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During the recent decade, we have witnessed an extraordinary flourishing of soft
robotics. Rekindled interest in soft robots is partially associated with the advances
in manufacturing techniques that enable the fabrication of sophisticated multi-
material robotic bodies with dimensions ranging across multiple length scales. In
recent manuscripts, a reader might find peculiar-looking soft robots capable of
grasping, walking, or swimming. However, the growth in publication numbers
does not always reflect the real progress in the field since many manuscripts
employ very similar ideas and just tweak soft body geometries. Therefore, we
unreservedly agree with the sentiment that future research must move beyond
“soft for soft’s sake.” Soft robotics is an undoubtedly fascinating field, but it requires
a critical assessment of the limitations and challenges, enabling us to spotlight the
areas and directions where soft robots will have the best leverage over their
traditional counterparts. In this perspective paper, we discuss the current state of
robotic research related to such important aspects as energy autonomy,
electronic-free logic, and sustainability. The goal is to critically look at
perspectives of soft robotics from two opposite points of view provided by
early career researchers and highlight the most promising future direction, that
is, in our opinion, the employment of soft robotic technologies for soft bio-
inspired artificial organs.
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1 Introduction

Seventy years ago, McKibben presented the first compliant actuators (Agerholm and
Lord, 1961; Schulte, 1961), which marked the beginning of soft robotics (Whitesides, 2018;
Esser et al., 2020). From there, inflatable compliant actuators (Baldur and Blach, 1985;
Suzumori et al., 1991) were used as elements in continuum robots (Robinson and Davies,
1999), paving the path for fully flexible robots, such as the multigait soft robot (Shepherd
et al., 2011) or the soft autonomous Octobot (Wehner et al., 2016) (Figure 1A). With the
advent of soft actuators and soft robots, the field of bio-inspired robotics evolved to the point
that recently a bio-inspired robot autonomously floated on the bottom of the Mariana
trench, raising the bar from simply compliant to fully flexible autonomous soft machines (Li
G. et al., 2021).

Adaptivity, variability, continuity, and basically infinite degrees of freedom (DoFs)
characterize current bio-inspired soft robots (Pfeifer et al., 2012; Coyle et al., 2018; Li et al.,
2019; Mazzolai and Laschi, 2020; Zeng et al., 2020; Ilami et al., 2021). Such systems strive to
be autonomous but also compliant like their natural counterparts (Sadeghi et al., 2017;
Chubb et al., 2019; Mazzolai and Laschi, 2020; Bai and Shepherd, 2021; Mazzolai et al., 2022).
However, for complex autonomous motions, an electronic controller together with an on-
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board battery are usually required, which compromises and even
contradicts the idea of compliant soft systems (Bledt et al., 2018;
Katz et al., 2019; Xu and Perez-Arancibia, 2020; Drotman et al.,
2021; Decker et al., 2022). This highlights the problematic
contradictions in soft and bio-inspired robotics. Systems need to
be simple, autonomous, compliant and self-sustained to move,
collect data and interact with the environment, but to achieve
this goal, we build complex electronically controlled heavy systems.

This perspective paper highlights and discusses current
contradictions in the field from a young researcher’s point of
view. Through the discourse of two young scientists, current
contradictions in the field of fully flexible autonomous systems
are presented. In this context, the need for electronic controls,
on-board energy supply, sustainability, and other relevant issues
for bio-inspired soft robots are discussed and possible solutions are
highlighted, leaving outlined perspectives open to the reader’s
personal interpretation. In conclusion, a new promising but
slightly obscured application area for bioinspired soft robotics is
highlighted.

2 Are the soft robots really better than
the robots that we have now?

Soft robots are compliant machines often fabricated from
flexible materials such as silicones or thermoplasts. Recent
developments enable their manufacturing via 3D printing
using soft inks or flexible TPU filaments (Wehner et al., 2016;
Slesarenko et al., 2018; Skylar-Scott et al., 2019; Conrad et al.,
2020; Conrad et al. 2021; Conrad et al. 2022; Kappel et al., 2022).
Most soft robots utilize compliant pneumatic actuators from
flexible materials for movement (Whitesides, 2018; Esser et al.,
2019a). The pneumatic actuators are mostly outfitted with a
strain-limiting layer or thicker walls on one side, creating
non-symmetrical conditions leading to directional bending.
Based on these bending motions, many different soft robotic
systems were developed, including bioinspired grippers, crawlers
and even walkers (Shepherd et al., 2011; Whitesides, 2018; Xu
and Perez-Arancibia, 2020; Drotman et al., 2021; Hubbard et al.,
2021; Decker et al., 2022) (see Figure 1).

FIGURE 1
Soft robotic examples for electronic free control, energy autonomy, sustainability, and compliance. (A) As an example of electronic free control, the
untethered quadruped utilizes soft pneumatic logic gates set up as oscillators to control movement and object avoidance. From (Drotmann et al., 2021).
Reprinted with permission from AAAS. (B) Liquid crystalline elastomer-based crawling robot driven by a laser passing along the robots length. This is an
example of energy autonomy as the actuation and motion are generated by structural changes inside the material in reaction to light exposure, and
no further energy source is needed. From (Rogóż et al., 2016). Reprinted with permission from John Wiley and Sons. (C) The gelatin-based 3D printing
materials are used as an example of biobased, biodegradable, and sustainable materials. From (Shintake et al., 2017). Reprinted with permission from IEEE
Proceedings. (D) The fully autonomous and fully flexible iconic Octobot is the world’s first fully flexible soft robot capable of autonomous movement.
From (Wehner et al., 2016). Reprinted with permission from Springer Nature.
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Soft robots are not only ideal for research in harsh
environments, as the system could be crushed and still work
afterward (Seok et al., 2013), but are also being integrated into
industrial production lines and healthcare. These systems are ideal
for robot-organism and human-robot interactions because the
“interacting” parts of the systems (actuators and grippers) are
mostly soft and compliant. Through flexible grippers, flexible
suction cups and even completely compliant robot arms, the risk
of injury in an integrated production line can be reduced
tremendously (Grzesiak et al., 2011; Whitesides, 2018).
Compliant systems can be equipped with a variety of sensors for
system monitoring, object perception or interaction with their
environment. Their characteristics enable bio-inspired soft robots
to work in extreme and harsh environments in which electronic
systems normally fail, like deep sea high-pressure regions (Mariana
trench) (Li G. et al., 2021), radiation-contaminated or exposed areas
(like Chernobyl, Fukushima and nuclear reactors) (Yirmibeşoğlu
et al., 2019), mining or in space applications—in which electronics
add weight, raise system complexity and costs.

The concept of soft continuously-deformable robots is very
intriguing, however, it faces some crucial obstacles that are hard
or might be physically impossible to overcome. Robots, in general,
are required to perform some action interacting with the
environment, such as moving around or grasping other objects.
However, the generation of force large enough to hold objects or
overcome gravitational force becomes much harder with an increase
in the size of the soft robot body. Soft robot bodies cannot be too
compliant, however, stiffer robots usually require more energy to
deform. For example, in order to hold 0.6 kg, a precharged
pneumatic bending actuator with a total length of 14 cm requires
approximately 1 bar of pressure (Li Y. et al., 2018). Partially due to
poor scalability, soft robotic systems often utilize miniature (micro
and millimeter-sized) components, such as cilia (Rockenbach et al.,
2015; Zhang et al., 2018; Milana et al., 2020). It mostly holds true also
for soft robots that employ stimuli-responsive materials (Medina-
Sánchez et al., 2018; Tyagi et al., 2021). Medium-sized soft robots
usually have to play another trick to escape gravity by functioning
underwater, as gravity constantly tries to deform the compliant body
(Aracri et al., 2021). In general, the balance between the body’s
compliance and its ability to perform any meaningful task at the
same length scale is hard, and large soft robots are not viable
compared to their classical counterparts. With this in mind, what
is the reason to care about safe human-robot interaction if soft
robots will never be large enough to harm humans?

3 Are electronic-free soft robots
feasible and useful?

It is easy to see that electronic components make soft robots
more bulky and definitely compromise compliance. As shown by
Octobot (Wehner et al., 2016) (Figure 1A), it is technically
possible to perform sensing and very simple decision-making
without any electronic components. Applying the principles of
analog operators in electronic circuits and fluidic logic, novel
electronic-free soft logic gate systems can be developed.
Pneumatic pressure drives these systems capable of
rudimentary computational tasks. Current research focus lays

on using basic logic gates like AND, NOT, OR, XOR in soft
robotic systems (Preston et al., 2019a; Preston et al., 2019b;
Mahon et al., 2019; Nemitz et al., 2020; Xu and Perez-
Arancibia, 2020; Drotman et al., 2021; Hoang et al., 2021;
Hubbard et al., 2021; Pal et al., 2021; Rajappan et al., 2021;
Decker et al., 2022; Kendre et al., 2022; van Laake et al., 2022)
(Figure 1B). Another important function of electronics in
robotics is to provide the ability to sense. In soft robotics,
sensing might be realized through the use of smart stimuli-
responsive non-electronic materials, such as shape memory
alloys (SMAs) (Kim et al., 2014; Rodrigue et al., 2017), shape
memory polymers (SMPs) (Lendlein, 2018), hydrogels (Lee et al.,
2020; Skarsetz et al., 2022), or liquid crystal elastomers (LCEs)
(Rogóż et al., 2016; Kularatne et al., 2017; Lall and Zappe, 2022)
(Figure 1D). The large family of flexible sensors that can be
integrated into soft robotic systems is based on stretchable
conductive materials, such as carbon nanotube/polyurethane
fibers (He et al., 2019; Kar et al., 2022), conductive polymers
(Fan et al., 2019) or conductive hydrogels (Shen et al., 2022).
Among them, ionic flexible sensors (IFS) are one of the most
interesting for bio-inspired design since, similar to living
organisms, they use ion migration to sense external stimuli
(Amoli et al., 2019; Zhao et al., 2022), which makes them
attractive for potential applications in artificial skin or
artificial organs. In general, ongoing research in soft materials
that aims to improve their mechanical properties (Zhao, 2017) or
grant them new functionalities (Herbert et al., 2018; Bartlett et al.,
2019; Khatib et al., 2021) can be quite easily picked up by the field
of soft robotics (Terryn et al., 2017). However, the great challenge
lies in combining these scientific and engineering achievements
in functional and easy-to-produce soft systems. One focus area of
soft robotics dedicated to such systems is bio-inspired plant
robotics, with the example of artificial Venus flytrap systems
(AVFs) (Esser et al., 2020; Tauber et al., 2022). AVFs try to mimic
the functions of a real plant by reacting to “prey,” sensing
environmental conditions and harvesting energy from the
environment. AVFs often use actuators that react to a change
in temperature (SMAs, SMPs), humidity (hydrogels) or light
(LCEs) with a closure of the trap lobes (Esser et al., 2020).
Integration of energy harvesting structures like flexible solar
cells (Pagliaro et al., 2008; Roldán-Carmona et al., 2014; Jung
et al., 2019; Zimmermann and Würfel, 2020; Horii et al., 2022),
solar batteries (Büttner et al., 2022) or solar supercapacitors
(Berestok et al., 2021; Berestok et al., 2022; Delgado Andrés
et al., 2022) might provide enough energy to supply sensors or
low energy actuators in the future; for more details on energy
harvesters, please look in Section 5. With such systems,
autonomous bio-inspired or soft robots could be powered and
outfitted to gather sensory data, e.g., in as small scale UAVs or
drones (Han et al., 2009; Jafferis et al., 2019), or to interact with
the users and environment as autonomous fully flexible
healthcare robots or devices.

