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Abstract—Locomotion through rolling is attractive compared to
other forms of locomotion thanks to uniform designs, high degree
of mobility, dynamic stability, and self-recovery from collision.
Despite previous efforts to design rolling soft systems, pneumatic
and other soft actuators are often limited in terms of high-speed
dynamics, system integration, and/or functionalities. Furthermore,
mathematical description of the rolling dynamics for this type
of robot and how the models can be used for speed control are
often not mentioned. This article introduces a cylindrical-shaped
shell-bulging rolling soft wheel that employs an array of 16 folded-
HASEL actuators as a mean for improved rolling performance. The
actuators represent the soft components with discrete forces that
propel the wheel, whereas the wheel’s frame is rigid but allows for
smooth, continuous change in position and speed. We discuss the
interplay between the electrical and mechanical design choices, the
modeling of the wheel’s hybrid (continuous and discrete) dynamic
behavior, and the implementation of a model predictive controller
(MPC) for the robot’s speed. With the balance of several design
factors, we show the wheel’s ability to carry integrated hardware
with a maximum rolling speed at 0.7 m/s (or 2.2 body lengths
per second), despite its total weight of 979 g, allowing the wheel
to outperform the existing rolling soft wheels with comparable
weights and sizes. We also show that the MPC enables the wheel
to accelerate and leverage its inherent braking capability to reach
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desired speeds—a critical function that did not exist in previous
rolling soft systems.

Index Terms—Development and prototyping, electrohydraulic
actuators, model predictive control, optimization, self-rolling
wheel.

I. INTRODUCTION

R
OLLING exhibits high degree of mobility, inherent sta-
bility, and self-recovery from collision when compared to

other robotic locomotion methods such as legged, crawling, and
hopping [1]; also, rolling is much more energy-efficient, since
a rolling system does not need to expend energy lifting its body
for movement [2], [3]. In addition to these inherent advantages,
numerous research efforts have presented systems’ abilities to
carry payloads [4]–[7], provide protections to internal electri-
cal and mechanical components [4], [5], [7]–[9], and navigate
difficult environments [4], [6], [8], [10], [11]. Such favorable
traits make robotic rolling locomotion a widely investigated
subject for space exploration [4], [12], search and rescue [13],
and military applications [14].

In the literature, systems with continuous rolling locomotion
can be further categorized based on three operating principles.
The most popular form of rolling is shift of the center of mass
(COM) of a cylinder or sphere away from its neutral position,
causing the cylinder or sphere to fall in that direction and thus roll
along [1], [7], [8], [10], [15]–[26]. These systems are commonly
characterized by rigid cylindrical or spherical outer shell and
internal components, such as gears, servos, and motors, which
have a well-established history of research and optimization,
especially in power output, efficiency, part selections, and reli-
ability. To the best of authors’ knowledge, there were only two
rolling systems driven by soft actuators [27], [28] that are based
on shift of COM.

Another class of rolling systems are distinguished for the
ability to deform their geometry, inducing structural instabil-
ity which generates the rolling motion [29]–[34]—a notable
subclass of these designs is rolling of tensegrity structures that
has been targeted for space exploration [6], [35]. These designs
are often characterized by their modular links that can interact
with one another to create global deformed shapes. Previous
works on geometry-deformable rolling systems have demon-
strated single-mode (only rolling) and multimode (rolling and
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Fig. 1. Motion sequence of the electrohydraulic rolling soft wheel around a
pivot on a square platform. The direction of travel is counterclockwise from the
top view. The rolling soft wheel has a non-zero initial linear speed at time 0 s.

hopping) locomotion, which is useful for navigating through
rough terrain and tall obstacles. However, due to the structural
intricacy, most systems with deformable geometry require more
complex designs, fabrication procedures, and kinematic and
dynamic models, thus making the systems difficult to control.

While the shells of geometric deforming systems and systems
that roll based on shift of COM can be both rigid and soft ([11],
[27], [28], [31], [32], [34]), those of shell-bulging systems are
mostly soft [34], [36]–[40]. These designs often have soft shell
segments that can independently protrude and generate contact
forces between the system and ground that propel the system
forward. Unlike rolling systems with rigid shells, compliance
of the soft shells allows for absorbing impact energy [5], [6]
and improved traction and conformity to the surface at contact,
which enhances stability on rough terrain [41]. However, one of
the main limitations of these systems is the tradeoff between
performances and the required integration of hardware and
software that have not been addressed in the literature. Specif-
ically, most shell-bulging soft systems are pneumatic-based,
hydraulic-based, shape-memory-alloy-based, and electrostatic-
based, which have significantly low power-to-weight ratio due
to bulky external driving components, which results in slow
dynamics [36]–[40]. While [33] has demonstrated high loco-
motion speed greater than 1.43 body length per second (blps),
the designs in [33] and [36]–[40] as systems lack of integrated
hardware (sensors, actuators, and actuator drivers) and software
(closed loop controllers) that rolling robots often require. Fur-
thermore, compared to continuous dynamics of systems with
shifting COM and discrete dynamics of geometry-deformable
rolling systems, shell-bulging soft systems are systems with hy-
brid dynamics whose input forces are discontinuous and output
velocities are continuous, making the design and integration of
controller (currently nonexistent) more challenging.

With hydraulically amplified self-healing electrostatic
(HASEL or electrohydraulic) actuators [42], [43] and their
recent improvements in electrical interface [43] and perfor-
mance [44], we introduce a novel shell-bulging locomotion of
a self-rolling wheel (Fig. 1) that is powered by folded-HASEL
actuators. Our design outperforms existing shell-bulging rolling

wheels in several metrics, addresses several challenges of sys-
tem integration, and demonstrates functionalities that did not
exist in previous works. Specifically, the HASEL-driven self-
rolling wheel, thanks to its hybrid structure of soft actuators
placed around a circular rigid skeletal frame, demonstrates
much faster rolling characteristics, attaining a rolling max-
imum speed of 0.7 m/s (2.2 blps), despite being relatively
heavy at 979 g. Through this article, we present four key
contributions.

1) The design of a self-rolling soft wheel with integrated
hardware for electrohydraulic actuators.

2) The mathematical hybrid-dynamic model to describe the
behavior of a family of cylindrical-shaped shell-bulging
rolling wheels.

3) The demonstration of inherent acceleration and decelera-
tion functions through electromechanical design.

4) The speed-regulating controller for shell-bulging rolling
wheels with continuous outputs and discrete inputs.

The electromechanical and software integration in this soft
wheel is a fundamental building block toward a four-wheel
platform that provides several alternative benefits to traditional
vehicles.

II. ELECTROMECHANICAL DESIGN

A. Mechanical Design

The electrohydraulic rolling soft wheel consists of 16 folded-
HASEL actuators [43], [44], a modular cylindrical frame, an on-
board printed circuit board (PCB), and an experimental platform.
We describe the detailed design of the wheel in the following
sections.

The folded-HASEL actuator uses a 20-µm-thick polyester
film (L0WS, multiplastics) with an inner heat-sealing layer
and corona-treated outer layer for ink adhesion. The actuator
pouches are sealed using a heated tip temperature of 195 °C
with a tip sealing speed of 400 mm/min. A small fill port is left
unsealed in each pouch to provide a means to fill the pouches
with a liquid dielectric during the last fabrication step. Electrodes
are made from a carbon ink (CI-2051, Engineered Materials
Systems, Inc.) and were deposited on the outer layer of the
films using a screen-printing method. Finally, the pouches are
filled with a dielectric silicone fluid (PSF-5cSt, Clearco) using a
syringe and needle inserted into the fill port of the pouch. After
filling, a soldering iron (WE1010NA, Weller) heated to 176 °C
is used to seal the fill port. The complete fabrication process is
described in detail in [43]. Each actuator has 12 pouches and
folded into the dimension of 50 mm x 55 mm x 12 mm using 5
mm x 1 mm transfer tapes (924, 3M). Under the application of
high voltage (HV) in 1-10 kV range on one electrode and a low
voltage (LV) connection on the other, the actuator’s electrodes
zip together, displacing the liquid dielectric to the surrounding
volumes inside the actuators, resulting the overall change in the
actuators’ strokes [seeFig. 2(a)].

As can be seen from Fig. 2(c), the cylindrical frame consists of
two circular rims with a diameter of 313.54 mm and 16 actuator
pads (55 mm x 50 mm x 13 mm) and therefore is fully modular.
The frame is three-dimensional (3-D) printed using 1.75 mm
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Fig. 2. (a) Folded-HASEL actuator activates under HV application. The
actuators represent the soft components of the wheel. (b) 3-D render of the
exploded view of the electrohydraulic rolling soft system driven by 16 folded-
HASEL actuators. The wheel rolls on the cylindrical frame, not on the actuators.
(c) Wheel platform has the rolling soft wheel mounted to a pivot arm via
a U-mount. An absolute rotary encoder (EMS22A50, Bourns) and a motion
capture system (not shown) are used for both characterization and feedback
control of the wheel. The wheel rolls on a circular path with a radius 64.2 cm on
a 150 cm x 150 cm square wooden platform. The platform is elevated 700 cm
from the ground.

PRUSA PLA filament and a 3-D printer (I3 MK3S, PRUSA). A
total of 16 actuator pads are placed radially around the edge of the
rims such that they both hold the two rims together and allow the
relaxed actuators to be 1 mm away from being in contact with the
ground. This design allows the wheel to roll on the rigid frame
and minimize the contact friction between the actuators and the
ground. Each actuator pad surface lies orthogonally to the radial
line of the cylindrical frame. Since there are 16 actuator pads,
the angle between the two vectors that are orthogonal to two
adjacent actuator pads’ surfaces is 360◦/16 = 22.5◦ = π/8 rad.

