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Soft robotics technology can aid in achieving United Nations' Sustainable
Development Goals (SDGs) and the Paris Climate Agreement through
development of autonomous, environmentally responsible machines powered
by renewable energy. By utilizing soft robotics, we can mitigate the detrimental
effects of climate change on human society and the natural world through
fostering  adaptation, restoration, and remediation. Moreover, the
implementation of soft robotics can lead to groundbreaking discoveries in
material science, biology, control systems, energy efficiency, and sustainable
manufacturing processes. However, to achieve these goals, we need further
improvements in understanding biological principles at the basis of embodied
and physical intelligence, environment-friendly materials, and energy-saving
strategies to design and manufacture self-piloting and field-ready soft robots.
This paper provides insights on how soft robotics can address the pressing issue of
environmental sustainability. Sustainable manufacturing of soft robots at a large
scale, exploring the potential of biodegradable and bioinspired materials, and
integrating onboard renewable energy sources to promote autonomy and
intelligence are some of the urgent challenges of this field that we discuss in
this paper. Specifically, we will present field-ready soft robots that address
targeted productive applications in urban farming, healthcare, land and ocean
preservation, disaster remediation, and clean and affordable energy, thus
supporting some of the SDGs. By embracing soft robotics as a solution, we
can concretely support economic growth and sustainable industry, drive
solutions for environment protection and clean energy, and improve overall
health and well-being.

KEYWORDS

smart material robotics, sustainable development goals, biodegradable materials,
physical intelligence, green energy, field deployable robotics

1 Introduction

The advancement of technology has a profound and far-reaching impact on society,
currently penetrating all areas of life. However, this advancement negatively affects our
ecosystems with growing demands on energy, contributions to greenhouse gas (GHG)
emissions, deforestation, and environmental pollution (Arias et al., 2021; Barnard et al.,
2021; Armstrong McKay et al., 2022; Kemp et al., 2022; Williams et al., 2022). Mitigating
these adverse effects is among the grand challenges of our times and provides a strong
motivation to push the research frontier on sustainable materials and robotics to fulfill some
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of the United Nations’ (UNs’) Sustainable Development Goals
(SDGs) and the Paris Climate Agreement (CPA) (United Nations
Environment Programme (12/1), 2016; United Nations’ Sustainable
Development Goals, 2023). Additionally, to the scientific and
technological improvements, achieving SDGs requires a concerted
effort stakeholders,
researchers, businesses, and civil society organizations. To date,

from different including governments,
about 3.3-3.6 billion people live in a situation of high risk from
climate change (Portner et al., 2022). The Intergovernmental Panel
on Climate Change formulated in its Sixth Assessment in 2022 that
in terrestrial ecosystems, 3%-14% of species are likely to face a very
high risk of extinction at 1.5°C of global warming, reaching up to
48% at 5°C (Blunden, 2022). However, the Anthropocene era, as first
described (Crutzen, 2002), has brought significant improvements in
human health, safety, prosperity, and peacekeeping (Pinker, 2018).

To date, automation, as a key driver of the next technological
era, holds great potential for upgrading industrial sectors and
promoting inclusive and sustainable economic growth. Soft
robotics possesses certain advantages over traditional robotics
that make it well-suited for addressing the CPA and achieving
the SDGs (Scoones et al., 2015; Matthews and Wynes, 2022;
Meinshausen et al., 2022). By leveraging the flexibility, dexterity,
biocompatibility/degradability,  (re)-programmability of  soft
materials, and physical and embodied intelligence (EI), these
robots can be used for monitoring and restoring complex
environments, providing early warning systems for urban areas,
and collecting information about changes in biodiversity and animal
behavior (Laschi et al., 2016; Rossiter et al., 2017; Mazzolai and
Laschi, 2020 Sitti, 2021). They can also mimic the movement and
behavior of various animals and plants and can be used for
pollination, seed dispersal, and soil aeration for regeneration and
restoration in hard-to-reach environments (Valdes et al., 2012;
Hartmann et al, 2021; Kim et al, 2021). There are already
promising examples of soft robots being used to address major
challenges in real-world applications that align with the SDGs and
CPA (Tolley et al., 2014; Amend et al., 2016; Ng et al., 2021; Elfferich
et al., 2022; Li et al.,, 2022).

