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Abstract— Autonomous and mobile soft robots require in-
ternal oscillators, similar to a biological heart, to generate
rhythmic motions. However, existing soft oscillators typically
have fixed operational parameters and suffer from an inherent
coupling between control input and power output, limiting their
versatility and adaptability. This paper addresses this challenge
by introducing a new design paradigm: a soft, multi-port,
bistable oscillator whose core nonlinear energy landscape can
be continuously and actively tuned on-the-fly. Our approach,
based on mechanically reconfiguring the physical constraints
of a bistable elastomeric structure, achieves a decoupling of
kinematics (frequency) from dynamics (output pressure). We
demonstrate this principle in two modes: first, active program-
ming, where we continuously modulate the oscillator’s coupled
frequency-amplitude relationship in real-time under a constant
power input. Secondly, we demonstrate passive adaptation,
where an autonomous walker powered by our oscillator exhibits
physical intelligence. By physically interacting with a confined
environment, the walker autonomously and instantaneously
adapts its gait from a low-frequency, large-amplitude mode to
a high-frequency, small-amplitude mode. This work provides a
new pathway for creating adaptive, intelligent soft robots that
can autonomously respond to their physical world without any
electronic computation.

I. INTRODUCTION

Soft robotics promises a new generation of machines that
are inherently safe, compliant and capable of navigating
unstructured environments in ways their rigid counterparts
cannot. Achieving this vision requires autonomy where
robots can perform complex, rhythmic tasks [1]-[5]. A key
component for achieving true autonomy in these systems
is the development of internal “heartbeats” or oscillators,
which provide the rhythmic patterns necessary for fun-
damental behaviors such as locomotion and manipulation
[6]-[9]. Pneumatic oscillators have emerged as a powerful,
electronics-free solution, capable of transforming a simple,
constant pressure source into the complex, periodic signals
that animate and actuate soft robots [10]-[12].

Significant progress has been made in the design and
implementation of pneumatic oscillators. Diverse physical
principles have been explored, including relaxation oscil-
lators based on hysteretic valves [12], ring oscillators in-
spired by electronics [10], [11], and bistable oscillators that
leverage elastic instabilities for high-speed, energy-efficient
motion [8], [13]. These innovations have led to advanced
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demonstrators from multimodal walkers [14] to high-speed
swimmers [15]. However, these systems often operate with
fixed dynamic characteristics that are determined at the
design and fabrication stage.

A prevailing method for controlling oscillators’ behavior
is to modulate the power input, such as the input flow rate
or air pressure [8], [12]. This method provides a fundamen-
tal control over the oscillator’s dynamics. While effective,
this approach inevitably introduces a inherent coupling of
a robot’s kinematics (e.g., speed and frequency) with its
dynamics (e.g., output force and pressure amplitude). This
coupling limits a robot’s versatility, as it cannot, for instance,
move quickly and gently at the same time. To address this,
recent advances in the field have shifted towards methods
that can reconfigure the oscillator’s intrinsic properties on
the fly. Recent work has demonstrated programmable control
by mechanically reconfiguring a valve’s operating threshold
[16], [17] or by tuning the static energy landscape of a
bistable module [18]-[22]. These approaches represent a
critical step towards decoupling control from power.

