequency (green) and maximum pressure (pink) of
the active oscillation when varying the reaction constant Rc from 1 x 1073 s/K
to 1x 10" s/K. The three regimes are highlighted with grey bars, with numbers
1, 2, and 3. (D) Catalyst temperature (orange) and pressure (blue) for the four
key cases (i-iv) in C. The inset in (iv) highlights the high-frequency oscillation
occurring over 2s, with the catalyst oscillating at low amplitude around the
pool level, rapidly entering (green) and exiting (purple) the pool. All simulation
parameters (apart from the varied ones) are listed in Table 5.1.

orders of magnitude?, we visually identify three main regimes as well
(Fig. 5.10C).

7 Note that, in principle, the reaction constant could be varied experimentally by using

fuel with a lower or higher concentration of hydrogen peroxide, or by adding sodium
hydroxide to the 50% concentrated fuel, to change the pH and obtain a more reactive fuel.
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The first regime appears for very low values of the reaction constant
around C; = 1x1072s/K (Fig. 5.10C, grey bar ‘1’). This regime corre-
sponds to a reaction rate so low that the reacted fuel is replenished
through diffusion before the catalyst can lift past the pool surface, while
the generated gases directly leak through the venting needle. In this
regime, similar to regime ‘1" for low catalyst fuel volume in Figure 5.10A,
the system stabilizes around 5 kPa of pressure and with the catalyst at
ambient temperature (Fig. 5.10D(i)).

The second regime (Fig. 5.10C, grey bar ‘2”) shows an increase in
oscillation frequency (green) for higher values of the reaction constant.
The maximum pressure (pink) first increases for reaction constant values
up to 1x 1072 s/K. This is a consequence of a higher reaction rate, which
in turn causes an increase in the catalyst temperature, which in turn
affects the reaction rate itself. Overall, the fuel reacts more rapidly,
thereby gas generation dominates over the gas losses through the venting
needle. Beyond this reaction constant value around 1x 1072 s/K, we
observe a decrease in the maximum pressure. This reduced maximum
pressure for higher C; is a consequence of the higher timescale of the
reaction with respect to the diffusion, which implies that the catalyst
does not have enough time to fully replenish its local fuel reservoir with
reactable fuel. For instance, by increasing C, from 1x 107" s/K to 1s/K
(cases (ii) and (iii) in Fig. 5.10D), the resulting maximum reactable fuel
mass in the catalyst lowers from ~ 8 mg to ~ 3.5mg. As a consequence,
the catalyst has a lower concentration of fuel, and hence the reaction will
generate fewer gases, inducing less pressure inside the chamber.

The third regime (Fig. 5.10C, grey bar ‘3") occurs at relatively high val-
ues of reaction constant around 10s/K. In these conditions, the reaction
timescale is much higher than the diffusion timescale, and the system os-
cillates at higher frequencies above 3 Hz, at a pressure that stays around
10kPa. The system is not undertaking the large-amplitude oscillations
observed in the other regimes, and it rapidly exits and re-enters the pool
of fuel (Fig. 5.10D(iv), inset), effectively being attracted to this partially
inflated condition with the catalyst displacing around the contact point
with the pool surface.

Hence, we learned that if the reaction is not fast enough, oscillations do
not occur, and the catalyst stays fully dipped in the pool (Fig. 5.10D(i)).
On the other hand, too fast a reaction results in the system oscillating
with relatively small amplitude and high frequency around the surface
of the pool (Fig. 5.10D(iv)), without undertaking large-amplitude oscilla-
tions that can be meaningfully harnessed for soft robotics applications.
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5.8 DISCUSSION

We introduced a system that undergoes active oscillations by harnessing
the coupling between the deformation of an elastic membrane and a
catalytic reaction. We observe oscillations in which the access to and
release of energy are directly coupled to internal states of the system,
effectively embodying the energy source within the oscillator itself.
Through a lumped-parameter model, we learned that the key phenomena
underlying the oscillation are the negative feedback resulting from the
catalyst being attached to the deforming membrane and the internal
time offsets between diffusion, reaction, and venting, which arise from
the three different timescales.