As already mentioned, any robot has to perform meaningful
tasks, therefore, it requires a control system that is either
preprogrammed or can make a decision depending on the
available information. Our silicone-based chips are amazing at
doing exactly that! This is why while heavy and powerful motors
of well-infamous Atlas (Guizzo, 2019; Nelson et al., 2019) provide it
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with enough force to make a backflip, a very small and energy-
efficient silicone chip performs all processing and computational
heavy-lifting. While successful attempts to implement basic
elements of electronic circuits using pressure instead of electric
current were reported, such electronic-free processing units are in
their infancy and can be compared with the Antikythera mechanism
from 100 BC (Freeth et al., 2006). Similar to how mechanical
computing hit a wall before the invention of electro-mechanical
(and further fully electrical) computing (Williams, 1985), it is hard
to imagine that “soft” computing will be capable of even simple
decision-making without electronic components. At the same time,
it would be wrong to completely ignore the recent renaissance of
mechanical computing (Yasuda et al., 2021) that, in contrast to
previous realizations, started to utilize the compliance of materials.
However, while the manufacturing techniques continue to be further
developed and now technically allow the fabrication of sensitive
elements and membranes with micrometer precision (Hines et al.,
2017), the issue is in the stability of the system and its capacity to
survive over thousands and millions of cycles without failing
regardless of actuation method [pneumatic (Shepherd et al.,
2011; Whitesides, 2018), temperature (Lendlein and Kelch, 2002;
Lagoudas, 2008), light (Lim et al., 2017; Wani et al., 2018)].
Surprisingly, this very important aspect is often omitted in
research papers. Stability is especially crucial for non-volatile
memory, which is necessary for the reprogrammability of soft
(pneumatic) circuits. Regardless of the methods of memory
storage [usually via bistable beams or membranes (Nemitz et al.,
2020; Chen et al., 2021)], a smaller size means a higher probability of
accidental switch due to the overall deformation of the soft body or
simple leak, which is a solved problem in the case of Si-based
electronics.

Finally, referencing the most famous biological inspiration
for soft robotics, we recall that if an octopus can fit its beak
through a hole, it can squeeze through it completely. If the soft
robot needs to work in a complex environment (e.g., nuclear
reactor), it has to have a non-soft camera to evaluate the situation
and provide feedback. The addition of miniature electronic
components (preferably redundant and distributed) will not
undermine its compliance while drastically improving its
performance. Therefore, fully electronic-free autonomous soft
robots will be used only for relatively simple tasks that require
repetition of a set of preprogrammed actions [e.g., heart beating
(Rajagopal and Hoeper, 2016)]. For more universal applications,
a synergy between soft components and classical electronic
schemes has to be maintained. Achieving a paradigm shift
with soft robotic systems would necessitate not only the
combination of soft and hard electronic components but also
the use of novel materials, as soft robots are not reliable enough
so far.

4 Are soft robots sustainable in the
circular economy of the future?

Circular economics and sustainable living are the
cornerstones of the recently adopted government policies in
the European Union (EU Commission, 2020) and the US (US
Environmental Protection Agency, 2021). With this, the notion

of bio-inspiration in soft robotics should be expanded to mimic
the lifecycle of biological organisms. At first sight, it might appear
that the absence of electronic systems in flexible soft robots will
be beneficial from a sustainability point of view. Indeed,
electronic components are known to be hard to recycle, and
57.4 million tons of electronic waste (e-waste) were generated in
2021 alone. However, this statistic might be a bit misleading in
relation to our topic since small electronic components can be
reused and repaired, which is one of the points of a UN report
devoted to e-waste (UN Environmental Programme, 2019).
Moreover, after simple reprogramming, the same electronic
component can perform different routines, removing the need
to fabricate an absolutely new soft robotic body for each new task.
Due to extremely large design space and lack of the generally
accepted standardized framework for soft robots, their reuse is
non-existing. Therefore, soft robots can rely only on recycling
rather than on reuse, while the latter is a superior option from the
waste management hierarchy (UN Environmental Programme,
2013). While some of the very popular soft materials in robotics
[e.g., silicone rubber Ecoflex (Siegenthaler et al., 2012)] are
biodegradable, others (e.g., acrylate-based photopolymer resins
for 3D printing) can be toxic (Zhu et al., 2015) and not recyclable
(van Bochove and Grijpma, 2019). Therefore, the development of
new compliant materials that will satisfy sustainability criteria
will often be necessary (Maines et al., 2021; Zhu et al., 2023).
However, even after a thoughtful assessment of specific material
sustainability, there is a risk that sustainability factors might
hinder progress in the field, especially if more strict
environmental policies will be adopted in the future, replacing
and updating the existing ones (EU Parliament, 2006).

If the requirements for sustainability are kept in mind while
designing bioinspired soft robots, one can already achieve a
partially circular economic use of soft robots. A successful
recycling concept requires that the individual robot materials
can be easily separated to enable uncomplicated reuse,
replacement and upgrading of robots (Hartmann et al., 2021).
This could be achieved if we use already existing easily recyclable
sustainable options, such as biobased materials from renewable
resources. Green composites could be used for parts that demand
high structural integrity (Koronis et al., 2013; Calvino et al.,
2020); protein-based materials (Huber et al., 2022), gelatin-
glycerol hydrogels (Shintake et al., 2017) and DNA-based
hydrogels (Walther, 2019; Akintayo et al., 2021) could be used
as biodegradable and compostable actuators. Soft robots are
suitable candidates for the use of such materials as they are
often monomaterial systems with low material complexity. If bio-
based soft and hard materials like polyhydroxyalkanoates (PHA),
polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA),
gelatin gels and starch blends are used for the makeup of such
systems, it will increase their recyclability and sustainability
(Bagheri et al., 2017; Shintake et al., 2017; Hartmann et al.,
2021) (Figure 1C). Current systems even highlight the use of
sustainable materials for the electronics in soft robots, such as
biodegradable sensors (Hartmann et al., 2021) based on PLLA
nanofibers (Curry et al., 2020), cellulose nanofibers (Gao et al.,
2019) or waxes doped with conductive particles (Won et al.,
2018). However, some applications would still necessitate
materials or composites that are not easily recyclable. For such
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systems, materials with features like self-healing or self-
hardening for damage avoidance and longer life cycles would
be beneficial (Terryn et al., 2017; Markvicka et al., 2018; Li et al.,
2019; Meesorn et al., 2019; Terryn et al., 2020; Bai and Shepherd,
2021; Speck et al., 2022). Changing the systematic design into a
compartmentalized modular design (Pfeifer et al., 2012; Pfeifer
et al., 2007; McKenzie et al., 2018), in which parts can be
interchanged or repurposed, would create even more
sustainable soft robots. The use of not only bio-based and
recyclable materials but also biocompatible and bioresorbable
materials would enable novel application fields for bio-inspired
soft robots in medicine (Hartmann et al., 2021). With the further
advances in the industry of soft robotics, employment of more
sustainable materials for soft bodies as well as standardization of
the soft robot modules, will be necessary.

5 Can soft robots be useful without
power packs?

From a physical point of view, to perform any work (crawl,
grip, deform, etc.) robot might consume energy regardless if it is
rigid or soft. Therefore, energy needs to be stored, delivered to the
point of action, and conversed to mechanical motion or
deformation. The necessity to supply energy drastically
sophisticates robots’ autonomy. Traditional autonomous
robots (e.g., vacuum cleaner robots) usually rely on
electrochemical batteries (e.g., Li-ion), which after multiple
breakthroughs (Reddy et al., 2020), reach an energy storage
density of 700 Wh/L (or specific energy of 250 Wh/kg).
Unfortunately, the field of soft robotics does not go along with
such batteries. The main reason here is the bulkiness of batteries
and other components, such as motors transforming electrical

voltage into mechanical motion. If soft robots want comparable
autonomy, other ways to store and transduce energy must be
developed (Aubin et al., 2022). Here two principally different
ways to supply energy for soft robots can be distinguished. The
first approach relies on capturing energy from a purposefully
created and controlled external field (usually magnetic). The
robot can harvest its energy and move when placed inside
such a field (Huang et al., 2015; Hu et al., 2018). This is up to
debate if robots functioning in an external magnetic field can be
considered “truly” autonomous. In general, this is a viable idea
for microrobots, as shown, for instance, in the biomedical field
(E. Peyer et al., 2013; Li J. et al., 2018), however, this approach
cannot be scaled up. Therefore, larger soft robots have to rely on
energy stored inside their soft bodies (Wehner et al., 2014). A soft
pneumatic robot, for instance, can use stored compressed air or
has the ability to generate pressure using a chemical reaction
happening in the small reactor inside the soft body (Onal et al.,
2017). However, from the point of energy density, compressed-
air energy storage is inferior to electrochemical batteries, and this
disadvantage amplifies manifold with a decrease in robot size.
Similar conclusions can be made concerning other energy storage
methods [e.g., via elastic energy (Pal et al., 2021)] that cannot
really compete with well-established electrochemical batteries. A
very good comparison of different ways to store and transform
energy in relation to soft robotics was recently presented by
Aubin et al. (2022), however, the usage of energy density and
power density without accounting for the size (length scale) of
the robot might be a little bit misleading. Considering the limited
applicability of soft robots in general, it might be more beneficial
to explore ways of integrating soft elements into already existing
robotic systems rather than attempting to design fully
autonomous soft robots working on new principles.