Despite these advancements, the field of soft robotics still faces
hurdles, such as producing cost-effective, environment-friendly,
robust, and self-piloting robots that do not rely on hard
components (The soft touch of robots, 2018). To fully harness
the potential of soft robotics in promoting the SDGs and positive
climate actions, careful planning and governance are needed, with
the support of various stakeholders. This can result in the creation of
new economic opportunities in the near term (i.e., 2030) and mid-
term (i.e., 2050) and the development of new business models and
regulatory frameworks that support a more sustainable future to
mitigate the risks posed by climate change to the planet and its
inhabitants (He et al., 2022; Skea et al., 2022).

2 Syn_er%y between soft robotics and
sustainable development goals

Soft robotics shows potential to significantly advance the UNs’
SDGs
automation (Grau Ruiz and O’Brolchain, 2022; Guenat et al,

by providing sustainable and environment-friendly

2022). Soft robotics technologies are known for their high
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dexterity, sensitivity, and safety, as well as their ability to be
customized to specific tasks and environments. We believe that
soft robotics may represent a technology that can serve humanity
and the planet by addressing global challenges and environmental
degradation through targeted productive applications (Mengaldo
et al,, 2022). Figure 1 presents a thematic mapping of SDGs to soft
robotic applications.

1. Soft robotics for urban farming: Soft robots can improve food
security and reduce poverty (SDG-2) by precision planting and
harvesting crops in wurban areas, promoting sustainable

(SDG-11),

providing safe food (SDG-3). It can also reduce the carbon

consumption monitoring crop health, and
footprint of the food system and farming (SDG-15) while
creating jobs and promoting economic development in urban
areas (SDG-8). Remarkable examples are from Cacucciolo et al.
(2022) that demonstrated a robotic gripper for crop harvesting,
from Junge and Hughes (2022) that proved a soft robotic digital
twin for harvesting raspberries, and from Birrell et al. (2020) that
showed the ability to manipulate lettuce without causing any
damage to the vegetable. Although traditional robotics can also
improve technological transition in agriculture (Fernandes et al.,
2021), soft grippers are more versatile and robust during an
interaction because they can deform, adapt, and easily control
while colliding with the external world (Bonilla et al., 2014;
Mazzolai et al.,, 2019; Navas et al., 2021).

2. Soft robotics for ocean preservation: A significant role can be
played in cleaning, protecting, preserving, and remedying marine
biodiversity and ocean health (SDG-14), promoting sustainable
use of ocean resources (SDG-12), and understanding the impact
of climate change on oceans (SDG-6, 13). In the soft robotics’
community, the use of soft materials and locomotion methods
inspired by ocean-dwelling animals is being explored to safely
gather data and study aquatic life without disrupting the delicate
ecosystem (Christianson et al., 2020; Li G. et al.,, 2021; Aracri
et al,, 2021). For example, Katzschmann et al. (2018) presented a
soft robotic fish species for close exploration of underwater life,
equipped with cameras and remotely operated, aiming at
surpassing traditional underwater vehicles.

3. Soft robotics for disaster response: Soft robots can be used for
search and rescue missions in the aftermath of natural disasters,
promoting safety and reducing the impacts of natural disasters
(SDG-11, 15), providing timely assistance to affected populations
(SDG-3),
improving transportation and communication networks (SDG-
9) (Greer et al., 2018; Sadeghi et al., 2019; Luo et al., 2020). For
instance, Hawkes et al. (2017) proposed a soft pneumatic robot

re-building and repairing infrastructure, and

with the ability to grow in length and dynamically adapt its shape
to different terrains, including crossing small cracks, using
onboard sensing of environmental stimuli.