Despite its apparent simplicity, the model qualitatively captures the
oscillation dynamics, and it reproduces the experimental results when
varying parameters. Hence, the model both enables the understanding of
the phenomena at play and can prove useful to provide design guidelines
for oscillating soft robots. However, the current model follows a number
of simplifications, which in future work can be extended to capture
more details of the experiments. For instance, we model the reaction
rate as linearly dependent on the catalyst temperature, while in reality,
an exponential trend is expected [199]. Moreover, we assume that the
chamber stays at ambient temperature, while experiments show that it
can rise (Fig. 5.4D), and is likely the cause of the increase in frequency
at the beginning of the experiment (Fig. 5.4A), which our model does
not capture.

The current design of the active oscillator serves the purpose of an
experimental testbed that operates under controlled conditions, so that
we can effectively isolate the various contributions and understand the
phenomena at play. For functional operation in practical real-world appli-
cations, we expect that the current prototype will require several changes.
The device now relies on gravity to contain the fuel in the pool; other
fuel storage solutions, such as soft porous materials like sponges [204,
205], would allow orientation-independent operation. Moreover, the
manufacturing of the catalyst now follows a largely manual procedure
(Section 5.9), hindering scalability and repeatability. Other manufac-
turing methods should be considered, such as casting or machining
silver.

Despite embodying energy, the proposed approach to achieve active os-
cillations in soft robotic systems consumes fuel in the process. Although
we showed that 6 mL of fuel is enough for the oscillations to sustain for
more than 3 hours consecutively, considerably longer than the minutes
typical of pressurized canisters [57], our approach opens the question of
refueling. Refueling would involve transportation of hydrogen peroxide
in bulk from the manufacturing plant, where it is currently manufac-
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tured with energy-intensive and centralized processes [206], to the site of
operation of the robot. Besides being an impractical solution to the goal
of energy-autonomous robots, this transportation is often a hazardous
process [207]. In a real-world scenario, where an untethered soft robot
operates autonomously in the field, we envision a local approach to the
synthesis of hydrogen peroxide directly from the water and air that are
available in the surrounding environment. This approach has proven to
be at reach, as researchers obtained concentrations of hydrogen peroxide
up to 20% from water and oxygen through direct electrosynthesis [208].
However, considerable research effort is still required to obtain increased
concentrations and to devise synthesis mechanisms that are embodied
in the machine itself.

With this preliminary and explorative work, we show that relatively
simple mechanical structures, such as flat elastic membranes, can un-
dergo active oscillations when carefully coupled to other phenomena,
such as capillary action and catalytic reactions. As such, we expand the
library of phenomena that can be harnessed to achieve self-oscillations
in soft fluidic machines, while at the same time embodying energy in
the machine itself.

5.0 SUPPLEMENTARY INFORMATION
5.9.1 Manufacturing the active oscillator

To build the catalyst, we take a length of 50 cm of 99.9 % pure silver wire
with diameter 0.5 mm (Sigma-Aldrich®, 327026). We manually deform
the wire and coil it on itself, until it is loosely packed in the shape of a
sphere with a diameter of ~ 9mm. To avoid contamination of the catalyst,
we manipulate the wire with clean tweezers. While coiling, we make
sure not to tighten the wire, so that a great part of the wire surface area
is exposed. During the coiling process, we create two loops external to
the sphere (Fig. 5.11A), to ease embedding in the silicone membrane in
the next step.

We attach the catalyst to a 3D-printed mold. The mold has the negative
shape of the membrane, with a suspension block at the center. The
catalyst is placed over the suspension block so that the two loops of the
catalyst will be embedded in the poured silicone (Fig. 5.11B). A thin
polypropylene thread (diameter ~ 0.1 mm) is looped around the catalyst
and through two holes in the mold to keep the catalyst in place while
pouring the silicone (Fig. 5.11B,C). We then pour silicone (pre-mixed
part A and part B) into the open mold, and we let it cure (Fig. 5.11D).
After curing, we cut the polypropylene thread and remove it.
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D Topside

Figure 5.11

MANUFACTURING OF THE MEMBRANE WITH THE EMBEDDED CATALYST. (A) We build
the catalyst by manipulating silver wire (0.5 mm diameter) in the shape of a
sphere, with two external loops. (B) We connect the catalyst to the mold, over
a suspension block, using a thin polypropylene thread. (C) The polypropylene
thread is tied on the bottom side of the mold. (D) We pour silicone into the open
mold. All scale bars are Tcm.

