Soft mobile robots with on-board chemical
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Abstract We wish to develop robot systems that are increasingly more elastic, as
a step towards bridging the gap between man-made machines and their biologi-
cal counterparts. To this end, we develop soft actuators fabricated from elastomer
films with embedded fluidic channels. These actuators offer safety and adaptability
and may potentially be utilized in robotics, wearable tactile interfaces, and active
orthoses or prostheses. The expansion of fluidic channels under pressure creates a
bending moment on the actuators and their displacement response follows theoret-
ical predictions. Fluidic actuators require a pressure source, which limits their mo-
bility and mainstream usage. This paper considers instances of mechanisms made
from distributed elastomer actuators to generate motion using a chemical means of
pressure generation. A mechanical feedback loop controls the chemical decomposi-
tion of hydrogen peroxide into oxygen gas in a closed container to self-regulate the
actuation pressure. This on-demand pressure generator, called the pneumatic bat-
tery, bypasses the need for electrical energy by the direct conversion of chemical
to mechanical energy. The portable pump can be operated in any orientation and is
used to supply pressure to an elastomeric rolling mobile robot as a representative
for a family of soft robots.
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1 Introduction

There is currently a need to develop robotic devices that rely upon new high-
performance soft actuators. Compliance allows confirmation, which is desirable for
adaptability in the device’s negotiation with the world. A low minimum stiffness
ensures safety in human interaction [1]. Many application areas will benefit from
advances in practical soft actuation mechanisms including medical robotics, artifi-
cial muscles, and human interaction devices such as tactile or haptic interfaces.

Many candidate materials are under investigation to realize soft actuators. Many
of these studies focus on materials that convert electrical energy to mechanical
energy utilizing electroactive polymers [2] including dielectric elastomers [12, 8],
electrostrictive polymers [14], and piezoelectric polymers [5]. The electrical opera-
tion principle of these actuators constrain their utility, as they require large electric
fields or deformable electrodes [8].

In this paper, we describe a new soft mobile robot and demonstrate its locomo-
tion. The robot relies on two novel robotic components: pressure-controlled soft
actuators and a portable power source for these actuators.

The pressure-operated low-power soft actuators, called fluidic elastomer actua-
tors (FEAs) [4] comprise synthetic elastomer films operated by the expansion of
embedded channels under pressure. Pressure readily creates stresses inside the elas-
tomer, which strains the material for actuation. Once pressurized, the actuator keeps
its position with little or no additional energy consumption. The FEAs in this work
consume 27.5 mJ of energy for 20.7 kPa pressure input. The stiffness of an FEA
increases with applied pressure inside the embedded channels. This makes the ma-
terial more resistant to disturbances once actuated. In case of a power failure, it can
be designed to either go limb or keep its last position, both of which may be useful
for safety in different scenarios.

Pressure is a convenient actuation source as it induces local deformation in a soft
substrate [19], giving a large actuation range limited only by the mechanical strength
of the material. In general, using direct mechanical energy in the form of pressure
bypasses the need for electrical energy and its constraints. On the other hand, an
important limitation on fluidic actuation is the necessity of a pressure source [7].