4. Soft robotics for energy production: The integration of renewable
energy sources into soft robotics bodies may revolutionize energy
production. Although challenging, this integration could
significantly advance research for clean, versatile, and

accessible energy production in nearly every location (SDG-7,

9) (Huang et al., 2019; Han and Yoon, 2021; Laschi and Mazzolai,

2021). A notable example is the study of plant-hybrid wind-

energy systems inspired by living plant leaves (Meder et al,
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SUSTAINABLE
DEVELOPMENT

SOFT ROBOTICS

APPLICATIONS

Climate
Action

FIGURE 1

[llustration of an octopus arm holding the Earth with suction cups, symbolizing the boundless potential to support the United Nations’ Sustainable
Development Goals. The concentric lines surrounding the octopus arm represent five fields of soft robotics applications: urban farming, ocean cleaning,
disaster response, energy production, and healthcare. The reader can understand the strategic mapping of SDGs to soft robotic applications. For
example, soft robotics for urban farming aligns with SDGs 2, 3, 8, 11, and 15 (black dots). This correlation between SDGs and soft robot applications
enhances our comprehension of the significance of future robots in promoting sustainability to enable climate transition actions.

2018). These systems convert natural mechanical stimuli, such as
wind or self-touching of leaves, into electrical signals, offering
potential for new energy sources that are widely distributed.

. Soft robotics for healthcare: Soft robotic exosuits, wearables, and
manipulators can aid in physical therapy and minimally invasive
surgery (MIS), thus improving mobility capabilities,
independence of individuals with disabilities, and reducing
patients’ recovery time (SDG-3) (di Natali et al., 2020; Poliero
et al., 2020; Giordano et al., 2021b; Lin et al., 2022). In a case of
MIS, Gopesh et al. (2021) developed submillimeter diameter,
hydraulically actuated devices to enable active steerability of
microcatheter  tips. They demonstrated guidewire-free
navigation, access, and coil deployment in vivo, offering safety
and ease of use in endovascular intervention.

In this perspective, although we consider the development of

functional, field-ready soft robots that support the SDGs, we would
prioritize ecological sustainability in the design and fabrication

Frontiers in Robotics and Al

processes. Future autonomous soft robots must incorporate key
features such as sustainable materials and manufacturing, and
environment-friendly design principles, implementing a cradle-
to-cradle (C2C) approach that will help minimize the carbon
footprint of the new automation era (Gao et al,, 2018).

2.1 Biodegradable and multifunctional
materials for soft robotics

Researchers envision a future where groups or individual soft
robots not only perform their intended tasks but also do not harm
the ecosystem throughout their entire lifecycle, thus supporting the
principles of SDG-12. To achieve this goal, we believe it is essential to
use biodegradable and soft multifunctional materials, whose
physical and chemical properties can be manipulated to ensure
intelligence while minimizing their ecological impact (Rossiter et al.,
2016; Mezzenga, 2021). Families of polymers such as natural fibers,
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liquid crystal elastomer, and thermoplastic polyesters could be
adopted as constitutive multifunctional materials for C2C robot
implementation in energy generation/saving, visual responses to
external/internal stimuli capabilities etc. (Shintake et al., 2017;
Prévot et al., 2018; Zaia et al., 2019; Mishra et al., 2020).

As a futuristic idea, we conceptualize a cephalopod-inspired soft
robot, designed to camouflage in its surroundings to study the
behavior and biology of lone aquatic animals, thus assisting in
ocean conservation and management (SDG-14). Its biodegradable
constitutive materials may implement intelligence such as adaptive
color changing while performing continuous deformation and
texturing of the body for safe interaction with living beings
(Clough et al,, 2020; Giordano et al., 2021la). Consistently, a
system of biodegradable jellyfish-inspired robots that wirelessly
and autonomously communicate may follow sea currents to
gather data and develop science-based management plans aimed
at restoring populations of species that are at risk due to climate
change factors like acidification and nutrient depletion
(Christianson et al., 2019). We believe that soft robots that are
smart, biodegradable, and capable of couple sensing, actuation,
computation, and communication have the potential to support
SDGs 11, 13, 14, and 15 (McEvoy and Correll, 2015; Garrad et al.,
2019; Kaspar et al., 2021; Meder et al., 2022). However, it is essential
to shift toward a paradigm that prioritizes nature-based solutions
and innovative mechanical design as central elements (Pishvar and
Harne, 2020; Khaheshi and Rajabi, 2022). By extracting key
parameters for multifunctionalities from natural systems that
have evolved over millions of years, we can optimize the design
and material of these robots to reach their maximum potential and
the less consumption of raw elements (Kolle and Lee, 2018; Phillips
et al., 2022).

