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This description of “soft robotics” is not intended to be a conventional From the Contents

review, in the sense of a comprehensive technical summary of

a developing field. Rather, its objective is to describe soft robotics as T lirouliction %232
a new field—one that offers opportunities to chemists and marerie?fs 2 Buckground 4262
scientists who like to make “things” and to work with macroscopic

objects that move and exert force. It will give one (| personal) view of 3. Our Starting Point in Soft

what soft actuators and robots are, and how this class of soft devices Robotics 4262
fits into the more highly developed field of conventrcfna{ hard 4 Néw Diractions 4268
robotics. It will also suggest how and why soft robotics is more than

simply a minor technical “tweak” on hard robotics and propose 5. Toward Large-Scale Reality 4270
a unique role for chemistry, and materials science, in this field. Soft :

robotics is, at its core, intellectually and technologically different from 6. :’:t:r?zs"gg:;“::’; ;‘d

hard robotics, both because it has dijferenr'objectives and uses and Robotics 4271
because it relies on the properties of materials to assume many of the

roles played by sensors, actuators, and controllers in hard robotics. 7. Significance 4271

1. Introduction

Robotics is at a stage of technological development
perhaps comparable to the very early internet (plausibly at
the level of the transistor or simple chips). It's when machines
and humans (and possibly animals and insects) begin to work
together and/or to compete, and even fuse, that things change
and get really interesting. Soft robotics will be an essential
part of that change. Chemistry and materials science should
not miss the opportunity to be a part of it.

1.1. Robotics and Jobs

Why is robotics an important field? The shortest and most
immediate answer is “jobs.” Robotics evolved to allow
human- or animal-like functions to be carried out by
machines. The original idea was to observe the architecture
of a human worker or a working animal—body plan, skeleton,
muscles, nerves—and mimic his/her/its useful functions,
augmented with greater strength, speed, and accuracy, in
a roughly human- or animal-shaped machine. (The idea of
substituting machines for animals was, of course, not new:
a farm tractor is, in a sense, an ox with wheels instead of legs,
and an airplane is a reconsidered bird.)

The field of robotics is, however, much more than just
a new way of providing useful work (even work that spares
humans). It is a part of four very important subjects: 1) jobs
(and the economic capacity of nations), 2)non-human
capabilities that come from biomorphic but inanimate
forms, 3) physical compatibility or incompatibility of robots
with humans and the prospects of melding the two, and 4) the
potential for (and perhaps inevitability of) fusing machines,
humans, and artificial intelligence and the consequences of
that fusion.

The first of these is one important contributor to the sense
of urgency that permeates economic considerations of
robotics today.!! Much of the conflict between nations and
regions, and much of their economic welfare, is reflected in
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their competition for jobs and in their efforts to match their
workforce to the number of jobs their societies require.”!
Existing robots—from those on manufacturing assembly-
lines, to driverless cars, autonomous drones, and semi-
autonomous vacuum cleaners—constitute a remarkably rap-
idly developing set of machines that replace, complement,
and/or augment human workers in many types of work.”!
Existing (hard) robots have, however, important shortcom-
ings (sketched in the following sections in greater detail). Soft
robots are important—more important than they might seem
now, in their technological infancy—because they will circum-
vent some of the shortcomings of hard robots and will solve
problems hard robots cannot solve. Understanding the
potential of this new field and the opportunities that it is
addressing suggests some of the characteristics that successful
soft robots will eventually possess, and thus indicates some of
the features that must be embedded in their designs. Because
so much of the function of soft robots will depend upon
materials (as opposed to—or in many cases rather than—
electronics, sensors and controllers, and mechanical systems),
understanding their possible applications defines the materi-
als that they will need (in part) and thus the role of chemistry.

An indication of the size of the problem that robotics
addresses is given by a phrase that appears—in one or another
form—in a number of analyses: that is, “China’s future is
Japan’s robots.” This startling statement is not, of course,
literal, but it is based on demographic trends that will be hard
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to change. The population in China (and Japan, and much of
the Western world) is aging, and the number of younger
people available to fill jobs and thus to support this aging
population is lower than it must be for stable economic
growth to continue.”) In this sense, robotics is an essential part
of China’s future economic growth.! The same remark can be
made for Japan, the United States, and Western Europe,
where aging populations and (often) negative population
growth provide requirements for new strategies to use in
operating industrialized societies. Robotics and intelligent
machines is certainly one relevant new technology; compu-
tation and artificial intelligence (AI) (whatever that
becomes!) is another. A third might be changes in the
societies themselves that make them more or less labor-
intensive. Whether the robots that China uses are Japan’s or
those of some other region or society (including, of course,
China itself) is now an open question. Japan was an early
leader in robotics,””! but the United States, China, and Europe
are all now important, with different regions having different
strengths in areas of fabrication, operation and use, informa-
tion technology, integration with the Industrial Internet of
Things (IIoT), and other aspects of this technology.

The point of this discussion is not—obviously—to analyze
regional demographic and economic trends, but rather to
make the case that robots and intelligent machines will be
a critical part of the future economic competence of countries
and regions. I believe that soft robotics will provide important
new capabilities for this broad area of technology. As
a newcomer and a new technology, soft robots will not
displace hard robots: soft robots will (at least initially)
augment hard robots, supplement and extend them, and
provide new capabilities that they cannot match. Soft robots
(and, broadly, soft functional devices) are unusual in that they
provide an exceptional opportunity for chemists and materi-
als scientists to be a part of the core group founding a new
field.

1.2. Hard Robots

Hard robots are fabricated, by definition, from rigid
structural materials and powered either using electrical
actuators (motors and solenoids) or with pressurized fluids
(pneumatically or hydraulically). Controlling the motion of
hard robots is a very highly developed and technologically
sophisticated field. They are used both in tethered form (that
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is, fixed to the floor of an assembly line, as in automobile
manufacturing) or as mobile entities (e.g., in moving goods in
warehouses, in household appliances, and in military applica-
tions). In both modes, they are more or less autonomous (e.g.,
capable of adapting to new tasks and changes in their
environment, without human intervention and external con-
trol). They are often heavy and inefficient in their use of
energy. They are capable of amazingly complex motions, but
at the cost of correspondingly complex motion-control
systems.

1.3. Robots, Machines, and Actuators: What Is the Difference?

The boundaries between these terms are blurry. An
actuator is a device that supplies energy (usually in the form
of motion or the ability to do mechanical work) to another
device. Electric motors and pneumatic pistons are actuators.
A machine is a mechanical system—typically with multiple
moving parts—that performs one or multiple tasks. A robot is
a machine that replicates (or mimics) some features of
(originally) humans or animals and is capable of replicating
useful human-like tasks such as walking or gripping (and, now,
talking and in the future, perhaps, understanding).