Equipping soft robot systems with energy-harvesting
structures would make them primarily autonomous. Not all
autonomous robots always need energy, but if they need it,
the energy must still be sourced from storage. Here a
distribution of batteries over the whole body near the
consumers (actuators or sensors) would decrease the size and
weight of the system. As mentioned above, with the use of sensors
and actuators with low energy consumption, the need for
powerful power supplies becomes less prominent. Current
research focuses on self-powered sensors, and there are
already sensory systems for soft robots solely driven by energy
harvesters. For instance, Chen et al. (2020) integrated a
triboelectric nanogenerator (TENG) into a pneumatic bending
actuator, generating electricity by contact and separation while
bending. Next to system integration, the makeup of harvesters
itself can be a challenge as for the use in soft robotics, they need to
be lightweight, robust and ideally based on flexible materials.
Usable systems in this case are flexible solar cells (Pagliaro et al.,
2008; Roldán-Carmona et al., 2014; Jung et al., 2019;
Zimmermann and Würfel, 2020; Horii et al., 2022), solar
batteries (Büttner et al., 2022) or solar supercapacitors
(Berestok et al., 2021; Berestok et al., 2022; Delgado Andrés
et al., 2022) as well as triboelectric nanogenerators (TENGs)
(Wu et al., 2019; Wang, 2020), piezoelectric nanogenerators
(PENGs) (Lee et al., 2018), thermoelectric generators (TEGs)
(Sherkat et al., 2022), biofuel cells or microbial fuel cell (MFC)

FIGURE 2
Selected positive and negative aspects of soft robotic systems.
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(Ieropoulos et al., 2005; Kim et al., 2007; Tauber and Fitzgerald,
2021) and hybrids system, e.g., of TENG and biofuels cells (Liu
et al., 2022). These can generate electricity to power low-energy
consumers for autonomous wearable sensing and transmit
sensory data to microprocessors and computers. The problem
here is the energy consumption of transmitter structures that
ranges from a few milliwatts to hundreds of milliwatts (Liu et al.,
2022). The output of a self-charging power source should reach at
least tens of milliwatts to support a fully independent portable
device (Liu et al., 2022). As these systems convert energy from the
environment, harvesters should be designed to have access to
energy sources such as heat, temperature gradients, light, body
fluids, and so on. Triboelectrics and piezoelectrics harvest energy
from motion; these could be used to harvest mechanical energy in
vivo. MFCs can convert nutrition and bodily fluids into energy
(Ieropoulos et al., 2005; Kim et al., 2007; Tauber and Fitzgerald,
2021), TENGs can convert heat into energy, making them ideal
for application on the outside of a soft robot or in an inner fluid
channel. Flexible solar cells, solar batteries and solar
supercapacitors need—as the name already states—access to
light. There are already a few fully integrated actuators, energy
harvesters and sensing systems like the MXene-based soft
actuators by Li et al. (2021b), but they are not useable for
large systems due to very limited generated force. The above-
mentioned examples highlight the benefits and possible
applications of soft robots without power packs. Ideally, the
energy requirements of the used sensors and actuators should
not exceed the energy provided by the harvesters. If this should
happen, decentralized flexible energy storage solutions can be
used without hindering the compliance of the system.

6 The future of autonomous,
sustainable bio-inspired soft robots as
artificial organs

Summarizing previous observations, we see that soft robots can
outperform their traditional counterparts, be sustainable, capable of
harnessing energy, and simultaneously operate in severe settings.
With the progress in the field of soft robotics, new concepts and
ideas initiated in the academic environment can be then picked up
by commercial enterprises for further development. By working
towards functionalization, diversification and final
commercialization, academy and engineering can provide broader
adoption and acceptance of soft robotic systems. For example,
throughout more than a decade of development, soft robotic
grippers (Amend et al., 2016; Hughes et al., 2016; Shintake et al.,
2018; Wang et al., 2022) have already achieved a mature
technological readiness level (TRL) and can be employed in
commercial and industrial applications (Soft Robotics Company,
2019; Negrello et al., 2020). Nevertheless, while further incremental
progress in soft grippers is inevitable, existing technological
applications [e.g., in the food industry (Wang et al., 2021)] do
not unlock the full potential of soft robotics. Therefore, since the
human body provides one of the harshest environments,
additionally imposing very strict requirements on the
biocompatibility of materials, we believe that one of the most
perspective directions for soft robotics is associated with the

design of artificial human organs. The necessity for such systems
is not only highlighted in medical reports, papers and books
(Malchesky, 2001; Miller, 2006; Rajagopal and Hoeper, 2016) but
also acknowledged by the existence of a Horizon2020 EU project on
the subject called “Development of the first fully biocompatible, soft
actuated heart: combining in situ tissue engineering and soft
robotics” (Horizon, 2022). There are still millions of people all
over the world waiting for transplants and new organs. Currently
(December 2022) in the US alone, 1,05,703 people are in need of an
organ transplant (UNOS, 2022), and in 2020 ten patients on average
died per day waiting for an organ transplant in Europe (Spanish
National Transplant Organization, 2022).

Currently, patients in severe cases of organ failure are connected
to extracorporeal artificial organ devices like heart-lung machines
(in case of heart or lung failure) (Rajagopal and Hoeper, 2016) or
hemodialyzers (in case of kidney failure) (Gaudry et al., 2022). A
temporary solution for patients on the waiting list could be
rudimentary organ prostheses. There are already a few systems,
but these lack simplicity, are not electronic free and prone to failure.
Some systems like the soft total artificial heart (Cohrs et al., 2017),
the SoGut—artificial stomach peristalsis simulator (Dang et al.,
2020), the artificial oesophagus system RoSE (Dirven et al., 2013;
Dirven et al. 2015; Dirven et al. 2017) and the silicon-based
peristaltic pump (utilizable as an artificial intestine and
oesophagus) (Esser et al., 2019a; Esser et al., 2019b; Tauber et al.,
2021; Tauber and Fitzgerald, 2021) are completely soft but
necessitate an external pressure supply (Menciassi and Iacovacci,
2020; Tauber and Fitzgerald, 2021; Hashem et al., 2022). There are a
few commercially available artificial hearts, such as the temporary
Total Artificial heart (TAH-t) (SynCardia Systems, Inc., Tucson, AZ,
United States) and the AESON CARMAT TAH (Carmat, Vélizy-
Villacoublay, France). The TAH-t from SynCardia is approved by
the US FDA (Food and Drug Administration) and got a CE mark in
Europe as a “bridge to transplantation” therapy device (Cohrs et al.,
2017). In 2021 there was an Urgent Field Safety Notice (Reference
10741/21) from the German Federal Institute for Drugs andMedical
Devices (BfArM) describing a problem with a CPC connector to
result in patient harm. Although these are just for the CPC
connectors that fasten the TAH-t cannulae to the external
driveline, this could still cause harm to a patient and highlight
the complexity of such systems and the necessity for simpler (easy to
use) systems. Bioinspired soft robotic systems show usability as
artificial hearts as these can recreate the pulsatile flow of the human
heart using squid and jellyfish like pulsatile motion (Roche et al.,
2017; Bujard et al., 2021).

If the above-described goals for bio-inspired systems are met,
we would create the building blocks for autonomous, electronics-
free, sustainable, biocompatible systems, such as artificial organs.
We have identified the need for such systems, the areas in which
current systems are deficient, and how the technologies proposed
here could address these shortcomings (Figure 2). First
rudimentary systems highlight that the actuation technology to
create biologically feasible motions is already there but only needs
to be made autonomous and manufactured from sustainable
biocompatible materials. Rapid prototyping and novel fast
medical imaging technologies (CT, fMRI, X-Ray) could
generate prostheses specifically adapted to the patients’
physique and needs. With the approach described above, we
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want to incentivize achieving a goal that will help millions of
people.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding authors.

Author contributions

All authors listed havemade a substantial, direct, and intellectual
contribution to the work and approved it for publication.

Funding

Funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) under Germany’s Excellence
Strategy–EXC-2193/1—390951807.

Acknowledgments

We acknowledge support by the Open Access Publication Fund
of the University of Freiburg.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Agerholm, M., and Lord, A. (1961). The "artificial muscle" of McKibben. Lancet 277
(7178), 660–661. doi:10.1016/S0140-6736(61)91676-2

Akintayo, C. O., Creusen, G., Straub, P., and Walther, A. (2021). Tunable and large-
scale model network StarPEG-DNA hydrogels. Macromolecules 54 (15), 7125–7133.
doi:10.1021/acs.macromol.1c00600

Amend, J., Cheng, N., Fakhouri, S., and Culley, B. (2016). Soft robotics
commercialization: Jamming grippers from research to product. Soft Robot. 3,
213–222. doi:10.1089/soro.2016.0021

Amoli, V., Kim, J. S., Jee, E., Chung, Y. S., Kim, S. Y., Koo, J., et al. (2019). A
bioinspired hydrogen bond-triggered ultrasensitive ionic mechanoreceptor skin. Nat.
Commun. 10, 4019. doi:10.1038/s41467-019-11973-5

Aracri, S., Giorgio-Serchi, F., Suaria, G., Sayed, M. E., Nemitz, M. P., Mahon, S., et al.
(2021). Soft robots for ocean exploration and offshore operations: A perspective. Soft
Robot. 8, 625–639. doi:10.1089/soro.2020.0011

Aubin, C. A., Gorissen, B., Milana, E., Buskohl, P. R., Lazarus, N., Slipher, G. A., et al.
(2022). Towards enduring autonomous robots via embodied energy. Nature 602,
393–402. doi:10.1038/s41586-021-04138-2

Bagheri, A. R., Laforsch, C., Greiner, A. S. A., and Agarwal, S. (2017). Fate of so-called
biodegradable polymers in seawater and freshwater. Glob. challenges Hob. NJ) 1 (4),
1700048. doi:10.1002/gch2.201700048

Bai, H., and Shepherd, R. F. (2021). The new material science of robots. Curr. Opin.
Solid State Mater. Sci. 25 (2), 100894. doi:10.1016/j.cossms.2020.100894

Baldur, R., and Blach, W. (1985). Inflatable manipulator. Southfield, Michigan, USA:
Society of Manufacturing Engineers.

