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Abstract— A fundamental challenge in the field of modular
and collective robots is balancing the trade-off between unit-
level simplicity, which allows scalability, and unit-level function-
ality, which allows meaningful behaviors of the collective. At
the same time, a challenge in the field of soft robotics is creating
untethered systems, especially at a large scale with many
controlled degrees of freedom (DOF). As a contribution toward
addressing these challenges, here we present an untethered,
soft cellular robot unit. A single unit is simple and one DOF,
yet can increase its volume by 8x and apply substantial forces
to the environment, can modulate its surface friction, and
can switch its unit-to-unit cohesion while agnostic to unit-to-
unit orientation. As a soft robot, it is robust and can achieve
untethered operation of its DOF. We present the design of the
unit, a volumetric actuator with a perforated strain-limiting
fabric skin embedded with magnets surrounding an elastomeric
membrane, which in turn encompasses a low-cost micro-pump,
battery, and control electronics. We model and test this unit and
show simple demonstrations of three-unit configurations that
lift, crawl, and perform plate manipulation. Our untethered,
soft cellular robot unit lays the foundation for new robust soft
robotic collectives that have the potential to apply human-scale
forces to the world.

I. INTRODUCTION

In the field of modular and collective robotics, there is
a challenging trade-off between the simplicity of a single
unit and its functionality. Very simple units are highly
scalable, enabling large unit-number collectives, but with
limited functionality, the tasks that a unit or collective can
do are limited. Conversely, a highly complex single unit
allows functionality, yet makes scaling to large numbers of
units difficult. An example of this phenomenon is seen in
a comparison between more complex robotic systems, such
as CEBOT [1] or Polybot [2], versus simpler ones, such as
Kilobot [3] or particle robots [4]. To compare two systems
by their ability to act on their environment, the Polybot is
able to generate large actuation forces on its environment,
but this comes at the cost of unit complexity. For example,
all interactions between units require precisely aligned faces,
and a mechanically actuated locking mechanism. In contrast,
the Kilobot has a simpler unit that can be mass-produced,
but cannot significantly actuate upon its environment [2], [3].

In the field of soft robotics, a significant challenge is
realizing untethered systems. This challenge is especially
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Fig. 1. Experimental demonstration of changing properties across a single
inflation sequence. The first row demonstrates an increase in volume as
pressure is increased from P1 to P2. The second row shows an increase in
friction as pressure is increased to a higher level, P3, visualized by the peak
angle before slip. The third row demonstrates a controlled disconnection
over an obstacle as the pressure is further increased from P3 to P4. Scale
bar is 50 mm

pronounced for high degree of freedom (DOF) pneumatic
systems, which usually rely on external pressure sources and
valving [5]. For example, the 100-DOF soft haptic display
relied upon a vast and complex array of off-board valves,
controlling the pressure from a large pressure source [6].
There have been attempts to reduce this complexity of
tethered soft modular systems in work such as [7], but
untethered realizations remain a challenge.

In this work, we seek to contribute toward these two
challenges in collective and soft robotics through the in-
troduction of an untethered soft cellular robot unit (Fig.
1). This unit is simple to enable scalability yet able to
vary its volume while applying significant forces to the
environment, modulate its surface friction, and switch its
unit-to-unit adhesion, connecting and disconnecting in an
orientation-agnostic manner. At the same time, it is soft and
robust to impact, yet untethered and if formed into a multi-
unit collective, enables the simultaneous control many DOFs.

