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Soft robotic actuation concepts meet and sometimes exceed their natural counterparts. In contrast,
artificially recreating natural levels of autonomy is still an unmet challenge. Here, we come to this
conclusion after defining a measure of energy- and control-autonomy and classifying a representative
selection of soft robots. We argue that, in order to advance the field, we should focus our attention on
interactions between soft robots and their environment, because in nature autonomy is also achieved
in interdependence. If we better understand how interactions with an environment are leveraged in
nature, this will enable us to design bio-inspired soft robots with much greater autonomy in the future.

Many soft robotics studies take inspiration from nature, and many natural
principles that rely on compliance have been recreated or even surpassed
(Fig. 1a-i)"™"°. For example, instability-enabled fast actuation observed in the
Venus flytrap (Dionaea muscipula)' has inspired the design of a soft robotic
counterpart” and adaptive gripping such as by elephants’ has inspired a great
variety of soft robotic grippers*'""”. In contrast to these successes that are
mainly focused on actuation, we observe that there is still a striking gap
between soft robotic systems and natural organisms regarding their auton-
omy. Bacteria, plants, and animals demonstrate complex and diverse behavior
without external control input, ie., they operate control-autonomously.
Moreover, organisms obtain energy from their environment, and are therefore
energy-autonomous. In contrast, existing soft robots are strongly dependent
on external control and energy input, severely limiting their autonomy.

What is currently holding us back from creating autonomous soft
robots, and how can inspiration from nature be helpful here, too? To explore
this idea, we look at the human heart, one of many possible specific examples
from nature, and describe some of the mechanisms behind its functioning in
its specific environment (Fig. 1j). We focus our question on control- and
energy-autonomy. There are several other aspects that are crucial to
autonomy in nature, including self-healing, replication, growth, and evo-
lution. These aspects are partially addressed elsewhere in soft robotics
literature'*", but we limit ourselves to autonomous functioning at a given
moment in time.

We also discuss some examples that we believe represent the relevant
state-of-the-art of autonomous soft robotics (Fig. 2). Guided by these
examples, we give practical definitions of control- and energy, that are
applicable to (soft) robots, as well as natural examples.

We compare the state of the art of autonomy in soft robotics with our
example from nature to come to our perspective on the future of bio-inspired
autonomy in soft robots. Our two main points are: 1. Even robots with very
limited autonomy, according to the current state of the art, can be usefully
applied, especially when interactions with an environment are leveraged. 2.
Compliance seems to play an important role in autonomy, beyond actuation.
Soft robotics is a promising platform for studying such effects.

Autonomy in nature as inspiration for soft robotics
To set the scene for our perspective on bio-inspired autonomy of soft robots,
we first share our view on control in soft robotics, since this explains our
emphasis on interactions with an environment. In soft robotics, we are
usually not able to fully observe or control the state of a robot due to its
infinite dimensionality and continuous deformations that are strongly
influenced by interactions with its (unknown) environment. This compli-
cates the control problem when viewed in the classical context'’. We propose
a holistic view on soft robot control, inspired by the concept of ‘embodied
intelligence™®. Compliance, the defining property of soft robots, implies
responsiveness to an environment. Existing successes in soft robotics harness
exactly these mechanical interactions (Fig. le-i), but such morphological
computation alone is insufficient to achieve natural levels of autonomy.
Nevertheless, insofar as this responsiveness affects behavior, we consider it as
part of a total control system consisting of the robot’s brain, body and
environment. Our definition of soft robot control is then the design of a
complete system in which desired behavior emerges. The specific challenge
as well as the benefit of soft robotics in this context is its innate respon-
siveness to physical interactions. This may enable the offloading of a larger
part of the control problem from the ‘brain’ to the body and environment .
Since behavior emerges in interaction with the environment, it follows
that it is essential to consider the tasks and possible environments of a robot
when discussing autonomy. In fact, thinking about robots as pursuing goals
in specific environments, even if they are challenging tasks in dynamic
environments, makes the problem of autonomy more tractable, within that
delimited scope. This becomes clear when we study a specific example from
nature: the human heart (Fig. 1j).