Bartlett, M. D., Dickey, M. D., and Majidi, C. (2019). Self-healing materials for soft-
matter machines and electronics. NPG Asia Mater 11, 21–24. doi:10.1038/s41427-019-
0122-1

Berestok, T., Diestel, C., Ortlieb, N., Buettner, J., Matthews, J., Schulze, P. S. C., et al.
(2021). High-Efficiency monolithic photosupercapacitors: Smart integration of a
perovskite solar cell with a mesoporous carbon double-layer capacitor. Sol. RRL 5
(11), 2100662. doi:10.1002/solr.202100662

Berestok, T., Diestel, C., Ortlieb, N., Glunz, S. W., and Fischer, A. (2022). A
monolithic silicon-mesoporous carbon photosupercapacitor with high overall
photoconversion efficiency. Adv. Mat. Technol. 7, 2200237. doi:10.1002/admt.
202200237

Bledt, G., Powell, M. J., Katz, B., Di Carlo, J., Wensing, P. M., and Kim, S. (2018). “MIT
cheetah 3: Design and control of a robust, dynamic quadruped robot,” in IROS Madrid
2018. 2018 IEEE/RSJ International Conference on Intelligent Robots and Systems:
towards a robotic society : digest : October, 1-5, 2018, Madrid, Spain, Madrid Municipal
Conference Centre. 2018 IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS). Madrid, 10/1/2018 - 10/5/2018 (Piscataway, New Jersey: Institute of
Electrical and Electronics Engineers), 2245–2252.

Bujard, T., Giorgio-Serchi, F., and Weymouth, G. D. (2021). A resonant squid-
inspired robot unlocks biological propulsive efficiency. Sci. Robotics 6 (50), eabd2971.
doi:10.1126/scirobotics.abd2971

Büttner, J., Berestok, T., Burger, S., Schmitt, M., Daub, M., Hillebrecht, H., et al.
(2022). Are halide-perovskites suitable materials for battery and solar-battery
applications–fundamental reconsiderations on solubility, lithium intercalation, and
photo-corrosion. Adv. Funct. Mater. 32 (49), 2206958. doi:10.1002/adfm.202206958

Calvino, C., Macke, N., Kato, R., and Rowan, S. J. (2020). Development, processing
and applications of bio-sourced cellulose nanocrystal composites. Prog. Polym. Sci. 103,
101221. doi:10.1016/j.progpolymsci.2020.101221

Chen, J., Han, K., Luo, J., Xu, L., Tang, W., and Wang, Z. L. (2020). Soft robots with
self-powered configurational sensing. Nano Energy 77, 105171. doi:10.1016/j.nanoen.
2020.105171

Chen, T., Pauly, M., and Reis, P. M. (2021). A reprogrammable mechanical
metamaterial with stable memory. Nature 589, 386–390. doi:10.1038/s41586-020-
03123-5

Chubb, K., Berry, D., and Burke, T. (2019). Towards an ontology for soft robots: What
is soft? Bioinspir. Biomim. 14 (6), 063001. doi:10.1088/1748-3190/ab483f

Cohrs, N. H., Petrou, A., Loepfe, M., Yliruka, M., Schumacher, C. M., Kohll, A. X.,
et al. (2017). A soft total artificial heart-first concept evaluation on a hybrid mock
circulation. Artif. Organs 41 (10), 948–958. doi:10.1111/aor.12956

Conrad, S., Speck, T., and Tauber, F. J. (2022). “Multi-material FDM 3D printed arm
with integrated pneumatic actuator,” in Conference on biomimetic and biohybrid
systems (Cham: Springer), 27–31. doi:10.1007/978-3-031-20470-8_3

Conrad, S., Speck, T., and Tauber, F. (2020). “Multi-material 3D-printer for rapid
prototyping of bio-inspired soft robotic elements,” in Biomimetic and biohybrid systems.
9th international conference, living machines 2020, Freiburg, Germany, july 28-30, 2020,
Proceedings. Editors V. Vouloutsi, M. Anna, T. Falk, T. Speck, T. J. Prescott, Verschure,
et al. 1st ed (Cham: Springer International Publishing; SPRINGER (Lecture Notes in
Artificial Intelligence, 12413)), 202046–202054.

Conrad, S., Speck, T., and Tauber Né Esser, F. (2021). Tool changing 3D printer for
rapid prototyping of advanced soft robotic elements. Bioinspir. Biomim. 16, 055010.
doi:10.1088/1748-3190/ac095a

Coyle, S., Majidi, C., LeDuc, P., and Hsia, K. J. (2018). Bio-inspired soft robotics:
Material selection, actuation, and design. Extreme Mech. Lett. 22, 51–59. doi:10.1016/j.
eml.2018.05.003

Curry, E. J., Le, T. T., Das, R., Ke, K., Santorella, E. M., Paul, D., et al. (2020).
Biodegradable nanofiber-based piezoelectric transducer. PNAS 117 (1), 214–220. doi:10.
1073/pnas.1910343117

Dang, Y., Liu, Y., Hashem, R., Bhattacharya, D., Allen, J., Stommel, M., et al. (2020).
SoGut: A soft robotic gastric simulator. Soft Robot. 8, 273–283. doi:10.1089/soro.2019.
0136

Frontiers in Robotics and AI frontiersin.org07

Tauber and Slesarenko 10.3389/frobt.2023.1129827

https://doi.org/10.1016/S0140-6736(61)91676-2
https://doi.org/10.1021/acs.macromol.1c00600
https://doi.org/10.1089/soro.2016.0021
https://doi.org/10.1038/s41467-019-11973-5
https://doi.org/10.1089/soro.2020.0011
https://doi.org/10.1038/s41586-021-04138-2
https://doi.org/10.1002/gch2.201700048
https://doi.org/10.1016/j.cossms.2020.100894
https://doi.org/10.1038/s41427-019-0122-1
https://doi.org/10.1038/s41427-019-0122-1
https://doi.org/10.1002/solr.202100662
https://doi.org/10.1002/admt.202200237
https://doi.org/10.1002/admt.202200237
https://doi.org/10.1126/scirobotics.abd2971
https://doi.org/10.1002/adfm.202206958
https://doi.org/10.1016/j.progpolymsci.2020.101221
https://doi.org/10.1016/j.nanoen.2020.105171
https://doi.org/10.1016/j.nanoen.2020.105171
https://doi.org/10.1038/s41586-020-03123-5
https://doi.org/10.1038/s41586-020-03123-5
https://doi.org/10.1088/1748-3190/ab483f
https://doi.org/10.1111/aor.12956
https://doi.org/10.1007/978-3-031-20470-8_3
https://doi.org/10.1088/1748-3190/ac095a
https://doi.org/10.1016/j.eml.2018.05.003
https://doi.org/10.1016/j.eml.2018.05.003
https://doi.org/10.1073/pnas.1910343117
https://doi.org/10.1073/pnas.1910343117
https://doi.org/10.1089/soro.2019.0136
https://doi.org/10.1089/soro.2019.0136
https://www.frontiersin.org/journals/robotics-and-ai
https://www.frontiersin.org
https://doi.org/10.3389/frobt.2023.1129827


Decker, C. J., Jiang, H. J., Nemitz, M. P., Root, S. E., Rajappan, A., Alvarez, J. T., et al.
(2022). Programmable soft valves for digital and analog control. PNAS 119 (40),
e2205922119. doi:10.1073/pnas.2205922119

Delgado Andrés, R., Berestok, T., Shchyrba, K., Fischer, A., and Würfel, U. (2022). A
new figure of merit for solar charging systems: Case study for monolithically integrated
photosupercapacitors composed of a large-area organic solar cell and a carbon double-
layer capacitor. Sol. RRL 6 (10), 2200614. doi:10.1002/solr.202200614

Dirven, S., Allen, J., Xu, W., and Cheng, L. K. (2017). Soft-robotic esophageal
swallowing as a clinically-inspired bolus rheometry technique. Meas. Sci. Technol.
28 (3), 035701. doi:10.1088/1361-6501/aa544f

Dirven, S., Xu, W., Cheng, L. K., Allen, J., and Bronlund, J. (2013). Biologically-
inspired swallowing robot for investigation of texture modified foods. Int.
J. Biomechatronics Biomed. Robotics 2 (2/3/4), 163. Article 58719. doi:10.1504/
IJBBR.2013.058719

Dirven, S., Xu, W., and Cheng, L. (2015). “Soft robotics for bio-mimicry of esophageal
swallowing,” in Soft robotics. Transferring theory to application. Editors V. Alexander,
A. Albu-Schäffer, O. Brock, and A. Raatz (Berlin, Heidelberg: Springer Berlin
Heidelberg), 282–291.

Drotman, D., Jadhav, S., Sharp, D., Chan, C., and Tolley, M. T. (2021). Electronics-
free pneumatic circuits for controlling soft-legged robots. Sci. Robotics 6 (51), eaay2627.
doi:10.1126/scirobotics.aay2627

Esser, F. J., Auth, P., and Speck, T. (2020). Artificial Venus flytraps: A research review
and outlook on their importance for novel bioinspired materials systems. Front. Robot.
AI 7, 75. doi:10.3389/frobt.2020.00075

Esser, F., Krüger, F., Masselter, T., and Speck, T. (2019a). “Characterization of
biomimetic peristaltic pumping system based on flexible silicone soft robotic
actuators as an alternative for technical pumps,” in Biomimetic and Biohybrid
Systems. 8th international conference. Living machines. Nara; Japan. Editors
U. Martinez-Hernandez, V. Vouloutsi, M. Anna, M. Mangan, M. Asada,
T. J. Prescott, et al. (Cham: Springer), 101–113.

Esser, F., Masselter, T., and Speck, T. (2019b). Silent pumpers: A comparative topical
overview of the peristaltic pumping principle in living nature, engineering, and
biomimetics. Adv. Intell. Syst. 1 (2), 1900009. doi:10.1002/aisy.201900009

EU Commission (2020). A new circular economy action plan. Available at: https://
eur-lex.europa.eu/legal-content/EN/TXT/?qid=1583933814386&uri=COM:2020:
98:FIN.