However, a deeper level of autonomy requires a system
to not only execute external commands but also to au-
tonomously adapt its behavior in response to its physical
environment [3], [23]. Recent studies have made remark-
able progress in environment-adaptive soft robots. For in-
stance, self-oscillating systems can adapt their locomotion
via embodied mechano-fluidic memory [24]-[26] or serially
coupled valve networks [23], [27]. While effective, these
existing systems typically rely on multi-chamber fluidic
synchronization or complex internal valving logic. In con-
trast, our proposed approach differs by directly reconfigur-
ing the intrinsic, mechanical energy landscape of a single
bistable element. This allows the system to autonomously
modulate its dynamics without requiring additional fluidic
memory chambers or logic gates. We introduced a new
design paradigm centered on the on-the-fly tuning of a
bistable element’s nonlinear energy landscape. We present
a soft, multi-port oscillator where the dynamics are gov-
erned by a mechanically reconfigurable pre-compression of
its elastic structure. This mechanism allows us to reshape
the oscillator’s intrinsic energy landscape in real-time. We
demonstrate how this capability not only decouples the
oscillator’s frequency-amplitude relationship from its power
input, enabling a programmable control, but leads to more
advanced behavior via the emergence of physical intelligence
with environmental stimuli. We validate this through a soft
walker that autonomously adapts its locomotion gait and
inherently senses its surroundings only through its physical
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Fig. 1. Design, principles, and programmable characteristics of the bistable soft oscillator. (A) Schematic of the fully soft oscillator architecture. The
core structure (left) comprises two pneumatic fingers sharing a central bistable constraint layer with integrated kink valves. A constant air supply is routed
through two symmetric pneumatic circuits, which generate two pulsatile air outputs. The internal channels of the pneumatic fingers (right) provide access
to two oscillating pressure outputs. (B) The self-sustained oscillation cycle. The inflation of the finger on the concave side stores elastic energy until it
overcomes the energy barrier, causing a rapid snap-through to the alternate stable state. This motion reconfigures the kink valves, initiating the cycle on
the opposite side and sustaining the oscillation. (C) Principle 1: Bistability generation via Euler buckling. An initially straight silicone sheet is subjected
to a pre-compression, forcing it into one of two stable buckled states. (D) Principle 2: Bistability generation via energy competition. A flexible silicone
sheet is coupled with a pre-stretched tensile elastic element. The competition between the sheet’s bending energy and the element’s tensile potential energy
creates a bistable system. (E) Overview of the oscillator’s unique programmable and adaptive characteristics. The reconfigurable oscillator can be controlled
via Active Programming (e.g., by tuning pre-compression), which expands the operational regime beyond the fixed force-frequency coupling of existing
oscillators. This allows for programmable correlation control between force and frequency, enabling new behaviors such as high-force, low-frequency
oscillations. Furthermore, through Environmental Interaction, the oscillator exhibits an Adaptive Frequency Response, where it autonomously changes its
behavior in response to physical constraints, effectively reprogramming its effective energy landscape.
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interaction with a constrained environment. The rest of this
paper is organized as follows: Section II details the structure
and operating principles of the soft oscillator. Then we
experimentally validate its active programming in Section III.
Finally, Section IV demonstrates the oscillator’s application
in a walking robot that can autonomously adapt its gait when
navigating a confined space.

II. DESIGN AND PRINCIPLE
A. Design of Bistable Oscillator

We created a programmable energy landscape for the
oscillator using a soft bistable architecture. The oscillator,
shown in Fig. 1A, is composed of two primary integrated
components: a central bistable structure and a pneumatic
feedback network. The bistable structure consists of two
antagonistically arranged pneumatic fingers that share a com-
mon, thicker silicone sheet acting as a constraint layer. This
shared layer is the core of the bistable mechanics. Embedded
within this structure are four protrusions that, when fitted
with silicone tubes, function as passive kink valves [28]. Due
to the inherent bistability, the entire structure rests in one of
two bent states (Stable state 1 or Stable state 2 shown in Fig.
1C, D), ensuring that at any given time, the two valves on
the convex side are open, while the two on the concave side
are closed (kinked).

The oscillator is powered by a single constant pressure
source that feeds two symmetric pneumatic circuits. Each
circuit is routed through a sequence of: (1) an input kink
valve, (2) a pneumatic finger, and (3) an output kink valve.
This configuration creates a self-sustaining negative feedback
loop that drives the oscillation, as detailed in the working
cycle in Fig. 1B. The finger inflates on the concave side,
producing a restoring force. Once a critical energy threshold
is reached, the central bistable sheet rapidly snaps through
to its other stable state. This snap-through motion triggers
the simultaneous switching of all four kink valves, which
redirects the airflow and initiates an inflation-deflation cycle
on the opposite side sustaining the oscillation.