The result is a silicone membrane with the catalyst partially embedded.
The two external loops of the catalyst are fully embedded for a secure
attachment to the membrane (Fig. 5.12A). Due to the presence of the
suspension block in the mold, the membrane is not airtight on the bottom
side (Fig. 5.12B). To seal the membrane, we deposit silicone adhesive
(Sil-Poxy™, Smooth-On) over the hole left by the suspension block
(Fig. 5.12C).

In Figure 5.13, we show the cross-section of the complete active oscil-
lator introduced in Figure 5.1, with the membrane suspended over the
3D-printed pool that contains the fuel. The fuel is an aqueous solution of
50% hydrogen peroxide (Evonik Inc. PROPULSE HTP, 50% by weight).
The pool (Fig. 5.13, bottom) is 3D-printed with a Stratasys Objet3o Prime,
in the material VeroBlue (RGD840). The holder clamp (Fig. 5.13, top) is
3D-printed using a Formlabs Form 3B, in the material Clear Resin V4.
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Figure 5.12

SEALING THE MEMBRANE. (A) Top view of the membrane with the catalyst. The
embedded loops are visible inside the semi-transparent silicone. (B) The bottom
view of the membrane after demolding highlights the area around the suspension
block not being airtight. (C) We deposit Sil-PoxyTM over the hole left by the
suspension block. Note that the bottom side of the membrane, as indicated here,
will be the top side of the membrane when clamped in the final device. All scale
bars are 1cm.

5.9.2 Experimental setup

To acquire pressure, we use a Pendotech Luer single-use pressure sensor
(PREPS-N-000), with the acquisition board PowerLab 16/35 (ADInstru-
ments). To acquire temperature, we use a thermocouple (Type-K Glass
Braid Insulated, Adafruit) with an amplifier board (MAX31855 breakout
board, Adafruit) and a microcontroller (METRO 328, Adafruit).

Each experiment involves data acquisition of pressure inside the cham-
ber and of temperature at the catalyst and inside the chamber, while the
device oscillates. Each experiment is preceded by the following steps.

1. We place the on/off valve (Fig. 5.2) so that the chamber is not
fluidically connected to the pressure sensor and the venting needle.
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Holder clamp ane
M B E |
Sensors inlets Fuelpool  Fuel inlet Screws insets

Figure 5.13

CROSS-SECTION OF THE DEVICE. A flat circular silicone membrane (thickness
3 mm, diameter after clamping 44 mm) is suspended over a cylindrical fuel pool
(height 8 mm, internal diameter 30.9 mm) with a circular clamp. The membrane
is clamped with its bottom side at a 4 mm lower height than the top of the pool,
to ensure a pre-stretch. In the image, the membrane is depicted as pre-stretched,
while it is flat in its rest state.

2. By using a syringe, we inflate the membrane via the one-way valve
at the bottom of the holder, until the catalyst is above the surface
of fuel in the pool.

3. We inject 6mL of fuel through the same one-way valve.
4. We start acquiring temperature and pressure data.

5. We rotate the valve counterclockwise (in relation to Figure 5.2) to
connect the chamber to both the pressure sensor and the venting
needle. The membrane will deflate until the catalyst touches the
fuel, and the experiment starts.

5.9.3 The complete set of ODEs

Starting from the set of Equations (5.25), we plug in the relationships in
Equations (5.12), (5.13), (5.14), (5.16), (5.19), (5.20), (5.21), (5.23), and then
the rest of the needed equations as described in Section 5.5, obtaining a
set of 8 ODEs:
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§1=-CHf A (s1,52,57) - ST (s1,52,53,54)
$2 = C?iff'As(Sl,Sz,Sﬁ : Sggfrt(51,52,83154)
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and my'¢* as defined in Eq. (5.11), and
0 if s7 > he — Aug (1),
As(s1,82,587) = ¢ P
270+ 2mre - (he —s7 - Augyp (t)) if s7 <he —Augp(t),
(5.29)
where
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In Eq. (5.11), (5.26), (5.27), (5.28), (5.29), and (5.30), only the state vari-
ables s1, s, 53, 84, S5, g, S7, and sg depend on time, while the others
are fixed parameters summarized in Table 5.1.
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Table 5.1

PARAMETERS OF THE SIMULATIONS IN FIGURES 5.7, 5.9, 5.10. We refer to each
parameter as ‘known’ when it is a scientifically established value, ‘measured’
when we experimentally measure it in the lab, or ‘fitted” when we assign it to
qualitatively fit the simulation to the experiment in Figure 5.3.