Our solution is to utilize a chemical approach to achieve portable and silent pres-
sure generation. This is the equivalent of a battery for fluidic systems as it offloads
pressure generation to a controlled gas generating chemical process. Specifically,
we report on-demand pressure generation by the mechanical self-regulation of the
decomposition of hydrogen peroxide (H,O5) into oxygen (O») gas in a closed con-
tainer. The pressure output of the pneumatic battery powers FEAs for practical ap-
plications. An aqueous H,O, solution is the fuel in these devices. It provides high
power and is easily replaced with a fresh solution when depleted. Pure H,O, has
a theoretical energy density of 2.7 kl/g, one of highest in common monopropellant
fuels. While this optimal value cannot be fully utilized at room temperature opera-
tion, it indicates the potential of H>O; as a practical power source. A key feature of
our portable pump design is its rotation-invariant usage, which enables the battery
to operate in any orientation.
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Hydrogen peroxide has been used previously as a monopropellant [21] and re-
cently in robotics applications [18, 6, 20]. A recent work utilized H,O, to build a
self-powered microfluidic lab-on-a-chip system [13]. Using H,O, to generate pres-
sure has the benefit of using no conventional power source for operation. Hydrogen
peroxide naturally decomposes into oxygen and water with no harmful byproducts
at a slow rate. This reaction speeds up in the presence of a catalyst [15]. Once this
exothermic reaction starts, it continues until all of the H»O, is consumed or the cat-
alyst is removed. In previous works, relief valves were utilized to periodically vent
the gas to keep the pressure build-up under control [18].

The contributions of this work are as follows:

e Modeling, design, fabrication, and evaluation of fluidic elastomer actuators.

e Modeling, design, fabrication, and evaluation of a portable power source for
the actuators.

e A robot built using six FEAs and one portable power source, and locomotion
experiments.

The organization of this paper is as follows. Section 2 briefly outlines the archi-
tecture of a soft robot that utilizes fluidic actuation for mobility and/or manipulation.
We identify components that need to be developed to realize such a robot. In Section
3 we describe and analyze a bending-type composite fluidic elastomer actuator the-
oretically and experimentally. In Section 4, we present a method of self-regulation
of the catalyzed decomposition of hydrogen peroxide using a mechanical feedback
loop that controls the reaction based on the pressure inside the pump. We present
the theory behind this concept and experimentally verify its operation. Finally, in
Section 5, we illustrate the application of the pneumatic battery to power a rolling
mobile robot made of six bending FEAs. The result is a complete chemically pow-
ered fluidic elastomer actuation system.

2 Soft Robot Architecture

The basic architecture of a soft robot made of fluidic actuators is shown in Fig. 1.
The soft robot architecture includes all the traditional components of a robot system
(i.e. control, perception, actuation). The unique modules are the fluidic actuator sys-
tem, the pressure source for the actuators, and the interface of the actuators to the
robot’s control system.

The actuation power source for this application needs to be a pressure generation
device that is portable in order to be incorporated in the robotic body. Support hard-
ware comprises miniature valves that are also preferably energy-efficient. The next
section describes the actuation modules for the soft robot.
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Fig. 1 The architecture of a soft robot using fluiding actuation. Components addressed in this work
are shaded in blue.

3 Fluidic Elastomer Actuators Modeling and Experiments

The operational principle behind our design for FEAs relies on using pressure for
actuation. In an elastomeric substrate, expansion of embedded fluidic channels due
to pressure input creates overall deformation of the actuator. By the inclusion of ap-
propriate physical constraints, this deformation is forced to follow desired motions.

The design of bending FEAs utilized in this work is shown in Fig. 2. Parallel
rectangular fluidic channels reside inside the elastomeric film. The channels are
connected on two ends in a meandering arrangement. Without any constraints, the
material tends to undergo tensile deformation. With an inextensible thin layer placed
on one side, we can convert this axial deflection to an out-of-plane bending motion.
Using certain patterns of constraints, we can also induce torsion or localized defor-
mations on the same material.

The FEAs were fabricated by molding in two layers. Molds were created using

a StratasysTM Prodigy Plus™ fused deposition modeling system. The first layer
was a 5 mm thick elastomer with open channels on one side. The second layer was
a 1.3 mm thick solid elastomer, same length and width as the first piece. The two
pieces were attached together in the thickness direction using an uncured thin layer
of the same material as glue such that the open channels were sealed off. For a
bending actuator, the second layer also embedded a fabric mesh as an inextensible
thin sheet to constrain the axial deformation of this layer. The curing time for each
step was about 24 h.