Soft, cellular, reconfigurable robots have not been explored
deeply. Reference [8] reviews the state of the art of many
soft modular robots, however few reconfigurable, soft robots
have been developed. Many soft modular robots use magnets
or electrostatic forces to allow unit-unit cohesion, such as
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Fig. 2. The internal inflation unit of the robot wirelessly controls its
inflation and deflation. A small diaphragm pump is used to inflate the robot,
while a servo controlled pressure relief valve is used for deflation. A radio
transmitter receives signals and a battery powers both.

in [9], [10], [11], [12], and soft actuators to disconnect the
magnets [13]. While most shape change is from soft actua-
tors, some use deformable metal strips to change shape [14].
Tunable friction methods to aid in locomotion have also been
explored, leveraging anisotropic friction to enable locomo-
tion or varied grasping [15], [16], however these systems are
planar and have not been demonstrated in 3D configurations.
The synthesis of a singular actuation mechanism to achieve
both tunable friction and then disconnection is unique to this
work.

In this paper, we first describe the design concept of
our untethered soft cellular robot that enables the properties
of variable volume, friction, and unit-to-unit adhesion, all
with a single DOF input. We then present simple analytical
models that describe the behavior of the unit, and perform
several experiments to characterize the behavior of a unit. We
then present a proof-of-concept prototype unit, with an inner
electronics assembly to enable remote inflation and deflation
(Fig. 2) and an outer skin of rayon fabric with embedded
magnets, Eco-flex 00-30 silicone, and a latex membrane (Fig.
3). We then demonstrate how individual and small collectives
behave.

II. DESIGN CONCEPT

In this section, we will briefly describe how the design
of the unit allows it to control its volume, friction, and
orientation-agnostic cohesion through a single degree of
freedom (Fig. 1), while at the same time being untethered
and soft with the ability to apply large forces.

The unit has a single DOF (internal pressure), which
in turn regulates its volume, friction, and cohesion. Each
unit is composed of a micro-pump inside of an elastomeric
membrane, in turn surrounded by a strain-limiting layer
perforated with holes. At low pressures, the elastomeric
membrane is fully encapsulated by the low-friction strain-
limiting layer, and changing pressure can control volume.
At higher pressures, the strain-limiting layer is stretched
taut, and the high-friction elastomeric membrane protrudes
through the holes spread regularly in the fabric. This enables
control of the unit’s friction coefficient. This concept for
friction control builds on previous work using both passive
[16], [17] and active [15] variable friction mechanisms.

Fig. 3. Cross sectional representation of the robot layers. The latex
inner layer is in yellow, the strain-limiting rayon layer in maroon, and the
magnet in grey. As pressure increases, the inner layer protrudes through the
strain limiting layer, increasing friction. As pressure increases further, the
protrusions cause the magnet to disconnect.

Fig. 4. Graphical representation of the relationship between pressure and
volume, friction, and cohesion of a unit. As pressure increases, the unit will
first undergo expansion. At a higher pressure, the protrusions bulge and
the friction increases dramatically. Finally, when the protrusions are large
enough, the magnets will disconnect. Note that the units are arbitrary, and
the shapes of the curves are for illustrative purpose only.

The outer, strain-limiting layer contains regularly spaced
magnets for unit-unit cohesion, with each magnet free to
rotate. This design makes the units orientation agnostic and
able to magnetically attach to each other in any orientation or
configuration. The magnets negate the need for complex unit
coupling mechanisms or awareness of another unit’s position
to connect. At pressures higher than those required for fric-
tion increase, the elastomeric membrane protrudes further,
applying a rejection force between units. At a high enough
pressure, this force overcomes the magnetic attraction, and
the units separate. Thus, as pressure increases from zero,
we first will see control of volume, then friction, and finally
cohesion (Fig. 4).

Our soft cellular robots are untethered, uncommon in the
field of soft robotics, allowing them to operate independently
while still applying human scale forces on their environment.
Each of the unit’s pumps are powered by a battery, and
controlled wirelessly. Although the units can only inflate
to about 20 kPa, given the designed cross-sectional area of
roughly 400 cm2, two of them together can lift over 50 kg.

III. SINGLE-UNIT MODELING

In this section, we present simple analytical models to
help describe the basic trends of the behavior of the system.
First, we describe the non-linear relationship between volume
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and pressure, next between friction and pressure, and finally
between cohesion and pressure.