The overlap between these informal definitions is obvious.
Less obvious is the extension of the idea of complex, “human-
mimetic” robots to organisms that are anatomically and
functionally less complicated—starfish, worms, other
“simple” animals—than people and horses but nonetheless
capable of very complex motions and useful (especially for
the organism) functions. These “simple™ biological models
have the potential to suggest useful new functions for
robotics, and especially, since they are themselves soft,
functions that might interact well with human needs. Mim-
icking their functions is also less difficult than those of higher
organisms: “gripping” is easier to accomplish than “under-
standing” and even than “welding.”

Soft robots are much earlier in their technological
development than hard ones. Most of the current demon-
strations of soft devices are in applications as actuators or
specialized functional components of complex robots or
machines (grippers, lifters). In practice, most soft robotic
systems are now used as components of hybrids integrating
hard and soft components, and in which each component
carries out the task for which it is best suited. In this
perspective, we will typically talk of “actuators™ when trying
to be precise about a task and of “robots™ for greater
generality.

1.4. What is Missing in Hard Robots?

Hard robotics is a hugely successful field, and robots are
an indispensable component of many industrial functions.
That said, hard robots—especially those intended for heavy
industrial applications—have characteristics that can be
severe limitations in other circumstances:

Collaboration: The most important limitation is that they
are what is called “non-collaborative.” They are often not able

Angew. Chem. Int. Ed. 2018, 57, 42584273



to work safely in close contact with (or proximity to) people
or other fragile objects. Because they are both heavy and hard
and are designed (in general) to move rapidly, to apply large
forces, and to handle dangerous tools (e.g., tools for welding
and cutting metal), they are too dangerous to be close to
humans.!®! One important contribution of soft robots is the
ability to allow robots to work safely with people and to
handle soft objects. (For example, soft grippers are attractive
for handling food or packages containing soft goods.)

Simplicity and Lower Cost: Hard robots—like all hard
machines—are built largely of noncompliant materials. As
a result, they must be positioned accurately to perform their
tasks, and they are generally not (nor are they designed to be)
compliant or able to adapt autonomously to different shapes
and tasks. Soft robots, although much simpler in many ways,
are much better adapted than hard robots for specific tasks in
which the ability to conform autonomously to different
shapes is useful. Rather than a “hand” requiring accurate
positioning, sensors, and control loops for individual “fingers”
(as in a hard robotic hand), soft robots can adapt to gripping
and other tasks with minimal controls by taking advantage of
the compliance of the elastomeric materials from which they
are made.””) An important potential for soft robotics is to use
the properties of the soft, elastomeric materials (perhaps
combined with thin structures with high tensile moduli such as
fabric, paper, or film) in a structure (e.g., a soft “hand”) that
might make unnecessary the much more complex systems of
electronic controllers, actuators, and computers used in a hard
“hand.”

With simplicity, of course, often comes lower cost, simpler
operation, and greater durability. Further, since soft actuators
are often fabricated from a single piece of flexible elastomer
and have no frictional surfaces at joints or bearings, main-
tenance and wear can be less than with hard robots. Although
the relative cost of systems of hard and soft robotics
competing for particular applications will depend upon the
specifics of the application, there will be important applica-
tions for which soft robots are clearly more adaptable, better
suited, and less expensive.

Other Characteristics: Light Weight, Thermodynamic
Efficiency: Soft actuators are often lighter in weight than
their hard analogues. (There are, of course, designs that
maximize the ratio of strength-to-weight for both, but soft
structures using pressurized thin walls can combine remark-
ably high stiffness with light weight.) The thermodynamic
efficiencies of most soft systems has not been as carefully
defined as have been those in hard ones, but hard robots are
not, generally, thermodynamically very efficient and may thus
have high energy costs.

1.5. For Robots of All Kinds: What Will the Future Hold?

The integration of human workers with increasingly
competent machines—whether hard or soft—seems inevita-
ble. Particularly in the countries of the economically devel-
oped world with aging populations and a high standard of
living, there are entire classes of jobs for which there are
currently too few available human workers. Fruit picking,
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mining, food handling and preparation, house cleaning,
military and police operations, eldercare, agricultural field
work, garbage disposal, and a range of others: these jobs are
sometimes difficult, unpleasant, or dangerous, and it might be
better to have them done by machines than by people. Soft
machines will be required, or preferred to people, for some of
them.

The hope, of course, is that jobs that are transferred from
humans to machines will allow the humans to take on other,
more rewarding jobs. What will they be? The answer to this
question is presently unknown. It is not impossible to make
such replacements beneficial for all involved. Consider
previous replacements of humans and animals by machines.
The horse-drawn cart, locomotive, and automobile were all
developed to replace the labor of humans or animals by
machines. Washing machines and dishwashers freed (largely)
women from these tasks, and allowed them to become
teachers, managers, musicians, bankers, and other skilled
professionals. The outcome of the redistribution of “work”
among humans, animals, machines, and computers is impos-
sible to predict in any detail now, but it is unquestionably one
of the most important changes now facing society. Soft
robotics will play a part.

1.6. What Will Be the Result of the Fusion of Robots, Al, and
Machine Learning? How Will Humans Be Involved?

The story of “future technology” is more complicated
than just “humans.” “robots,” and the distribution of physical
labor. There is also the enormously important role of future
computer systems (the World Wide Web, mobile devices,
artificial intelligence, autonomous systems, the Internet of
Things (the IoT) and the Industrial IoT (the IToT), and many
other manifestations of “intelligent machines”). There is—at
least in my opinion—a critical role for soft robots and
actuators to act as intermediaries between humans (who are
intrinsically soft but involved both in physical tasks and in
using information), robots (which are highly competent
machines, albeit with increasing sophistication in information
processing), and computer systems (which, arguably, already
“think” and are moving—almost certainly—toward “under-
standing™). The form and function of these human/robotic/
computer interactions and of hybridized systems combining
humans and machines is presently unpredictable (but
include—as physical manifestations—exoskeletons, prosthe-
ses, manipulators at very large or very small scales, brain-
controlled machines, and sensors that augment human
perception). To the extent that they will involve physical/
mechanical contact between humans and machines, soft
robotics and systems will be important.