Note that FEAs are modular in nature, such that placing these actuators in various
arrangements yield a multitude of functionalities. Some of these functionalities are
demonstrated in Fig. 3. A parallel combination of bending actuators creates a 1-D
linear positioner. Placing two bending actuators together in such a way that they
sandwich and share a single inextensible layer yields bidirectional bending. A serial
arrangement of these bidirectional bending FEAs in alternating bending directions
create a soft kinematic chain similar to an octopus arm.
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Fig. 2 The design of bending-type fluidic elastomer actuators. Fluidic channels are embedded in
the elastomer and an inextensible thin layer is placed on the top (depicted in red) to induce bending.
Top- and side-view sketches of the actuator are shown in A and B, respectively. The bending motion
due to the pressure in the channels is depicted in C.

D

Fig. 3 (A-C) A soft linear actuator made of twelve fluidic elastomer bending actuators. (D-E) A
soft kinematic chain made of four bidirectional fluidic elastomer bending actuators arranged in
series.
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In what follows, we derive a basic static model of displacement based on the
geometry and material properties of the actuator. Applied pressure P inside the rect-
angular channels with height /. and length /. creates axial stresses O, in the material
with height /, and length /; given as:

he
=P . 1
o I (1)

The resulting strain &, is a nonlinear function of the induced stresses. The total axial
deformation J, of the material is the combination of the individual expansions of n
channels resulting in:

O = nl.&(0y). )

In this case, the elastomer is further constrained by an inextensible thin sheet on
one side, which causes the actuator to undergo bending deformation. The inexten-
sible sheet constitutes the neutral axis of bending in the composite. Thus, the total
bending angle 8 can be calculated from the contributions of each channel as:

lgc(ox)

c

0 = 2narctan

3)

Finally, the total out-of-plane displacement &, of the actuator under these conditions
is written as:

Q,:%(l—cose). “)

The experimental setup for the investigation of the bending displacement of an
FEA under pressure input is shown in Fig 4. The actuator is clamped on one end
and pressure is supplied to the fluidic channels from the side at the base. The out-
of-plane bending deflection is measured by image processing of a calibrated camera
feed.

The bending displacement measurements in Fig. 4 were made by image process-

ing in Matlab, using a LogitechTM Webcam Pro 9000 camera attached to a custom
setup, clamping the FEAs on one end and tracking the tip of the actuator using
color segmentation. The vertical position of the actuator tip was tracked for this
measurement. FEAs were placed vertically, such that the bending axis coincided

with the direction of gravity. Pressure measurements were made in Matlab, using
™

a HoneywellTM ASDXO030 gage pressure sensor and a National Instruments
NI USB-6008 data acquisition system.

The elastomer samples used for the experiments were 38.1 mm long, 38.1 mm
wide, and 6.35 mm thick stripes of Smooth-onTM Ecoflex M Supersoft 0030 sili-
cone rubber. They embedded 13 fluidic channels that were 1 mm long, 33 mm wide,
and 3 mm thick.

The experimental deflection response of a silicone rubber FEA for pressure in-
puts ranging from 1 psi to 3 psi (6.9 to 20.7 kPa) is depicted in Fig. 5 with the
corresponding simulation results according to the given model shown by the dashed
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Fig. 4 Photo sequence of a fluidic elastomer bending actuator with large actuation range. As the
pressure increases from 0 psi in A to 3 psi in D, the embedded channels expand laterally and bend
the composite due to an inextensible thin sheet on the top layer. Upon removal of the pressure,
the initial configuration in A is restored. Input pressure values are 1, 2, and 3 psi (6.9, 13.8, and
20.7 kPa) from B to D, respectively. The expansion of fluidic channels is visible in D.

curve. The stress-strain relationship of the material is determined by a power func-
tion fit to the experimental true stress and strain data.

4 Self-regulated Pressure Generation

The FEAs require a small pressure source of comparable size. In this section, we de-
scribe the design, modelling and implementation of a chemically operated portable
pressure source we call a pneumatic battery.

