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New Developments in Soft Robotics:
An Interview with Nicholas W. Bartlett and Michael T. Tolley

Moderator: Barry Trimmer1

Participants: Nicholas W. Bartlett2,3 and Michael T. Tolley4

Over the past few months there have been a host of exciting
new developments in nontraditional robotics that exploit the
core tenets of soft robotics. One device that has attracted a
great deal of academic and public interest is a 3D-printed
jumping robot that is powered by combustion.1 The two lead
authors of this article agreed to answer some questions about
the technology used to build this device and the implications
of their research.

Although many robots are powered by pneumatics or com-
bustion engines, how did the idea of using combustion itself
come about?

Michael T. Tolley: One of the challenges with pneumatically
actuated soft robots is actuating them quickly enough for
agile maneuvers, like jumping. This is particularly true for
untethered systems that cannot rely on an (essentially) in-
finite supply of high pressure gas. The idea of using com-
bustion to rapidly actuate soft robots was originally put
forward by Rob Shepherd and colleagues,2 where it was
demonstrated on a tethered system. Rob, Nick, our coauthors,
and I then developed an untethered version that really took
advantage of the high energy density of a combustible fuel, in
this case butane.3 However, this untethered robot design
faced many challenges that limited it to a small number of
successful jumps. Chief among these challenges were tedious
fabrication processes and failures at the interface of the soft
body and the rigid components used to power and control the
robot. Thus, we chose to focus on the challenges of fabrica-
tion and design of robust hard/soft interfaces in this most
recent work.

Nicholas W. Bartlett: It’s also worth mentioning that com-
bustion is a rather violent event, and it puts significant stresses
on the body of the robot. As such, we think combustion-
powered locomotion is a great demonstration of just how ro-
bust our fabrication strategy is.

What do you consider to be the primary contribution of this
device to the field of robotics? Is it the use of graded material
properties, the fabrication process, or the energy source itself?

Nicholas W. Bartlett: While we are certainly excited about
many aspects of this work, the main message we want to
communicate is with regards to the material gradient and the
fabrication process, which really go hand-in-hand. As Mike
just discussed, combustion-powered jumping has been shown
to be a successful locomotion strategy in soft robots. After the
tethered jumper from Rob Shepherd et al. in 2013, and our
untethered jumper in 2014, there was also the Roly-Poly
robot from Michael Loepfe in the March 2015 issue of this
journal.5 What we see as the big contribution to the field is the
idea that 3D printing is a relevant fabrication technology for
soft robotics in its ability to create complex structures, such
as the material stiffness gradient in our robot, reliably and
with ease. The material stiffness gradient is interesting in a
number of ways. Specific to our application of a jumping
robot, the gradient enhances performance. With a rigid top
and a flexible bottom, the energy of combustion is directed
into the ground, making for a more efficient jump. More
generally, and perhaps of more interest to those working in
areas other than combustion-powered jumpers, is the notion
that a stiffness gradient is a robust, resilient way of attaching
rigid components to a soft body. I would argue that we are
still waiting to see the first ‘‘fully soft’’ soft robot; to date soft
robots have either been tethered to off-board equipment such
as pumps and valves or have incorporated on-board pumps,
valves, batteries, etc. Either way, the operation of the robot
relies on some rigid components. And until soft versions of
these components are invented, soft robots will need to be at
least partially rigid. We were interested in addressing how to
interface these necessary rigid components with a robot’s soft
body in an intelligent way. With 3D printing, we are able to
gradually transition the stiffness of the body from soft to
rigid, providing a secure mounting point for the driving
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components while still taking advantage of all the benefits
that soft robotics has to offer.

Michael T. Tolley: I would also add that a combination of
rigid and soft components (as in our own bodies) may turn out
to be the ideal solution for some problems, and in these cases
I believe proper interface design will be crucial.

Many previous soft robots have been biologically inspired.
Although no animals use combustion in this way are any ele-
ments of the robot design influenced by structures in animals?

Michael T. Tolley: Gradual stiffness gradients to attach rigid
structure to soft bodies is a common theme that has been
observed in natural systems from cephalopods to mollusks.
The octopus, for example, has a beak composed of two rigid
mandibles that it uses like scissors to take bites out of its
captured prey. This beak is connected to its soft body through
a gradual stiffness gradient that spans at least two orders of
magnitude.5 Similarly, mussels have a gradual stiffness gra-
dient in their byssus that connects their soft living tissue to
rocks.6 While the overall design and actuation mechanism of
this robot were not directly biologically inspired, our ap-
proach to solving the problem of interfacing rigid and soft
components is one we borrowed from nature.

What was the biggest technical challenge to making this
device perform properly?

Nicholas W. Bartlett: There were, of course, the usual
technical challenges involved in system level integration and
getting all of the different parts to operate well together, but
that was to be expected. I think the most interesting challenge
we faced was in trying to understand the materials with which
we were working. We wanted to characterize the 3D-printed
materials to both accurately inform our simulations and to
simply gain a better intuition of how these materials behave.
The soft, flexible material that we were working with was
quite viscoelastic, making it difficult to characterize in some
of the traditional tensile tests. Additionally, the fatigue
properties of the materials posed some issues, as did some
temperature-dependent behavior.