A. Tunable volume

To model the relationship between the pressure inside a
unit and its volume, we begin with a standard model of an
inflating spherical elastic membrane before considering the
effect of the strain limiting layer. The unconstrained model
was derived using the approach from [18] and can be written
as:
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where P is the internal pressure, K is the strength coefficient,
t0 is the initial thickness of the material, r is radius of the
unit, r0 is the initial radius, and n is the material strain
hardening exponent. To incorporate the effect of the strain-
limiting layer, we assume a strain limit of εmax and write the
maximum radius, rmax, as:

rmax =
εmax

2πr0
+ r0. (2)

Further, we note that the strain-limiting layer is compliant
before reaching its strain limit. Thus, it effectively increases
the modulus of the elastomeric membrane.

B. Tunable friction

In order to describe the tunable friction property of a
unit, we wish to relate unit friction to the internal pressure.
This is done by determining how the height of a protrusion
of the membrane through the strain-limiting layer affects
friction, then determining how pressure affects the height of
the protrusion. As long as the height of the protrusions is less
than the thickness of the strain-limiting layer, the friction will
be determined by the properties of the strain-limiting layer.
However, once the protrusion reaches a height that is greater
than the strain-limiting layer, the friction will be set by the
properties of the protrusion (see Fig. 3).

Next, to determine how pressure affects the height of the
protrusion of the membrane through holes in the strain-
limiting layer, we note that we have a case that is similar
to the classic clamped circular inflated membrane problem.
While others have suggested that Kirchoff thin-plate theory
could be used to describe this system [15], such a model is
inappropriate given the expected strains–Kirchoff only holds
for small deflections, less than the thickness of the plate [19].
More appropriate is membrane theory, but no analytical
solution can cover from small to large strain. Accordingly, we
use an analytical approximation, created using the Galerkin
method [20]. The approximation is:
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where P is the internal pressure, E is the Young’s modulus, ν

is the Poisson’s ratio, t is the material thickness, a is the hole
radius, δ0 is the vertical displacement, and ε0 is the material

prestrain. This analytical model was verified in [20] with
experimental data. However, our system is more complex
than the system modeled by (3), for at least two reasons.
First, the diameter of the hole (in the the strain-limiting
layer) increases with pressure until the strain-limiting layer
reaches its non-stretch regime. Unlike silicone embedded
fabric composites [21], [22], the elastic membrane is able to
slide with respect to the strain-limiting layer which means
that more elastic material than what is exposed within the
hole can stretch and lead to increasing the height of the
bulge. In essence, the radius is functionally larger. Modeling
these effects are outside of the scope of this paper, and
these models are used to inform design rather than be fully
predictive. In particular, the general trends of (3) for thin
membranes where t/a << 1 and moderate deflections where
δ0/a << 1, (3) apply and simplify to:

P
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4εo
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t
a
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a
. (4)

Notably, the pressure and the height of the protrusion are
linearly related.

C. Tunable Cohesion

Lastly, to describe the robot’s tunable cohesion, we assume
that the units will disconnect once the separation force
from inflation exceeds their magnetic cohesion force. We
consider a simplified system that comprises two protrusions
with a magnet between, as shown in Fig. 5. By symmetry,
instead of modeling the second unit, we consider a flat
plate with its own magnet. We assume that the separation
force between the unit and plate is a sum of the force from
the inflating protrusions, Fp, and any external forces, Fe,
such as gravitational forces or friction acting on the unit.
Disconnection occurs when the separation force overcomes
the magnetic force, Fm, which can be written as:

n

∑
i

Fpi +Fe > Fm, where Fm =
µaq2

4πr2 , (5)

and r is the separation between magnets, q is their magnetic
charge, and µa is the permeability of air [23]. Thus, for a
known magnetic attraction force and characterized relation-
ship between pressure and rejection force, the pressure at
which disconnection occurs can be predicted (see Section
IV-C).