EU Parliament (2006). Regulation, evaluation, authorisation and restriction of
chemicals (REACH). Available at: https://eur-lex.europa.eu/legal-content/EN/TXT/?
uri=CELEX:32006R1907.

Fan, X., Nie, W., Tsai, H., Wang, N., Huang, H., Cheng, Y., et al. (2019). PEDOT:PSS
for flexible and stretchable electronics: Modifications, strategies, and applications. Adv.
Sci. 6, 1900813. doi:10.1002/advs.201900813

Freeth, T., Bitsakis, Y., Moussas, X., Seiradakis, J. H., Tselikas, A., Mangou, H., et al.
(2006). Decoding the ancient Greek astronomical calculator known as the Antikythera
Mechanism. Nature 444, 587–591. doi:10.1038/nature05357

Gao, L., Zhu, C., Li, L., Zhang, C., Liu, J., Yu, H. D., et al. (2019). All paper-based
flexible and wearable piezoresistive pressure sensor. ACS Appl. Mater. interfaces 11 (28),
25034–25042. doi:10.1021/acsami.9b07465

Gaudry, S., Palevsky, P. M., and Dreyfuss, D. (2022). Extracorporeal kidney-
replacement therapy for acute kidney injury. N. Engl. J. Med. 386 (10), 964–975.
doi:10.1056/NEJMra2104090

Grzesiak, A., Becker, R., and Verl, A. (2011). The bionic handling assistant: A success
story of additive manufacturing. Assem. Autom. 31 (4), 329–333. doi:10.1108/
01445151111172907

Guizzo, E. (2019). By leaps and bounds: An exclusive look at how Boston dynamics is
redefining robot agility. IEEE Spectr. 56, 34–39. doi:10.1109/MSPEC.2019.8913831

Han, J. H., Lee, J. S., and Kim, D. K. (2009). “Bio-inspired flapping UAV design: A
University perspective,” in Health monitoring of structural and biological systems 2009.
SPIE smart structures and materials + nondestructive evaluation and health monitoring.
Editor T. Kundu (San Diego, California, USA: SPIE), 72951I. Sunday 8 March 2009:
SPIE (SPIE Proceedings).

Hartmann, F., Baumgartner, M., and Kaltenbrunner, M. (2021). Becoming
sustainable, the new frontier in soft robotics. Adv. Mater. 33 (19), e2004413. doi:10.
1002/adma.202004413

Hashem, R., Xu, W., and Iida, F. (2022). Bio-inspired robots imitating human organs
with embodied intelligence behaviour. IOP Conf. Ser. Mat. Sci. Eng. 1261 (1), 012007.
doi:10.1088/1757-899X/1261/1/012007

He, Z., Zhou, G., Byun, J.-H., Lee, S.-K., Um, M.-K., Park, B., et al. (2019). Highly
stretchable multi-walled carbon nanotube/thermoplastic polyurethane composite fibers
for ultrasensitive, wearable strain sensors. Nanoscale 11, 5884–5890. doi:10.1039/
C9NR01005J

Herbert, R., Kim, J.-H., Kim, Y. S., Lee, H. M., and Yeo, W.-H. (2018). Soft material-
enabled, flexible hybrid electronics for medicine, healthcare, and human-machine
interfaces. Materials 11, 187. doi:10.3390/ma11020187

Hines, L., Petersen, K., Lum, G. Z., and Sitti, M. (2017). Soft actuators for small-scale
robotics. Adv. Mat. 29, 1603483. doi:10.1002/adma.201603483

Hoang, S., Karydis, K., Brisk, P., and Grover, W. H. (2021). A pneumatic random-
access memory for controlling soft robots. PLOS ONE 16 (7), e0254524. doi:10.1371/
journal.pone.0254524

Horii, T., Fujie, T., and Fukuda, K. (2022). Flexible thin-film device for powering soft
robots. JRM 34 (2), 227–230. doi:10.20965/jrm.2022.p0227

Horizon (2022). Development of the first fully biocompatible, soft actuated heart:
Combining in situ tissue engineering and soft robotics, 7/25/2022. Available at: https://
cordis.europa.eu/project/id/767195 (Accessed Oct 18, 2022).

Hu, W., Lum, G. Z., Mastrangeli, M., and Sitti, M. (2018). Small-scale soft-bodied
robot with multimodal locomotion. Nature 554, 81–85. doi:10.1038/nature25443

Huang, C., Lv, J., Tian, X., Wang, Y., Yu, Y., and Liu, J. (2015). Miniaturized
swimming soft robot with complex movement actuated and controlled by remote
light signals. Sci. Rep. 5, 17414. doi:10.1038/srep17414

Hubbard, J. D., Acevedo, R., Edwards, K. M., Alsharhan, A. T., Wen, Z., Landry, J.,
et al. (2021). Fully 3D-printed soft robots with integrated fluidic circuitry. Sci. Adv. 7
(29), eabe5257. doi:10.1126/sciadv.abe5257

Huber, M. C., Jonas, U., and Schiller, S. M. (2022). An autonomous chemically fueled
artificial protein muscle. Adv. Intell. Syst. 4 (4), 2100189. doi:10.1002/aisy.202100189

Hughes, J., Culha, U., Giardina, F., Guenther, F., Rosendo, A., and Iida, F. (2016). Soft
manipulators and grippers: A review. Front. Robotics AI 3. doi:10.3389/frobt.2016.00069

Ieropoulos, I. A., Greenman, J., Melhuish, C., and Hart, J. (2005). Comparative study
of three types of microbial fuel cell. Enzyme Microb. Technol. 37 (2), 238–245. doi:10.
1016/j.enzmictec.2005.03.006

Ilami, M., Bagheri, H., Ahmed, R., Skowronek, E. O., and Marvi, H. (2021). Materials,
actuators, and sensors for soft bioinspired robots. Adv. Mater. 33 (19), e2003139. doi:10.
1002/adma.202003139

Jafferis, N. T., Helbling, E. F., Karpelson, M., andWood, R. J. (2019). Untethered flight
of an insect-sized flapping-wing microscale aerial vehicle. Nature 570 (7762), 491–495.
doi:10.1038/s41586-019-1322-0

Jung, H. S., Han, G. S., Park, N. G., and Ko, M. J. (2019). Flexible perovskite solar cells.
Joule 3 (8), 1850–1880. doi:10.1016/j.joule.2019.07.023

Kappel, P., Kramp, C., Speck, T., and Tauber, F. J. (2022). “Application-oriented
comparison of two 3D printing processes for the manufacture of pneumatic bending
actuators for bioinspired macroscopic soft gripper systems,” in Biomimetic and
biohybrid systems. Living machines 2022. Lecture notes in computer science LNCS.
Editor A. Hunt, et al. (Cham, Switzerland: Springer International Publishing), Vol.
13548, 54–67.

Kar, D., George, B., and Sridharan, K. (2022). “A review on flexible sensors for soft
robotics,” in Systems for printed flexible sensors. Design and implementation/edited by
tarikul islam, subhas mukhopadhyay, boby george. Editors T. Islam, S. Mukhopadhyay,
and B. George (Bristol: IOP Publishing (IOP ebooks)), 1–15.

Katz, B., Di Carlo, J., and Kim, S. (2019). “Mini cheetah: A platform for pushing the
limits of dynamic quadruped control,” in 2019 International Conference on Robotics
and Automation (ICRA), 6295–6301. doi:10.1109/ICRA.2019.8793865

Kendre, S. V., Whiteside, L., Fan, T. Y., Tracz, J. A., Teran, G. T., Underwood, T. C.,
et al. (2022). The soft compiler: A web-based tool for the design of modular pneumatic
circuits for soft robots. IEEE Robot. Autom. Lett. 7 (3), 6060–6066. doi:10.1109/LRA.
2022.3159858

Khatib, M., Zohar, O., and Haick, H. (2021). Self-healing soft sensors: From material
design to implementation. Adv. Mater. 33, 2004190. doi:10.1002/adma.202004190

Kim, B. H., Chang, I. S., and Gadd, G. M. (2007). Challenges in microbial fuel cell
development and operation. Appl. Microbiol. Biotechnol. 76 (3), 485–494. doi:10.1007/
s00253-007-1027-4

Kim, S. W., Koh, J. S., Lee, J. G., Ryu, J., Cho, M., and Cho, K. J. (2014). Flytrap-
inspired robot using structurally integrated actuation based on bistability and a
developable surface. Bioinspir. Biomim. 9 (3), 036004. doi:10.1088/1748-3182/9/3/
036004

Koronis, G., Silva, A., and Fontul, M. (2013). Green composites: A review of adequate
materials for automotive applications. Compos. Part B Eng. 44 (1), 120–127. doi:10.
1016/j.compositesb.2012.07.004

Lagoudas D. C. (Editor) (2008). Shape memory alloys. Modeling and engineering
applications (New York, London: Springer).