Case study: the human heart

Studying specific examples of compliance in actuation has led to the
development of soft robotic actuation principles. Similarly, we believe that
looking at specific examples, here the human heart and its task of pumping
blood in its environment, may provide direct inspiration for autonomous
soft robots. Note that we intentionally single out an organ rather than
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Fig. 1 | Bio-inspiration for soft robotic autonomy. a-d Natural and (e-i) soft
robotic examples of harnessing compliance. a Adaptive shape change: octopus can
squeeze through tiny openings only limited by the size of their rigid beak. b Fast
motion: Venus flytrap (Dionaea muscipula) has bistable leaves that close quickly (in
= 0.1 s) as a result of a mechanical instability'. ¢ Versatility: elephant trunks are both
flexible and very strong, enabling them to lift a wide range of objects using a limited
repertoire of movements”. d Power amplification: bullfrogs and grasshoppers slowly
load their tendons and other flexible tissue with elastic energy, which they quickly
release to jump’. The optimal series tendon stiffness value depends on loading rate,
and this may explain why bullfrogs have more compliant series elements than
grasshoppers®. The human Achilles tendon stores and releases energy with every
step’. e Adaptive shape change: vine robot can pass through openings much smaller
than its nominal body width. From ref. 6. Reprinted with permission from AAAS.
f Fast motion: artificial Venus flytrap actuator closes in 50 ms. Reprinted from ref. 7
with permission. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. g Versatility: soft grippers can grasp a wide variety of objects using a
simple pressure input. Reprinted from ref. 8 with permission. Copyright 2011

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. h, i Power amplification: slow
storage and quick release of energy in (h) a jumping popper robot (from ref. 9,
reprinted with permission from AAAS) and (i) a bistable spine runner (from ref. 10
reprinted with permission under CC BY-NC 4.0). j The human heart as inspiration
towards improved autonomy in soft robots. The human heart pumps blood by
periodic contractions of its ventricles, paced by action potentials generated in the
sinoatrial node (SAN). The ventricles are highly compliant in the relaxed state, such
that the filling volume is variable. Moreover, additional filling intrinsically leads to
more energetic contraction. This local loop leads to left-right balance. The frequency
of action potential generation is the result of physical processes in the cells of the
SAN, and these processes are affected by a multitude of attributes of their direct
environment, such as neuronal signals and the concentration of specific chemical
compounds. These can be interpreted as external control inputs from the envir-
onment to the heart. Energy is control-autonomously harvested from the heart’s
environment, i.e., from blood passing through it. At the same time, the heart is a
crucial element in the blood circulation.

looking at a full organism. That is because even the highest level of task
environment complexity that we are currently able to address by soft
robotics is not comparable to the complexity that organisms face in their
struggle for survival. As such, focusing on subsystems allows a more relevant
comparison for the current state of the art of soft robotics. Organisms have a
similar interdependence with their environment, but with an organ, this
becomes immediately clear.

Task environment. We focus on the pump function of the heart in a
healthy adult. The rest of the body is its environment. The main task of the
heart in that scope is to circulate blood through the body. The cardiac output
(flow rate) is required to be variable, depending for example on activity level.
Note that the cardiovascular system consists of two separate parts that are
connected in series. The left, ‘systemic’, circulation provides oxygen-rich
blood to the body, the right, ‘pulmonary’, circulation passes carbon dioxide-

rich blood to the lungs. An important requirement is that these circulations
remain balanced, despite disturbances such as temporal variations in shunt
flow and in the vascular system’s resistance to flow"".