The PCB that commands and drives the actuators is sandwiched
between the two circular rims of the wheel.

To simplify the experiments, the wheel is mounted to an axle
that can pivot around the center of a platform [see Fig. 2(c)] This
setup provides stability to the wheel and allows it to roll as long
as required for experiments. The platform is a 1.52 m x 1.52 m x
0.019 m (60 in x 60 in x 0.75 in) Baltic-birch wood table elevated
by 0.7 m from the ground using four 80/20 support columns
(1515, 80/20 Inc.). The axle consists of an 8.5-mm-diameter
547-mm-long carbon-fiber rod (Rock West Composites), whose
other end is mounted to the center of the platform but free
to rotate both horizontally and vertically thanks to a pair of
ceramic ball bearings (B15R8TH9C3, Boca Bearings) on the
12-mm aluminum pivot shaft and a pair of steel ball bearings
(625ZZ, uxcell) at a 3-D-printed elbow (not shown). The axle is
connected to the wheel’s frame via a U-mount made of carbon
fiber. One side of the U-mount connects to a 12-wire slip ring
(ROB-13065, Sparkfun) (not shown) that provides electrical
interfaces between the USB, power, ground, and the encoder’s
wires and the wheel’s PCB. Without the slip ring, the wheel
under rolling motion would cause the wires to twist and get
tangled. The slip ring is connected to a second set of ceramic ball
bearings (B15R8TH9C3, Boca Bearings) that allow the wheel
to rotate about its geometric center (GC) with minimal friction.
The other side of the U-mount aligns the rotary encoder’s shaft
with the wheel’s GC (not shown).

B. Electrical Design

The onboard PCB that drives 16 HASEL actuators contains
three groups: the power delivery group, the driving and control
group, and the sensing group. The block diagram of the three
groups is shown in Fig. 3(a). The red arrows show the power
line for all onboard electrical components, while the black
arrows show the input-output relationships between every two
components. To fit inside the frame of the wheel, the PCB has
diameter of 250 mm, and its front and back 3-D models can be
seen in Fig. 3(b) and (c).

The power delivery group consists of an 8-to-24 V step-up dc–
dc converter (U3V50F24, Pololu), an 8-to-5 V step-down linear
dropout regulator (REG113NA-5/3K, Texas Instruments), and
an 8-to-3.3 V step-down linear dropout regulator (REG113NA-
3.3/3K, Texas Instruments). The step-up dc–dc converter pro-
vides the required 24 V to the HV dc–dc converter (10A24-P30,
Advanced Energy), which generates a constant 9 kV output.
The 5 and 3.3 V regulators provide power to both the driving
and control group and the sensing group.

The driving and control group consists of a microcontroller
(Teensy 3.6, PJRC) that communicates with a personal com-
puter via a full-speed Universal Serial Bus (USB 1.1). The
microcontroller processes sensing data and transfer them to a
personal computer, which, depending on the data, generates
either open-loop or closed-loop commands. The commands are
then transferred to the microcontroller for HV switching of the
actuators.

The HV switching circuit (see Fig. 4) has 16 units of active
charge–passive drain circuit to independently drive 16 actuators.
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Fig. 3. Embedded system overview. (a) Block diagram of the electrical system, in which the power supply unit is not integrated. The onboard HV dc–dc converter
can output up to 10 kV at 3 mA. The HV-tolerated optocouplers, each of which contains an optodiode and a 940 nm IR-LED, act as switches that connect
or disconnect the HV dc–dc converter from the actuators depending on the amount of light received from the IR-LEDs. These LEDs are toggled based on a
microcontroller and two IR-LED drivers. The red arrows indicate the power line for all electrical components, and the black arrows represent the input-output
relationships between every two components. (b) Front view of the PCB contains all LV components. (c) Back view of the PCB contains all HV components. This
design prevents HV components from damaging LV ones.

Each unit contains an optocoupler (shown in gray box) that
consists of a HV-tolerant optodiode (OZ100SG, Voltage Mul-
tiplier Inc.) and an HV tolerated drain resistor (Rd). To charge
the actuators, the optodiodes change their impedance depending
on the corresponding infrared light emitting diodes (IR-LEDs)
(L1IZ-0940000000000, Lumileds). The 16 IR-LEDs are toggled
by digital pins on the microcontroller (Teensy 3.6, PJRC) via
two IR-LED drivers (TPIC6C596, Texas Instrument). When the
IR-LEDs are turned OFF, depending on the value, the resistor can
influence the rate at which charges on the electrodes neutralize,
thus controlling how quickly the actuator drains themselves. The
value of the drain resistor is determined in Section II-C. The
optocouplers are placed radially at the edge of the PCB [see
Fig. 3(c)] to facilitate physical connection to the HV electrodes
of the actuators.

Finally, the sensing group consists of a single-supply opera-
tional amplifier (TLV4172IDR, Texas Instruments) for HV and
current monitoring, and an absolute rotary encoder (EMS22A50,
Bourns). While the HV and current monitors are critical for
HV fail-safe design, the absolute rotary encoder is used for the
wheel’s speed regulation. The encoder sends the digital bytes

corresponding to the wheel’s absolute angular position to the
microcontroller, which then forwards the converted data via the
USB to the computer for further processing.

Due to the overall constraints of the PCB space and the
placements of electrical components (to guarantee appropriate
distances from the HV points), the PCB has asymmetric compo-
nent placements, resulting in the wheel’s COM and GC not the
same. The wheel’s frame contains four 3D printed pins on which
custom weights can be added, allowing the wheel’s COM to be
the same as its GC; from trial-and-error, we select a combination
of 0.88 and 3.58 g of weights on the appropriate pins (not shown).

C. Optimizing Actuator’s Performance With Respect to

Silicone Wrap and Drain Resistor

When an actuator is placed upright and when the HV is
switched OFF, the actuator relies on its own inertia to return
to its contracted state. However, an actuator attached on a
rolling wheel takes significantly longer time to contract to its
original state, since gravity keeps the actuators in the expanded
state beyond the wheel’s rim when they are upside down. This
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Fig. 4. Simplified schematic of 16 active charge–passive drain HV units for 16
actuators. The term “active charge” comes from the ability to toggle the IR-LEDs
to adjust the optocoupler’s impedance to power the actuators. The term “passive
drain” describes the use of HV-tolerated resistors Rd to passively discharge the
corresponding actuators when the optocouplers are turned OFF. The 16 units
are connected in parallel to a single HV dc–dc converter and controlled by two
IR-LED drivers.

behavior prevents the actuator from exerting sufficient output
forces in the next activation-deactivation cycle and the wheel
from rolling smoothly on the platform.

To prevent the contracted actuators from extending beyond
the wheel’s rim, and to help the actuator contract faster when
HV is switched OFF, a 130 mm x 24 mm rectangular silicone
wrap (00-30 Ecoflex, Smooth-On) is wrapped (with 50% pre-
stretch) around each actuator. Since the choice of a drain resistor
also affects how quickly each actuator relaxes, we evaluate an
actuator’s performance with respect to both different silicone
wrap’s thickness and drain resistor [see Fig. 5]. Fig. 5(a) and (b)
shows the experiment setup that quantifies the displacement’s
fall (contraction) time of an actuator. The inverted actuator is
initially activated under 8 kV. When the HV optocoupler is
switched OFF, the neutralization of electrostatic charges thanks
to the drain resistor and the restoring force from the silicone
wrap cause the actuator to contract, removing the blockage of
the laser beam and allowing it to shine light to a photoresistor
(SEN-09088, Sparkfun), whose change of resistance is sensed
by a microcontroller (Arduino Uno Rev3, Arduino). The process
is repeated five times for each combination of silicone wrap
and drain resistor. The average duration from the time the HV

optocoupler is switched OFF to the time the laser beam signal
is registered into the microcontroller is recorded in Fig. 5(c).
As expected, for the same drain resistor, thinner silicone wraps
produce less restoring force on the actuator, resulting larger fall
time. For the same silicone wrap, larger drain resistors restrict
flow of charges more, causing the actuator to relax slower.
Therefore, the combination of a resistor of 200 MΩ and silicone
wrap with 800 µm thickness results in the best fall time of
0.53 s, while the combination of a resistor of 500 MΩ and a
wrap with thickness of 400 µm results in the worst fall time of
2.27 s.

We also evaluate how the choice of silicone wrap and drain
resistor affects the wheel’s ability to roll by quantifying the
change of angle due to the reaction force between the ground
and the actuator as it expands. The wheel is initially at a rest-
ing angle such that the actuator third is placed 11.25o away
from its vertical position. The actuator is then activated for
3 s and the wheel’s change in angle between its initial angle
and final angle is recorded by the absolute rotary encoder.
The process is repeated five times for each combination of
drain resistor and wrap [illustration shown in Fig. 5(d) and
(e)]. Fig. 5(f) shows the average change in angle of the wheel
with respect to different drain resistors and wrap thickness.
From Fig. 5(f), the results between the wrap thicknesses of
400 and 600 µm are significantly close to each other, and they
are better than those from the wrap thickness of 800µm. Fig. 5(f)
also suggests that the influence of the wrap’s thickness on the
angle traveled of the wheel is nonlinear. Since the actuators’
top surface are placed very close (1mm) to the edge of the
rim, a 600-µm-thick silicone wrap is more likely to protrude
beyond the wheel’s rim after repeated cycles of expansion and
contraction than a 400-µm-thick silicone wrap. A 400-µm-thick
silicone wrap is prefered since the wrap’s protrution creates
significant frictions and reduce the performance of the wheel.
From the results in both Fig. 5(c) and (f), it is therefore optimal
to select a resistance value of 200 MΩ for shortest fall time
while not sacrificing good actuator’s force and stroke. The
silicone wrap thickness of 400 µm is selected for a reason-
ably fast fall time but with much better actuator’s output force
and stroke.