Param. Value Unit Description Motivation
To 298.15 K Room tempera- Measured
ture
R 8.314 J/(Kmol) Gas constant Known
My 0.022667 kg/mol  Molar mass of gas Known
PH,O 1x103 kg/m®  Density of water ~ Known
PH,O, 1.45 x 103 kg/m3 Density of H,O, Known
Cp,s 235 J/(kg°C) Silver specific Known
heat capacity
Cpw 4200 J/(kg°C) Water  specific Known
heat capacity
Hgec 2.8845 x 10° J/kg H,O, decomposi- Ref. [198]
tion heat
Closs 0.1 J/(Ks)  Heat loss coeffi- Fitted
cient
p, 0.42 - Initial fuel concen- Measured
tration
Ven 24x1076 m3 Initial chamber Measured
volume
Vs po 6x107° m?3 Initial fuel volume Measured
in pool
Tp 15451 %1073 m Radjius of pool Measured
Te 45x1073 m Radius of catalyst Measured
he 7x1073 m Height of catalyst Measured
me 12x1073 kg Mass of catalyst Measured
Vi 0.03x107° m3 Catalyst  maxi- Fitted
mum fuel volume
cdiff 1x10% s/m? Fuel diffusion con-  Fitted
stant
Cr 0.02 1/(Ks)  Reaction constant  Fitted
Kr, 1x1073 1/s Reaction rate at Tp  Fitted
Ry 0.2x1012 Pas/kg  Venting resistance Fitted
Ks 1.7436 x 103 N/m Spring stiffness Measured
Ca 0 Ns/m  Damping coeffi- Fitted

cient
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6.1 CONCLUSION

E started this research journey in Chapter 1, by asking our-
W selves: Can we embody autonomous capabilities, such as
reflexes, environmental feedback, and switching of behaviors,
in the physical structure of soft machines? The question arose from the
observation that animals often delegate complex, autonomous behaviors
to their body, especially when brain power is limited or entirely absent,
as in the case of unicellular organisms. In such brainless beings, we
noted how spontaneous and robust global behaviors, such as explo-
ration for food, arise from local interactions of the organisms with the
environment [24] and from the physics of the nonlinear response of
their body [21, 22], without a center of command that controls them.
This Thesis addresses the question with ingenuity, by leveraging the
nonlinear responses intrinsic in seemingly simple mechanical structures
such as elastic shells, soft hysteretic valves, and thin flexible tubes, which
resemble everyday items such as Pop It! fidget toys [209], ketchup bottle
valves [59], and wacky inflatable tube men [154].

In Chapter 2, we start by embodying mechano-fluidic memory in
soft machines by exploiting the bistability of elastic shells to create
discrete, stable operational states in a fluidic relaxation oscillator. Fluidic
circuits built around the shells enable soft machines to program new
behaviors upon interactions with the surroundings, such as steering to
avoid obstacles. In Chapter 3, we provide a theoretical framework for
understanding the dynamics of such nonlinear systems. Using a lumped-
parameter model that couples the mechanical and the fluidic domain, we
explain the coexistence of two modes, pressure regulation and oscillation,
in the soft hysteretic valves inside the machines of Chapter 2.

Then, in Chapter 4 we depart from such internal control strategies,
and instead we demonstrate how coordinated locomotion can emerge
from the physical interactions between self-oscillating limbs and their
environment. The limbs are made from kinked soft tubes and require
only a constant airflow to synchronize their stepping motions, achieving
fast and responsive locomotion without centralized control. Finally, in
Chapter 5, we embody energy in these soft systems, eliminating the need
for external power. We introduce and rationalize active oscillations that
arise from the coupling of soft membranes with the catalytic reaction of
a liquid fuel that cyclically decomposes into gases.

We find that there is a surprising amount of interesting physics at play
in these devices, despite their apparent simplicity. By understanding and
harnessing such rich physics, we can design functional, autonomous, and
robust behaviors. From instilling memory in the body of soft machines to
introducing a locomotion paradigm based on physical synchronization
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of limbs, the contributions of this Thesis bring us a step closer to the
embodied kind of autonomy often found in natural systems.