1.7. What Does the Subject of Soft Robotics Have To Do with
Chemistry?
A major component of soft systems—from robotics to
actuators—will be soft materials: elastomers, flexible sheets,

fabrics, granules, foams, gels, liquid crystals, liquids, and other
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forms of matter. Reconfigurable soft robots incorporating
harder structural components—such as those designed using
the principles of origami and kirigamil'®—will also be
important. As the field develops, certain soft systems will
also require structurally rigid components (the equivalent of
endo- and exoskeletons, intended to provide passive struc-
tural strength that soft materials may not intrinsically
possess), but economics and materials compatibility will
probably dictate that these materials are often also structural
polymers rather than metals. Thus, soft robotics offers to
materials science, and thus to chemistry, an enormous range
of opportunities to generate new types of function. The
syntheses of super-soft elastomeric bottlebrush polymers by
Sheiko,"! super-elastic polymers by Suo et al.," and self-
healing polymers and structures by Bao/™® and Shepherd!"
are early examples. Soft robotics is, and will probably remain,
a technology founded on soft, functional, materials, fabricated
from molecular precursors in polyfunctional designs.

2. Background

Hard robotics is a mature field and has been extensively
reviewed."" We will not discuss it further. Soft robotics has
grown sufficiently rapidly that it is already described in many
excellent, technologically focused reviews."™* Rather than
trying to replicate or summarize them, we simply list them.
We note only that (to paraphrase J. F. Kennedy, and many
others before him) “victory has many fathers,” and claims in
these early reviews of who developed what technology first
are still to be adjudicated by history (as are all my opinions in
this perspective). Two historical efforts were particularly
relevant to our own work. First, a class of pneumatic actuators
based on mesh-constrained elastomeric bladders—a kind of
semisoft actuator (McKibben Actuators)—were developed
and commercialized in the 1950s.*! These systems have been
successful but were intended primarily to be linear actuators.
Second, Suzumori demonstrated simple, elastomer-based
actuators in the 1980s.%) These systems were, in fact, very
similar to some of the soft devices that have emerged in the
current explosion of work in “soft robotics,” and Suzumori
was perhaps the first to recognize a part of the potential for
this kind of system.

My personal (and therefore, limited) perspective is that
the field of soft robotics has been able to grow as rapidly as it
has as a result of a confluence of six technologies developed
independently for other purposes. These include: 1) Poly(-
dimethyl siloxane) (PDMS) elastomers as structural materials
that make fabrication convenient (and thus enable rapid
prototyping) and possess a number of useful properties
(transparency, ease of sterilization, biocompatibility, etc.).
2) Soft lithography and microfluidics, to form appropriate
pneumatic and hydraulic channels. 3) Digital fabrication,
especially to aid in making molds. 4) Soft composites, to
generate and control anisotropic motion on actuation.
5) Computers and computer-based systems, to serve functions
from design and fabrication to control, and 6) hard robotics.
Hard robotics is particularly important, since it is highly
developed, and provides a wide range of important capabil-
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ities (from positioning and motion control to visualization)
that are also important for soft robotics, reliably and
surprisingly affordably. Together, this set of technologies
combine to provide: an elastomeric material with excellent
properties, suitable both for prototyping and for production;
fabrication methods taken from well-developed methodolo-
gies, soft lithography®”) and PDMS microfluidics;* a conven-
ient, flexible method of making the molds required to
fabricate the networks of pneumatic channels required in
most designs; straightforward methods of controlling the
anisotropy of strain by forming composites of PDMS with
flexible but inextensible sheets (or other composite designs)
and origami/kirigami-based structures;* design, control, and
vision tools based on computers; and concepts from hard
robotics and more importantly from existing, highly engi-
neered hard robotic systems, for use in hard/soft hybrid
systems. Which of these technologies persist as important
parts of the field of soft devices as it develops depends on the
characteristics of the applications being addressed.

3. Our Starting Point in Soft Robotics

3.1. The Beginning: Biomimicry Based on Invertebrates and
Higher (but Not Mammalian) Organismic Models: from
Worms to Squid

The starting point for our work in this field was a series of
discussions (largely carried out in the 1980s and 90s in a very
stimulating working group—the DSRC, or Defense Science
Research Council—a group focused heavily on materials
science and sponsored by DARPA). The possibility of
approaches to robotics that provided capabilities beyond
those of existing, largely industrial, hard robots was, of course,
already a subject of active discussion, and one subject of
discussion was always “are there other ways of doing it?”
Most of robotics at that point was based on the idea of
modeling humans or animals, or making other mechanical
systems (e.g., aircraft or vehicles) more versatile and poly-
functional, in order to give them greater capability or
autonomy.

Among our early interests in the subject of soft robots
were the characteristics of animals lacking internal skeletons.
All have countless interesting anatomical functions. Worms,
for example, move with a sophistication that is still not easy to
replicate; starfish provided the first models and inspirations
for grippers. Squid and octopodes are inspiring examples of
very intelligent animals using complex motions controlled
using strategies quite different from the ones land-animals
use. (For example, the tentacles of an octopus are at least
partially controlled locally: each tentacle has its own complex
set of local nerves as a controller.)® Insects do not have
endoskeletons (or, generally, lungs), but they do have
exoskeletons. These skeletons enable them to move effi-
ciently without buoyant support from water, but they are
limited in size by structural constraints and by restrictions,
inter alia, in rates of mass transport of oxygen from air into
their tissue. Aspects of all of these functions are now visible in
current soft actuators.
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Discussions with DARPA program managers—originally
Dr. Mitch Zakin and later Dr. Gill Pratt—led to an initial,
multi-team project: the “Chemical Robots”, or “ChemBots”
program. The objective of the program was to develop a soft
system that would start by looking like a soft-drink can,
autonomously unfold, move across the floor, find a door and
crawl under it, and reconfigure into a something that looked
like a soft-drink can on the other side. The ChemBots
program did not, in fact, produce a working example of
technology having this level of complexity, but it provided
a number of successful component technologies and was the
very successful starting point for technical approaches to soft
robotics. Probably as importantly, it nucleated the area and
provided initial support for a number of investigators—Rob
Wood, Daniella Rus, Heinrich Jaeger, Peko Hosoi, Barry
Trimmer, Mahadevan—and students/postdocs—Rob Shep-
herd, Carmel Majidi, Mike Tolley, Rebecca Kramer, Chris-
toph Keplinger, and others—who have subsequently emerged
as leaders of the field.

Although pneumatic inflation emerged from this program
as the most immediately useful method of actuation (and
certainly the simplest to implement), a number of other
interesting approaches also emerged. For example, Jaeger’s
demonstration of pneumatics to accomplish granular jam-
ming in loose particles and thus to freeze shapes® is
particularly interesting for its complementarity to pneumatic
methods that cause large, dynamic changes in shape in soft
elastomers and will probably become an important part of the
technology of the field in the future.