III. HYBRID DYNAMIC MODEL

A. Dynamics Modeling of the Rolling Soft Wheel

The dynamic modeling of the wheel of radius r and pivot arm
of length L is based on [45]. Fig. 6(a) shows the three reference
frames required for the dynamic modeling of the rolling motion.
The notation convention can be briefly described as follows: a
variable with an arrow is a vector, a variable with a hat is a unit
vector, a variable without a hat or an arrow is a scalar value, a
variable with a single dot is a derivative of that variable, and a
variable with two dots is a second derivative of that variable.

The platform-fixed frame F has a coordinate system whose
origin is O. Its orthogonal basis {Êx, Êy , Êz} is defined as
follows: Êx points along the first edge of the platform, Êz points
in the direction of gravity, and Êy = Êz x Êx. The refence
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Fig. 5. Influences of silicone wrap and the HV-tolerated drain resistors on the actuator’s fall time and how much force an actuator exerts on the ground. The
amount of force applied is determined indirectly by the amount of angle traveled by the wheel from a predetermined initial angular position. (a) Experimental
setup begins with the actuator fully activated under 8 kV, and the activated actuator blocks the beam from a laser pointer. (b) When HV is switched OFF, the drain
resistor discharges the actuator, and the silicone wrap pushes the actuator back to its contracted state. A microcontroller (Arduino Uno Rev3, Arduino) determines
the fall time as the duration between the HV switching OFF and the instant the laser beam hits the photoresistor. (c) Fall time (s) of the actuator with respect to
different pair of drain resistors (MΩ) and silicone wrap thickness (µm). (d) Wheel activates the actuator third from rest and begins rolling. This actuator is initially
positioned at 11.25o away from its vertical position. (e) Wheel rolls to a complete stop. (f) Amount of angle traveled of the wheel (o) due to the force generated by
actuator third with respect to different pairs of drain resistances and thicknesses of silicone wraps.

frame P is fixed to the pivot has a coordinate system whose
origin is A. We denote B as the point on the wheel in contact
with the platform. Its orthogonal basis {p̂1, p̂2, p̂3} is defined
as follow: p̂1 points along the direction of

−−→
AB, p̂3 points along

the direction of Êz , and p̂2 = p̂3 x p̂1. The coordinate system
fixed to refence frame P rotates an angle of ψ with respect to
the translated coordinate system fixed to refence frame F , with
ψ is the angle between p̂1 and Êx [or between p̂2 and Êy as
seen in Fig. 6(a)]. Finally, the reference frame R is fixed to
the HASEL rolling wheel with a coordinate system of origin
C. We denote P as an arbitrary point on the rim of the wheel.
Its orthogonal basis {ê1, ê2, ê3} is defined as follow: ê1 points
along the direction of p̂1; ê2 points along the direction of

−−→
CP ;

and ê3 := ê1xê2. The coordinate system fixed to refence frame
R rotates an angle of ϕ with respect to the coordinate system

fixed to refence frameP as the wheel rotates around point C, with
ϕ is the angle between ê2 and p̂2 (shown as dashed line pointed
from C).

F�ωP is the angular velocity of frame P with respect to an
observer in frame F .F�ωR is the angular velocity of frame R
with respect to an observer in frame F . �rA is the position of
point A relative to point O in F . �rC − �rB is the position of point
C (COM of the wheel) relative to point B (contact point between
the wheel and the platform) in P .

Assuming the wheel rolls without slip, the velocity of contact
point B of rigid body as observed in fixed frame F

F�vRB = �0. (1)

The velocity F�vC of the wheel’s COM (point C) as viewed
from fixed frame F is related to the velocity F�vRB of point B of
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Fig. 6. Kinematic and dynamic presentations of the rolling platform. (a) Reference frames of the platform, the pivot arm with U-mount, and the electrohydraulic
rolling soft wheel are presented to describe the wheel’s rolling motion on a circular path. (b) FBD of the pivot arm with U-mount that secures and guides the wheel’s
rolling motion. The pivot arm with U-mount has only rotational motion around axis p̂3. (c) FBD of the wheel, which has both translational and rotational motions.

reference frame R as observed in F

F�vC = F�vRB + F�ωR × (�rC − �rB) (2)

F�vC = rϕ̇p̂2. (3)

We denote point G as the COM of the pivot arm. Due to its
geometry, point G does not locate on the pivot arm [see Fig. 7(b)].
Since we assume the wheel rolls without slip, we can establish
the kinematic constraints as follows:

�rC = L · p̂1 + zDA · p̂3 (4)

F d

dt
(�rC) = P d

dt
(�rC) + F�ωP × �rC (5)

F�vC = ψ̇ L · p̂2 (6)

where zDA is the distance between point D and A, both of which
are located on the pivot. We know that F�vC = r ϕ̇ · p̂2, therefore

ψ̇ L · p̂2 = r ϕ̇ · p̂2 (7)

ψ̇ =
r

L
ϕ̇. (8)

a) Kinetics of the pivot arm with U-mount: The forces and
torques associated with the free body diagram (FBD) of the
U-mount [shown in Fig. 7(b)] are as follows:
�R1: Reaction force at the pivot elbow

�R1 = R11 · p̂1 + R12 · p̂2 (9)

m�g: Weight of the pivot arm (with U-mount) along p̂3
�R2 : Resultant reaction force from the wheel on the arm

�R2 = R21 · p̂1 + R22 · P̂2 + R23 · p̂3 (10)

�τf : Pure bearing friction torque opposite to p̂3.

�τf = τf · p̂3 (11)

Since there are no translational motion for the pivot arm, we
can ignore the Euler’s first law. According to Euler second law,
we have the following relationship between the moment �MD

relative to point D and the angular momentum F �HD relative to
point D in reference frame F

�MD = F d

dt

(

F �HD

)

(12)

�MD = (�rG − �rD ) × mg · p̂3

+ (�rC − �rD ) × �R2 − τf · p̂3 (13)

where �rG − �rD is the position of point G relative to point D

in P , �rC − �rD is the position of point C relative to point D in
P . Let us consider the angular momentum of the pivot arm with
U-mount

F �HD = PID · F�ωP (14)
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Fig. 7. Description of the actuation force Fa, which is assumed to traverse
through the COM of the rolling soft wheel. (a) Illustration of the contact angle
ξ
c

of actuator first and how it decomposes the force to vertical and horizontal
components. (b) Generic profile of the actuation force Fa with respect to the
contact angle ξ

c
and angular speed ξ2 of an arbitrary actuator ηth. The force

function is assumed to have an exponential form and its profile depends on six
parameters {σ1, σ2, σ3, σ4, σ5, σ6}.

where PID is the moment of inertia tensor of the pivot arm (with
U-mount) relative to point D. By expanding (14), we have

F �HD =

⎡

⎣

I11 I12 I13
I21 I22 I23
I31 I32 I33

⎤

⎦ ·

⎡

⎣

0 p̂1
0 p̂2
ψ̇p̂3

⎤

⎦ . (15)

Applying rate of change transport theorem to (15), we have

F d

dt

(

F �HD

)

= P d

dt

(

F �HD

)

+ F�ωP × F �HD. (16)

Equating (13) and (16) based on (12) and without the detailed
derivation, we obtain the following:

0 = I13ψ̈ − I23 ψ̇
2 (17)

−m g xGA − L R23 = I23 ψ̈ + I13ψ̇
2 (18)

L R22 − τf = I33 ψ̈. (19)

b) Kinetics of the HASEL rolling wheel: For simplicity, the
wheel’s geometry can be treated as a cylinder. Based on the FBD
[see Fig. 7(c)], the following forces and torques are involved:
M�g: Weight of the wheel along p̂3
�N : Reaction force of the ground on the wheel

�N = N1 · p̂1 + N3 · p̂3 (20)

�R2 : Resultant, simplified reaction force from the pivot arm
on the wheel

−�R2 = −R21 · p̂1 − R22 · p̂2 − R23 · p̂3 (21)

�τf : Pure bearing friction torque opposite to ê1
�Rf : Static friction force between the wheel and the ground

opposite to direction p̂2
�Fa: Actuator force exerting on the wheel

�Fa = Fa,2 · p̂2 + Fa,3 · p̂3. (22)

Since the soft wheel involves both translational and rotational
motion, two Euler’s laws are required to describe its dynamics.
Applying Euler first law, we have the net forces equals the
wheel’s mass M times the acceleration F�aC of point C in the
reference frame F

∑

�F = M · F�aC . (23)

Without detailed derivation, (23) can be expanded as follows:

−R21 + N1 = M r ψ̇ ϕ̇ (24)

−R22 −Rf + Fa,2 = M r ϕ̈ (25)

Mg −R23 +N3 + Fa,3 = 0. (26)

According to Euler second law, we have the following rela-
tionship between the moment �MC relative to point C and the
angular momentum F �HC relative to point C in reference frame
F

�MC = F d

dt

(

F �HC

)

. (27)

First, we consider the left side of (27)

�MC = (�rB − �rC ) ×
(

�N + �Rf

)

+ �τf . (28)

Then, we consider the right side of (27)