IV. EXPERIMENTAL TESTING OF TUNABLE PROPERTIES

In this section, we provide experimental characterization
of the three tunable properties of the unit described in Section
III, namely, volume, friction, and cohesion, all as functions
of pressure.

A. Tunable volume

To characterize the relationship between unit volume and
pressure, we measured the diameter of a tethered unit at
various pressures, both with and without the strain-limiting
layer. Pressure was recorded by a pressure gauge (100PSI
SSI Technologies, 0.25% accuracy), attached to the unit with
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Fig. 5. Illustration of the forces at play for tunable unit-to-unit cohesion.
Here we assume a flat plate on one side, due to a symmetry argument.
Disconnection occurs when the sum of the force applied by the protrusions,
Fp, and other external forces, Fe, is greater than the attractive force of the
magnets, Fm. The elastomeric membrane is in yellow, the strain limiting
layer in maroon, and the magnets in grey.

Fig. 6. Data showing the relationship between pressure and volume for an
elastic membrane without constraint and an elastic membrane surrounded
by a strain-limiting layer. Also shown are the models from Section III-A.

tubing. Radius was measured by image processing of a video
of the inflating balloon with a known length reference. The
balloon was assumed to be spherical to calculate volume
from the measure radius. The results are shown in Fig.
6, along with the simple model from Section III-A, with
K and n as fit parameters. The model captures the sharp
increase in volume at a sufficient pressure for both with
and without the strain-limiting layer. For the latter case, the
model generally agrees with the trend of a plateauing volume
at high pressures, however the assumption that the strain-
limiting layer reaches a maximum strain and can no longer
stretch is an oversimplification.

B. Tunable Friction

To characterize the tunable friction of a single unit, we first
measured the frictional properties of its membrane materials,
then characterized the height of a protrusion as a function
of pressure, and finally measured the frictional force as a
function of pressure.

The coefficient of friction of the Eco-flex 00-30 silicone
(Smooth-On), latex (Gausslee Balloons), and rayon fabric
(Telio) of the unit were measured using a drag test. Samples

Fig. 7. Protrusion height versus pressure. Across a range of initial hole
sizes, the protrusion height as a function of pressure is assessed for behavior
characterization.

of 20mm x 50mm were placed on a flat, acrylic surface
with four masses of various weight placed on top of them.
The shear force required to cause slippage was measured
by a Mark-10 M3-5 force gauge. The average coefficients
of friction were found to be 1.6, 1.2, and 0.18 for Eco-flex
00-30, latex, and rayon respectively.

Next, we characterized the height of the latex balloon as a
function of pressure as it protruded through a strain limiting
layer with nominal hole sizes of 10mm, 15mm, and 20mm
diameters. Hole sizes were selected to span the range of
feasible sizes. If the protrusion hole sizes are too small (less
than 10mm), the pressure required for balloon protrusion is
greater than the strength of the seams of the fabric layer. If
the protrusion hole sizes are too large (greater than 20mm),
fabric bridges between holes tear under the stresses exerted
by the protrusions. Protrusion height in an inflated unit was
measured from the center of the protrusion to the base of the
hole with calipers as pressure was increased. The experiment
was run in triplicate for each hole size with the results plotted
in Fig. 7, showing that protrusion height increases roughly
linearly with pressure, as predicted by (4).

Finally, we characterized unit friction as a function of
pressure. A drag test was performed on a unit with strain
limiting layers with holes of 10mm, 15mm, and 20mm
diameter. In each test, a flat, 200g acrylic plate was placed on
top of a unit of various inflation pressures. The shear force
required to slip the plate was measured with a Mark-10 M3-
5 force gauge and used to calculate the coefficient of friction
(µ). Three trials were conducted for each hole size with the
result presented in Fig. 8. We show that µ approximately
triples as the pressure increases. The friction transition can
be predicted from the protrusion height data shown in Fig.
7. A height of roughly 6mm is required to expand the high-
friction protrusion sufficiently beyond the low-friction strain-
limiting layer. Thus, from Fig. 7, we would expect friction
transitions at roughly 4kPa, 5kPa, and 8kPa for the 20mm,
15mm, and 10mm initial hole sizes, respectively.
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Fig. 8. Data showing the relationship between the pressure and the
coefficient of friction (µ) for units with latex membranes and fabric strain-
limiting layers. Three sizes of holes in the strain-limiting layer were tested.