Control. The heart leverages mechanical compliance and local control
loops, and receives neuronal and hormonal inputs that encode infor-
mation about the heart’s goal (a specific cardiac output). Isolated heart
muscle tissue intrinsically contracts periodically, at a low base frequency.
In the heart, contractions are modulated by the sinoatrial node (SAN), a
group of cells internal to the heart that generates periodic action
potentials. These electrical signals cause the heart muscles to contract at
the SAN’s frequency. By these mechanisms, the heart beats fully inde-
pendently of external control input. Moreover, flow imbalance between
left and right circulations is constantly corrected for by the so-called
Frank-Starling mechanism. This embodied control loop is also local to
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Fig. 2 | Representative examples of soft robots classified for autonomy, compared
to a natural example (the human heart). a Summary of functionality of each
system, 1. Octobot. From ref. 20. Reproduced with permission from SNCSC. 2.
Robotic fish. From ref. 22. Reprinted with permission from AAAS. 3. Untethered
multi-gait robot. From ref. 23. The publisher for this copyrighted material is Mary
Ann Liebert, Inc. publishers. 4. Continuously learning modular robot. Reprinted
from ref. 25 with permission under CC BY-NC-ND 4.0. 5. Ring-oscillator walker™.
Credit: David Baillot/University of California San Diego. 6. Relaxation oscillator

Task duration

robot. Reprinted from ref. 29, Copyright (2022), with permission from Elsevier. 7.
Twisted LCE strip robot. Reprinted from ref. 30 with permission under CC BY-NC-
ND 4.0. 8. Human heart. b Control autonomy. Iso-lines (low to high) are determined
from the product of task environment complexity (horizontal axis) and indepen-
dence of external intervention (vertical axis). ¢ Energy autonomy. Iso-lines (low to
high) are determined from the product of task duration (horizontal axis) and
independence of external intervention (vertical axis).

the heart and strongly relies on mechanics. When there is imbalance,
which in fact continually happens as a result of widening and narrowing
of blood vessels during exercise, stress, change of posture, and even
breathing, more blood returns to one side of the heart. As a result, the
(mechanically compliant) ventricle on that side fills to a larger volume
before contraction begins. The resulting increased preload (stretch of the
muscle cells) causes the ventricle to contract more efficiently, such that
the volume at the end of the contraction is not strongly affected by the
increased preload. Therefore, the displaced volume of blood in one
heartbeat (stroke volume) increases if the filling is higher, and this causes
a negative feedback that restores balance between the left and right cir-
culations. As such, the Frank-Starling effect emerges from the mechanical
interaction between the heart and the blood circulation. For all of this, the
heart is completely independent of external control input'®.

Beyond that, the dynamics of the SAN’s oscillations is affected at
molecular level by dozens of external hormonal and neuronal signals, some
accelerating and some depressing the generation of action potentials'’. As a

result, heart rate emerges from a complex analog process in dedicated,
highly specialized hardware, completely unlike an explicitly defined control
law in a digital computer.

Energy. The required operating time of the heart is the life span of a
human, so on the order of 80 years, or 2.5 x 10°. During this incredible
period of time and number of actuation cycles, the heart harvests energy
from its surroundings, specifically from blood. Chemical energy,
extracted from food, is transported to the heart by the blood stream.
Interestingly, the heart plays a crucial role in the circulation of the blood
through the entire body, including itself.

The state-of-the-art of soft robot autonomy

Having examined a natural example in depth, we now introduce seven
existing soft robots to initiate a discussion on the topic of artificial autonomy
(Fig. 2a). This discussion will encompass the achievements that have been
made thus far and the remaining challenges that must be overcome.
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Nowadays, although clear definitions are lacking, the strive is mostly
towards as much autonomy as possible, but is this necessary?

As a first example, ‘Octobot’ is a centimeter scale soft robotic
demonstrator shaped after an octopus, whose arms are actuated in two sets
of four by a (separately produced) microfluidic oscillator. Microfluidic
valves in the oscillator autonomously convert pressurized fuel input into
alternating fuel outflow”. The alternating outflow of the oscillator is
amplified by a liquid-to-gas conversion (2H,0,(l) — 2H,0(], g) + O,(g))
over a Pt catalyst, and the resulting alternating gas flow is fed to the soft
bending actuators to move the arms. All of the body, including actuators and
catalyst is 3D-printed. After being loaded with 1 mL pressurized H,0,
reactant, this robot functions without further user intervention for 4-8 min,
where the displayed behavior consists of alternating bending of its two sets of
arms, while the robot itself remains stationary.