F �HC = RIC · F�ωR (29)

where RIC is the moment of inertia tensor of the pivot arm with
U-mount relative to the COM (point C) of the wheel. While the
3-D modeling of the HASEL soft wheel using SolidWorks 2019
(SolidWorks) show that the product of inertias (POI) for RIC are
nonzero, these values are negligible compared to the diagonal
components. For this reason, we assume that {ê1, ê2, ê3} are
the principal axis basis vectors and COM is the reference point
and the POI’s are treated as zeros. Given

F�ωR = ψ̇ · P̂3 + ϕ̇ · p̂1 (30)

F�ωR = ϕ̇ · ê1 + ψ̇ sin (ϕ) · ê2 + ψ̇ cos (ϕ) · ê3. (31)

We have

F �HC =

⎡

⎣

I1 0 0
0 I2 0
0 0 I3

⎤

⎦ ·

⎡

⎣

ϕ̇ê1
ψ̇ sin (ϕ) ê2
ψ̇ cos (ϕ) ê3

⎤

⎦ . (32)
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Applying rate of change transport theorem, we have

F d

dt

(

F �HC

)

= P d

dt

(

F �HC

)

+ F�ωR × F �HC . (33)

Equating (28) and (33) with respect to the orthogonal basis
vectors, we have

r Rf − τf = I1 ϕ̈ + (I3 − I2) ψ2 sin (ϕ) cos (ϕ) (34)

r N1 cos (ϕ)

= I2

(

ψ̈ sin (ϕ) + ψ̇ ϕ̇ cos (ϕ)
)

+ (I1 − I3) ψ̇ ϕ̇ cos (ϕ) (35)

− r N1 sin (ϕ)

= I3

(

ψ̈ cos (ϕ)− ψ̇ ϕ̇ sin (ϕ)
)

+ (I2 − I1) ψ̇ ϕ̇ sin (ϕ) . (36)

From (17), (19), (25), and (34), and the kinematic constraint
(8), we obtain the following differential equation:

L r F2 − r τf − L τf
= L I1ϕ̈+ r (I3 − I2)

I13
I23

ϕ̈ sin (ϕ) cos (ϕ)

+
(

L M r2 + I33
r2

L

)

ϕ̈.

(37)

The equation contains only one variable ϕ but is nonlinear
due to the term ϕ̈ sin(ϕ)cos(ϕ). However, since I3 − I2 ≈ 0,
we can drop this term. The friction torques of the bearing can be
treated as constants and its direction depend on the direction of
the wheel’s angular velocity. Therefore, (37) can be simplified
as

(

L I1 + L M r2 + I33
r2

L

)

ϕ̈

= L r Fa,2 − (r τf + L τf ) sign (ϕ̇) .
(38)

From (38), the continuous-time state-space model during
activation periods can be written as follows:

[

ξ̇1
ξ̇2

]

=

[

ξ2
L r Fa,2−(r τf+L τf ) sign(ξ2)

L I1+L M r2+ I33
r2

L

]

(39)

where ξ1 := ϕ ∈ R is the angular position of the wheel, and
ξ2 := ϕ ∈ R is the angular velocity of the wheel.

B. Hybrid State-Space Model of the Electrohydraulic Rolling

Soft Wheel

The variable ξ1 both represents the angular position of the
rolling soft wheel with respect to time and tracks the relative
position of 16 actuators with respect to the ground. We index 16
actuators from 0 to 15. The angle ξ1 with the value between 0
andπ/8 rad corresponds to the actuator 0th; the angle ξ1 with the
value between i · π/8 and (i+ 1) · π/8 rad corresponds to the
actuator ith. Based on the value of ξ1, we can determine current
the actuator index, η, associated with the actuator that is within
0 and π/8 rad from vertical plane. This plane is defined by three
points A, B, and C as seen in Fig. 8(a). In other words, η = i
when the actuator i th is in contact with the ground. Based on this
mapping, we can determine the actuator that is in contact with

Fig. 8. Typical operation of electrohydraulic rolling soft wheel. (a) Wheel
has initial angular position ξ1 and angular speed ξ2. (b) Current actuator ηth,
the activation- and deactivation-angle down counters (∆ and δ, respectively)
are updated. (c) Actuator oneth activates when ∆ reaches 0, while δ continues
to count down. (d) Actuator oneth deactivates when δ reaches 0. The current
actuator ηth, the activation- and deactivation-angle down counters (∆ and δ,
respectively) are updated. The process then repeats.
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the ground by rounding down the result of the division between
the wheel angle ξ1 and π/8 rad

η = ξ1/ (π/8) . (40)

Based on the wheel angle ξ1 and the contact actuator index η,
we define the contact angle as the current angle of the actuator
ηth with respect to the vertical plane that is defined by three
points A, B, and C in Fig. 6. Therefore, ξc ranges from 0 to π/8
rad

ξc = ξ1 − η · π /8. (41)

When and for how long the actuation force is applied to the
wheel by each actuator depend on three inputs. The activation
angle, ϕa, is the contact angle ξc of the actuator ηth that the
actuator ηth activates. Based on this definition, ϕa ∈ [0, π/8).
The deactivation angle of actuator ηth,ϕd, is the contact angle ξc
of the actuator ηth that the actuator ηth deactivates. Therefore,
we haveϕd ∈ [0, π/8) andϕd > ϕa. Finally, the target actuator,
na is the next actuator to be activated. Therefore, we have the
following input:

u =

⎡

⎣

na

ϕa

ϕd

⎤

⎦ . (42)

To conveniently track the status of the actuator ηth, we intro-
duce a state q ∈ {0, 1}, with q = 0 means the actuator ηth is not
activated, and q = 1means the actuatorηth is activated. Since the
wheel’s performance depends on the contact angles at which the
HV optocoupler is turned ON and at which the HV optocoupler
is turned OFF, we introduce two additional nonphysical states
to track these angles: activation-angle down counter ∆ and
deactivation-angle down counter δ. The activation-angle down
counter decrements from the last moment q switches from 1 to
0 to the next moment q switches from 0 to 1. In other words, this
variable decreases its value, at which the HV optocoupler of the
current actuator ηth just switches OFF, to zero. As soon as zero
is reached, the HV optocoupler of the next actuator, determined
by input na, is turned ON. The deactivation-angle down counter
begins decreasing when the last time q switches from 1 to 0 to
zero. At this moment, the zero-valued deactivation-angle down
counter signals the wheel to switch q from 1 to 0 again, and
the process repeats. These down counters decrement at the same
rate as the angular velocity as follow: ∆̇ = −(1− q) ξ2 and
δ̇ = − ξ2.

The force applied between the wheel and the ground is nei-
ther instantaneous nor constant over its activation duration. We
assume that the actuation force Fa travels through the COM of
the wheel, as can be seen from Fig. 7(a); the contact angle ξc
therefore can decompose this force to the vertical and horizontal
components. Besides, the force is also dependent on the actua-
tion status q, the activation angle ϕa, and the angular speed ξ2.
We assume the actuation force function to have the following
form:

Fa (ξc, ξ2, q, ϕa)

= 1
ξc

σ1
1

σ2 ξ2+σ3
e
−

(ln(ξc)− σ4)2

σ5
2 q σ6 (ξc − ϕa) .

(43)

The profile of the actuation force Fa depends on the six
parameters σ1, σ2, σ3, σ4, σ5, and σ6, four states ξ1, ξ2, q,
and η, and one input ϕa. It can be seen from Fig. 7 that the
profile of the actuator force can be adjusted by changing the
values of the parameters and the states. The arrows indicate
the modification of the profile of the force function due to the
increases of the corresponding parameters, states, or inputs.
Specifically, increasingϕa causes the actuator to activate a larger
contact angle, increasing σ6 increases the left-side slope of the
force function, increasing σ1 makes the right-side slope of the
force function more curvy, increasing σ2, ξ2, or σ3 reduces the
peak force, and increasing the deactivation angle ϕd increases
the angle at which the generated force is cut OFF. The general
equation of the force function is assumed from the observation
that the force must increase rapidly from 0 N at the activation
angle, reach its peak, and diminish gradually as the wheel’s angle
increases. Since the rate of the actuator’s stroke is finite, the peak
force it generates should decrease as the wheel’s speed increases,
hence the exponential function. While the activation angle ϕa

determines at which angle the actuator force to rise from 0 N, the
deactivation angle ϕd determines the angle at which the force
output is cut OFF (see Fig. 7). The inputϕd is not explicitly shown
in the force functionFa(ξc, ξ2, q, ϕa), yet it determines when q
switches from 1 to 0, as it is used to update the deactivation-angle
down counter shown in (50).

Since Fa,2 is the magnitude of p̂2 component of �Fa, we
have

Fa,2 = Fa · sin (ξc) . (44)

The state-space model is continuous in the entire durations
of activation or deactivation of an actuator. Therefore, during
these periods, the actuation status q and the actuator of interest
η do not change their states (q̇ = 0, η̇ = 0). We can re-write
the continuous state-space model (62) of the HASEL wheel as
follows:

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

ξ̇1
ξ̇2
q̇

∆̇

δ̇
η̇

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

=

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

ξ2
L r (Fa sin(ξc)−(rτf+Lτf )sign(ξ2)

LI1+LMr2+ I33
r2

L

0
− (1− q) ξ2

− ξ2
0

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

. (45)

What happen at the moments q switches between 0 and 1 can
be modeled using the hybrid dynamic framework introduced in
[46] and [47]. Given state x ∈ R

n, input u ∈ R
m, and output

y ∈ R
p, the framework has the following form:

H = (C, f,D, g) (46)

H =

⎧

⎨

⎩

ẋ = f (x) (x, u) ∈ C

x+ = g (x, u) (x, u) ∈ D

y = h (x)
(47)

where f is the flow map, C is the flow set, g is the jump
map, and D is the jump set. The flow component of the model,
ẋ = f(x), is already introduced in (45). The jump component,
x+ = g(x, u) represents a discrete jump of the state x to x+

based on the function g(x, u). The superscripts + indicates that
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the statesx change instantly intox+. The function g(x, u) serves
two purposes: It is in which the inputs are implemented to update
the states of the wheel and toggle the actuator status q. The
observation function y = h(x) determines how six states can
be constructed from sensor data. The following section explains
what happen to all six states during jumps.