Lall, J., and Zappe, H. (2022). MEMS-compatible structuring of liquid crystal network
actuators using maskless photolithography. Smart Mat. Struct. 31 (11), 115014. doi:10.
1088/1361-665X/ac95e5

Lee, E. J., Kim, T. Y., Kim, S. W., Jeong, S., Choi, Y., and Lee, S. Y. (2018). High-
performance piezoelectric nanogenerators based on chemically-reinforced composites.
Energy Environ. Sci. 11 (6), 1425–1430. doi:10.1039/C8EE00014J

Lendlein, A., andKelch, S. (2002). Shape-memory polymers.Angew. Chem. Int. Ed. 41 (12),
2034. doi:10.1002/1521-3773(20020617)41:12<2034:AID-ANIE2034>3.0.CO;2-M

Frontiers in Robotics and AI frontiersin.org08

Tauber and Slesarenko 10.3389/frobt.2023.1129827

https://doi.org/10.1073/pnas.2205922119
https://doi.org/10.1002/solr.202200614
https://doi.org/10.1088/1361-6501/aa544f
https://doi.org/10.1504/IJBBR.2013.058719
https://doi.org/10.1504/IJBBR.2013.058719
https://doi.org/10.1126/scirobotics.aay2627
https://doi.org/10.3389/frobt.2020.00075
https://doi.org/10.1002/aisy.201900009
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1583933814386&uri=COM:2020:98:FIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1583933814386&uri=COM:2020:98:FIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1583933814386&uri=COM:2020:98:FIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32006R1907
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32006R1907
https://doi.org/10.1002/advs.201900813
https://doi.org/10.1038/nature05357
https://doi.org/10.1021/acsami.9b07465
https://doi.org/10.1056/NEJMra2104090
https://doi.org/10.1108/01445151111172907
https://doi.org/10.1108/01445151111172907
https://doi.org/10.1109/MSPEC.2019.8913831
https://doi.org/10.1002/adma.202004413
https://doi.org/10.1002/adma.202004413
https://doi.org/10.1088/1757-899X/1261/1/012007
https://doi.org/10.1039/C9NR01005J
https://doi.org/10.1039/C9NR01005J
https://doi.org/10.3390/ma11020187
https://doi.org/10.1002/adma.201603483
https://doi.org/10.1371/journal.pone.0254524
https://doi.org/10.1371/journal.pone.0254524
https://doi.org/10.20965/jrm.2022.p0227
https://cordis.europa.eu/project/id/767195
https://cordis.europa.eu/project/id/767195
https://doi.org/10.1038/nature25443
https://doi.org/10.1038/srep17414
https://doi.org/10.1126/sciadv.abe5257
https://doi.org/10.1002/aisy.202100189
https://doi.org/10.3389/frobt.2016.00069
https://doi.org/10.1016/j.enzmictec.2005.03.006
https://doi.org/10.1016/j.enzmictec.2005.03.006
https://doi.org/10.1002/adma.202003139
https://doi.org/10.1002/adma.202003139
https://doi.org/10.1038/s41586-019-1322-0
https://doi.org/10.1016/j.joule.2019.07.023
https://doi.org/10.1109/ICRA.2019.8793865
https://doi.org/10.1109/LRA.2022.3159858
https://doi.org/10.1109/LRA.2022.3159858
https://doi.org/10.1002/adma.202004190
https://doi.org/10.1007/s00253-007-1027-4
https://doi.org/10.1007/s00253-007-1027-4
https://doi.org/10.1088/1748-3182/9/3/036004
https://doi.org/10.1088/1748-3182/9/3/036004
https://doi.org/10.1016/j.compositesb.2012.07.004
https://doi.org/10.1016/j.compositesb.2012.07.004
https://doi.org/10.1088/1361-665X/ac95e5
https://doi.org/10.1088/1361-665X/ac95e5
https://doi.org/10.1039/C8EE00014J
https://doi.org/10.1002/1521-3773(20020617)41:12<2034:AID-ANIE2034>3.0.CO;2-M
https://www.frontiersin.org/journals/robotics-and-ai
https://www.frontiersin.org
https://doi.org/10.3389/frobt.2023.1129827


Li, G., Chen, X., Zhou, F., Liang, Y., Xiao, Y., Cao, X., et al. (2021a). Self-powered soft
robot in the Mariana trench. Nature 591 (7848), 66–71. doi:10.1038/s41586-020-
03153-z

Li, J., Li, X., Luo, T., Wang, R., Liu, C., Chen, S., et al. (2018a). Development of a
magnetic microrobot for carrying and delivering targeted cells. Sci. Robot. 3, eaat8829.
doi:10.1126/scirobotics.aat8829

Li, P., Su, N., Wang, Z., and Qiu, J. (2021b). A Ti3C2Tx MXene-based energy-
harvesting soft actuator with self-powered humidity sensing and real-time motion
tracking capability. ACS Nano 15 (10), 16811–16818. doi:10.1021/acsnano.1c07186

Li, S., Bai, H., Shepherd, R. F., and Zhao, H. (2019). Bio-inspired design and additive
manufacturing of soft materials, machines, robots, and haptic interfaces. Angewandte
Chemie Int. ed. Engl. 58 (33), 11182–11204. doi:10.1002/anie.201813402

Li, Y., Chen, Y., Ren, T., Li, Y., and Choi, S. H. (2018b). Precharged pneumatic soft
actuators and their applications to untethered soft robots. Soft Robot. 5, 567–575. doi:10.
1089/soro.2017.0090

Lim, H., Park, T., Na, J., Park, C., Kim, B., and Kim, E. (2017). Construction of a
photothermal Venus flytrap from conductive polymer bimorphs. NPG Asia Mater. 9
(7), e399. doi:10.1038/am.2017.101

Liu, R., Wang, Z. L., Fukuda, K., and Someya, T. (2022). Flexible self-charging power
sources. Nat. Rev. Mater. 7 (11), 870–886. doi:10.1038/s41578-022-00441-0

Mahon, S. T., Buchoux, A., Sayed, M. E., Teng, L., and Stokes, A. A. (2019). “Soft
robots for extreme environments: Removing electronic control,” in RoboSoft 2019.
2019 IEEE International Conference on Soft Robotics : April 14-18, 2019, COEX, Seoul,
Korea. 2019 2nd IEEE International Conference on Soft Robotics (RoboSoft). Seoul,
Korea (South), 4/14/2019 - 4/18/2019 (Piscataway, New Jersey: IEEE), 782–787.

Maines, E., Porwal, K., Ellison, C. J., and Reineke, M. T. (2021). Sustainable advances
in SLA/DLP 3D printing materials and processes. Green Chem. 23, 6863–6897. doi:10.
1039/D1GC01489G

Malchesky, P. S. (2001). Artificial organs and vanishing boundaries. Artif. Organs 25
(2), 75–88. doi:10.1046/j.1525-1594.2001.025002075.x

Markvicka, E. J., Bartlett, M. D., Huang, X., and Majidi, C. (2018). An autonomously
electrically self-healing liquid metal-elastomer composite for robust soft-matter robotics
and electronics. Nat. Mater. 17 (7), 618–624. doi:10.1038/s41563-018-0084-7

Mazzolai, B., and Laschi, C. (2020). A vision for future bioinspired and biohybrid
robots. Sci. Robotics 5 (38), eaba6893. doi:10.1126/scirobotics.aba6893

Mazzolai, B., Mondini, A., Del Dottore, E., Margheri, L., Carpi, F., Suzumori, K., et al.
(2022). Roadmap on soft robotics: Multifunctionality, adaptability and growth without
borders. Multifunct. Mat. 5 (3), 032001. doi:10.1088/2399-7532/ac4c95

McKenzie, R. M., Sayed, M. E., Nemitz, M. P., Flynn, B. W., and Stokes, A. A. (2018).
Linbots: Soft modular robots utilizing voice coils. Soft Robot. 6, 195–205. doi:10.1089/
soro.2018.0058

Medina-Sánchez, M., Magdanz, V., Guix, M., Fomin, V. M., and Schmidt, O. G.
(2018). Swimming microrobots: Soft, reconfigurable, and smart. Adv. Funct. Mat. 28,
1707228. doi:10.1002/adfm.201707228

Meesorn, W., Calvino, C., Natterodt, J. C., Zoppe, J. O., and Weder, C. (2019). Bio-
inspired, self-toughening polymers enabled by plasticizer-releasing microcapsules. Adv.
Mater. 31 (14), e1807212. doi:10.1002/adma.201807212

Menciassi, A., and Iacovacci, V. (2020). Implantable biorobotic organs. Apl. Bioeng. 4
(4), 040402. doi:10.1063/5.0032508

Milana, E., Zhang, R., Vetrano, M. R., Peerlinck, S., De Volder, M., Onck, P. R., et al.
(2020). Metachronal patterns in artificial cilia for low Reynolds number fluid
propulsion. Sci. Adv. 6, eabd2508. doi:10.1126/sciadv.abd2508

Miller, G. E. (2006). Artificial organs. Cham: Springer International Publishing.

Negrello, F., Stuart, H. S., and Catalano, M. G. (2020). Hands in the real world. Front.
Robot. AI 6, 147. doi:10.3389/frobt.2019.00147

Nelson, G., Saunders, A., and Playter, R. (2019). “The PETMAN and Atlas robots at
boston dynamics,” in Humanoid robotics: A reference. Editors A. Goswami, and
P. Vadakkepat (Dordrecht: Springer Netherlands), 169–186. doi:10.1007/978-94-
007-6046-2_15

Nemitz, M. P., Abrahamsson, C. K., Wille, L., Stokes, A. A., Preston, D. J., and
Whitesides, G. M. (2020). “Soft non-volatile memory for non-electronic information
storage in soft robots,” in 2020 3rd IEEE International Conference on Soft Robotics
(RoboSoft) (New Haven, CT, USA: IEEE), 7–12. doi:10.1109/RoboSoft48309.2020.
9116013

Onal, C. D., Chen, X., Whitesides, G. M., and Rus, D. (2017). “Soft mobile robots with
on-board chemical pressure generation,” in Robotics research: The 15th international
symposium ISRR springer tracts in advanced robotics. Editors H. I. Christensen, and
O. Khatib (Cham: Springer International Publishing), 525–540. doi:10.1007/978-3-319-
29363-9_30

Pagliaro, M., Ciriminna, R., and Palmisano, G. (2008). Flexible solar cells.
ChemSusChem 1 (11), 880–891. doi:10.1002/cssc.200800127

Pal, A., Restrepo, V., Goswami, D., and Martinez, R. V. (2021). Exploiting mechanical
instabilities in soft robotics: Control, sensing, and actuation. Adv. Mater. 33, e2006939.
doi:10.1002/adma.202006939

Peyer, K., Zhang, L., and Nelson, J. B. (2013). Bio-inspired magnetic swimming
microrobots for biomedical applications. Nanoscale 5, 1259–1272. doi:10.1039/
C2NR32554C

Pfeifer, R., Lungarella, M., and Iida, F. (2007). Self-organization, embodiment, and
biologically inspired robotics. Sci. (New York, N.Y.) 318 (5853), 1088–1093. doi:10.1126/
science.1145803

Pfeifer, R., Lungarella, M., and Iida, F. (2012). The challenges ahead for bio-inspired
’soft’ robotics. Commun. ACM 55 (11), 76–87. doi:10.1145/2366316.2366335

Preston, D. J., Jiang, H. J., Sanchez, V., Rothemund, P., Rawson, J., Nemitz, M. P., et al.
(2019a). A soft ring oscillator. Sci. Robotics 4 (31), eaaw5496. doi:10.1126/scirobotics.
aaw5496

Preston, D. J., Rothemund, P., Jiang, H. J., Nemitz, M. P., Rawson, J., Suo, Z., et al.
(2019b). Digital logic for soft devices. Proc. Natl. Acad. Sci. U. S. A. 116 (16), 7750–7759.
doi:10.1073/pnas.1820672116

Rajagopal, K., and Hoeper, M. M. (2016). State of the Art: Bridging to lung
transplantation using artificial organ support technologies. J. Heart Lung
Transplant. 35 (12), 1385–1398. doi:10.1016/j.healun.2016.10.005

Rajappan, A., Jumet, B., and Preston, D. J. (2021). Pneumatic soft robots take a step
toward autonomy. Sci. Robotics 6 (51), eabg6994. doi:10.1126/scirobotics.abg6994

Reddy, M. V., Mauger, A., Julien, C. M., Paolella, A., and Zaghib, K. (2020). Brief
history of early lithium-battery development. Materials 13, 1884. doi:10.3390/
ma13081884

Robinson, G., and Davies, J. B. C. (1999). “Continuum robots - a state of the art,” in
Proceedings. 1999 IEEE International Conference on Robotics and Automation, May
10-15, 1999, Marriott Hotel, Renaissance Center, Detroit, MI, USA, 10-15 May 1999
(Piscataway, NJ: Robotics and Automation Society; IEEE Service Center), 2849–2854.