The second example is the most recent generation of a soft robotic fish.
Like previous versions, it has an antagonistic actuator pair on its soft tail. In
the more recent versions, the actuators are powered using water, driven by a
gear pump’"*’. Like Octobot, this aquatic robot is explicitly called autono-
mous by their creators, and the second and third generations are able to
operate without physical tethers. The latest robotic fish is equipped with a
camera, and inertial and pressure sensors. Horizontal steering is achieved by
differential actuation of the tail actuators. Depth control within a limited
range is achieved by a combination of closed-loop buoyancy control and
dynamic adjustments to the pitch angle of two dive planes. Operation
outside this range requires a diver to attach or remove magnetic weights.
User commands are conveyed to the robot via a custom acoustic modem.
The robot can swim several hundred meters during its 40 min battery life.

As a third example, we refer to the untethered variant” of the quin-
tessential multi-gait robot™. Its entire body essentially consists of soft
bending actuators: one for each of its four legs, and another for its back. By
executing various preprogrammed actuation patterns, the robot can loco-
mote using an undulating or ambulating gait. In order to demonstrate
tetherless operation for up to 2 h, the design of the untethered multi-gait
robot is scaled up to more than half a meter in length, allowing it to carry a
(rigid) control system including a battery, pump and valves on its back.

A fourth example, developed by us, is a modular, continuously learning
robot that is made of units that each consist of a soft extension actuator, a
pump, a microcontroller, and a position sensor. Individual units are unable
to locomote, but the combined robot is able to move forward on smooth
terrain when each unit extends and contracts its soft actuator at the right
moment with respect to its neighboring units”. Each unit continuously
adapts its behavior in order to optimize a measured reward (in this case
velocity), without any direct communication with other units. The units
employ a stochastic scheme that results in remarkably adaptive behavior
and damage tolerance of the collective system. The reward (the goal) is
preprogrammed, but the robot learns and adapts its behavior without any
control input. The robotic units are connected to an external power supply
for most experiments, but they also carry a battery, such that they can
operate for about 30 min before being recharged by an operator.

As the fifth example, we look at an electronics-free four-legged robot that
uses a fluidic ring oscillator to cyclically activate three (or two rings to activate
six) groups of actuators™. The individual switching elements in the ring
oscillator are soft bistable valves”. An odd number of these valves connected
in a ring will spontaneously oscillate when driven with constant input™. This
robot can walk forward when carrying a compressed CO, canister for its
energy supply, running for up to 4 min depending on the canister size. It can
change its course in response to user-inputs from a fluidic, tethered remote
control. Without user input, it can reverse direction when it bumps into a
wall. However, it can do so only once, as the fluidic sensor that detects contact
with the wall needs to be pre-pressurized by an operator.

The sixth example, also developed by us, is another electronics-free
four-legged robot. It uses a fluidic circuit that consists of three parallel fluidic
relaxation oscillators to activate the legs in a cyclic pattern. The individual
oscillators are based on compact, soft hysteretic valves that transform a
continuous inflow into a pulsatile outflow”. Crucially, this fluidic circuit

concept is fundamentally more flexible, because the same circuit supports
multiple different activation patterns. The system changes from one pattern
to the other in response to mechanical interactions. The specific circuit used
in this robot alternatingly activates the two front legs of the four-legged
robot. The back legs also step alternatingly, even though the control input to
the left and right back legs is identical. Their stepping motion results purely
from the interaction between body rotations, leg elasticity, and ground
reaction forces. The robot was permanently tethered to a membrane pump.

So far, all examples use fluid-driven actuators. To represent how other
materials and actuation mechanisms can be used to improve autonomy we
include a final example. This soft robot consists of a single twisted strip of
liquid crystal elastomer (LCE)*. LCE is a soft material that reversibly
deforms when exposed to elevated temperatures. When the twisted strip is
placed on a hot surface, the material is locally heated at the contact points
and deforms. As a result of these local deformations, the strip globally bends
and rolls forwards, causing a new set of contact points to touch the hotplate.
This sets up a cycle of heating and deformation that causes the strip to
continually bend and roll forward, as long as it remains on a hot surface. The
surface can either be smooth, such as a flat hotplate or a curved car roof, or
granular, such as dry, hot loose sand and rock terrains. While rolling, the
strip can transport cargo or collect debris. Moreover, when the strip rolls
into an object, the contact force may cause the strip to snap to a new
conﬁguration. As aresult, the strip turns or reverses its direction of motion.