First, the jump map cannot discretely change the state of
the wheel’s angular position and angular velocity; therefore ξ1
and ξ2 remain constant during jumps. Second, the status of the
actuator of interest q is always binary (0 or 1). Therefore,

q+ = 1− q. (48)

Third, the updated activation-angle down counter is calculated
based on the sum of the activation angle of the next actuator and
its actuator index multiplied byπ/8 rad (the angle between every
two adjacent actuators), minus the current angular position of
the wheel as follows:

∆+ = q
(

ϕa + na

(π

8

)

− ξ1

)

. (49)

Fourth, the updated deactivation-angle down counter is calcu-
lated based on the addition of the deactivation angle of the next
actuator and its actuator index multiplied by π/8 rad, minus the
current angular position of the wheel as follows:

δ+ = ϕd + na

(π

8

)

− ξ1. (50)

The main difference between the jump equations for the
activation-angle down counter and the deactivation-angle down
counter is that the activation-angle down counter only decre-
ments during the period of q = 0. As soon as the counter
becomes zero, q = 0 turns into q+ = 1− q = 1, thus activating
the actuator η. However, the deactivation-angle down counter
only becomes zero when ξ1 = ϕd + na(π/8), causing q = 1
to turn into q+ = 0, thus deactivating the actuator η. Finally,
the switching rule for the current actuator index η depends on
the actuation status q right before the jump. In the first scenario
where q = 1 becomes q+ = 0, the current actuator ηth has just
deactivated, the jump rule determines that the next actuator index
η equals the target actuator index na obtained from the input u:
η+ = na . In the second scenario when q = 0 becomes q+ = 1,
the current actuator ηth starts to activate. Therefore, the jump
rule determines that there should be no changes in the actuator
index: η+ = η. Combining the two scenarios, we have

η+ = q na + (1− q) η. (51)

From equations (71)–(74), we have
⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

ξ1
+

ξ2
+

q+

∆+

δ+

η+

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

=

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

ξ1
ξ2

1− q
q
(

na

(

π
8

)

+ ϕa − ξ1
)

na

(

π
8

)

+ ϕd − ξ1
q na + (1− q) η

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

. (52)

Finally, the flow and jump sets describe the flow and jump
conditions. Since flow and jump cannot happen simultane-
ously, these sets are exclusive from one another. Specifically,
jump set is satisfied as soon as (∆ = 0 ∧ δ �= 0 ∧ q = 0) ∨

(∆ = 0 ∧ δ = 0 ∧ q = 1). When the jump set is satisfied, the
model follows the jump map x+ = g(x, u). When flow set
is satisfied, the hybrid dynamic model follows the flow map
ẋ = f(x). These sets also describe the feasible values of states
x during flow and jump, respectively. Therefore, we have

D :=
{

x ∈ R
2 × {0, 1} × R

2 × N≥0|
(∆ = 0 ∧ δ �= 0 ∧ q = 0) ∨ (∆ = 0 ∧ δ = 0 ∧ q = 1)}

(53)

C :=
{

x ∈ R
2 × {0, 1} × R

2 × N≥0|
∼ π (∆ = 0 ∧ δ �= 0 ∧ q = 0)
∧ ∼ (∆ = 0 ∧ δ = 0 ∧ q = 1)} .

(54)

C. Operation of the Electrohydraulic Rolling Soft Wheel

Initially, the HASEL rolling wheel has activation status
q = 0, activation-angle down counter∆ = 0, deactivation-angle
down counter δ = 0, and current actuator index η = 0 [see
Fig. 8(a)]. Given the measurement of angular position ξ1, the
wheel can determine the current actuator index using (40). The
wheel enters the jump map and update the values of q, ∆, δ, and
η according to the input u [see Fig. 8(b)]. With an initial angular
speed ξ2, the wheel rolls, increments ξ1, and decrements both ∆
and δ. As soon as the activation-angle down counter reaches zero,
the jump condition ∆ = 0 ∧ δ �= 0 ∧ q = 0 is satisfied, which
triggers the hybrid dynamic model to enter the jump map. The
jump map determines that the activation status switches from 0 to
1, signaling the optocoupler first to close and activate the actuator
first, as shown in Fig. 8(c). The deactivation-angle down counter
remains the same after the jump and continue to decrease in the
flow (δ+ = δ), and the current actuator index η remains 1. The
generated force component Fa,2 causes the wheel to accelerate
and increase the angular speed ξ2, which further decreases δ.
As soon as the deactivation-angle down counter reaches zero,
the jump condition ∆ = 0 ∧ δ = 0 ∧ q = 1 is satisfied, which
triggers the hybrid dynamics model to enter the jump map again.
This time, the jump map determines that the activation status
switches from 1 to 0, signaling the optocoupler first to open
and deactivate the actuator first, as shown in Fig. 8(d). At this
moment, the jump map also updates the new values of q, ∆, δ,
and η according to the new input u, which determines the next
target actuator (second in this example) to activate.

D. Braking Rules

In the control problem of speed regulation, the wheel can
lower its speed by passively decelerating thanks to the system’s
frictions; however, active decelerations via braking allows the
wheel to react more quickly to the environment and reach target
angular speed more effectively. The rolling soft wheel achieves
braking by activating the actuator in the direction such that its
force component Fa,2 opposes the rolling direction (shown in
Supplementary Video).

When the wheel is in motion, the current actuator ith in contact
with the ground is described in the hybrid dynamic model as
η = i. The braking behavior is achieved by selecting the next
actuator to be activated as na = i+ 2 instead of i+ 1, which
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TABLE I
MECHANICAL CHARACTERISTICS OF THE ELECTROHYDRAULIC ROLLING SOFT

WHEEL

results in a negative contact angle since ξc = ξ1 − (i+ 2)π/8 <
0. As the wheel continues to roll, ξ1 increases, causing the
contact angle to increase from a negative value to zero. The
activation and deactivation angles corresponding to the actuator
(i+ 2)th must therefore be negative. Specifically, the activation
angle and the deactivation angles are between -22.5o and 0o with
the activation angle is closer to − 22.5 ° and the deactivation
angle is closer to 0◦. The negative activation-angle down counter
∆ and deactivation-angle down counter δ, when multiplied with
− ξ2, as seen in (49) and (50), become up counters from negative
values to zero. With this setup, the jump map, flow map, jump
set, and flow set for active deceleration are identical to those
for acceleration. The braking behavior is therefore achieved by
simply selecting the appropriate inputs na, ϕa, and ϕd. In this
article, we opt not to estimate the force function during braking,
which we explain in the Section VI (“discussion”). However, we
still show how braking is implemented as part of the controller
in the Section V (“model predictive controller design”).

IV. CHARACTERIZATION AND PARAMETER ESTIMATION

To quantify the location and orientation of the electrohy-
draulic rolling soft wheel on the platform, we use a motion cap-
ture system (OptiTrack, NaturalPoint Inc.) that consists of eight
infrared cameras (Primex 22, NatruralPoint Inc.) with a 3-D ac-
curacy of +/− 0.15 mm and a sampling rate of 360 Hz. The data
are saved to CSV files and then postprocessed using MATLAB
(MATLAB R2020a, MathWorks). Furthermore, the continuous
dynamic equation ẋ = f(x, u) is discretized using Runge–Kutta
fourth-order method with a step size h = 1/300 (s).

A. Estimation of Friction Torques

Most mechanical parameters of the wheel are given in Table I,
except for the friction torque’s of the two set of bearings on
the pivot and the wheel that are unavailable from the supplier.
For simplicity, the friction torques are treated as constants.
Their values can be estimated by conducting an optimization
procedure.

First, 30 set of angular position and angular velocity of
the wheel, with arbitrary initial angular velocity and angular
position, are captured using the motion capture system. We
follow the MATLAB procedure “Fit ODE, Problem-Based” [48]

TABLE II
INFLUENCES OF THE ACTIVATION ANGLE AND DEACTIVATION ANGLE ON THE

RISE TIME AND STEADY-STATE LINEAR SPEED

for the first twenty training datasets to estimate the friction
torque by minimizing the sum of squared of the error between
the estimated states and the measured states (angular positions
and velocities). The result is τf = 0.0104 (kg m2/s2). We
then simulate the wheel’s dynamics using this τf value and
compare the R-squared results with the remaining ten test sets.
The goodness of fit values for the angular position of the wheel
range between 0.962 and 0.999 with an average of 0.987. The
goodness of fit values for the angular velocity of the wheel range
between 0.793 and 0.9890 with an average of 0.938.

B. Estimation of Actuation Force Function

We observe the effect of the actuation forces indirectly based
on how the wheel accelerates. As previously mentioned, the
actuation forces depend on the wheel’s dynamic states, including
the contact angle ξc, the current angular speed ξ2, and the
actuator’s status q, and the control input u, which includes
the activation angle ϕa, and the deactivation angle ϕd. Since
we assume that all actuators are identical, the actuation forces
should not depend on which actuator (na) being activated.