Roche, E. T., Horvath, M. A., Wamala, I., Alazmani, A., Song, S. E., Whyte, W., et al.
(2017). Soft robotic sleeve supports heart function. Sci. Transl. Med. 9 (373), eaaf3925.
doi:10.1126/scitranslmed.aaf3925

Rockenbach, A., Mikulich, V., Brücker, C., and Schnakenberg, U. (2015). Fluid
transport via pneumatically actuated waves on a ciliated wall. J. Micromechanics
Microengineering 25, 125009. doi:10.1088/0960-1317/25/12/125009

Rogóż, M., Zeng, H., Xuan, C., Wiersma, D. S., andWasylczyk, P. (2016). Light-driven
soft robot mimics caterpillar locomotion in natural scale. Adv. Opt. Mat. 4 (11),
1689–1694. doi:10.1002/adom.201600503

Roldán-Carmona, C., Malinkiewicz, O., Soriano, A., Espallargas, M. G., Garcia, A.,
Reinecke, P., et al. (2014). Flexible high efficiency perovskite solar cells. Energy Environ.
Sci. 7 (3), 994. doi:10.1039/c3ee43619e

Sadeghi, A., Mondini, A., and Mazzolai, B. (2017). Toward self-growing soft robots
inspired by plant roots and based on additive manufacturing technologies. Soft Robot. 4
(3), 211–223. doi:10.1089/soro.2016.0080

Schulte, H. F., Jr. (1961). “The characteristics of the McKibben artificial muscle,” in
The Application of external power in prosthetics and orthotics, 94–115.

Seok, S., Onal, C. D., Cho, K. J., Wood, R. J., Rus, D., and Kim, S. (2013). Meshworm:
A peristaltic soft robot with antagonistic nickel titanium coil actuators. IEEE/ASME
Trans. Mechatron. 18 (5), 1485–1497. doi:10.1109/TMECH.2012.2204070

Shen, Z., Zhang, Z., Zhang, N., Li, J., Zhou, P., Hu, F., et al. (2022). High-stretchability,
ultralow-hysteresis ConductingPolymer hydrogel strain sensors for soft machines. Adv.
Mater. 34, 2203650. doi:10.1002/adma.202203650

Shepherd, R. F., Ilievski, F., Choi, W., Morin, S. A., Stokes, A. A., Mazzeo, A. D., et al.
(2011). Multigait soft robot. PNAS 108 (51), 20400–20403. doi:10.1073/pnas.
1116564108

Sherkat, N., Kattiparambil Sivaprasad, A., Pelz, U., and Woias, P. (2022). Fabrication
and simulation study for vertical micro-TEGs based on printed circuit board
manufacturing processes. Smart Mat. Struct. 31 (10), 104003. doi:10.1088/1361-
665X/ac8dcd

Shintake, J., Cacucciolo, V., Floreano, D., and Shea, H. (2018). Soft robotic grippers.
Adv. Mater. 30, 1707035. doi:10.1002/adma.201707035

Shintake, J., Sonar, H., Piskarev, E., Paik, J., and Floreano, D. (2017). Soft pneumatic
gelatin actuator for edible robotics. Available at: https://arxiv.org/pdf/1703.01423.

Siegenthaler, K. O., Künkel, A., Skupin, G., and Yamamoto, M. (2012). “Ecoflex® and
Ecovio®: Biodegradable, performance-enabling plastics,” in Synthetic biodegradable
polymers advances in polymer science. Editors B. Rieger, A. Künkel, G. W. Coates,
R. Reichardt, E. Dinjus, and T. A. Zevaco (Berlin, Heidelberg: Springer), 91–136. doi:10.
1007/12_2010_106

Skylar-Scott, M. A., Mueller, J., Visser, C. W., and Lewis, J. A. (2019). Voxelated soft
matter via multimaterial multinozzle 3D printing. Nature 575 (7782), 330–335. doi:10.
1038/s41586-019-1736-8

Slesarenko, V., Engelkemier, S., Galich, P., Vladimirsky, D., Klein, G., and Rudykh, S.
(2018). Strategies to control performance of 3D-printed, cable-driven soft polymer
actuators: From simple architectures to gripper prototype. Polymers 10, 846. doi:10.
3390/polym10080846

Soft Robotics Company (2019). Soft robotics Company. Available at: https://www.
softroboticsinc.com/.

Frontiers in Robotics and AI frontiersin.org09

Tauber and Slesarenko 10.3389/frobt.2023.1129827

https://doi.org/10.1038/s41586-020-03153-z
https://doi.org/10.1038/s41586-020-03153-z
https://doi.org/10.1126/scirobotics.aat8829
https://doi.org/10.1021/acsnano.1c07186
https://doi.org/10.1002/anie.201813402
https://doi.org/10.1089/soro.2017.0090
https://doi.org/10.1089/soro.2017.0090
https://doi.org/10.1038/am.2017.101
https://doi.org/10.1038/s41578-022-00441-0
https://doi.org/10.1039/D1GC01489G
https://doi.org/10.1039/D1GC01489G
https://doi.org/10.1046/j.1525-1594.2001.025002075.x
https://doi.org/10.1038/s41563-018-0084-7
https://doi.org/10.1126/scirobotics.aba6893
https://doi.org/10.1088/2399-7532/ac4c95
https://doi.org/10.1089/soro.2018.0058
https://doi.org/10.1089/soro.2018.0058
https://doi.org/10.1002/adfm.201707228
https://doi.org/10.1002/adma.201807212
https://doi.org/10.1063/5.0032508
https://doi.org/10.1126/sciadv.abd2508
https://doi.org/10.3389/frobt.2019.00147
https://doi.org/10.1007/978-94-007-6046-2_15
https://doi.org/10.1007/978-94-007-6046-2_15
https://doi.org/10.1109/RoboSoft48309.2020.9116013
https://doi.org/10.1109/RoboSoft48309.2020.9116013
https://doi.org/10.1007/978-3-319-29363-9_30
https://doi.org/10.1007/978-3-319-29363-9_30
https://doi.org/10.1002/cssc.200800127
https://doi.org/10.1002/adma.202006939
https://doi.org/10.1039/C2NR32554C
https://doi.org/10.1039/C2NR32554C
https://doi.org/10.1126/science.1145803
https://doi.org/10.1126/science.1145803
https://doi.org/10.1145/2366316.2366335
https://doi.org/10.1126/scirobotics.aaw5496
https://doi.org/10.1126/scirobotics.aaw5496
https://doi.org/10.1073/pnas.1820672116
https://doi.org/10.1016/j.healun.2016.10.005
https://doi.org/10.1126/scirobotics.abg6994
https://doi.org/10.3390/ma13081884
https://doi.org/10.3390/ma13081884
https://doi.org/10.1126/scitranslmed.aaf3925
https://doi.org/10.1088/0960-1317/25/12/125009
https://doi.org/10.1002/adom.201600503
https://doi.org/10.1039/c3ee43619e
https://doi.org/10.1089/soro.2016.0080
https://doi.org/10.1109/TMECH.2012.2204070
https://doi.org/10.1002/adma.202203650
https://doi.org/10.1073/pnas.1116564108
https://doi.org/10.1073/pnas.1116564108
https://doi.org/10.1088/1361-665X/ac8dcd
https://doi.org/10.1088/1361-665X/ac8dcd
https://doi.org/10.1002/adma.201707035
https://arxiv.org/pdf/1703.01423
https://doi.org/10.1007/12_2010_106
https://doi.org/10.1007/12_2010_106
https://doi.org/10.1038/s41586-019-1736-8
https://doi.org/10.1038/s41586-019-1736-8
https://doi.org/10.3390/polym10080846
https://doi.org/10.3390/polym10080846
https://www.softroboticsinc.com/
https://www.softroboticsinc.com/
https://www.frontiersin.org/journals/robotics-and-ai
https://www.frontiersin.org
https://doi.org/10.3389/frobt.2023.1129827


Spanish National Transplant Organisation (2022). Newsletter transplant (27).

Speck, T., Poppinga, S., Speck, O., and Tauber, F. (2022). Bio-inspired life-like motile
materials systems: Changing the boundaries between living and technical systems in the
Anthropocene. Anthropocene Rev. 9 (2), 237–256. doi:10.1177/20530196211039275

Suzumori, K., Iikura, S., and Tanaka, H. (1991). “Development of flexible
microactuator and its applications to robotic mechanisms,” in 1991 IEEE
International Conference on Robotics and Automation. Proceedings, April 9-11,
1991, Sacramento, California. With assistance of T. C. Hsia, Tzyh-Jong Tarn,
Sacramento, CA, USA, 9-11 April 1991 (Sacramento, CA, USA: IEEE Computer
Society Press), 1622–1627. doi:10.1109/ROBOT.1991.131850

Tauber, F., and Fitzgerald, B. (2021). How to build a synthetic digestive system for
Marvel’s Vision. Super. Sci. Tech. 2 (2), 1–20. doi:10.24413/sst.2021.2.5636

Tauber, F. J., Auth, P., Teichmann, J., Scherag, F. D., and Speck, T. (2022). Novel
motion sequences in plant-inspired robotics: Combining inspirations from snap-
trapping in two plant species into an artificial Venus flytrap demonstrator.
Biomimetics (Basel, Switz. 7 (3), 99. doi:10.3390/biomimetics7030099

Tauber, F. J., Masselter, T., and Speck, T. (2021). “Biomimetic soft robotic peristaltic
pumping system for coolant liquid transport,” in Technologies for economic and
functional lightweight design. Conference. Editors K. Dröder, and T. Vietor (Berlin,
Heidelberg: Springer Vieweg), 173–181.