The pneumatic battery mechanism that enables self-regulation in pressure gener-
ation from an aqueous H,O, solution is depicted in Fig. 6 with a sketch and corre-
sponding prototype. 50% wt. H,O» solutions were acquired from Si gma-AldriChTM
and diluted with deionized water as needed.

The pump has a cylindrical body, which makes it rotationally invariant. On one
side resides an elastomeric deflector that embeds a cylindrical air chamber at atmo-
spheric pressure sealed off from the pump by a thin circular membrane. The deflec-
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Fig. 5 Out-of-plane displacement of a fluidic elastomer actuator versus the measured pressure
input. Hollow blue circles are experimental data. The dashed curve is the model output. The non-
linearity in this curve stems from the stress-strain relationship of the polymer.

tion of the membrane is dependent upon the pressure in the pump. Self-regulation
is achieved by this deflection, creating a mechanical feedback loop.

As catalyst, 0.2 mm thick sheets of 92.5% pure silver (Ag) are placed on the
deflector, around the membrane. The membrane is offset from another disk-shaped
elastomeric layer with a boss by a defined distance. With increasing pump pressure,
the membrane deflects inside and pulls the soft layer towards the catalyst pack. At a
cut-off pressure value, the opposite layer completely conforms to the catalyst surface
and stops the reaction. The deflector was molded in two parts from Ecoflex T 0030
silicone rubber and glued using an uncured thin layer of the same material such that
the air chamber was sealed off. The air chamber inside the deflector was sealed at
ambient conditions.

An outlet is placed on the other side of the pump to use the generated gas pres-
sure for actuation. The gas is filtered by a polytetrafluoroethylene (PTFE) membrane
with sub-micron pores. The filters were Whatman ™ 7582-004 WTP Range PTFE
membranes with 47 mm diameter and 0.2 um pore size. The hydrophobic nature
of this filter keeps the solution inside the pump while allowing the gas to be re-
moved. The rotational invariance of the mechanism makes it a good candidate for
devices that do not necessarily have a defined constant direction of gravity, since it
is operational in any orientation.

The prototype shown in Fig. 6 is made from a cylindrical hollow acrylic container
50.8 mm diameter and 3.2 mm thickness, laser machined acrylic lids and custom
silicone rubber seals. The deflector is attached to the left lid. The PTFE filter and a
pipe fitting are placed on the right lid.

The critical pressure of the pump P, is tuned based on the following theoreti-
cal study. Static plate deflection theory predicts that the deflection w of a clamped
circular membrane with radius 7, under a pressure difference AP = P, — Py, is:
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A

Filter

Filter

Fig. 6 Side-view sketches (A,B) and the prototype (C) of the self-regulating chemical pneumatic
pump mechanism, using hydrogen peroxide as a fuel. A deflector on the left side deforms with
increasing pressure and completely seals off the catalyst pack (gray) from the solution at a tuned
critical pressure in B, effectively stopping the reaction. The gas is filtered through a hydrophobic

membrane filter on the right side before the outlet.
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where K is the flexural rigidity and v is the Poisson’s ratio of the plate. If the air
chamber is connected to the atmosphere, its internal pressure P, remains constant
and this equation is enough to engineer the necessary amount of offset or membrane
thickness for a given target cut-off pressure. For safety, to reduce the possibility of
H, 0, leakage, this work uses a closed air chamber.

Consequently, the membrane deflection decreases the volume of the air chamber
and increases its internal pressure due to the ideal gas law. With sufficiently thick
walls, the volume V of the air chamber with initial height % is solely due to the mem-
brane deflection. The pressure dependant chamber volume is written by integrating
Eq. 5 over the membrane area as:

APr;
V=nr (h - 19;]';) . ©)

From ideal gas law, air chamber internal pressure must satisfy:

7 fn 2 Fer; ﬁm
102k Fin (h 192K> Fin —hF> =0, @
where P, is the initial pressure of the air chamber, typically equal to atmospheric
pressure. The positive root of Eq. 7 is the final pressure in the air chamber. Given
the radius of the offset boss r,, the displacement of the opposite layer towards the
catalyst pack is calculated as w(r,) from Eq. 5. We use this theory to tune the de-
sign parameters in order to achieve a certain critical pressure suitable for the FEA
actuation needs.