To estimate the function of the actuation force, we have the
first six actuators to activate at the activation angle ϕa = 3o

to ensure the wheel has sufficient momentum for continuous
rolling. In the subsequent actuations, we look at the wheel’s
angular speed with respect to a combination of activation angle
ϕa, ranging from 1o to 11o, and the deactivation angle ϕd,
ranging from 11o to 22o. All actuators past the six initial ac-
tuators are activated sequentially, thus removing the influence
of input na from the experiment, and all actuators have the same
predetermined activation and deactivation angles throughout
the 60-s-long trials. The activation and deactivation angles are
the same for all actuators in each trial and are only varied
across different trials. The influences of the activation angles
and deactivation angles on the linear speed’s rise times tr (s) and
steady-state values ξ2,ss (m/s) are documented in Table II. Any
combination of activation angle and deactivation angles shown
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in the gray region of Table II result in the wheel’s discrete rolling
behavior at steady state.

Based on this table, for the same activation angle, varying the
deactivation angle (specifically in the range from 11o to 22o)
has little influences on the wheel’s steady-state linear speed, as
shown in the unclear patterns of the steady-state linear speed
with respect to increasing the deactivation angle. This behavior
agrees with the general form of the force function as the force
diminishes rapidly as the distance between the actuator and
ground increases.

The fluctuation of the linear speed for the same activation can
be explained by the actuator’s charge retention, which occurs
after applying high electric fields to the actuators for a long
period of time and causes the actuators’ performance to worsen.
While this effect is not well understood, it may be related to space
charge creation in the thin-film dielectrics, caused by ionization
of low-molecular-weight impurities under application of high
electric fields [49], [50]. Since the order of experiences for the
Table II is randomized, the experiments that are conducted ear-
lier result in greater steady-state linear speed. Charge retention
also result unclear pattern for the speed’s rise time, especially
when the experiment trials are randomized.

For the same deactivation angle, increasing the activation
angle results in smaller actuation force, which in turn results
in smaller steady-state linear speed. This is consistent with
the profile of the force function. However, there are no clear
trends for the rise time of the angular speed of the wheel with
respect to either the activation angle or the de-activation angle.
Since the influence of the deactivation angles is not obvious,
we can simplify the process of estimating the force function’s
parameters by fixing the deactivation angle to its maximum value
of 22o and only varying the activation angles. With the input
na simply incrementing based on na = 16 mod (η + 1) and
the input ϕd = 22o, the three-input-six-state hybrid dynamics
model becomes one-input-six-state model.

Due to the nonlinear problem of the force function’s parameter
estimation that contains both continuous and discrete compo-
nents, we choose particle swarm optimization (PSO) algorithm
[51]–[55]. The algorithm solves an optimization problem by
maintaining a population of candidate solutions, dubbed par-
ticles, and moving these particles around in the search-space
according to simple mathematical formula over the particle’s
position and velocity. Since PSO makes no assumptions about
the problem that is being optimized, can search very large
spaces of candidate solutions, and does not use the gradient
of the problem being optimized, the algorithm is ideal for the
estimation of actuation force’s parameters, which is a nonlin-
ear, noncontinuous optimization problem with speed-dependent
continuous and discrete dynamics.

In our problem, the candidate solutions are the set of force
function’s parameters {σ1,σ2, σ3, σ4,σ5,σ6}, as shown in (43).
The force function is generated based on these parameters and
applied to the hybrid dynamics model to simulate the wheel’s
angular position and angular speed. The objective function is
to minimize the sum of squared errors between the simulated
linear speed and the measured linear speed for all trials with
different activation angles from 1o to 9o with an increment of

Fig. 9. Evaluation of the estimated force function Fa with six numerical
parameters {σ1,σ2, σ3, σ4,σ5,σ6}. Visual comparison between the simulated
linear speed of the rolling system using hybrid dynamic model with the estimated
force function and the measured linear speed using motion capture system. The
two datasets are generated based on five trials with five values of ϕa ranging
from 1o to 9o with an increment of 2o, a prescribed na = 16 mod (η + 1), and
a constant ϕd = 22o.

2o and constant deactivation angle of 22o. Specifically, we call
xw
p = {σ1, σ2, σ3, σ4, σ5, σ6}

w
p as a set of parameters in the

search space R
6. p = 1, . . . , P with P is the total number of

candidate solutions, or particles, in the search space. w = 1, …,
W represents the increment of time step with W is the final time
at which either an optimal solution is reached (its corresponding
sum of squared errors is lower than a predetermined threshold) or
the number of search iterations of the PSO algorithm is reached.

The new position xw+1
p and velocity vw+1

p of each particle
after each search iteration are updated by the following rules:

xw+1
p = xw

p + vw+1
p (55)

vw+1
p = c1 v

w
p + c2 r1

(

pwp − xw
p

)

+ c3 r2
(

pwg − xw
p

)

(56)

where c1 is the inertia term, r1 and r2 are random values between
0 and 1, and c2 and c3 represent the cognitive and social scaling
parameters. Here, we select c1 to be 0.5, c2 and c3 to be 1 and 2,
respectively. To limit computation time, we select the, possibly
sub-optimal, solution after ten search iterations.

C. Actuation Force Model Evaluation

The result of the PSO algorithm described in the previous
section is as follow: {σ1, σ2 , σ3, σ4, σ5, σ6} = {1.214, 1.997,
3.836, −1.004, −0.1009, 22.357}, for five trials (see Fig. 9),
each with approximately 20000 data points sampled at 360 Hz.
Fig. 9 shows how well the linear angular speed generated by
the hybrid dynamic model with the chosen force parameters fit
with the linear angular speed obtained from the measured data
in five experiments with activation angles ϕa ranging from 1o to
9o and constant deactivation angle ϕd = 22o. Table III gives the
fitting performance between the simulated linear speed using the
hybrid dynamic model with the estimated force function and the
measured linear speed of the wheel using motion capture system.
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TABLE III
FITTING PERFORMANCE BETWEEN THE SIMULATED LINEAR SPEED AND THE

MEASURED LINEAR SPEED OF THE WHEEL

The performance results are based on three metrics: root-mean-
square errors (mm), goodness of fit (R-squared), and steady-
state errors (m/s) between the simulated and experimental linear
speed.

From Fig. 9 and Table III, the simulated data matches
well with the measured data for experiments with activa-
tion angles ϕa = 1o, ϕa = 5o (R-squared values of 0.97 and
0.93, respectively). For the experiments with activation angles
ϕa = 3o and ϕa = 7o, there are deviations in both transient
and steady-state velocities, resulting in poor R-squared values
(0.82 and 0.73, respectively). The steady-state errors of 0.18
(m/s) and 0.27 (m/s) also reflect the poor fit in these two
experiments. Based on Fig. 9, the fitting result in the experiment
with activation angle ϕa = 9o is more acceptable than what
R-squared values of 0.72 and steady-state error of 0.10 (m/s)
indicate.

There are several reasons for the imperfect R-squared values
and steady-state errors. First, as the wheel rolls more slowly due
to larger activation angles, the wheel’s linear speed becomes
more discrete, resulting more fluctuation in the speed profile.
Second, the order of trials is random: the trial with activation
angle ϕa = 7o is conducted before the trials with activation
angles ϕa = 1o, ϕa = 5o, and ϕa = 9o, which are conducted
before the trial with activation angle ϕa = 3o. The later experi-
ments result in more noticeable charge retention on the actuators
that cause the actuation forces to be weaker than that of the same
experiment, but if conducted earlier. Finally, the optimization
solution is suboptimal, and the form of the force function may
be more complex, especially in the sophisticated hybrid dynamic
interaction between the actuators and the ground while the wheel
continuously changes its position and speed.

From this experiment, we can also see that the maximum and
minimum controllable range of linear speed is 0.2 to 0.7 m/s.
Below a speed of 0.2 m/s, the wheel’s motion becomes discrete,
and the speed has a saw-tooth profile (not shown). Exceeding
speed above 0.7 m/s will require a lighter wheel or stronger
actuators.

V. MODEL PREDICTIVE CONTROLLER DESIGN

A. Controller Description

The electrohydraulic rolling soft wheel has state jumps that
are state-dependent and discrete inputu that remains constant for
the entire duration of activation-deactivation of a target actuator
na. These two characteristics of the wheel make it challenging
to use conventional controllers. In this section we describe the

model predictive controller (MPC) and the PSO algorithm to
implement optimal inputs u to regulate the wheel’s linear speed.

The controlled system [see Fig. 10(a)] begins with a reference
speed that the wheel attempts to track. The controller, based on
the hybrid dynamic model of the plant and the PSO optimizer,
generates an inputu to minimize the errors between the predicted
speed and the reference speed. The wheel then changes its
angular position and speed due to the actuation force of the target
actuator. Both the motion capture system and the absolute rotary
encoder quantify the angular position of the wheel. Based on
the measurement of the first physical state (angular position
ξ1), the state observer is simply based on (45) to compute its
derivative and obtain the second physical state (angular speed
ξ̇1). From the two known physical states, the state observer
simply computes the remaining four non-physical states based
on the flow map (45), jump map (47), jump set (53), and flow set
(54). The outputs of the state observer consist of full six states
that are used for the next MPC iteration and the estimated speed
that is used in the disturbance estimator.