Note that this overview is not intended as a complete review. Instead,
we provide a selection that we believe spans the range of autonomy that is
currently achieved in soft robots. Overall, we see that attention for soft
robots with increased autonomy is rising, see for example’ ™. As a result,
many equally interesting works exist within the same range of autonomy
that are not included in our comparison. Also, note that only Octobot and
the twisted LCE strip robot are completely soft. The other examples are
hybrid rigid/soft structures, but soft robotic components are central to their
operation. In this perspective, we also include such hybrid robots, since the
requirement to be completely soft is application dependent.

Definitions of autonomy in the context of a task environment
We have already mentioned control- and energy-autonomy, but what
specifically do we mean by this? In existing soft robotics literature there is no
consensus on how to measure autonomy. So to aid our discussion, we
introduce definitions that help us compare existing soft robots with natural
counterparts.

We define control-autonomy as the ability of a soft robot to show
behavior relevant to a higher-level goal in a specific task environment,
without external commands.

The first element in our classification of control-autonomy is the
abstraction level at which user input is required. Specifically, the desired
actions of a lower-level sub-system, such as an actuator, may be dictated by a
higher-level controller, such as an online trajectory planning algorithm. In a
highly control-autonomous robot this chain of control continues to ever
higher levels of abstraction embedded into the robot, until the only required
inputs are high-level goals or until no inputs are needed at all. Note that the
control system can but does not need to be implemented as an electronic
system. It can also be the result of a smartly designed multi-physical
response to external cues.

The second element is task environment complexity. If the task
environment is more challenging, a robot must display more diverse
behavior to operate autonomously. This typically requires more advanced
adaptability to the environment, and some level of (implicit or explicit)
decision making or planning. It follows that for robots that operate in more
challenging task environments, it is more challenging to succeed without
external control input.

Taken together, we propose to multiply independence of external
control by the complexity of the task environment, to arrive at a control-
autonomy index that enables a comparison between different robots (Fig. 2b).

Next, we define energy-autonomy as the ability of a soft robot to fulfill a
task without relying on a tether or operator for its energy supply.
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The first element in energy-autonomy is the dependence on a tether or
active external intervention for its energy supply. If a robot can control-
autonomously find and connect to energy sources available in the envir-
onment, or continuously collect energy from the environment such as from
sunlight, it is completely independent of external intervention for its energy
supply. On the other hand, if a robot is powered from a mobile power source
such as an electrochemical battery or compressed gas container, but it
cannot recharge or replace it without active intervention by an operator,
then this robot would be rated lower on independence.

The second element is task duration, more specifically the time a robot
needs to be able to operate without intervention in order not to be hindered
in its performance. For example, if the task of a soft robot is to deliver a
payload, and it takes 1 h to reach the destination, then it is clearly required to
be able to operate for 1 h without external intervention (such as a battery
swap) to be independent.

The product of independence and task duration results in an energy-
autonomy index (Fig. 2¢).

Classifying existing soft robots by autonomy
We categorize the seven previously treated robotic examples on their con-
trol- and energy-autonomy in Fig. 2b, ¢, and compare to the human heart.

Control-autonomy. For control-autonomy (Fig. 1b), we score task
environment complexity on the horizontal axis. We define four levels:

1. Robot operates without interaction with its environment. This means
that the robot cannot impact the world or its position in it.

2. Task and environment are both ‘simple’, i.e., the robot performs a
single task and the environment is both known in advance and not
diverse. An example is walking on a flat surface, using a single gait.

3. Task, environment, or both are ‘complex’. As a result, the robot needs
to show more than a single behavior in order to complete a task, either
because that is the nature of the task itself, or in order to perform a
single task in a diverse or dynamic environment. An example is
locomotion on diverse terrain that requires different gaits.