All that is to say that the materials we used were not
necessarily ideal for our application. But at this stage, that’s
understandable. In traditional material science, a material
will be engineered to meet a certain set of criteria. For ex-
ample, one might want a material that is strong in tension,
lightweight, and flexible. But in designing 3D printing ma-
terials, there is the additional set of constraints that the ma-
terial must actually be able to be printed: It has to have the
right rheological properties, density, and the ability to harden,
either through a temperature change or a chemical change,
such as the cross-linking of a photopolymer that occurs when
it is exposed to UV light. This extra set of constraints makes
the material scientist’s job much harder, which is why many
3D-printed materials are lacking in certain respects. But I’m
optimistic. 3D printing is a massively popular field, and ad-
vances in both the materials themselves and the way in which
they are printed are occurring at a very promising rate.

Michael T. Tolley: I’d add that one benefit of the soft ma-
terial we used is that because of its viscoelastic properties,

it did a good job of dissipating energy and damping vibra-
tions, allowing the robot to ‘‘plant’’ landings as opposed to
bouncing away from the target.

Can you highlight for us the advantages of using graded
material properties in this application?

Michael T. Tolley: Generally, a gradual stiffness gradient re-
duces interfacial stresses that can lead to failure. Given that some
components of the robot must be rigid (since soft batteries, mi-
crocontrollers, pumps, valves, etc., are not all readily available),
some interface between hard and soft components is unavoid-
able. In the article, we showed through simulation and experi-
ment that a gradual transition from a rigid core to a soft exterior
did a much better job of dissipating energy from impacts than an
abrupt transition either at the core or at the exterior. The result
was that our robot was able to survive higher jumps or falls.

Because of energy losses due to material deformation, most
soft robots are expected to be relatively inefficient compared
to their rigid counterparts. What sort of energy conversion
efficiency do you get with this robot? Do you have any ideas
about how to recover energy?

Nicholas W. Bartlett: Efficient conversion of energy is
certainly a challenge in soft robotics and is a major reason
for the recent interest in combustion-powered soft robots.
Combustible fuels such as methane and butane are attractive
in that they offer very high-energy densities, but are imper-
fect in that they require substantial supporting hardware.
Depending on the size of the system, the added mass from the
supporting hardware can be significant. Our system operated
at an energy conversion efficiency of about 1%. I think that
one of the biggest limiting factors is exactly what you already
brought up: material deformation. The materials available to
3D printing at this time are limited and often do not have all
the properties that an ideal material would have for a given
application. The soft material used in our robot, while flexi-
ble, is not extremely elastic. When we start seeing the ability
to 3D print highly elastic materials, I think the efficiency of a
system such as ours should increase dramatically.

But I also want to bring up the fact that conversion effi-
ciency is not the sole consideration here in choosing a power
source. As with almost any design choice, the decision of how
to power the robot must be closely tied into system level
concerns. For instance, jumping requires the rapid release of a
large amount of energy, so combustion made sense for our
robot. In an application where actuator control is of greater
importance than actuation speed, a microcompressor and
valves may be more appropriate. There is a good discussion of
the relative benefits of different power sources for soft ro-
botics by Michael Wehner in an earlier issue of this journal.7

How important is 3D printing in the design, development, and
performance of this robot?

Michael T. Tolley: For our previous jumping robot we were
3D printing complex molds that we used to fabricate the body
of the robot. This process was time consuming and required a
fair bit of skill. Eventually, we realized that it would be
possible to directly 3D print the entire robot. This not only
sped up fabrication time and hence design iteration, but with
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a multimaterial 3D printer it allowed us to consider complex
designs such as the stiffness gradients that would have oth-
erwise been prohibitively difficult to make.

How do you think this technology will be used? Are there any
particular applications you have in mind?

Nicholas W. Bartlett: In terms of the soft robot that we made,
there are a number of potential applications. Such a robot
would perform well in a disaster scenario like a building
collapse. Its ability to jump would allow it to clear obstacles
scattered on the ground. Its soft, deformable bottom would
allow it to both jump off of and land on surfaces that may be
covered in debris, or that are otherwise not particularly flat.
And with the improved robustness from the material stiffness
gradient, this robot would be able to survive unexpected falls
and collisions that would be common in such an unstructured
environment. Another scenario that we like to imagine is that
of space exploration. The surface of another planet or of an
asteroid is in many ways similar to a building collapse, in that
there is a rough surface, obstacles to be avoided, and a gen-
erally unstructured environment. However, space applications
are particularly interesting in that the low gravity would allow
for even larger jumps, enabling more efficient locomotion.

That being said, we are primarily interested in the fabri-
cation strategy, not the details of this particular robot. We
hope that our work in 3D printing material stiffness gradients
will inspire others working in soft robots who are faced with
the challenge of how to interface a soft body with rigid
driving components. But this technique need not be limited to
just soft robotics; we think it could be appropriate in nearly
any situation in which soft and hard materials must be joined
in a reliable, robust way.

What do you consider to be the next major challenge in the
field of soft robotics?

Michael T. Tolley: Now that we have demonstrated one
approach to the integration of rigid and soft components,

I think an open question is how to find the ideal combination
of hard and soft components for a given application. As Nick
mentioned, we would like to see more material options for
digital fabrication. Also, control is still a big challenge as
soft, deformable structures are much more complicated to
model than rigid bodies. Soft roboticists will have to bring
together knowledge from diverse fields including biology,
materials science, mechanical, electrical, and computer en-
gineering to solve these challenges.

Thank you very much for your time.
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