An experimental pressure self-regulation data is displayed in Fig. 7. For this
demonstration, we designed a deflector such that a silicone rubber membrane with
3 mm thickness deflects for about 2.7 mm under a critical pump pressure of 51.7 kPa
(7.5 psi). We used a boss height of 2.5 mm to ensure proper conformation and seal-
ing of the catalyst.

5 A Soft Mobile Rolling Robot Prototype powered by the
Pneumatic Battery

Using the FEAs in Section 3 and the pneumatic battery in Section 4, we designed
and fabricated a soft mobile robot (see Figure 8). The robot has a cylindrical body
with 80 mm diameter and 63 mm length. It is made of six equally spaced bending
FEAs cantilevered on the periphery of the robot, parallel to the cylinder surface.
The FEAs have the same dimensions as in Section 3 and their weight is 12.5 gr.
They act as flaps to bend out when actuated and apply torque, pushing the body
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Fig. 7 Experimental results of pressure self-regulation in the pump using an approximately 10%
H;0O; solution in water. The reaction stops at a critical pressure value of 51.7 kPa (7.5 psi) due to
the deflection of the membrane sealing the catalyst off the solution. The target cut-off pressure is
indicated by the dashed line. The pump is vented at 16 minutes.

forward. The actuators are fabricated separately and attached to the robot using
silicone epoxy. The cylindrical body is molded from the same elastomeric material
and an acrylic cylinder is placed in the center, which becomes the peroxide pump
body when assembled. The total weight of the robot without the H,O, solution is
210 gr.

Fig. 8 Prototype of a rolling mobile robot using six bending-type fluidic elastomer actuators to
propel itself forward. The hollow cylinder in the center is the housing for the pneumatic battery.

The first experiment we conducted aimed to measure the capability of the H,O;
pump to supply pressure to a single FEA, which is analyzed in Fig. 9. In this exper-
iment, the pressure in the pump is measured while fluidic channels in the elastomer
are pressurized and vented continuously with a 2 sec period using the generated gas.
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This figure depicts that the pressure generation in the pump is canceled by the gas
usage of the actuator at around 24.1 kPa (3.5 psi). This data is averaged over several
hundred runs.

Pressure [kPa]
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Fig. 9 Pressure inside the pump settles to a finite value while driving an FEA in A. Zoomed-up
view of the same experiment shows spikes in the data corresponding to each actuation period in B.

The integration of the chemical pressure generator to functional devices made of
fluidic elastomer actuators is exemplified by the hexagonal rolling mechanism with
6 FEAs in Fig. 10. The hydrogen peroxide pump rests in the center and constitutes
the body and the payload of the roller in addition to providing on-board pressure.
The internal volume of the pump is approximately 50 ml. A 30 ml (36 gr) fresh 50%
H,0, aqueous solution is used for these experiments.

The rolling motion is also selected to underline the utility of the inherent rota-
tional invariance in this chemical pump design. This soft robotic system uses an
external valve array, controlled by an operator to demonstrate the proof-of-concept
of on-board pressure generation with a controlled chemical reaction.

Pressurized gas taken from the outlet fitting at the center of the pump feeds the
external solenoid valve array. In this experiment, we actuated each FEA manually
to induce rolling. It takes 7 sec for a single rolling step. The body travels at approx-
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Fig. 10 Photo sequence of a pneumatic rolling mechanism made from six FEAs, rolling on a flat
surface using pressure generated by an on-board hydrogen peroxide pump. Three rolling steps
are shown from A to D. The actuated flaps visible in B-D generate the necessary force to take
one rolling step. The output tubing from the pump coils with each rolling step. Red arrows are
augmented to better illustrate the motion.
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imately 40.2 mm for each rolling step. Even though the pneumatic battery keeps
generating pressure, we did not exceed one full rotation in this experiment since the
robot is tethered to the valve array.