3.2. PneuNets: Initial Work on Soft Actuators

The initial work in my group was designed to provide the
simplest solution we could find to the problem of actuation
(Figure 1a). It used the expansion of a bladder (or balloon)
constrained by its shape and either by the anisotropic
properties of the elastomeric materials (e.g., combinations
of more and less flexible PDMS)®™ or by the incorporation of
paper- or cloth-based structures into elastomeric composites
to control anisotropy of motion on actuation.” To control the
stress and the distribution of stress in these systems, we used
a number of strategies. It was often useful to fabricate
a network of small bladders (rather than a single large one)
connected to a common source of pressure to engineer the
distribution of strain, and thus shape, in the inflated soft
device. Digital printing made it easy to make the molds
required to form these microchannel systems (which we
called “pneumatic networks,” or PneuNets) in the PDMS.*

Sealing techniques developed in PDMS microfluidics
could be used directly with these pneumatic systems; because
we used pressures that were typically only 50-100 kPa (0.5-
1 atm) relative to ambient pressure, high-strength seals were
not required for prototyping. Figure 2 illustrates the process
used originally; the same principles are still used, albeit with
different designs for the bladders and different methods of
fabrication.

The fact that relatively low pressures are involved in these
actuators can seem surprising, but it is good to remember that
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Figure 1. a) Soft gripper (a “starfish gripper") picking up an uncooked
egg. Reproduced from Ref. [32] with permission. Copyright 2011, John
Wiley & Sons. b) An industrialized adaptation of a gripper. The
“fingers” are soft and grip delicate objects (here, fruit) without
damage. The “palm” of the gripper is hard and attached to a commer-
cial, hard, arm. (Soft Robotics, Inc.). Both rely on PneuNets and
pneumatic actuation.

net force scales with pressure and area (F=Px A),and 1 atm
of pressure over 20in® (or 130 cm?) is about 130 kg-force.
Since actuation can result either from a positive or negative
difference in pressure (that is, from either “applied pressure”
or “applied vacuum™) across appropriately designed Pneu-
Nets, the same forces can be generated with both. With
appropriate materials and designs, it should be possible in the
future to go to much larger pressures and thus much higher
applied forces (1 atm of pressure is approximately equal to
1 kg-forcecm™).

These principles led quickly to a range of demonstrations
of soft actuators with biomimetic functions.

Starfish Gripper: The first example of a useful soft device
(published in Angew. Chem.™ over the objection of the
referees, on the grounds that it was “not chemistry™) was
a pentagonal gripper (Figurel; shown picking up an
uncooked egg).

Because grippers have proved so important practically,
and because this class of actuator is relatively easy to make,
many variants on the structures of grippers have already

www.angewandte.org
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Figure 2. a—d) Schematic of techniques used to mold and assemble
a PDMS/paper composite. e=h) Cross-sections of PDMS (“Ecoflex")
structures, both with and without a paper strain-limiting layer, (unin-
flated and inflated), together with photographs of these structures
inflated and uninflated. Reproduced from Ref. [33] with permission.
Copyright 2012, John Wiley & Sons.

appeared (Figure 3). Tentacles™ have been designed and
demonstrated in profusion, stimulated by the admirable
dexterity of the octopus. (All of these demonstrations, and
certainly including ours, fall far short of the capability of even
the least capable cephalopods and have essentially nothing to
do with the anatomy, sensory system, and control with which
they generate their extraordinary motions.) Simple Walkers?®!
proved easy to make, although not so far useful (Figure 4).
They have, however, provided a useful test bed for the
development of autonomous, mobile systems. Exploring other
possibilities led to a number of interesting, if odd, functions.
For example a Chameleon’s Tongue™” demonstrated the
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Figure 3. Examples of soft structures illustrating different functional
modifications. a) A textured surface to improve gripping. Reproduced
from Ref. [35b] with permission. Copyright 2013, John Wiley & Sons.
b) A structure that includes an origami strain-limiting layer, with |eaves
glued together in specific points to control its bending. Reproduced
from Ref. [33] with permission. Copyright 2012, John Wiley & Sons.

¢) A “tentacle” including a cell-phone camera and an optical link, with
an image obtained with this system. Reproduced from Ref. [35b] with
permission. Copyright 2013, John Wiley & Sons.

ability of a soft actuator to move surprisingly rapidly
(complete coiling of a tentacle® requires less than 200 ms),
and Combustion-driven Jumpers®® demonstrated that it
would be possible to generate substantial pressure on-board
(by filling the PneuNet with a methane-air mixture and then
igniting it with a spark).”” Other methods of generating
pressure internally—for example, the decomposition of
hydrogen peroxide to oxygen and water*’—have also been
demonstrated but have not so far proved practically useful.
Perhaps (at least in the long term) a more interesting
demonstration is that of the use of the microfluidic function
built into soft devices for functions other than motion. For
example, Fluidic Transport for Observation, Delivery, and
Sampling®™! can transport reagents to an object or a test
sample, examine its environment, and retrieve fluids from
a test site, with almost no modification of the robot other than
adding another small fluidic channel for transport of fluids.

The same type of microfluidic system provides the basis
for a walker that capable of Camouflage!®! (reflecting
exchange of fluids in microchannel systems in the PDMS
structure); this walker could show independent patterns in
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Figure 4. Quadruped “walkers” using five pneumatically controlled
chambers: a) tethered to the pressure source through flexible tubes
(length of walker=:20 cm); b) untethered, with compressor, valves,
and other hard controllers riding on top of the soft walker
(length=0.5 m). Reproduced from Ref. [36b] with permission. Copy-
right 2014, Mary Ann Liebert, Inc.

visible and IR spectral regions. (Camouflage has proved
a subject of enduring interest in soft robotics, stimulated in
part by the marvelous abilities of the octopus.) Non-Biolog-
ical Functions: Similar uses of small channels in non-soft-
robotic applications (e.g., microfluidics) had established the
value of microchannels in fabricating optical waveguides and
small dye lasers, flexible electrical conductors, and current
carriers for generating magnetic fields using the same
methods of fabrication.”! Incorporation of a small camera
(taken from a cell phone) on the tip of a tentacle, coupled to
a computer using either a fiber optic or Bluetooth link, gave
these simple systems “eyes,”*%:36]

3.3. Tethered vs. Non-Tethered Systems: Power

Most of these demonstrations have involved actuation by
compressed gas from an external source and thus require
a gas-transfer line connecting the actuator to this source.
Actuators that are connected to stationary, external power
sources are called “tethered.” It is still an unresolved and
contentious issue as to whether tethering is an important
limitation of these systems or not. In practice, many existing
hard robots—robots used on manufacturing lines, for exam-
ple—are tethered. A smaller but important set of robots-
robots used for warehouse management, floor cleaning, and
tasks requiring movement over large areas (airborne drones,
autonomous vehicles) are, and must be, untethered. Design-
ing large, soft robots that are untethered and mobile, using
PDMS and low pressures, is difficult simply because it is not
straightforward for the body of a soft robot to support its own
weight plus the weight of the power supply, compressor,
valves, and controls required for complete autonomy.”®! The
question of how important this limitation is, is still being
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actively discussed, but if it is important, it almost certainly can
be solved using stronger elastomers and higher pressures. In
practice (see below), most current applications of soft
actuators are in systems in which they are combined with
hard robots; hard robots can operate either in tethered or
untethered mode and—if needed—provide power for soft
robots.