6.2 PERSPECTIVE

Building on the experimental research discussed in the previous chapters,
we learn two general insights about embodying autonomy in soft ma-
chines. In the spirit of experimental physics, we should emphasize that
these insights emerged thanks to a largely hands-on approach, through
the careful handcrafting, playful exploration, and curious observation of
the various centimeter-scale soft machines that we presented throughout
this Thesis.

First, we learn that harnessing mechanisms with rich nonlinear re-
sponses enables multiple qualitatively distinct functions to be solved
simultaneously by the same device. We define co-localization as the ca-
pability of localizing various different functionalities at the same time
in one single device. Typically, multifunctional robots fulfill multiple
functions only at separate moments in time through changes in the mor-
phology or in the control inputs [160, 171, 210—-216], or are constituted
by multiple parts, each solving one specific function [217, 218]. Instead,
in material science the concept of multifunctionality has been pushed
further: a single material can co-localize various functionalities simul-
taneously [219], such as actuation, sensing, and communication [220],
because of the capability of exhibiting various properties at once (for ex-
ample, electrical or thermal conduction, stimulus-induced deformation,
and structural support). This approach led to materials that walk [221],
jump [222], dance [223], and even solve mazes [73]. This multifunction-
ality, while being widespread in material science, is often not adopted
when designing robots and machines, where instead each individual
part usually has one specific function.

To better illustrate this concept of co-localization, we can refer to prac-
tical examples from this Thesis. The self-oscillating limbs in Chapter 4
simultaneously function as fluidic clocks that oscillate given constant
power, as actuators that perform work in the environment, as controllers
that sequence the coordinated stepping motion, and as sensors that
detect stimuli. In Chapter 2, the snapping of the shell expresses both
the detection of the stimulus and the storage of this information as a
memory element. In Chapter 5, the active oscillator is both a power
source and a controller that regulates the cyclic energy release. Instead,
although the hysteretic valves in Chapter 3 are multifunctional (they
regulate pressure or oscillate), they do not co-localize these functions, as
they can adopt the two behaviors only at separate times.
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As a second insight, we learn that when a machine composed of highly
nonlinear, multifunctional components interacts with its environment,
robust and useful behaviors can spontaneously emerge from the cou-
pled agent-environment system. This emergence of behaviors, such as
autonomous locomotion, is a consequence of the tight integration of
sensing, actuation, and control, which allows multifunctional systems
to intrinsically close the action-reaction loop while operating in an en-
vironment. For instance, the short-term memory behavior in Chapter 2
arises from internal arrangements of nonlinear elastic shells and tubings
that induce specific couplings between action and reaction, and the am-
phibious gait transitions in Chapter 4 arise from the synchronization
eigenmodes being responsive to external stimuli, which are themselves
induced by variations in the body-environment dynamics. Moreover,
the nonlinear characteristics of the individual devices are responsible
for facilitating rich couplings with the surroundings and leading to the
global system being responsive. For example, the kinking instabilities
in the limbs in Chapter 4 allow the coupled limbs to rapidly detect
the presence of water or a substrate, as the kink will cause the internal
pressure to decrease or increase, consequent to the interactions.

Internal nonlinearities facilitate the creation of multifunctional mech-
anisms that co-localize functionalities. This, in turn, allows for new
behaviors to emerge from the interactions with the outside world, which
then can lead to the emergence of autonomy, given that specific goals
are met. We will now highlight how this vision carries several opportuni-
ties and associated challenges both in the engineering and the scientific
domains.

6.2.1 Engineering opportunities

From the perspective of engineering robotic systems, our approach
offers the main opportunity of simplifying the machines’ design® for
increased robustness, without sacrificing the complexity of the achievable
functions. This uncompromising simplification is evident in the examples
of memory units from elastic shells in Chapter 2, the robotic limbs made
of just tubes in Chapter 4, and the active oscillations from flat membranes
in Chapter 5. This advantage can prove particularly useful in applications
where both reliability and richness in functionality are required, with
machines that behave autonomously as if they carried a relatively delicate
computer on board, without actually needing one.