2.2 Sustainable manufacturing processes

The vision of sustainable manufacturing is to create “printed
future” in soft robotics, and the main advantage of additive
(i.e.,
integrate actuators, sensors, controllers, and power systems

manufacturing  technologies 3D printing) is to
into fully autonomous soft robots through a single, on-
demand digital process (SDG-12) (Wallin et al., 2018; Helou
et al., 2022; Leber et al., 2022). The “Emb3D printing” technique
is an example of 3D printing to manufacture advanced soft robots
(MacCurdy et al., 2016; Wehner et al., 2016). This method has
been used to create untethered octobot robots that can
incorporate drive systems, actuators, and soft microfluidic
chip, thus showing a cost-effective solution for large-scale
monitoring and swarm robotic applications.
Furthermore, some robots integrate 3D printers in their body
which allow them to change shape based on sensor feedback to
change shape based on sensor feedback (Shah et al., 2020). For
example, Sadeghi et al. (2016) developed a robot that can grow its
shape through selective deposition of a biopolymer, and with
several sensors at the tip, it can search for water and nutrients
underground (SDG-6, 15). Recent advancements in 3D printing
technology have led to the development of a rotational multi-
material extruder that allows for precise control over the local

orientation of architected filaments (Larson et al., 2023).
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The authors envisage for future MIS applications a 5D-printed
soft robot with shape-shifting capabilities that can integrate
multifunctional and stimuli-responsive materials together with
sensors, actuators, and artificial intelligence (AI)-driven control
systems in a single manufacturing process (Pugliese and Regondi,
2022). We conceptualize the manufacturing of a biocompatible and
biodegradable soft robot made of hydrogel material that can be
programmed to change stiffness and shape in response to specific
stimuli, such as temperature or pH. Thus, it will navigate through
the body, conform to tissue, avoid obstacles, transmit data, and
safely degrade. To date, few examples of existing technologies that
can print multidimensional soft robots are reported by Barner-
Kowollik et al. (2017), Carlotti and Mattoli (2019), and Hippler et al.
(2019). Shi et al. (2019) showed a soft robot for MIS embedded with
responsive materials that can be remotely controlled to perform
delicate procedures, reducing invasiveness and recovery time (SDG-
3, 12). Advances in sustainable manufacturing, design, and materials
are driving soft robotics toward impactful solutions to achieve SDGs
and aid the climate transition (Stella and Hughes, 2023).

2.3 Renewable energy sources for self-
powered autonomous machines

The integration of renewable energy sources in soft robotics
technologies holds great promise to support SDG-7 and 9. However,
incorporating these sources into the soft and flexible body of the
robot and developing efficient and lightweight energy storage and
sourcing solutions that are able to fulfill their energy consumption
are significant challenges. Research is being carried out on flexible
and organic photovoltaics (PVs), 2D-3D nano-heterostructures,
triboelectric micro/nano-generators (TENG), and fuel cells that
generate power from renewable sources (Pomerantseva and
Gogotsi, 2017; Chen et al., 2021; Hwa Jeong et al, 2021; NG
et al, 2022). Great potential is on the adoption of portable,
versatile, and flexible perovskite-based PVs that may find
application in self-piloting drones, robots, and wearables,
enabling the robot to be self-sufficient in terms of energy
(Bierman et al., 2016; Horne et al., 2020; Rombach et al., 2021;
Hou et al., 2022). However, to meet the goal of SDG-7, we suggest
robots must be equipped with combined solutions. For example, in
marine environments, a tethered solution can be used with a
harvester and generator beyond the ocean surface and an inner
body electro-/photo-catalytic proton exchange membrane cell to
produce hydrogen for power generation (Kuang et al., 2019; Lii et al.,
2022). This approach would allow for the camouflaged/swarm
robotic systems to autonomously cover large kilometer squares
for precise data acquisition (SDG-14).