4. Robot pursues higher-level goals, such as finding a way out of a
cluttered environment, or picking only ripe fruits.

Octobot™ does not interact with the environment and is rated level 1
for task environment complexity. The tasks of the untethered multi-gait
robot” (moving forward using one gait or the other), the continuously
learning modular robot™ (moving forward while continuously optimizing
its gait), the ring-oscillator walker’® (walking in multiple directions), the
relaxation oscillator robot™ (responding to mechanical cues), and the
twisted LCE strip robot (changing direction when touching an obstacle)
require multiple behaviors, such that we rate them level 3. We place the
robotic fish* in level 4, assuming that the task is to survey a reef, finding
interesting objects to capture on camera, and returning to a home position in
time to report and recharge. We define additional use cases for the elec-
tronics free walker, robotic fish and multi-gait robot, where they simply
move in a predetermined direction, rated level 2.

On the vertical axis, we indicate four levels of independence, i.e., four
abstraction levels at which control is taken over by an outside operator or
external control system.

1. Timed, actuator-level inputs.

2. Behavior level input, for example commanding a robot to go straight
ahead or turn, where the robot autonomously controls the required
actuator pressurization.

3. Only higher-level goals are commanded, such as ‘follow blue lights’, or
‘go home’, where the robot still needs to decompose these into the
required behaviors.

4. No inputs are required for the robot to fulfill its set purpose.

The ring-oscillator walker and multi-gait robot are both able to show
multiple different gaits, when directly instructed to do so, corresponding to
independence level 2, at task-complexity level 3. Moreover, they can walk

using a single gait without any user-input during operation, corresponding
to independence level 4, at task-complexity level 2. (Note that the ring-
oscillator walker also changes gait upon hitting a wall without any external
commands, but it can do so only once). The continuously learning modular
robot, relaxation oscillator robot, and twisted LCE strip robot do not receive
any external control input during operation, corresponding to indepen-
dence level 4. The robotic fish receives behavior-level input (independence
level 2) when navigating a complex environment (complexity level 4), but
can fully autonomously (independence level 4) move in a certain direction
(complexity level 2). As such, we observe that robots can perform simpler
tasks more independently and vice versa, resulting in similar levels of
autonomy, ie., for different use cases, they move along iso-autonomy lines
in Fig. 2b.

Of the compared soft robots, the continuously learning modular robot,
relaxation oscillator robot and twisted LCE strip robot achieve the highest
control-autonomy index. Interestingly, these are also the robots whose
behavior is influenced by physical interactions. This coupling intrinsically
enables them to respond to changes in their environment, essentially
recruiting the environment as a resource.

The heart needs to adjust its behavior (heart rate, contractile strength)
in order to provide the required cardiac output in its variable environment,
while maintaining left-right balance. We therefore rate the task environ-
ment complexity as level 3. When viewed as a separate entity, the heart is not
fully independent of external control input such that we rate it level 3 for
control-independence. The heart’s control-autonomy index is therefore on
par with, but does not exceed, the reviewed soft robotic examples.

Energy-autonomy. Regarding energy-autonomy (Fig. 2¢), on the hor-
izontal axis, we indicate the order of magnitude of the task duration. This
can be a one-time task, or a task that is repeated multiple times, in which
case we assume that recharging can be done sufficiently fast by an
operator, for example by exchanging a battery or gas cylinder. Examples
of tasks for each level of task duration are:

1. Physics research, demonstrating a principle ( = 1 min).

2. Search and rescue ( = 1h).

3. Robotic hand prosthesis ( =~ 1 day).

4. Implantable prosthesis ( Z 1 week, in the case of an implant

possibly years).

We place Octobot™ and the modular robot™ in the first level (physics
demonstrator), while the ring-oscillator walker”, relaxation oscillator
robot”, the untethered multi-gait robot™, and the twisted LCE strip robot™
appear in the second level, assuming a limited task such as exploration of a
limited perimeter as target applications. We classify the robotic fish” as
either level 2 or 3, for two different use cases: a more dedicated mission or a
more general long-term monitoring task.