3.4. Biomimetic Function, but Not Biomimetic Mechanism

An important point of emphasis is the meaning of
“biomimetic.” These PneuNet-based systems (and others)
were designed to mimic the function of biological systems:
that is, the ability to change shape, exert force, and do work.
They were not designed to mimic the mechanism by which
organisms accomplish these functions (using muscle or
specialized structures such as hydrostats). Although the
literature is replete with references to “artificial muscle,”
none of these structures—although interestingly designed and
possibly useful—mimic any of the biochemistry—the ATP-
dependent interaction of myosin and actin fibers—that
underlies the contraction of muscle (Figure 5).

Figure 5. Left: Human arm showing the biceps muscle. Right: a Pneu-
Net structure that combines negative (sub-atmospheric) pressure and
reversibly buckling elastomeric beams to mimic the function of this
muscle.’”! Reproduced from Ref. [43] with permission. Copyright 2016,
John Wiley & Sons.

3.5. Alternative Designs

PneuNets, actuated using positive and/or negative (sub-
atmospheric) pressures, have provided a starting point for
providing power to soft devices and have illustrated some of
the motions available to them. One of the features distin-
guishing soft and hard devices is, however, the nature of their
response to actuation. Hard robots are generally designed to
be linear in their response to their controllers. One of the
interesting and differentiating features about soft materials, is
that—especially when operated with minimal controls—their
response to actuation is often non-linear. This characteristic is
one basis for their adaptability but can make them more
difficult to control than linear systems. We consider non-
linearity an advantage (although one requiring management)
rather than a disadvantage, in that it allows the generation of
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very complex motions using very simple actuation (for
example, Figure 6a). One example of a useful class of non-
linear motions available in soft robotics is buckling.

3.6. Buckling and Other Nonlinearities of Materials

For most hard materials, buckling is a mechanism of
failure. As one increases the pressure on a concrete pillar, for
example, its response (compressive strain) will be small, until
it fails catastrophically. Soft beams also buckle (that is, at
some pressure they show a large and nonlinear response), but
this buckling is reversible and hence a useful mechanism for
actuation that is not available in hard materials (Figures 5 and
6).

Figure 6. Two structures illustrating “snap-through” (a useful form of
non-linearity in soft structures). a) An “arm” of a starfish gripper
that—on uniform pneumatic actuation—curls non-uniformly, starting
from the tip. Reproduced from Ref. [32] with permission. Copyright
2011, John Wiley & Sons. b) A hollow, elastomeric beam that—when
compressed—buckles and crimps (thereby blocking the flow of air
through the tube): this structure can serve as a soft valve.

Buckling and the nonlinear properties of materials have
been extensively studied. Our work in soft materials has
relied both on empirical observation of prototypes of soft
devices and (heavily) on beautiful studies by our colleagues
Bertoldi,*! Suo,* and Mahadevan.*" Figures5 and 6
provide examples of the application of buckling in actuation.
The structure in Figure 5 is particularly interesting: this
structure contracts linearly on application of a vacuum, and
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this motion results from the buckling of a series of internal
elastomeric beams.**! It is—so far as we know—the
structure that comes closest to mimicking the behavior and
functional characteristics (but certainly not the molecular
mechanism) of biological muscle.

3-7. Pneumatic Origami Structures and Structures with “Semi-
soft” Components

Another broadly useful class of structures are those in
which the strength of soft materials is increased by adding
flexible but non-elastic components. Figure 7 shows two
examples.

The upper figure shows a “lifter” that has an origami
structure of folded paper embedded in a thin, circular PDMS
membrane.™™ This type of structure provides sufficient
compressive strength to lift a remarkably heavy weight (as
a multiple of its own weight). Extensions of this principle have
recently demonstrated grippers with potentially useful
strength. Figure 7 also shows what we call an “arthrobot.”*"]
This walking structure is loosely modeled on arthropods,

Figure 7. a) A PDMS tube, reinforced with a paper origami strain-
limiting structure, lifts a heavy weight on pressurization. Reproduced
from Ref. [33] with permission. Copyright 2012, John Wiley & Sons.
b) An arthrobot, in which the combination of flexible but non-elastic
tubes (polypropylene drinking straws) and PDMS balloons (inside
these tubes) provides a joint that mimics functional aspects of the
joints of a spider.
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which have hard (chitin, for ants) or semi-hard (for spiders)
exoskeletons. This particular structure has six legs (as does an
ant) but joints that use a mechanism of action modeled on
those of a spider (whose joints are, surprisingly—for such
a complicated organism—among some of the simpler joints
found in arthropods). The structural strength is provided by
circular tubes (polypropylene drinking straws, chosen for
their availability, light weight, high strength, and low cost).

3.8. The Materials Science of Soft Robots

Most of the initial work in soft robotics has been devoted
to demonstrating elementary designs: of these, PneuNets!™!
and their analogues have so far proved the most broadly
useful. For most of this work, commercial elastomers
(especially PDMS, with occasional applications of elastomeric
polyurethanes) have been the materials of choice. PDMS has
been especially useful because its properties are “good
enough” (and perhaps in some cases optimally good) for
both academic prototypes and initial commercial products,
and because it is particularly easy to mold and seal. Silicone
elastomers also come in a very wide range of structures and
properties; the family of siloxanes has the versatility required
to solve many problems in soft materials science. The
fabrication of PneuNets has also benefited from the fact
that much of the technology needed for academic demon-
strations of soft robotics has been able to exploit (often
without modification) fabrication methods developed for
PDMS-based microfluidic systems. Further, composite struc-
tures—structures fabricated with heterogeneous structures,
typically incorporating elastomers with different mechanical
properties and with flexible but inextensible sheet materials
(paper, glass fiber, mesh, cloth)—have proved an integral part
of soft robotics (Figure 8).