A key feature of our design is its multifunctionality as a
central pattern generator with five distinct and individually
accessible output ports. Beyond the primary (1) mechanical
oscillation of the bistable sheet itself, the two pneumatic
fingers provide (2, 3) a pair of out-of-phase, oscillating
pressure outputs. These can be tapped via internal channels
in Fig. 1A right to drive two external actuators that are
180° out of phase, as demonstrated in the supplementary
video. Furthermore, the two output kink valves release (4,
5) a pair of out-of-phase, pulsatile flow outputs to the
atmosphere, which can also be harnessed for tasks requiring
sharp, transient bursts of air. As shown in Fig. 1C and D, the
bistability at the heart of our oscillator is generated through
two distinct physical principles. The first method leverages
the post-buckling behavior of a slender elastomeric beam
under pre-compression shown in Fig. 1C. By controlling the
compressive displacement, we can programmatically shape
the energy landscape, creating a tunable bistable system from
a monostable structure. The second method arises from the

energy balance of a flexible bending sheet and a pre-stretched
tensile elastic element shown in Fig. 1D. The sheet seeks to
minimize its bending energy in a straight configuration, while
the tensile element seeks to minimize its potential energy by
contracting, thus forcing the system into one of two bent,
low-energy states. Both principles result in a robust bistable
system with a characteristic snap-through transition, forming
the basis for our tunable oscillator.

Our oscillator introduces a paradigm of dual-mode pro-
grammability for soft oscillators, as conceptualized in Fig.
1E. In contrast to existing oscillators that typically exhibit
a fixed, positive correlation between power input and out-
put frequency or force, our design introduces two distinct
control dimensions. The first is Active Programming, where
direct modulation of the intrinsic energy landscape, for
example via pre-compression, establishes a programmable,
negative correlation between output force and frequency.
This enables previously inaccessible operational regimes.
The second dimension is Passive Adaptation. Our oscillator
can autonomously modulate its effective energy landscape
through physical interaction with its environment. This re-
sults in an adaptive frequency response without any change
in input or internal parameters, establishing a direct pathway
to embodied intelligence where control is embedded within
the physical dynamics of the robot-environment system.

B. Programmable Energy Landscape

Our oscillator operates through a programmable energy
landscape (EL) that dictates its dynamic behavior. This
programmability is achieved by directly manipulating the
physical principles that govern the system’s bistability. We
explore two distinct yet complementary strategies for modu-
lating the EL: one active, through intrinsic parameter tuning,
and one passive, through extrinsic environmental interaction.