Fig. 9. Data showing the relationship between pressure and the rejection
force applied by protrusions for various hole sizes.

C. Tunable cohesion

To characterize the relationship between cohesion and
pressure, we first measured the rejection force of the protru-
sions as a function of pressure, and then recorded cohesion
(connection or disconnection) as a function of pressure.

The rejection force of the protrusions was measured by
recording their reaction force against a flat plate. A unit was
placed against a flat plate and a force sensor (Mark 10 M3-
5) was attached between two protrusions, as in where the
magnet is pictured in Fig. 3. As the pressure of the unit was
slowly increased, the protrusions pressed against the plate,
applying a force to the sensor. The results are plotted in Fig.
9, showing that force increases as pressure, and therefore
protrusion height, increases. They also show that larger hole
sizes cause a larger protrusion force for a given pressure due
to their increased height and area of protrusion.

Next, we measured unit cohesion as a function of pressure

Fig. 10. Data showing the relationship between pressure and disconnection
across multiple hole sizes, along with predicted disconnection pressure.

for the three hole sizes. The 40g latex membrane and
fabric strain-limiting combination was hung from a magnetic
plate, and pressure was slowly increased until disconnection,
recorded in Fig. 10. As described in Section III-C, we can use
the rejection force of the protrusions from Fig. 9, along with
the predicted magnetic attraction force (here 2.5N for a 6 mm
long, 3 mm in diameter cylindrical neodymium magnet)
and external load (here 2.5N) to predict the disconnection
pressure (blue vertical lines in Fig. 10).

V. PROOF-OF-CONCEPT ROBOT

A. Design and Fabrication of an Untethered Unit

To demonstrate the soft cellular robot, we fabricated
several untethered units of identical construction.

The body of the robot consists of an inner sealed elastic
membrane and an outer, strain-limiting layer. The inner
elastic membrane is made of a 0.35 mm thick latex rubber
balloon, with a rated inflated diameter of 45 cm. To increase
friction, the balloon is coated with a 0.5 mm thick layer of
Eco-flex 00-30 silicone to increase the coefficient of friction
beyond that available from latex alone. The outer strain
limiting layer is made of two layers of four-way stretch rayon
fabric. The fabric has 15 mm diameter holes spaced 30 mm
apart in a regular grid throughout the fabric to allow the latex
balloon to bulge out and form protrusions. Embedded in the
fabric, between the two layers, are 6 mm long 3 mm diameter
cross-axis magnetized cylindrical neodymium magnets (K&J
Magnetics) for inter-unit cohesion. The magnets are free
to rotate within the fabric to avoid directional issues and
allow the units to remain orientation agnostic. We devel-
oped a layer-based manufacturing method for fabricating the
skins. We create components via laser machining (for strain-
limiting layer) and casting (for Eco-flex 00-30 frictional
layer). We then assemble these components with the magnets
in 2D before inserting the balloon and inflating into 3D.

Inside the skin is the inflation unit, that comprises a
wireless pump, battery, electronics, and release valve as

3337



Fig. 11. Experimental characterization of volume, coefficient of friction,
and disconnection as a function of pressure for a single prototype unit.

shown in Fig. 2. The pump is a 6V DC micro-diaphragm
pump powered by two 3.7V, 250 mAh single cell lithium-ion
batteries. Pressure is released by a custom 6mm diameter leaf
valve actuated by a 2g linear throw servo motor. The inflation
unit is able to pull and vent air from the environment through
inlet and outlet tubing. Commands are sent wirelessly to
the pump and valve by a NRF24L01 radio transmitter.
The inflation electronics are contained within a 3D printed
housing optimized for ease of insertion into the inner elastic
membrane. The strain limiting layer is then stitched in place
around the inflation unit and inner

B. Characterization of an Untethered Unit

We performed two tests to characterize the performance of
a prototype unit, namely the effect of pressure on its tunable
properties and its untethered inflation and deflation rate.