To date, the scientific community is working toward reducing
the energy consumption per robot task. TENGs have shown promise
in this regard, but for consistent and efficient energy design, detailed
studies are needed (Liu et al., 2021; Pang et al, 2021; Chen and
Wang, 2022). The amount of energy consumption during specific
tasks or activities such as movement or data collection must be
identified. However, we deem that the future goal for energy
autonomy in variable environments will be to replicate artificial
photosynthesis by coating the skin of robots (McFadden and Al-
Khalili, 2016; Chen et al., 2022). In the near term, we should focus on
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developing lightweight and integrated devices to meet the energy
needs for autonomy through renewable energy sources, reduce
energy consumption per robot task, and effectively conserve,
distribute, and balance energy supplies in various environments
(Phillips et al., 2018).

2.4 Robots with distributed sensors for
monitoring and remediation

The implementation of distributed sensing systems, utilizing a
group of specialized soft robots, can provide early warning for
extreme events, prevent disaster, and improve forecasting models,
contributing to sustainable cities and communities (SDG-11) and
combating climate change (SDG-13) (Bergstrom et al, 2021;
Spillman et al,, 2021). We proposed biodegradable, self-governing
soft machines that can survey large areas of the ocean and gather
data for informed decision makers in compliance with SDG-17. The
group of robots endowed with an efficient network of sensors and
detectors, integrated onboard or within the constitutive materials,
may report data on non-surfacing marine beings, rising
temperatures, changing currents, and plastic degradation (SDG-
14) (Yeh et al., 2016; Herbert-read et al., 2017; Jaffe et al., 2017;
Picardi et al., 2020). Nonetheless, we envisage other roles for these
machines that could survey deep sea pools to retrieve raw minerals
for sustainable industry (SDG-9) (Yang S. et al., 2018; Dini et al,,
2022).

In terrestrial environments, the integration of soft robots with
satellites and traditional robotics can provide solutions for
archaeological and heritage conservation (SDG-15). The
inherent soft robotics dexterity makes them well-suited for
environments of ruins, where they can safely navigate and
manipulate fragile artifacts. Consistently, adopting terrestrial
and aerial robotic solutions, we could gather data for seed
plantation toward reforestation against desertification to capture
carbon dioxide, or to feed population and local economies, and to
evaluate new pathogens and vector-borne diseases (SDG-3, 8, and
13) (Wade et al., 2018; Chowdhary et al., 2019; Zhou et al., 2022).
C2C self-burial systems or climbing micro-soft robots could be
adopted on crops to gather targeted genetic information and
provide precise monitoring and surveillance of plants and soil
(SDG-8, 12, and 15) (Fiorello et al., 2021; Horton et al., 2021;
Mazzolai et al.,, 2021). Furthermore, C2C micro-robots can be
released in water sources and infrastructures to detect pollutants
and/or nutrients (SDG-6). In sustainable cities, drones and
climbing soft robots, in conjunction with 3D scanning, will
enable point-in-time inspection and monitoring of buildings or
bridges, modifying planned task in real-time (SDG-11). Also, in
space, monitoring and harvesting debris can be effectively achieved
using soft robotic solutions (Zhang et al., 2022). By integrating soft
robotic grippers into a hard robotic frame and incorporating
switchable and frequency-driven micro-patterned adhesives, it is
possible to create a system that can effectively grasp, pick and
place, and manipulate satellite debris on demand in the harsh
conditions of outer space (Kwak et al., 2011; Dayan et al., 2021;
Barnefske et al., 2022). However, the overall cost effectiveness
remains an open question that can be solved by scalable fabrication
techniques and repurposing (Li S. et al,, 2021; Kim et al., 2023).
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2.5 Embodied and physical intelligence for
advanced soft-bodied machines

Embodied and physical intelligence plays a crucial role in
developing autonomous soft robots that can effectively acquire,
analyze, and utilize large amounts of data to tackle complex tasks
such as navigating difficult trajectories, changing shape, and
manipulating unknown and unstructured objects in various
environments (Fischer et al, 2023). EI can simplify control
parameters, resulting in more energy-efficient and cost-effective
operations, but it requires a careful mechanical and material
design to consider the interaction with the environment while
performing a task (Laschi, 2022). Soft robotic systems with EI
can benefit from incorporating Al-learning architecture and
computational modeling to overcome the challenges posed by the
complex dynamic interactions and body deformations that occur in
open-world tasks (George Thuruthel et al., 2018; Thuruthel et al.,
2019; Shih et al., 2020).