The first strategy, illustrated in Fig. 2A, leverages the insta-
bility of the elastomeric sheet. To quantitatively elucidate this
mechanism, we developed a finite element analysis (FEA)
model in COMSOL to calculate the system’s strain energy.
The silicone elastomer (Dragon Skin 20) was modeled using
a Neo-Hookean hyperelastic model with the assumption of
incompressibility, shear modulus, ¢t = 110 kPa and bulk
modulus, k¥ = 2.2 MPa. The FEA results demonstrate how the
total elastic strain energy U of the buckled sheet evolves as a
function of its bending amplitude. The shape of the EL is di-
rectly programmed by controlling the axial pre-compression,
AL. As the pre-compression increases (i.e., the normalized
length A decreases, where A = %), the system’s post-
buckling path is altered. This transition is captured in the
EL plots (Fig. 2 A). At a lower pre-compression AL, the
system exhibits a bistable profile U; with two stable states
at amplitudes +A; and a relatively low energy barrier. By
increasing the pre-compression to AL, we actively reshape
the landscape into a new profile U,, characterized by a
higher energy barrier and stable states at a larger amplitude
+A,. This mechanism provides a direct, continuous method
for actively programming the oscillator’s intrinsic properties,
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such as its oscillation amplitude and the energy required for
a state transition, which in turn influences its frequency.
Passive Adaptation via bistable structure interaction with
environmental constraints: This strategy leverages bistability
generated by the energy balance between the bending energy
of the silicone sheet U, and the potential energy of a tensile
elastic element Uy, as shown in Fig. 2B. Using FEA, the
total potential energy of the system can be quantitatively
expressed as the superposition of these competing energies:
U(0) =Uy(6)+Us(0), where 0 is the bending angle. The
sheet’s energy U, is minimized in a straight configuration
(60 = 0), exhibiting a parabolic, monostable profile. Con-
versely, the pre-stretched elastic element’s energy U is
maximized at 6 =0 and minimized at larger bending angles.
The superposition of these two competing energies results in
a classic bistable EL U; with two stable states at +6,. The
tensile element can be a pre-stretched spring, a rubber band,
or even a cast elastomer, offering design versatility. Alter-
natively, the tensile element may be a functional material
such as a Shape Memory Alloy (SMA) coil so that it can be
actuated for active programming of the EL or left unactivated
for passive adaptation. While the intrinsic landscape Uj
may be fixed upon fabrication (depending on the choice of
tensile element), it enables an arguably more advanced form
of programmability: passive adaptation. Passive adaptation
occurs when the oscillator’s motion is physically constrained
by its environment, such as the walls of a narrow pipe. It
is prevented from reaching its natural stable states at £6;.
Instead, its motion is limited to a smaller range, +£6, (where
6, < 0;). This constraint effectively creates two “hard walls”
on the energy landscape. As a result, the system no longer
traverses the full landscape U; and it operates within a new,
effective energy landscape U,. In this constrained state, the
system oscillates between two higher energy “limit states” at
+6,, and the effective energy barrier it needs to overcome
is lower. This passive modulation of the effective EL by the
environment allows the oscillator to autonomously adapt its
dynamic behavior such as increasing its frequency without
any change to its intrinsic design or external control signals.

III. ACTIVE PROGRAMMING OF OSCILLATION MODES

To experimentally validate the principle of active program-
ming, we developed a robotic setup capable of precisely
and continuously tuning the oscillator’s pre-compression on-
the-fly, as shown in Fig. 3A. The oscillator is mounted
on a linear sliding table driven by a stepper motor (MT-
2305HS280AW-C), which allows for real-time adjustment of
the axial pre-compression AL, applied to the bistable silicone
sheet. This pre-compression is parameterized by the normal-
ized length A. A lower value of A corresponds to a higher
pre-compression and, consequently, a more distinct energy
landscape. Under a constant input pressure, the oscillator
demonstrates robust, self-sustained oscillations with multi-
port outputs. Fig. 3B presents a representative time-series
data segment recorded at a constant input pressure of 24 kPa
and a normalized length of A ~ 0.936. The data shows that
a single steady input is converted into four distinct, periodic
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Fig. 2. Principles of the programmable energy landscape (EL) for