First, we characterized the relationship between the single
input (pressure) and the three tunable properties (volume,
friction, and cohesion) for an untethered unit. We wirelessly
controlled the unit’s internal pump to increase pressure to
various levels while we recorded its volume, coefficient of
friction, and pressure at which it disconnected from another
unit. These results are shown in Fig. 11. Critically, the data
shows that at low pressures, we can control volume, at
intermediate pressures we can control its friction, and at the
highest pressures, we can command disconnection.

Next, we characterized the time of inflation and deflation
of the robot. The wireless micro-diaphragm pump inside the
robot was capable of fully inflating the robot to disconnection
pressure in 57 seconds, corresponding to a volume change
of over 800%. After wirelessly opening the leaf valve, the
unit deflated in 15 seconds.

C. Demonstration of Multi-cellular Robot

To illustrate very preliminary capabilities of multi-unit sys-
tems (here only three units), we performed demonstrations
of lifting a heavy object, crawling, and plate manipulation.

Fig. 12. Demonstration of three units supporting a 95 kg person.

Fig. 13. A-C) A set of three units use a peristalic gait to crawl under
an acrylic plate that is lower than their fully inflated height. D-E) Three
units demonstrate manipulation of a 10 kg weighted plate as they vary their
respective pressures.

First, we demonstrated the robot’s lifting ability. Due to its
inflation abilities, the untethered robot is capable of lifting
heavy objects with its small internal electronics assembly.
Three units were able to lift a 95 kg person, each exerting
310 N, as shown in Fig. 12. Each unit weighs only 248 g,
therefore it can lift about 130x its own weight.

Second, we showed how the a robot consisting of three
units can crawl using a peristaltic gait. A three-unit robot is
placed between a weighted acrylic plate and the floor. This
motion is shown in Fig. 13, A-C. In Fig. 13, D-E, a group
of three units place underneath a 10 kg plate can manipulate
the angle of the plate by controlling their relative pressure
levels.

VI. CONCLUSIONS AND FUTURE WORK

This work reports a first proof-of-concept of a single
unit with tunable volume, friction, and cohesion that could
become the building block of a multi-cellular robotic collec-
tive. We have demonstrated understanding and control over
the protrusion height which is the primary mechanism for
friction change and magnetic disconnection. In addition to
the tunable properties, the unit showed large actuation forces
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that are uncommon in an untethered, soft robotic system. We
also developed a scalable layer-based manufacturing method
for the skins of these units.

Looking to the future, we will undertake single unit
optimization as well as begin to explore multi-unit behaviors
and control. For unit optimization, the surface hole size and
membrane thickness both have exponential impact on protru-
sion height, which dictates friction and disconnection. A key
next step is advancing our models to more precisely predict
behavior, rather than just trends. More thorough friction con-
trol characterization is also required to understand how this
robot can operate in a variety of other environments such as
on smooth laminate flooring or asphalt. Optimization can be
tuned to application, for example, an increase in membrane
thickness will decrease protrusion height sensitivity, but will
increase the lifting potential of a single unit. In addition to
tuning the exterior of the units, the electronics will include
more sensing capabilities or some closed-loop control. For
multi-unit systems, we are excited by the possibilities. From
a control perspective, the limitation of central control could
be overcome with distributed computing and simple sensor
implementation. The potential with a distributed actuation
system is also interesting, for example, only a 40 unit swarm
could lift a 1000 kg car, which would be a first for soft
robotic actuation. We also imagine that these units could
enable interesting large-scale granule physics experiments
with tunable particle friction and cohesion.
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