On the vertical axis, we indicate independence, i.e., the ability to meet
the required operating time independently of external intervention. We
define 4 levels:

1. Complete dependency on a tether for power.

2. Operates without a tether, but does not have enough energy supply to
complete a typical task.

3. Operates without a tether for the time required to complete its task.
This can be a one-time task, or a repeating task, in which case the robot
needs to be recharged by an operator in between task executions.

4. Able to extract all required energy from its surroundings, without user
intervention.

The relaxation oscillator robot is permanently tethered (level 1). The
ring-oscillator walker is limited by its energy supply in fulfilling its task (level
2), while the robotic fish is able to swim for 40 min (i.e., close to 1 h) on a
single charge, placing it at level 3 or 2 depending on the use case. The
untethered multi-gait robot has enough energy supply for its task, placing it
at level 3. Octobot and the modular robot are also level 3, where it should be
noted that their task as a demonstrator is much shorter than the exploring

Communications Materials | (2024)5:198


www.nature.com/commsmat

https://doi.org/10.1038/s43246-024-00637-7

Perspective

robots. As a result, their energy-autonomy scores lower. The twisted LCE
strip robot harvests its energy from its specific environment (level 4).

Operating in specific niches, i.e., on a hot surface and underwater,
respectively, the twisted LCE strip robot and the robotic fish achieve the
highest energy-autonomy indices. As such, their high ratings demonstrate
the importance of the environment also for a robot’s energy-autonomy. We
note that for energy-autonomy, iso-autonomy lines are essentially identical
to the total operating time before intervention is needed. Still, we find that
the explicit distinction between the requirement on the one hand and the
ability to fulfill the requirement independently on the other hand helps our
understanding.

On our scale, both task duration and independence for the heart are
rated the highest level 4. However, this extreme energy-autonomy is only
possible because the heart’s environment is highly specialized to provide this
energy. This is a reminder that autonomy in nature is not absolute, but is
achieved in interdependence with a larger system.

The future of bio-inspired autonomy in soft robotics
From the classification of existing soft robotic examples and the human
heart, we observe that although their energy-autonomy is still significantly
lower, soft robots already have comparable control-autonomy. We conclude
that a soft robot with state-of-the-art autonomy can already be usefully
applied as part of a larger system, i.e., in a favorable environment. This is a
significant shift from the prevailing implicit perspective that a soft robot
operates in a vacuum, and still needs to be fully autonomous.

Natural systems like the human heart provide beautiful examples of
embodied intelligence and interdependent autonomy. Cells and organs
jointly modulate a shared environment, consuming and providing energy,
and processing multiple inputs in parallel via physical interactions,
including mechanical interactions. Studying such natural mechanisms
reveals alternative routes to highly integrated and robust adaptive behavior.

Next steps in control-autonomy

These observations point to two interesting future lines of research in soft
robotics. The first is the study of principles of autonomy in nature, using soft
robotics as a platform. This ambitious program clearly requires a highly
multi-disciplinary effort, combining insights from biology, neurology,
cognition, non-linear dynamics, bio-mechanics and robotics. Examples
from existing literature include synthetic multi-cellular assemblies” and
bio-hybrids* that harness the innate abilities of living cells in novel con-
figurations, homeostatic materials" achieved by chemo- mechano-chemical
self-regulation, and control algorithms based on central pattern generator
circuits®. Soft robotics may play an increasingly prominent role as the
importance of embodied intelligence and compliance become more widely
recognized ™.

As the second research line, robots with limited levels of autonomy will
increasingly find real-world applications. Think of versatile grippers in
industry and agriculture, rovers sent out for exploration, or medical
implants. As illustrated by the human heart, complete control-autonomy is
not always required to robustly achieve a desired goal in a dynamic envir-
onment. As a practical industrial example, a gripper that is permanently
mounted to a stationary robotic arm is not hindered in its performance by a
permanent tether for energy supply and control inputs. Therefore, it is
possible to design useful soft robotic applications today. In this applied line
of research, we foresee that the more holistic view on control (harnessing
interactions with the environment) proposed in this perspective will gra-
dually enable applications that perform better and require less user
intervention.