Elastomeric composites are much less extensively
explored than composites of hard materials (where they are,
of course, at the heart of the design of materials-based
structures). It is routine to embed flexible sheets into PDMS
structures to limit and direct their strain under the stress of
inflation. By using origami or kirigami sheets, fibers, or
flexible beams, a wide range of interesting and useful
behaviors can be achieved with minimal changes in methods
of fabrication.

Although composite structures are central to materials
science, soft-matter composites are relatively unexplored, and
the broader opportunity for introduction of new types of soft,
composite materials into soft robotics is enormous. Chemistry
has produced a very wide range of elastomeric materials,
ranging from very soft gels to very tough particle- and fiber-
reinforced rubbers (e.g., for tires). Very little of this range has
been explored as materials of construction for soft, “ultra-
soft,” or “hard-soft” robotics. Design and preparation of
elastomeric materials with useful electromagnetic and optical
properties is also just beginning. Biomedical applications will
require careful engineering of mechanics, surfaces, biocom-
patibility, and gas-transport properties.

Angew. Chem. Int. Ed. 2018, 57, 4258—4273

Viewpoint

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a

Hollow glass
microspheres
embedded in silicone

Palyaramid fabric
embedded in silicone

Figure 8. PDMS-based structures illustrating features that can be
incorporated into soft robots. a) Glass microspheres (to decrease
weight) and polyaramid fabric (for strength) in a walker (Figure 4).
Reproduced from Ref. [36b] with permission Copyright 2014, Mary Ann
Liebert, Inc. b) Anisotropic current flow (visualized in the IR as heat)
in PDMS sheets containing steel wool on application of strain parallel
(top) and perpendicular (bottom) to the orientation of the fiber, and
the flow of current.”™ Reproduced from Ref. [48] with permission.
Copyright 2015, John Wiley & Sons. ¢) Switchable fluidic optical light
guide,"* visualized with an optical microscope (i~ii) from the top of
the microfluidic channels and (iv-vi) from the ends of the microfluidic
channels. Reproduced from Ref. [49] with permission. Copyright (2004)
National Academy of Sciences, U.S.A.
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3.9. The Material as the Controller: “Intelligent Materials”

A concept that has emerged from initial work in soft
robotics—one that differentiates it from hard robots—is that
of “the material as the controller.” Hard robots are almost
entirely dependent upon systems of sensors and active
controllers: for example, for a gripper, pressure sensors in
the “fingers” sense pressure or force on the object being
gripped and use that information to compute appropriate
forces supplied, often by electrical motors, to provide
adequate—but not damaging—egripping.””’ Much of this com-
plexity can be eliminated with soft robots, albeit at the cost of
reduced multi-finger dexterity. Because soft fingers are
compliant, they can, however, adapt to complex surfaces
autonomously and distribute pressure in a way that limits
damage to the object being gripped (Figure 1). Allowing the
material (and the design) to control the pressure exerted by
the gripper also allows much simplified control (in fact, in
some applications, control limited to the applied pneumatic
pressure) and safe manipulation of complex and fragile
objects.

3.10. Engineering Properties

Establishing the properties of engineered materials—and
the required materials databases—required to develop com-
mercial products is an arduous process in which useful
information accumulates with increasing volumes of applica-
tion. Although relevant development research is just begin-
ning, there are a range of indicators—both from current work
and from accumulated experience using elastomers in other
applications—to guide expectations. Cycle Lifetimes: How
many times can an actuator bend before it begins to fail?
Simple bending tests with PDMS fingers and tentacles suggest
that millions of cycles are possible with only small changes in
stress-strain relationships.**“* Damage Resistance: PDMS-
based structures are remarkably resistant to damage on blunt
impact. For example, because they are so light, it is almost
impossible to damage them by dropping, and it is possible to
drive an automobile over a walker without damage to the
walker. Elastomers can also be astonishingly tough: fiber- and
particle-reinforced truck tires are among the most durable of
human-engineered structures. By contrast, PDMS and soft
hydrogels fracture easily when cut (especially under tension).
New types of very tough gels—typically inter-penetrating
polymer networks—are, however, now appearing.!'>¥!

Relatively little detailed information relevant to the
engineering of properties relevant to specific applications in
soft systems is yet available. Comparisons between hard and
soft systems may be difficult because their properties are so
different. Wear is an example that suggests the difficulties of
making comparisons. When a soft “finger” or tentacle bends,
stress is stored as strain (reflecting changes in the conforma-
tion of the constituent polymer chains). Strain-induced
changes in the elastomer may result in accelerated aging
and thus in changes in bending modulus. By contrast, when
a hard “finger” bends, sliding friction between hard surfaces
in joints or bearings can cause frictional wear and perhaps
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require lubrication and cleaning. Correct comparison of hard
and soft systems is thus, in practice, difficult since their
motions are so different. Other Properties: A wide variety of
other properties are relevant to specific uses of soft robots
and actuators: surface textures for grippers, ease of steriliza-
tion, resistance to temperature or chemical corrosion, per-
meability, weight, optical and electromagnetic properties,
biocompatibility, cost, and many others must be considered
on a case-by-case basis. It is, however, clear that in some
applications—handling food, tissue, and humans, picking up
soft objects of irregular shapes, fitting into small or irregular
spaces, operation in the presence of corrosive agents, and
others—soft systems may be successful in applications that
would be very difficult for hard systems.

4. New Directions
4.1. New Actuators

Most of the work in soft robotics has used a limited set of
elastomers as materials and pressurized air or vacuum for
power. There is certainly interest in alternatives, particularly
those that would use electricity. Some of this interest is
probably more based on familiarity and the technological
maturity of electrically and combustion-actuated systems
(electrical and IC motors, batteries, electrically controlled
solenoids and valves), than on a careful comparison of the
characteristics and applications of hard and soft robots.
Suo,! Keplinger,*” Bauer " and others have demonstrated
effective methods of electrical actuation relevant to soft
robotics using dielectric elastomers, and others will certainly
be examined, but strict electromagnetic analogs of hard
robots have been slow to develop. Perhaps more importantly,
an electrically driven soft robot may simply not be as useful as
a soft, pneumatically driven, adaptive one in broad classes of
applications. Efforts to use chemistry (either in terms of
molecules with high free energy, such as H,0,, or by
combustion) have not, so far, proved practically useful in
powering soft robots, although they work to a limited
extent.**3 Fuel cells compatible with soft structures
provide an obvious and largely unexplored approach to
hybrids combining chemical fuels and electrical actuators/
controllers, but would require hard components. Soft super-
capacitors might also be useful. Other types of actuations—
for example, strain release in tightly wound, pre-stressed
fibers (a concept developed by Baughman)*?—may also be
interesting for some specific applications. That said, pneu-
matic actuation has proved so simple to implement in
prototypes that no better method has yet emerged, and the
problem of providing (or at least testing) a broader range of
options for the activation of soft machines represents a largely
unexplored opportunity.
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4.2. New Materials: Elastomers, Composites, Gels, Foams, and
Particles