For example, we envision that this approach will lead to the democratic
adoption of cheap, yet functional devices, benefiting particularly the

The design of the machines is simplified. However, the design process is not straightfor-
ward, as we will highlight in Section 6.2.3.
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biomedical field, where active implants, robotic pills, and functional
devices in general should be low-cost and accessible [224]. As another
example, space applications typically involve strong design constraints
on size and weight, while maintaining high requirements in terms of
robustness. In space exploration, simple yet capable [225] and cheap
yet robust [226] machines could delegate the autonomous locomotion
task to their soft mechanical body, avoiding breakdowns due to extreme
weather or solar storms [111]. As a final example, we foresee that this
approach will prove helpful in machines where computing power is
severely limited, such as in the case of microscopic robots, in which
physical internal interactions [227], multifunctional elements, and body-
environment feedback [228] might play a dominant role compared to
downstream signals from the limited on-board microelectronics [110].

In this engineering context, the approach presented in this Thesis also
carries notable limitations. At the current stage, our systems prove to be
largely task-specific, in that their functions are often pre-programmed.
For instance, embodied memory through the elastic shells in Chapter 2
does not allow multiple goals beyond switching locomotion speeds,
and the self-oscillating limbs in Chapter 4 do not solve tasks beyond
responsive, coordinated locomotion. This limitation implies that each
specific machine must be designed with the objective task known a priori,
proving limiting for general-purpose applications. However, for practical
applications, we could embrace this limitation and combine these task-
specific, embodied, and distributed solutions with centralized, general-
purpose processors to bring out the best from both worlds: robustness
in the task-specific body, and versatility in the general-purpose brain.

To this end, we envision developing an extended library of fundamen-
tal multifunctional units, such as the shells in Chapter 2 and the limbs
in Chapter 4, to create a modular framework. Such a framework would
allow for the various co-localized functions of each unit to be combined
to achieve rich global dynamical behaviors, and to be interfaced as de-
sired with a central processor. This desire for modularity links to another
limitation, that is, the current bottom-up nature of the design strategy
to discover multifunctional devices with emergent behaviors. Currently,
these phenomena lack rational design tools to obtain specific desired
output functionalities. We will address this limitation in Section 6.2.3,
together with other exciting challenges that are being opened by our
approach.

6.2.2  Scientific opportunities

In addition to engineering applications, we envision opportunities for
our mechano-fluidic devices in developing robophysical models [12, 144,
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162, 163] to answer scientific questions about how animals locomote
when they interact with their surroundings, across environments and
scales.

Locomotion in vertebrates is often described as the effect of inter-
plays between high-level control signals from the central nervous system,
feed-forward central pattern generators in the spinal cord, and dynamic
feedback loops between limbs and the environment [13, 229]. In this con-
text, the coupled self-oscillating limbs in Chapter 4 could serve as a study
platform for these low-level, embodied layers involving sensory feedback
loops and body dynamics. In this direction, relatively recently, a rigid
undulatory swimming robot equipped with force sensors confirmed the
hypothesis that rhythmic motion in swimming vertebrates can emerge
from local hydrodynamic force feedback alone, without requiring ex-
plicit signals from central pattern generators [230]. While rigid robots
offer precise control over design parameters for testing these kinds of
locomotion hypotheses, their rigidity risks overlooking critical dynamical
contributions from the coupling between an animal’s soft, deformable
body and its environment. Because of their simultaneous functions of
action, sensing, and reaction, our soft limbs exhibit a relatively vast rich-
ness of low-level behaviors while interacting with various environments,
and hence are likely good candidates to test hypotheses about emergent
locomotion in soft vertebrates coupled to their surroundings.

Besides the specific case of vertebrates, locomotion as a physical phe-
nomenon is increasingly seen as an emergent property that arises from
non-reciprocal [231] and local [232] interactions, without the necessary
requirement for central controllers that orchestrate specific patterns [118].
Likely, this view will prove particularly useful when studying inverte-
brates [9, 68] and non-neuromuscular organisms, given that they do not
possess a centralized brain, and yet they exhibit autonomous locomo-
tion behaviors. Specifically, slime molds [24] and fungi [233] could be
physically modeled as networks of active nonlinear soft channels, using
experimental tools that stem from a combination of the tubes developed
in Chapter 4 with the activity through fuels in Chapter 5. As another
example, microscopic unicellular organisms that coordinate thousands of
cilia [164] could be described with arrays of centimeter-scale active cilia
that break symmetry and are coupled together for emergent behaviors,
given that the mechanics underlying the limbs in Chapter 4 is likely
scale-invariant.