Terryn, S., Brancart, J., Lefeber, D., van Assche, G., and Vanderborght, B. (2017). Self-
healing soft pneumatic robots. Sci. Robotics 2 (9), eaan4268. doi:10.1126/scirobotics.
aan4268

Terryn, S., Roels, E., Brancart, J., van Assche, G., and Vanderborght, B. (2020). Self-
healing and high interfacial strength in multi-material soft pneumatic robots via
reversible diels–alder bonds. Actuators 9 (2), 34. doi:10.3390/act9020034

Tyagi, M., Spinks, G. M., and Jager, E. W. H. (2021). 3D printing microactuators for
soft microrobots. Soft Robot. 8, 19–27. doi:10.1089/soro.2019.0129

UN Environmental Programme (2019). A new circular vision for electronics: Time
for a global reboot. Available at: https://wedocs.unep.org/20.500.11822/32762.

UN Environmental Programme (2013). Guidelines for national waste management
strategies: Moving from challenges to opportunities. Available at: https://wedocs.unep.
org/handle/20.500.11822/8669.

UNOS (2022). United network of organ sharing. Available at: https://unos.org/.

US Environmental Protection Agency (2021). National recycling strategy. Available
at: https://www.epa.gov/recyclingstrategy/national-recycling-strategy.

van Bochove, B., and Grijpma, D. W. (2019). Photo-crosslinked synthetic
biodegradable polymer networks for biomedical applications. J. Biomater. Sci.
Polym. Ed. 30, 77–106. doi:10.1080/09205063.2018.1553105

van Laake, L. C., de Vries, J., Malek Kani, S., and Overvelde, J. T. B. (2022). A fluidic
relaxation oscillator for reprogrammable sequential actuation in soft robots. Matter 5
(9), 2898–2917. doi:10.1016/j.matt.2022.06.002

Walther, A. (2019). Viewpoint: From responsive to adaptive and interactive materials
and materials systems: A roadmap. Adv. Mater. 32, e1905111. doi:10.1002/adma.
201905111

Wang, Y., Yang, Z., Zhou, H., Zhao, C., Barimah, B., Li, B., et al. (2022). Inflatable
particle-jammed robotic gripper based on integration of positive pressure and partial
filling. Soft Robot. 9, 309–323. doi:10.1089/soro.2020.0139

Wang, Z., Kanegae, R., and Hirai, S. (2021). Circular shell gripper for handling food
products. Soft Robot. 8, 542–554. doi:10.1089/soro.2019.0140

Wang, Z. L. (2020). Triboelectric nanogenerator (TENG)—sparking an energy
and sensor revolution. Adv. Energy Mater. 10 (17), 2000137. doi:10.1002/aenm.
202000137

Wani, O. M., Verpaalen, R., Zeng, H., Priimagi, A., and Schenning, A. P. H. J. (2018).
An artificial nocturnal flower via humidity-gated photoactuation in liquid crystal
networks. Adv. Mater. 31 (2), 1805985. doi:10.1002/adma.201805985

Wehner, M., Tolley, M. T., Mengüç, Y., Park, Y. L., Mozeika, A., Ding, Y., et al. (2014).
Pneumatic energy sources for autonomous and wearable soft robotics. Soft Robot. 1,
263–274. doi:10.1089/soro.2014.0018

Wehner, M., Truby, R. L., Fitzgerald, D. J., Mosadegh, B., Whitesides, G. M., Lewis,
J. A., et al. (2016). An integrated design and fabrication strategy for entirely soft,
autonomous robots. Nature 536 (7617), 451–455. doi:10.1038/nature19100

Whitesides, G. M. (2018). Soft robotics. Angewandte Chemie Int. ed. Engl. 57 (16),
4258–4273. doi:10.1002/anie.201800907

Williams, M. R. (1985). A history of computing technology. USA: Prentice-Hall.

Won, S. M., Koo, J., Crawford, K. E., Mickle, A. D., Xue, Y., Min, S., et al. (2018).
Natural wax for transient electronics. Adv. Funct. Mater. 28 (32), 1801819. doi:10.1002/
adfm.201801819

Wu, C., Wang, A. C., Ding, W., Guo, H., and Wang, Z. L. (2019). Triboelectric
nanogenerator: A foundation of the energy for the new era. Adv. Energy Mat. 9 (1),
1802906. doi:10.1002/aenm.201802906

Xu, K., and Perez-Arancibia, N. O. (2020). Electronics-free logic circuits for localized
feedback control of multi-actuator soft robots. IEEE Robotics Automation Lett. 5 (3),
3990–3997. doi:10.1109/LRA.2020.2982866

Yasuda, H., Buskohl, P. R., Gillman, A., Murphey, T. D., Stepney, S., Vaia, R. A., et al.
(2021). Mechanical computing. Nature 598, 39–48. doi:10.1038/s41586-021-03623-y

Yirmibeşoğlu, O. D., Oshiro, T., Olson, G., Palmer, C., and Mengüç, Y. (2019).
Evaluation of 3D printed soft robots in radiation environments and comparison with
molded counterparts. Front. Robotics AI 6. doi:10.3389/frobt.2019.00040

Zeng, C., Yang, C., and Chen, Z. (2020). Bio-inspired robotic impedance adaptation
for human-robot collaborative tasks. Sci. China Inf. Sci. 63 (7), 170201–170210. doi:10.
1007/s11432-019-2748-x

Zhang, S., Wang, Y., Lavrijsen, R., Onck, P. R., and den Toonder, J. M. J. (2018).
Versatile microfluidic flow generated by moulded magnetic artificial cilia. Sens.
Actuators B Chem. 263, 614–624. doi:10.1016/j.snb.2018.01.189

Zhao, C., Wang, Y., Tang, G., Ru, J., Zhu, Z., Li, B., et al. (2022). Ionic flexible sensors:
Mechanisms, materials, structures, and applications. Adv. Funct. Mater. 32, 2110417.
doi:10.1002/adfm.202110417

Zhao, X. (2017). Designing toughness and strength for soft materials. Proc. Natl.
Acad. Sci. 114, 8138–8140. doi:10.1073/pnas.1710942114

Zhu, F., Skommer, J., Friedrich, T., Kaslin, J., and Wlodkowic, D. (2015). “3D printed
polymers toxicity profiling: A caution for biodevice applications,” in Micro+Nano
materials, devices, and systems (SPIE), 82–88. doi:10.1117/12.2202392

Zhu, G., Zhang, J., Huang, J., Qiu, Y., Liu, M., Yu, J., et al. (2023). Recyclable and
reprintable biobased photopolymers for digital light processing 3D printing. Chem. Eng.
J. 452, 139401. doi:10.1016/j.cej.2022.139401

Zimmermann, B., andWürfel, U. (2020). “Organic photovoltaic cells and modules for
applications under indoor lighting conditions,” in Indoor photovoltaics. Materials,
modeling and applications. Editor M. F. Müller (Hoboken, NJ: Wiley-Scrivener),
189–211.

Frontiers in Robotics and AI frontiersin.org10

Tauber and Slesarenko 10.3389/frobt.2023.1129827

https://doi.org/10.1177/20530196211039275
https://doi.org/10.1109/ROBOT.1991.131850
https://doi.org/10.24413/sst.2021.2.5636
https://doi.org/10.3390/biomimetics7030099
https://doi.org/10.1126/scirobotics.aan4268
https://doi.org/10.1126/scirobotics.aan4268
https://doi.org/10.3390/act9020034
https://doi.org/10.1089/soro.2019.0129
https://wedocs.unep.org/20.500.11822/32762
https://wedocs.unep.org/handle/20.500.11822/8669
https://wedocs.unep.org/handle/20.500.11822/8669
https://unos.org/
https://www.epa.gov/recyclingstrategy/national-recycling-strategy
https://doi.org/10.1080/09205063.2018.1553105
https://doi.org/10.1016/j.matt.2022.06.002
https://doi.org/10.1002/adma.201905111
https://doi.org/10.1002/adma.201905111
https://doi.org/10.1089/soro.2020.0139
https://doi.org/10.1089/soro.2019.0140
https://doi.org/10.1002/aenm.202000137
https://doi.org/10.1002/aenm.202000137
https://doi.org/10.1002/adma.201805985
https://doi.org/10.1089/soro.2014.0018
https://doi.org/10.1038/nature19100
https://doi.org/10.1002/anie.201800907
https://doi.org/10.1002/adfm.201801819
https://doi.org/10.1002/adfm.201801819
https://doi.org/10.1002/aenm.201802906
https://doi.org/10.1109/LRA.2020.2982866
https://doi.org/10.1038/s41586-021-03623-y
https://doi.org/10.3389/frobt.2019.00040
https://doi.org/10.1007/s11432-019-2748-x
https://doi.org/10.1007/s11432-019-2748-x
https://doi.org/10.1016/j.snb.2018.01.189
https://doi.org/10.1002/adfm.202110417
https://doi.org/10.1073/pnas.1710942114
https://doi.org/10.1117/12.2202392
https://doi.org/10.1016/j.cej.2022.139401
https://www.frontiersin.org/journals/robotics-and-ai
https://www.frontiersin.org
https://doi.org/10.3389/frobt.2023.1129827

	Early career scientists converse on the future of soft robotics
	1 Introduction
	2 Are the soft robots really better than the robots that we have now?
	3 Are electronic-free soft robots feasible and useful?
	4 Are soft robots sustainable in the circular economy of the future?
	5 Can soft robots be useful without power packs?
	6 The future of autonomous, sustainable bio-inspired soft robots as artificial organs
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