the bistable oscillator. (A) Active programming of the EL through pre-
compression. Increasing the axial pre-compression from AL; to AL re-
shapes the EL from a lower-barrier profile (U;, grey) to a higher-barrier
profile (U, yellow), simultaneously increasing the stable bending amplitude
from A to A,. Von Mises stresses at 6; and 6, are visualized. (B) Passive
adaptation of the EL through environmental constraint. The intrinsic EL (U,
grey) is formed by the balance between the sheet’s bending energy (Up) and
the tensile element’s potential energy (U;). When the environment limits
the bending angle to £6,, the system operates on a new effective EL (U,
yellow) with a lower effective energy barrier, leading to an adaptive change
in oscillation dynamics. Von Mises stresses at 6 and 6, are visualized.
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Fig. 3. Experimental validation of active programming of the oscillator’s
modes. (A) The experimental setup, featuring the soft oscillator mounted on
a motorized sliding table for on-the-fly adjustment of the pre-compression.
(B) A representative time-series of the multi-port outputs at a constant input
pressure of 24 kPa and a normalized length of A ~ 0.936. A single input
is converted into two oscillating pressure signals and two pulsatile flow
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outputs: two out-of-phase, oscillating pressure signals from
the pneumatic fingers (“Oscillationl” and “Oscillation2”),
and two out-of-phase, pulsatile flow signals from the exhaust
ports (“Pulsel” and ‘“Pulse2”). Note that these pulsatile
flow signals are phenomenologically measured as transient
pressure spikes (in kPa) across a slightly restricted exhaust
tube. Furthermore, although the upstream pressure regulator
is set to a constant valve, the actual measured input pressure
exhibits slight variations across different A values. This load-
dependent phenomenon is attributed to the inherent parasitic
fluidic resistances in the supply tubing and kink valves,
which cause varying pressure drops as the oscillator’s vol-
umetric flow demand changes dynamically with frequency.
This confirms the oscillator’s capability as a multi-modal
central pattern generator. Our active programming strategy
relies on decoupling the oscillator’s kinematics from its
dynamics by tuning the normalized length A. We tested this
principle by operating the oscillator at several input pressures
(20, 22, and 24 kPa) while varying A from 0.90 to around
0.94. As shown in Fig. 3C, for any given input pressure, the
oscillation frequency exhibits a strong dependence on the
normalized length, increasing monotonically as A increases
(i.e., as pre-compression is reduced). Conversely, Fig. 3D
shows that the mean pressure of the oscillating outputs from
the pneumatic fingers P,,, decreases as A increases. Here,
P, is defined as the time-averaged internal pressure of
the fingers over one complete oscillation cycle, these two
parameters exhibit a distinct negative correlation: higher pre-
compression (lower A) results in lower frequency but higher
mean output pressure and amplitude.

This unique, mechanically tunable, frequency-pressure re-
lationship demonstrates a powerful control-decoupling capa-
bility. Traditional soft oscillators typically require an increase
in input power (pressure or flow) to increase frequency,
inherently coupling the system’s frequency and force output
in a positive correlation. Our approach breaks this constraint
by altering the mechanical boundaries (1) rather than the
fluidic input. For example, at a constant input pressure of
24 kPa, we can program the frequency from approximately
1.2 Hz to 2.0 Hz simply by adjusting A, while the output
pressure simultaneously changes. This allows for more flex-
ible control freedom, enabling the system to operate at a
desired frequency for a given power input, or to select a
specific combination of frequency and force output tailored
to a task, thereby realizing true active programming of the
oscillator’s dynamic behavior.

Furthermore, we demonstrate the oscillator’s true on-the-
fly, continuous tunability through a dynamic sweep of the
pre-compression parameter under a constant 30 kPa input
pressure. The results in Fig. 4 reveal a smooth, real-time
modulation of all multi-port output signals. As highlighted
by the zoomed-in views (Fig. 4B), the system seamlessly
transitions between distinct operational modes, such as a
high-frequency, low-amplitude state and a low-frequency,
high-amplitude state. The corresponding instantaneous fre-
quency shown in Fig. 4C continuously sweeps between
approximately 4.2 Hz and 2.9 Hz, directly following the
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Fig. 4. On-the-fly, continuous tuning of the oscillator’s dynamic modes.
(A) Time-series data of the multi-port pressure outputs during a continuous
sweep of the pre-compression parameter from A ~0.936 at 0 s to A ~ 0.9
at 15 s and back to A & 0.936 at 30 s. The input pressure is set at 30 kPa
with any negligible variation is caused by varying resistance in the tubing
and kink valves. Shaded regions highlight two distinct operational modes.
(B) Zoomed-in views of the high-frequency, low-amplitude mode (left, low
pre-compression) and the low-frequency, high-amplitude mode (right, high
pre-compression). (C) The corresponding instantaneous frequency of the
oscillator, showing a smooth, continuous sweep from approximately 4.2 Hz
down to 2.9 Hz and back, directly following the mechanical tuning input.

mechanical tuning input. This demonstrates that our oscilla-
tor functions as a truly analog, continuously reconfigurable
dynamic system, a critical capability for robots requiring
smooth, adaptive transitions between operational modes.