Finally, to achieve a fully autonomous soft mobile robot, we fabricated a proto-
type roller with embedded valves and control as shown in Fig. 11. Six commercial
solenoid latching valves are embedded in the elastomeric body under each FEA. A
circular custom PCB equipped with an ATtiny I3A microcontroller and driving elec-
tonics handle the control logic. The electronics and valves have low power require-
ments, suitable to operate from miniature LiPoly batteries. The valves are activated
in a time sequence with a period of 10 sec for each rolling step. This robot can roll
itself on a flat surface without user intervention.

Fig. 11 Soft mobile roller prototype with on-board control electronics and embedded valves.

6 Discussion

We discussed a soft robot that uses a class of pressure-operated soft actuators, tagged
the fluidic elastomer actuators (FEAs). The soft mobile robot consisted of 6 FEAs
that bend out and roll the body forward. We observed that an algorithm that actuates
the FEAs in sequence induces rolling locomotion of such a soft robotic design.

We theoretically analyzed and experimentally studied the displacement response
of bending-type FEAs. The resulting theory provided insight to FEA operation
based on the geometry and material properties of the elastomer. Pressure gener-
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ation was offloaded to a chemical process, namely the catalyzed decomposition
of hydrogen peroxide. With a unique mechanical self-regulation mechanism, this
chemical reaction is controlled to keep the pressure constant at a predefined value.
This chemomechanical generator, called the pneumatic battery, powered FEAs with
no electrical energy consumption as a proof-of-concept demonstration.

Silent and portable operation of this mechanism provides an important step to-
wards the common application of soft fluidic actuators in functional devices. The
cheap and fast fabrication of FEAs in addition to their inherent safety makes them
useful in human interactions. Potential applications include artificial muscles [17],
assistive or rehabilitative devices, haptic or tactile displays and interfaces. Such ap-
plications will benefit from a distributed arrangement of these actuators in arbitrary
3D shapes.

Silver oxidizes when exposed to air, which leads to catalyst degradation. Switch-
ing to an alternative catalyst such as platinum may be one solution. Also, it has been
suggested that a high pH may help this reaction and tin becomes an effective catalyst
in a basic solution [18]. A thorough investigation of the pressure build-up rate in the
pump for different catalysts and pH values is necessary for optimized operation.

We haven’t considered the temperature in the pump. Especially for high H,O,
concentrations, the temperature increase becomes large and affects the cut-off pres-
sure value. An open air chamber would circumvent this problem, with a loss of
safety from peroxide leakage.

While we demonstrated pressure generation in a practical size, some open ques-
tions remain to be answered. For example, can we further miniaturize this chemi-
cal pump such that it is embedded inside the elastomer substrate? Microfabrication
technologies certainly offer the means to build scaled-down versions of the same
design. The catalyst area, however, would be much smaller for a millimeter scale
prototype. A distributed structure with many mini-pumps working in parallel may
be helpful. On the other hand, a change in the current design to utilize a scaled-down
Kipp generator to constitute the self-regulation mechanism in smaller scales seems
promising.

Currently, commercial solenoid valves drive the actuators. We are interested in
miniature valves that can be embedded in the actuator body itself to achieve a fully
embedded actuation system that is directly addressable. Recent studies on micro-
fabricated valves [11, 10] and microfluidic multiplexers [16] provide some options.
We recently developed custom compact and energy-efficient valves controlled by
electropermanent magnets to this end [9].

Similarly, we are interested in soft sensing elements that can be placed inside the
FEAs. These sensors will provide feedback on the shape of the actuator and improve
controllability [3].
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