The disturbance estimator [56] is implemented to account for
the real-time error in the dynamic modeling, unmodeled external
disturbances, and fabrication and computation errors that result
in deviations between the measured speed and the simulated
speed generated by the hybrid dynamic equations. Since we
demonstrate only the control of the steady-state angular speed,
the disturbance estimator is not used during the transient phase
of wheel’s speed. When the predicted speed of the wheel is less
than approximately 0.1 m/s (0.64 rad/s) of the reference speed,
the estimator is switched ON, allowing the controller to gradually
correct for the speed’s offset. As mentioned in [46] and [47], a
pair (t, j) represent the flow of events in the hybrid dynamic
system, with times t accounts for the flow of the continuous
segment of the system and jump steps j represents the events that
the system switches from the flow map to the jump map. Since
the controller is digital, the time t is discretized and represented
as variable k. The detailed explanation of the discretization is
shown in Fig. 10(b). The disturbance estimator has the follow
discrete form:

d̂ (k + 1, j) = d̂ (k, j) +Kess (k, j) (57)

ess (k, j) = ξ2,meas (k, j)− ξ2,prdt (k, j) (58)

where
d̂(k + 1, j): Updated estimated disturbance term.
d̂(k, j): Current estimated disturbance term.
ess(k, j): Steady-state error between the measured and

predicted speeds.
ξ2,meas(k, j): Measured speed.
ξ2,prdt(k, j): Current predicted speed based on the MPC al-

gorithm.
K: Positive valued tuning constant.

A largerK results in faster error build-up and more responsive
correction for the control offset. However, too large K also
amplifies noises in the measured speed and cause the controller
to generate an oscillatory speed around the reference speed.

The controller has two operating modes: acceleration and
active deceleration. In the acceleration mode, the controller
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Fig. 10. Description of the MPC for the electrohydraulic rolling soft wheel. (a) The MPC block diagram with a particle swarm optimizer that minimizes the
cost function Jj(x) and is subjected to state and input constraints. The MPC also employs a disturbance estimator to correct for the discrepancies between the
predicted and measure speeds due to modeling simplification and unmodeled disturbances. (b) Illustrative snapshot of a typical MPC iteration for wheel’s speed
(m/s) with respect to times t, jump steps j. The red line on the plot represents the wheel’s status q = 1 , whereas the black line represents the wheel’s status q = 0.
The snapshot illustrates the speed-dependent behavior of the continuous and discrete dynamics. At time (t, j) = (k ∗ h, l), the wheel applies HV to the actuator
ηth, and the MPC computes the optimal u for the target actuator na. The prediction horizon spans (t, j) = (k ∗ h, l) to (t, j) = ((k + z) ∗ h, l+ 2). The MPC
computation must complete before the wheel deactivates the actuator ηth; that is (t, j) = ((k + i) ∗ h, l) < ((k + o) ∗ h, l), with i is the time instant at which
the MPC completes its computation and o is the time instant at which the wheel deactivates its actuator ηth. The orange and gray arrows indicate the adaptive,
nonperiodic nature of the controller as the wheel’s speed changes. (c) Real-time, C++-based, and multi-threaded implementation of the MPC controller for the
speed regulation of the wheel. The multithreaded program allows for integration of nonperiodic thread (the MPC) and the periodic threads (the data collector and
the data logger). The arrows indicate the direction of data transmission.

uses MPC algorithm with PSO algorithm to determine the
optimal input to activate the next actuator such that the dif-
ference between predicted speed ξ2,prdt(k, j) and the reference
speed ξ2,r(k, j) is minimized. If ξ2,prdt(k, j) < ξ2,r(k, j) + 0.3
(m/s), the controller will maintain the acceleration mode. If
ξ2,prdt(k, j) ≥ ξ2,r(k, j) + 0.3 (m/s), the controller will switch
to the active deceleration mode. In this mode, the controller ap-
plies braking inputs with a target actuator na = 16 mod (i+ 2)
and predetermined activation angle of −22o and deactivation
angle of −6o.

The MPC involves a cost function Jj(x) that can be defined
as

Jj (x) : =
1

2

j+2
∑

j

⎛

⎝

1

zj

k+zj
∑

k

(ξ2,prdt (k, j)− ξ2,r (k, j))
2

⎞

⎠ .

(59)

Since we do not know the reference speed in the future, we
assume that it is a constant throughout each MPC iteration:
ξ2,r (k, j) = ξ2,r (k + 1, j) = . . . = ξ2,r (k + zj , j). The cost
function Jj(x) is the mean squared error between the predicted
speed and the reference speed during the entire activation-
deactivation cycle (duration of q = 0 and q = 1) which corre-
sponds to the jump step incrementing twice from right after j = l
to right before j = l + 3 [see Fig. 10(b)], with l is an integer that
represent the current jump step of the hybrid dynamic model.
zj is the total number of time steps spanning these jumps with
step size h = 1/300 (s). The PSO optimization goal is: Given
x0 ∈ R

n

Minimize Jj (x)

Subject to: x ∈ ŜH (x0)

x (T, J) ∈ X
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(T, J) ∈ T

u ∈ U

where ŜH(x0) is the set of solution pairs (x, u) of H satisfying
x0 = x(0, 0), and (T, J) denotes the terminal time of x.

We allow the terminal times of the feasible solution pairs to
belong to a set T ⊂ R≥0 × N≥0, called the prediction horizon

T =

{

(t, j) ∈ R≥0 × N≥0 : max

{

T

fs
, j

}

= τ

}

(60)

for some integer τ ∈ {1, 2, . . .} and fs > 0, where fs is the
sampling rate of the controller, so that the terminal time (T, J)
of any feasible solution pair satisfies max {T/fs, j} = τ In our
problem, the prediction horizon for a given control input is the
entire duration of activation-deactivation cycle that is previously
mentioned.

The optimal input u is computed at the beginning of every
period q = 0 for the target actuator na which is always the adja-
cent actuator of the current actuator ηth ( na = 16 mod(η + 1)).
Each input u is fixed for the entire activation-deactivation cycle
of the target actuator. Since the input is discrete and remain
constant for the entire activation-deactivation cycle, the concept
of a control horizon does not apply.

Fig. 10(b) shows a snapshot of a typical MPC iteration for
acceleration with respect to times t, jump steps j, and the wheel’s
speed. From the figure, the current actuator to be activated is
η. The vertical, equally spaced marks represent time t that is
discretized into steps k by Runge–Kutta fourth order method
with step size h. Whenever there is switch of status q, the jump
step j increments. MPC then computes an optimal control input
u+ which is used by the embedded microcontroller to update the
next control command. The MPC prediction horizon takes two
jump steps from Jk = l to Jk+zj = l + 2, which corresponds to
the instant the target actuator na starts to deactivate. Because
the change in jump steps based on the wheel’s activation and
deactivation angle down counters, which in turn decrement at
the same rate as the wheel’s speed ξ2, the total number of time
steps required spanning Jk = l to Jk+zj = l + 2 decreases as
the wheel’s speed increases. Therefore, the prediction horizon
is adaptive (decreasing), causing the MPC computation time to
be also adaptive (decreasing). Here, we define i as the time in-
stance at which the MPC completes its computation and o as the
time instance at which the wheel deactivates its actuator ηth. The
instant (t, j) = (Tk+i, Jk+i) = ((k + i) ∗ h, l) at which the
MPC completes its computation must happen beforeJk+o−1 = l
turns into Jk+o = l + 1, since the actuator na requires the
updated activation angle down counter to begin decrementing
at the instant Jk+o−1 = l turning into Jk+o = l + 1 and reach
zero at the instant Jk+zj−1 = l + 1 turning into Jk+zj = l + 2.
Based on this description, we have 0 < i < o < zj .

Optimization-based controllers have difficulties with both
nonlinear, nonconvex, and discrete cost functions and their
real-time computation capability. To solve for the optimal input
u(k, j) that minimizes the cost function Jj(x) in real-time, we
employ the PSO algorithm. The algorithm has the same structure
as that mentioned in the previous section. Specifically, we call

xw
p = ϕa

w
p as a set of activation angles in the search space R.

p = 1, . . . , P with P is the total number of candidate solutions,
or particles, in the search space. w = 1, …, W represents the
increment of time step. W is the final time at which either an
optimal solution is reached (its corresponding sum of squared
errors is lower than a predetermined threshold) or the number
of search iterations of the PSO algorithm is reached. Due to
the computational cost and the constraint of MPC duration, we
choose P= 15 and W = 1. This means that there is only one
iteration of PSO with 15 possible activation angles ϕa ranging
from 1o to 15o to choose from. Beyond 15o , the actuation force
is too weak to influence the wheel’s speed. The goal of the PSO
algorithm is to pick one out of 15 values of ϕa that can minimize
the errors between the predicted speed generated by the target
actuator na and the reference speed. The deactivation angle ϕd

is fixed at 22o. Finally, since there is only one iteration of PSO,
(55) and (56) do not apply. The next section describes how the
controller is implemented in real-time.

B. Real-Time Implementation

The controller’s varying computation time requires concur-
rent computing to separate the nonperiodic MPC thread from
the periodic data collector thread that collects the motion capture
data, the embedded microcontroller data, and data logging [see
Fig. 10(c)]. Besides, since each MPC iteration that involves
intensive real-time computation must complete before j incre-
ments to j + 1 (mentioned in the previous section), we require
powerful computation hardware to meet this real-time demand.