For instance, a group of self-sufficient and field-ready soft robots
can be designed in their constitutive materials and mechanical
structures specifically for exploring and restoring archaeological

sitess  (SDG-15). These tasks require precision and safe
manipulation, as well as an interaction with hard-to-reach
environments and unstructured cracks. Thus, the authors

envision a group of self-piloting soft robots with EI and efficient
computational architecture. Each individual robot can work with the
other like the “wood wide web” between trees and other organisms,
to face hazardous conditions, minimize damage during retrieval, and
ultimately be more cost-effective (Mazzolai et al., 2022). Although
current solutions for this type of architectures are still energetically
costly and in their early stages, effective solutions are expected to be
developed in the future to help tackle some of humanity’s grand
challenges in support of some of the SDGs and climate crisis.

3 The soft automation era can address
SDGs and positive climate actions

In our perspective, we have highlighted the great potential of soft
robotics in addressing the SDGs and combating the climate crisis.
We envision that functional and field-ready soft robots should
incorporate key-values such as biodegradable and multifunctional
materials, sustainable manufacturing processes, renewable energy
sources, and physical and embodied intelligence to achieve the
maximum performance that they can provide to society and the
environment (Figure 2). We have discussed how soft robots may be
useful in areas such as urban farming, ocean cleaning and
distributed
production, and healthcare (Figure 1).

preservation, disaster response, clean energy

However, we acknowledge that despite the potential benefits of
soft robotics in addressing the SDGs and CPA, there are limitations
that must be addressed in terms of scalability, integration, and
material adoption. Biodegradable soft robots should contain
minimal harmful components and be economically viable. To
date, cost-effective methods for producing widely accessible soft
robot and strategies for recycling and repurposing existing robots to
reduce costs and industrial waste are lacking. Additionally, the

integration of hard robotics components may be necessary to
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FIGURE 2
Themes of soft robotics within the framework of the United Nations' Sustainabl
the development of soft robots. Examples of how synergizing different themes

e Development Goals. Illustrations of how each theme contributes to
results in powerful soft robotics. Our vision of what the future holds when

we unite all five elements to create a practical, field-ready soft robot that supports SDGs.

improve the overall robustness to solve the great challenges, as
shown in Figure 1. Nonetheless, the integration of onboard and
lightweight energy devices is a significant challenge as achieving the
efficiencies required to meet the energy consumption demands is
still a struggle. Figure 2 illustrates the union pipeline section, where
we can merge, for example, two of the soft robot topics to achieve a
desired outcome. However, the question we would like to address is
how an efficient soft robot appears when we combine all the key
topics we identified, from biodegradable materials to embodied
control.

To achieve such a visionary goal, we believe that
interdisciplinary scientific fields must collaborate to develop
environment-friendly self-piloting robots. Recent EU-funded
soft robotics projects have similar goals to support the SDGs
and CPA (Elfo Project, n.d.2020; HybridHeart Project, 2017; Self-
Healing Soft Robotics Project, 2019; ISeed Project, 2021).
Nonetheless, it is important for the widespread use of robots
in industries such as agriculture to not lead to job displacement
and social and economic inequality (Acemoglu and Restrepo,
2019; Kerwin, 2020). Democratization of high-tech goods and
accessibility to robotic platforms, energy sources, and open-
source digital technologies should counter the trend toward
further concentration of economic power (Rikap and Lundvall,
2020).
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In conclusion, we firmly believe that soft robotics can play a crucial
role in mitigating the detrimental effects of climate change on society,
the economy, and the environment, supporting some of the UN’s SDGs.
It is imperative for all stakeholders to collaborate to swiftly advance
high-impact laboratory results in soft robotics and identify effective
solutions for tackling human-induced environmental challenges and
their potential future consequences (Yang G.-Z. et al,, 2018; Hawkes
et al,, 2021). We anticipate that this call for collaboration will be met
with immediate action, enabling us to craft a more sustainable and eco-
friendly future through the implementation of soft robotics technology.
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