Admittedly, stating that the environment is important is very different
from knowing how to design for emergent behavior. For the moment, this
design problem needs to be tackled on a case-by-case basis, precisely because
it depends so strongly on the specifics of an environment. This is where both
research lines may strengthen each other. Application-based case studies
can lead to hypotheses about more general principles. Conversely, general
principles found in fundamental research can be applied in other

applications than where they were discovered, in order to improve auton-
omy. For example, our relaxation oscillation walker*” prompts the question
if small networks of relaxation oscillators may be designed for many other
tasks, inspired by the fact that networks of oscillators are omnipresent in
nature, most prominently in neuronal systems including brains.

Next steps in energy-autonomy

A recent review of energy storage and energy conversion methods concludes
that energy-autonomy for infinite time is beyond the current state-of-the-
art”. Fundamentally, some form of energy harvesting is required for
infinite-time energy-autonomy, but existing methods do not provide sub-
stantial power levels in general. It therefore seems that energy-autonomy for
prolonged operation will remain out of reach in the near future for most
applications.

Although this seems an important restriction, we circumvent this issue
by defining energy-autonomy in the context of a task and environment. If a
search-and-rescue robot operates for 1 h and within that hour finds a sur-
vivor who can subsequently be saved, this robot is clearly very useful. But of
course, this account is ultimately unsatisfactory. Fundamentally, because
natural examples are energy-autonomous in their environment. And
practically, there are many applications for which we still cannot create
sufficiently energy-autonomous robots. In this context, the twisted LCE
strip robot™ beautifully demonstrates that it is indeed possible to design an
energy-autonomous robot, but only when considering a highly specific
environment and task.

Adding to the existing discussion, we propose that for fluid-driven soft
robots a promising route to improving energy-autonomy is increasing
system-level energy efficiency. This should of course be complemented by
progress on all other fronts (supply, storage, conversion) as well, but spe-
cifically energy efficiency is not often analysed in soft robotics. When it is,
values on the order of =~1% are not uncommon®, even though the isolated
process of inflating and deflating an (unloaded) actuator can be over 90%
efficient”. This suggests ample potential for energy savings. One of the
reasons is that during actuation, significant energy is stored in compression
of air and elastic deformation of the actuator. In all presented examples of
walking robots, for example, pressurized air is vented at the end of each
cycle. As an example of improving efficiency by reusing stored energy,
venting to an intermediate pressure instead of atmosphere can improve
system efficiency by up to 50%’, or harvest up to 44% of the stored energy”'.
A better understanding of energy flows and efficiency in soft robotics will be
a relatively straight-forward route to significantly improving energy-
autonomy in soft robots, for example by reusing energy that is otherwise
exhausted.

Interestingly, once efforts to improve efficiency lead to robots that
require significantly less energy, this not only directly improves energy-
autonomy, but also increases the impact of energy harvesting systems that
can be integrated with soft robotics, such as organic photovoltaics™ or
microbial fuel cells.

Outlook

We introduce definitions of autonomy that enable comparison between soft
robots and help in the analysis of autonomy in natural examples. We note
two aspects of natural autonomy that we believe can help advance the field of
soft robotics. Firstly, organisms are largely independent of external control
in harvesting natural resources, but they still strongly depend on their
environment. This becomes even more clear when looking at organs instead
of organisms. Similarly, we state that in soft robotic applications complete
autonomy should not be a goal per se, but that we should strive to design a
robot with an appropriate level of autonomy for its task and environment.
Secondly, organisms need to be well adapted to their specific environment
or niche to function autonomously. By extension, we claim that when
defining autonomy for (soft) robots, a crucial but often overlooked first step
should be an explicit description of a robot’s task and environment. Such a
description helps to identify opportunities for achieving improved auton-
omy. That is because according to the embodied intelligence paradigm
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behavior is the result of not only a robot’s internal structure ("brain and
body”), but also external interactions. As such, the task environment may
pose challenges and limitations, but also provides resources to enhance
energy- as well as control-autonomy. An important direction for future soft
robotics research is, therefore, to study how such interactions are leveraged
in nature, and to invent bio-inspired methods to leverage them in soft
robotics.
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