A computer with a Ryzen 5 5600X (Advanced Micro Devices)
processor and 32 GB of 3600 MHz DDR4 RAM is used for the
C++ multi-threaded implementation. The program is designed
around a shared data map that all threads have access to concur-
rently. This data map contains the latest update of the motion
capture data and embedded microcontroller (Teensy 3.6, PJRC)
data. The first thread, the data collector, continuously samples
the motion capture and microcontroller data and write them to
the shared data map at 600 Hz. The data logger thread obtains a
copy of the shared data map and write it to a text file at the rate
of 300 Hz for post processing. The MPC thread polls the content
of the shared data map; when the wheel is activated ( q + = 1),
MPC computes an optimal control command input u and send
it to the embedded microcontroller via the data collector thread.
The embedded microcontroller sends angular position from the
rotary encoder, the actuation status q, and the current actuator
index η over serial and check for new control command input u
at 300 Hz. If there are updated input, the controller waits until the
current actuator η finishes activating then applies the command
to the target actuator accordingly.

C. Controller’s Preliminary Result

Fig. 11 shows real-time steady-state control results for the
electrohydraulic rolling soft wheels. Fig. 11(a) and (b) demon-
strates the improvement of the steady-state results of the wheel’s
angular speed that tracks four different referenced signals (1,
1.5, 2, and 2.5 rad/s) due to the inclusion of the disturbance
estimator. For the referenced signals of 1, 1.5, and 2 rad/s, there
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Fig. 11. Real-time steady-state control result for the electrohydraulic rolling
soft system. (a) Control result without the disturbance estimator. There are
significant steady-state errors between the measured referenced angular speeds.
(b) Control result with the disturbance estimator. The steady-state errors between
the measured and referenced speeds are minimized. (c) Control results with the
referenced speed stepping down from 2.6 to 2.0 rad/s.

is an overall decrease in percent of steady-state error between the
measured angular speeds and referenced speed: 9.80% to 0.80%,
7.82% to 0.96%, and 5.37% to 0.52% respectively. There is a
slight increase in steady-state error in the case of 2.5 rad/s due to
the charge retention on the actuators. Similarly, the disturbance
estimator also improves the normalized root-mean-square error
(NRMSE) for the first three cases of reference speeds: 0.133 to
0.090; 0.098 to 0.053; and 0.067 to 0.046, respectively. However,
the increased steady-state error for the case of 2.5 rad/s also
results in a slight increase in NRMSE (from 0.039 to 0.042).
These results indicate that the disturbance estimator is important
to improve the MPC’s performance.

It is interesting to note that, in both figures, the rise times
of the wheel’s speed to track 2.5 rad/s are noticeably slower
than those to track 2 rad/s, and, for the same referenced speed,
the rise times in Fig. 11(b) are slower than those in Fig. 11(a).
This behavior can be explained by the charge retention on the
actuator. The charge retention not only affects the actuator’s

maximum stroke, but also how quickly the actuator expands,
thus influencing the wheel’s acceleration.

Fig. 11(c) shows how the MPC controller with disturbance
estimator regulates the wheel’s angular speed (rad/s) that tracks
a referenced speed of 2.6 rad/s for 31 s, then actively decelerate
to reach a new referenced speed of 2 rad/s and maintain at
this speed for 19 s. The braking fall-time from 2.6 to 2 rad/s
is approximately 1.2 s. While there are some stead-state speed
fluctuations due to the fabrication and controller design pro-
cess, these results demonstrate the feasibility that the wheel
can adjust its speed by either accelerating or decelerating in
real-time.

VI. DISCUSSION

Rolling soft systems have the following three design tradeoffs:
level of integration (hardware and software); performance (such
as speed and acceleration); and system’s weight and size. Ta-
ble IV illustrates how the HASEL-driven rolling soft wheel fares
against existing rolling systems driven by soft actuators. While it
is often true that light weight is an advantage for performance and
efficiency, weight and performance alone are insufficient to de-
scribe all aspects of the system. Specifically, several existing soft
systems ([27], [33]) achieved high performance such as rolling
speed (1.25 and 1.43 blps, respectively) and small weight (11.27
and 12.2 g, respectively), at the cost of any level of hardware
integration and useful functionalities such as deceleration and
speed control. As given in Table IV, only the wheeled robot [27],
the soft wheel robot [35], and the spherical robot [37] provide
certain levels of self-containment, which result in significant
increase in systems’ weight (1469 g for [35] and 9100 g for [37])
and/or significant reductions in average or maximum speed (0.9
blps for [27], 0.72 blps for [35], and 0.21 blps for [37]). With
the consideration of all design tradeoffs, HASEL shell-bulging
soft wheel outperforms existing soft rolling systems; despite its
weight of 979 g (to accommodate HV and embedded hardware),
the design achieves an excellent maximum speed of 2.2 blps (0.7
m/s), with additional functionalities including deceleration and
closed-loop control, which is not demonstrated in virtually any
existing rolling soft systems.

With the given rolling performance, the design, modeling,
and control limitations mentioned in the previous sections can
be addressed in two ways: improving sensing and control and/or
redesign of the HASEL actuator. In the first category, the local
state of each actuator can be monitored by integrating em-
bedded sensors such as a capacitive self-sensing circuit [57].
Regarding controls, the issue of fabrication inconsistency of
16 actuators can be addressed systematically by a local PID
controller [58] for each actuator, which can make the output
strokes and rise times consistent across actuators, thus help-
ing the MPC algorithm better compute optimal control com-
mands. Another method to remove the charge retention on
the actuators is by means of HV and ground reversal [42],
which has been demonstrated in a compact, embedded form
[43]. Alternative reversing the polarity of the HV and ground
connections to the actuators can forcefully remove all charges
accumulated on the actuators, effectively restoring the actuators
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TABLE IV
PERFORMANCE COMPARISON OF ROLLING SYSTEMS DRIVEN BY SOFT ACTUATORS

DEA, dielectric elastomer actuator; EA, electroadhesion actuator; HASEL, hydraulically-amplified self-healing electrostatic; GD, geometric deformation; GRSR, gravity-based
rolling soft robot; IRSR, impulse-based rolling soft robot; SMA, shape memory alloy; COM, center of mass.

to the charge-free state. Above all, the mathematical descrip-
tion of the rolling wheel can be significantly improved by
considering the physics behind the ground contact force for
both acceleration and braking. Due to the sophisticated nature
of the wheel’s rolling motion, a detailed, physics-based study
of the contact force generated by the actuator as the wheel
rolls is required to improve the dynamic model of the rolling
behavior, which in turn influences how well the controller can
regulate the wheel’s speed during both transient and steady
states.

In terms of actuator redesign, different geometry of folded-
HASEL actuators can play an important role in the performance
of the rolling soft wheel. The wheel can achieve smoother
rolling motion with narrower but longer folded actuators with
increased number of pouches. For the same rims’ circumference,
decreasing the actuator’s dimension increases the number of
actuators that can be fitted on the same frame. Besides, the
decrease in the contact dimension of the actuators and the ground
also allows for greater peak forces, which improve the wheel’s
acceleration. Furthermore, a separate study about the actuator’s
charge retention effect is critical to design better actuators with-
out this time-dependent behaviors and therefore improve the
consistency of the wheel’s performance. Importantly, improved
materials systems will enable HASEL actuators with drastically
improved performance [59].

There are several reasons that influence our design choices
regarding the integration of sensors, power supply, and control
hardware onto the HASEL-powered rolling wheel. The design
and characterization of the wheel in this article is geared toward
utilization in a four-wheel platform. Additional wheels can
collectively share the added loads from a battery, high-resolution
rotary encoders, an inertial measurement unit, and more efficient
compact computation hardware (such as FPGA or DSP). Fur-
thermore, a four-wheel platform can enable additional steering
function that is not possible with the existing HASEL-driven
rolling system. As the wheels are connected to one another via
axles, the mathematical model that describes the wheel-pivot
arm kinematics and dynamics can be conveniently repurposed to
achieve global control on a four-wheel platform. Even though we

have yet to demonstrate the impact absorption of the soft wheel
and there are limited capabilities of the controller (such as tran-
sient control), future design of a four-wheel platform can provide
several inherent advantages over traditional four-wheel vehicles,
including reduction of moving parts (braking mechanism and
transmission for forward and reverse motions) improvement of
serviceability (thanks to the ease of access to the actuators that
drive the wheels), and potentially impact absorption. A separate
study of impact absorption, terrain traversal, and payload limits
of the four-wheel platform, accompanied by redesigns of actu-
ators for surface ruggedness and maximum force and stroke)
is a logical and meaningful next step to demonstrate that soft
actuators can be a competitive alternative to traditional motors
and servos.

VII. CONCLUSION

In this article, we introduce a novel shell-bulging rolling soft
wheel driven by folded-HASEL actuators. The wheel’s perfor-
mance was strongly tied to the interplay between electrical,
mechanical, material, and software design choices. With the
balance of several design factors, the wheel outperforms existing
rolling soft systems in several performance metrics, despite the
added weight of the embedded components. Furthermore, this
article was the first to describe and analyze the hybrid dynamic
model of shell-bulging rolling mechanism that contains both
continuous rolling motion and discrete activations and deac-
tivations of the actuators. This model allows us to design an
MPC to regulate the wheel’s rolling speeds, which enables the
wheel to accelerate and leverage its inherent braking capability
to reach desired speeds—a critical function that did not exist
in previous rolling soft systems. While there remain years for
rolling soft wheels to catch up with the matured motor- and
servo-based systems, the HASEL-driven rolling wheel presents
a right direction toward high performing rolling soft systems
that can bring many alternative benefits to traditional, rigid ones.
Moreover, the technical discussion in this article may provide
guidance and inspiration for creating new, robust, and highly
mobile soft robots.
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