The exploration of the chemistry and physics of soft
matter—in the specific context of actuators and robots—is in
its infancy. A few elastomers have been surveyed, but only
siloxanes have been seriously developed. Liquid-crystal
polymers, fiber- or particle-modified elastomers, elastomeric
systems designed for high-pressure actuation, ultra-soft
elastomers, very tough, stiff elastomers, and a wide variety
of hybrid soft-hard systems are all potentially interesting. In
addition, states of matter such as very soft gels, foams, fibers,
particle beds, fabrics, granular matter, and others are all, in
principle, useful in actuators. In one relevant example, Jaeger
and colleagues have demonstrated remarkable characteristics
for vacuum-jammed structures as grippers that are quite
different from grippers based on PneuNets.*"5

4.3. Components and Saft Controllers

Prneumatically actuated soft robotics is limited by the
availability of the obvious, standard components used to
handle compressed gasses as soft structures. The most
commonly used types of valves are conventional hard
solenoid valves, located (usually) close to the source of gas
rather than on the robot; easily integrated equivalents of the
“Quake valves”7 (so useful in microfluidics) do not yet exist
(although initial steps are evident),® nor are there reliable
functional analogs of the set of components (transistors,
resistors, capacitors, and inductors) that form the elements of
electrical circuits and that might—in principle—form the
basis for “all-soft” controllers.

4.4. Multiplexed Fluidic Systems with Optical and Magnetic
Functions'**

Two areas to which soft materials have been applied that
are similar to soft robotics in some ways, and in principle
easily integrated with it, are microfluidics and optics. Initial
demonstrations into other areas suggest much broader
application. For example, we, Dickey, and others have
demonstrated PDMS systems that also act, in conjunction
with liquid metals (for example, the eutectic alloy of gallium
and Indium, or EGaln), as metallic electrical current con-
ductors® or (with ionic liquids or gels) as transmitters of
electrical potential.® There are initial demonstrations of
microchannel systems as optical waveguides!*” and dye
lasers,'”) as magnetic field generators,*? in channel systems
for transport of fluids, for sampling,”® and for delivery of
materials as liquids or suspensions!*! The integration of
sensing, and delivery and analysis of chemicals, will probably
be easier with soft components than with hard ones. The
potential for soft structures to be integrated with many
biomedical applications—applications in which the robotics
structure must interact intimately with humans (human
patients, human tissue, care providers)—is large.
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4.5. Autonomous Systems

For soft systems to reach their full potential, it will
probably ultimately be necessary to develop them to the point
where they can be autonomous (that is, capable of independ-
ent adaption to task and environment, and perhaps to mobile
and untethered operation, with little or no human interven-
tion or control). Applications undersea (which are being
explored by Wood and Rus)®! are an obvious area in which
autonomy would be useful and in which soft robotics seems
a natural fit since polymers have roughly the same neutral
density as water, and mobile systems will not require
structural strength to support their own weight. Maintaining
neutral buoyancy becomes an issue for such systems, which
probably favors the use of hydraulic, rather than pneumatic,
actuation).

Demonstrations of untethered systems using PDMS
“walkers™ have outlined some of the problems that must be
solved to make autonomy practical on land (Figure 4b).P%® A
useful question to answer in considering mobility in unteth-
ered, soft robots is: “why do octopodes not run on land ?” One
answer is that they are adapted for the ocean, but a more
technical answer is that they are not designed structurally to
support their own weight easily in a gravitational field, in the
absence of the buoyancy provided by water. Soft robots would
not necessarily suffer from the same limitation as octopoids
since, in principle, the use of stiffer elastomers and higher
pressures would allow support of much heavier robotic
structures. Also, as with insects, the use of stiff or semi-soft
endo- or exo-skeletons would greatly increase the strength of
soft robotic structures, albeit at the expense of susceptibility
to damage and of possible limitations to flexibility. None of
these options has been developed for autonomous systems on
land.

The potential for soft robotics in certain kinds of
applications in the air has also already been demonstrated.
The most ingenious involve making structures that are
essentially helium-filled balloons with built-in capability to
move in complex ways (Figure 9).

These systems do not, at present, have great strength, but
large gas balloons (dirigibles) with good strength are highly
developed, and the simplicity and ingenuity of design of these
new systems suggests applications in which high speed,

Figure 9. Light-weight structures (essentially, structured helium-filled
balloons). Left: A commercial children’s toy (an “air swimmer"). Right:
A long, steerable arm (a Giacometti Arm with a 20-m balloon body).
Suzumori Endo Lab, Tokyo Institute of Te:hnology.[“]
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limited environmental range (e.g., operations in still air), and
resistance to damage are not important.

4.6. Thermodynamic Efficiency; Systems for Temporary Storage
of Energy in Strained Materials

There is still relatively little experimental information on
the thermodynamic efficiency of existing classes of soft
robots®*? The few exceptions (measured using simple
procedures: for example, a comparison of pressure-volume
work with the work of lifting a weight) suggest un-optimized
efficiencies of circa 30 %. One of the potential advantages and
opportunities offered by soft robots is, however, the ability to
store and recover energy from strained elastomers. The leg
tendons of kangaroos provide an example from nature of the
value of this kind of “spring-like” (and, in principle,
recoverable) energy stored in strained structures.

4.7. Biomedical Uses

A major reason for interest in soft robotics is their
collaborativity—that is, ability to interact safely with humans.
Given that characteristic, one of the most obvious potentials
for applications lies in medicine (broadly defined to include
eldercare, treatment and prevention of pressure ulcers,
prostheses of many types, catheters, surgical aids, aids in
rehabilitation, assistive devices for nurses and hospital work-
ers, technology for emergency response, and many others) or
in biological research (e.g., handling laboratory animals,
organs, and tissue samples). These areas of research are only
now beginning to develop, at least in part, because many of
the problems to be solved in these applications are not per se
robotic but biological, clinical, economic, or regulatory.
Biocompatibility is still a field in its infancy; any experimen-
tation on animals or humans is cloaked with regulations; the
needs in most areas of medicine (and certainly of nursing
practice or eldercare) are unknown to materials scientists;
research on “devices” is unpopular with government funding
agencies. Initial experiments by Walsh in rehabilitation and
soft components in exoskeletons™®! do, however, demon-
strate the potential of the field (Figure 10 gives an example).