IV. APPLICATION IN AN ADAPTIVE WALKING ROBOT

To demonstrate the oscillator’s application in a fully
adaptive system, we first fabricated and tested the bistable
structure based on the energy balance between a silicone
sheet and a tensile elastic element, as illustrated in Fig. 5. For
this implementation, we utilized a custom-molded silicone
spring as the tensile element, integrated with a 3D-printed
PLA base to ensure robust assembly. A highly elastic element
(silicone spring) is required because the bistable energy
landscape relies on the continuous competition between the
bending energy of the sheet and the elastic potential energy
U; of the tensile element during deformation. A rigid member
e.g. a rope would merely act as a hard kinematic constraint
without storing elastic energy.

Based on the configuration shown in Fig. 5, we de-
signed and fabricated a walking robot to demonstrate the
highest-level capability of our oscillator: physical intelli-
gence through passive adaptation. The robot, shown in Fig.
6A, is equipped with legs designed for forward locomotion,
with silicone pads on the hind legs to create frictional
anisotropy. The robot’s upper body is smoothly curved to

17394



facilitate interaction with confined spaces. The walker’s
physical intelligence is showcased in an experiment where
it navigates a progressively narrowing wedge-shaped chan-
nel, powered only by a single, constant-pressure air supply
(ramped to and held at 20 kPa), without any sensors or
external control logic. The robot’s journey, captured in the
time-lapse images in Fig. 6A right, reveals an autonomous
change in gait. As shown in Fig. 6B, in the wider section
of the channel, the robot moves freely. Here, it exhibits
its default locomotion pattern: a low-frequency (~1.2 Hz),
large-amplitude gait, maximizing its step length for efficient
forward progress. However, as it enters the narrowing section
of the channel (around 15s), its body begins to interact with
the confining walls. This environmental constraint physically
limits the oscillation amplitude of the internal bistable struc-
ture.

Silicone spring Silicone sheet Oscillator State1 State2

with PLA base

(¥

Fabrication and assembly of an oscillator version using a custom
silicone spring as the tensile elastic element.

Fig. 5.

This is where the robot’s physical intelligence emerges.
As theorized in Fig. 2B, this external constraint passively
modulates the effective energy landscape of the oscillator.
Mechanically, the confining walls act as a hard geometric
boundary, limiting the bistable structure’s bending amplitude
from its natural state (4+6;) to a constrained state (£6,,
where 6, < 6;). Because the stroke is truncated, the pneu-
matic fingers require less volume and time to inflate to
the critical threshold to trigger the snap-through instability.
By preventing the system from reaching its deep, low-
energy stable states, the confinement forces it to oscillate
within a shallower, higher-energy region of its landscape.
This results in a lower effective energy barrier for state
transitions. Consequently, the robot autonomously and in-
stantaneously adapts its gait to a high-frequency (~2.2 Hz),
small-amplitude pattern. This “scurrying” motion is more
effective for navigating the tight space and has been observed
in cockroach locomotion [29]. Once the robot clears the
narrowest point and the constraint is removed, it seamlessly
reverts to its original low-frequency gait.