From this perspective of harnessing mechano-fluidic nonlinearities as
physical models of animal locomotion, the approach we propose in this
Thesis also carries an important downside. By condensing multiple func-
tions within a single device, we encounter the risk of oversimplifying the
problem at hand. For instance, the asymmetric behavior of the soft tubes
in Chapter 4 might represent too far an abstraction of the highly intricate
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motions of living appendages. Moreover, the simultaneous occurrence
of various functions in the devices, such as motion coordination, sens-
ing, and oscillation, might become counterproductive when trying to
isolate the contributions of individual parameters to the observed global
behavior of the organism at hand. We foresee that striking a balance
between an idealized physical simplification and an over-engineered
design will be a grand challenge when modeling animal behaviors with
mechano-fluidic robophysical experiments.

6.2.3 Enwvisioned challenges

Together with the opportunities mentioned above, the general approach
proposed in this Thesis opens a series of associated challenges. Per-
haps the most evident is the challenge of the inverse design. The nature
of these multifunctional systems is of high integration, where internal
mechano-fluidic networks and couplings with the external environment
work together to generate emergent dynamic behaviors. This is a holistic
view of an agent embedded in an environment, where the understanding
of individual components alone does not guarantee the prediction of
the outcome behavior when deployed in new environments, similar to
how organisms behave from the perspective of integrative biology [119].
This feature makes the design particularly challenging, as it is not ob-
vious to determine the right design criteria that lead to a given desired
output behavior. This challenge is amplified by the fact that the typi-
cal engineering approach divides problems into isolated subproblems,
which is likely ill-suited for such tightly coupled systems. In fact, in
our integrated systems, even relatively small design changes can lead
to highly different behaviors, as seen in Chapter 3 where a small mod-
ification to the valve suppresses the regulation mode. More generally,
in this work we followed a bottom-up approach, where we first built
the devices and then let them dynamically evolve in time, while observ-
ing their outcome behavior. The next challenge will be to rationalize a
top-down design approach. Knowing the desired behavior, what is the
design of highly-integrated, emergent devices that will enable it? Can
the design be optimized for performance, robustness, or versatility? To
this end, perhaps achieving such nature-inspired designs may require
adopting design processes inspired by how nature itself designs, through
evolution [161].

A second grand challenge concerns the scaling of the complexity of
behaviors. In this work, we achieved autonomous behaviors mainly in
terms of responsiveness to external stimuli. We implemented specific
rules that allow the systems to dynamically tune their behavior based
on internal and external conditions. Moving from such pre-programmed

231



232

DISCUSSION

responses to increasingly complex behaviors will prove challenging. One
approach could consist of exploring the interactions between our decen-
tralized mechano-fluidic processes and classical centralized computing,
so that the machines could make decisions toward a high-level goal.
Could centralized control handle the complexity of our nonlinear, dy-
namical systems? In the spirit of embodiment, another question arises:
can mechano-fluidic soft machines learn through their body, without
central control? Could the machines reprogram their own internal rules
while operating in the field in real time? Relatively recently, physical
learning [117, 234—236] proved promising in this direction. In physical
learning, networks of springs can dynamically reprogram their parame-
ters following learning rules that are strictly local, thereby not requiring
global knowledge about the entire network. This implies that the learn-
ing is physical, in that the rules can be implemented in a distributed
fashion within the structure the system is made of, without needing a
centralized processor [234]. Given that in physical learning the heuristics
are applied locally, similar to the examples in this Thesis, would it be
possible to combine the two approaches, so that the rich interactions of
the mechano-fluidic devices with the surroundings could be harnessed
for learning?

Lastly, while in this work we focused on the structure of the machines
by tuning elasticity and geometry, we recognize that the materials with
which the structures are made can play a substantial role in achieving
responsiveness [237]. Relatively recently, building biohybrid machines
with organic living materials [238-241] has proven promising in this
direction. Biohybrid machines are composed of living cells, which are
the epitome of multifunctional systems. In fact, in nature, cells simultane-
ously solve disparate functions, ranging from energy storage to sensing
and actuation: when multiple cells are combined, complex phenomena
such as decision-making emerge spontaneously, including yourself now
reading these words. In this sense, a grand challenge will be to build
soft machines similar to the ones presented in this Thesis with such
biohybrid materials, and to rationalize the complex physics that emerges
when we do so. Perhaps, not so far in the future, artificial organisms [242,
243] will prove to be soft machines that embody even higher levels of
autonomy:.
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