5. Toward Large-Scale Reality

5.1. Initial Steps toward Commercial Technology (“Technology
Transition”)

Because the technology of soft robotics and actuators is
intrinsically simple (although—as with all new technology—
operationally sophisticated in fabrication and use), the move-
ment of this area toward reality has been able to proceed
rapidly. Our first paper—an academic demonstration—in this
subject (the “starfish gripper”) was published in 2011.°2
There are now (only seven years later) a number of startup
and established companies (Soft Robotics, Right Hand,
Empire Robotics, Festo, OtherLab/Roam, SuperRelease
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Figure 10. A grip-assist device, comprising a glove with pneumatically
actuated elastomeric “fingers” that augment the grip of human fingers,
or replace it. Reproduced from Ref. [68] with permission. Copyright
2013, IEEE Proceedings.

Robotics, Rethink Robotics, Disney Research, and others)
that have started programs in the area and demonstrated
opportunities and shortcomings in specific approaches to
technology and market development. Most initial applica-
tions have involved integration of soft or semi-soft grippers
with already-commercial hard robotic arms, controllers, and
vision systems to address applications in areas such as food
handling, eCommerce, and warehouse management.

5.2. What Limits the Transition of This Technology into
Commercial Applications?

The limiting factors now are probably less technological
than matters of business: the most important is the availability
of capital for applications research, product development, and
manufacturing, for understanding the relationships between
fabricators of existing, commoditized, hard robotic systems
and these new (and perhaps complementary) soft technolo-
gies, and for developing economically successful businesses
depending on soft robotics. Because the technology is new,
there is also—inevitably—a first-developer and first-user
premium for initial products. (The developer of any new
technology assumes the risks of unanticipated technical
problems and of identifying and developing markets; the
user of the technology assumes the risk of deploying an
untested technology of unproven reliability and cost of use.)
These types of issues make the first stages of commercializing
soft robotics (as with all new technologies) challenging and
intensely interesting. Comfortingly, the first generation of
technology has already worked well in the hands of users. The
problems that need to be solved now are problems in finance,
market development, business model, and business opera-
tions.
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6. The Role of Chemistry and Materials Science in
Soft Robotics

Expansion of the capabilities of soft robotics requires new
functional materials; the central mission of materials science
is function. Materials science, in turn, is based on chemistry.
Soft robotics, therefore, offers many opportunities to chemists
interested in functional materials. Structures able to exert
very high force, biocompatible structures, materials and
structures with built-in sensing and control functions, and
structures resistant to damage in environments in which
electronics and conventional hard materials would fail (e.g.,
those with high radiation, temperature, and corrosion) are all
obvious candidates. Materials that store and release energy
efficiently during stress/strain cycles, materials with long-
term, non-irritating contact with skin (as in prostheses) or
internal tissues (as in surgical repair and reconstruction) are
more complicated because they involve living organisms, but
the successes of PDMS in cosmetic surgery are a good omen
for future work. Materials that would autonomously trans-
duce information (e.g., from strain to electrical potential, or
from electrical potential to Young’s modulus) would add new
capabilities.

Biology also has an outsized role to play in the future of
the field, both in terms of applications in biomedicine and by
providing countless examples of functional, soft structures on
which to base new classes of robotic systems.””! To take one
example—feet—animals and insects use an enormous
number of strategies to allow movement across surfaces™!
ranging from liquid water to ceilings: these strategies are
normally based on the properties of soft biological structures.
The list of interesting biological structures (feathers, scales,
bone, blood vessels, eyes, muscles, nerves, tentacles, fluidic
pumps and processors, and so on) is virtually endless, and
almost none of these structures or the functions that they
generate can presently be mimicked or replicated.

Although this area is a rich one for discovery and
invention, it will require—for many chemists—an unfamiliar
step: that is, moving from a sharp focus on molecular synthesis
and structure to a broader interest in the design and
preparation of materials with valuable functions, fabricated
in forms and with economics that allow them to be useful.
Taking that step opens many new opportunities, but it also
requires collaborations with non-chemists and learning sig-
nificant parts of new fields.

7. Significance

7.1. Soft Robotics Is a Vital Part of a Very Big New Thing:
Robotics

Chemistry has developed as a field that—through extra-
ordinary technical skill—was uniquely able to design and
make new molecules. Capabilities in synthesis were critical
for commodity chemistry and for certain classes of specialty
chemicals (explosives, dyes, adhesives, and others) since the
molecular entity—the chemical—is the product in these areas.
For programs and products outside of commodities (e.g.,
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pharmaceuticals, electronic materials, and agricultural chem-
icals) the real difficulties in developing concepts or products
often begin after the molecular synthesis is complete. Syn-
thesis is, for example, important in developing a successful
drug, but the most difficult and challenging parts of drug
development are not the complexities of multistep synthesis
but those in proving safety and efficacy, in running clinical
trials, in interacting with the FDA, and in a myriad of other
activities.

Where does soft robotics fit into chemistry, and how
important is molecular design, as opposed to screening and
development of existing organic materials? What, to me, is
important, is that robotics is the basis of a technological shift
in society and that soft robotics will become a part of this shift
(how important a part, only time will tell). The field of soft
robotics will include a very large component of materials and
molecular design. Chemistry thus has an opportunity to play
a major role in its development, through the invention,
synthesis, and deployment of new functional chemicals,
materials, and methods of fabrication. New, soft materials
will also lead to new opportunities, although where is not yet
clear. As an example, however: the exciting area of wearable
electronics fits naturally into soft composite structures for soft
robotics,™ and including electronically functional fabrics into
elastomeric devices will allow the integration of sophisticated
sensing, information processing, and motion. Integration of
soft robotics and human healthcare requires development of
technologies from biocompatibility and safety, to ease of use
in vivo, and from in vivo sensing to non-contact communica-
tion and control.

Further, robotics, combined with artificial intelligence, is
becoming a technology with the capability of generating
“intelligent machines” that can compete with (or comple-
ment) humans for jobs and work (a so-called “peer compet-
itor”). Soft robotics brings the “collaboration” necessary for
smooth integration of biological, physical, and informatics
systems. Robotics will span from bits and bytes to force and
work, from simple generation of mechanical work to develop-
ment of “machine intelligence,” and from entirely non-human
machines to fully humanoid systems (and to systems integrat-
ing humans and machines). Much of what happens will
depend upon new functional materials.

Chemists have an opportunity to participate fully in the
development of these materials, this field, and the world that
robotics will create.
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