The underlying dynamics of this adaptive behavior are
quantitatively captured in the pressure and frequency data.
Fig. 6C shows the time-series pressure data from the os-
cillator’s internal fingers. A clear transition is visible around
15s, where the oscillation frequency increases. This is further
quantified in the stride frequency response in Fig. 6C, which
plots the instantaneous frequency over time. The frequency
profile shows the three phases of the journey: an initial
acceleration, a plateau at low frequency, a sharp increase
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Fig. 6.  Physical intelligence and autonomous gait adaptation in a soft
walking robot. (A) The adaptive walker, shown in its flexion and extension
states, alongside a time-lapse sequence of its autonomous locomotion
through a narrowing channel. The robot is powered by a single constant-
pressure input, and red boxes highlight its position over time. (B) Close-
up views highlight the gait transition from an unconstrained state at 9s
to a constrained state at 18s. (C) Time-series data of the input pressure,
internal oscillating pressures, and the resulting instantaneous frequency. The
highlighted contacting period from approximately 15s to 22.5s corresponds
to the robot’s passage through the narrowest part of the channel. During this
interaction, the plot quantifies an autonomous gait transition from a low-
frequency walking gait of about 1.2 Hz to a high-frequency “scurrying” gait
of about 2.2 Hz. This adaptive behavior is entirely passive and requires no
electronic computation.
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upon entering the constrained section, and a final decrease
after exiting. This complex, adaptive behavior is achieved
solely through pure mechanical interaction, demonstrating a
sophisticated and emergent form of embodied computation
where the robot’s body and its environment collaboratively
“decide” the optimal locomotion strategy.

V. DISCUSSION

Our work introduces a new paradigm for soft oscillators
centered around the concept of a programmable energy
landscape. This approach not only provides a robust method
for active, on-the-fly programming of oscillation dynamics
but, more importantly, enables passive, emergent intelligence
through physical interaction with the environment.

A key implication of our findings is the potential for
embodied sensing. As demonstrated by our adaptive walker,
the oscillator’s output signals, specifically its frequency and
mean pressure, do not merely command the motion but also
reflect the mechanical load imposed by the environment. The
distinct shift in the pressure and frequency profiles upon
entering a confined space (Fig. 6C) reveals that the oscillator
itself functions as an intrinsic sensor. This opens up the
possibility of designing universal “sensory oscillators” that
can infer environmental properties (e.g., stiffness, viscosity,
or confinement) simply by monitoring their own dynamic
state, thus achieving a true fusion of actuation, computation,
and sensing within a single, monolithic body.

The versatility of the energy competition principle also
points toward avenues in dual-mode active passive actuation.
While our current work explores passive adaptation using
purely elastomeric components, the tensile elastic element
could be replaced with active materials as a conceptual future
direction. For instance, integrating a SMA wire or a twisted
nylon fiber would create a multi-stimuli responsive system.
Such a design could operate in a passive adaptive mode
by default, while allowing for an additional layer of active,
programmable control by thermally actuating the SMA.
This would enable a single oscillator to switch between
pre-programmed gaits (active control) and environmentally
dictated adaptive behaviors (passive intelligence), mimicking
the multi-level control strategies found in biological systems.

Furthermore, our study highlights practical considerations
for integrating such oscillators into larger robotic systems.
We observed that the external actuator being driven creates
a back pressure on the oscillator, which can influence its
dynamics. This load-dependent behavior, while enabling the
self-sensing capability, must be carefully considered in future
applications to ensure predictable performance. Similarly,
while the walker demo effectively harnesses the oscillator’s
own inertia as part of its locomotion mechanics, this same
inertia could be an undesired disturbance if the oscillator
were used purely as a signal generator or integrated into a
delicate system. Future work will focus on characterizing and
either minimizing these inertial effects (e.g., through mass
optimization and balancing) or strategically exploiting them
for more complex dynamic tasks.

In summary, the principles of programmable energy land-
scapes and physical intelligence presented here offer a new
toolkit for designing the next generation of soft autonomous
systems. By shifting the focus from purely prescriptive con-
trol to emergent, adaptive dynamics, we can create robots that
are not only more versatile and robust but also fundamentally
more “aware” of their physical world.
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