Dynamic modeling of a curling HASEL actuator using the port Hamiltonian framework
with experimental validation
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Abstract

This paper addresses the modeling, parameter identification, and validation of curling Hydraulically Amplified Self-healing Elec-
trostatic (HASEL) actuators using the port Hamiltonian (PH) framework. Employing a modular approach, the HASEL actuator is
conceptualized as a combination of elementary subsystems. Each subsystem includes electrical and mechanical components. The
electrical component is characterized by a variable capacitor in parallel with a resistor branch, which is in series with another ca-
pacitor that is also in parallel with a resistor branch, representing charge retention-related drift. The mechanical component consists
of linear and torsional springs connected to an equivalent mass. The parameters of the proposed model were identified using the
Levenberg-Marquardt optimization algorithm with data from the developed experimental setup. Additional sets of experimental

data were used to validate the obtained model.
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1. Introduction

In recent years, soft robotics has garnered significant impor-
tance, driven by the need for robotic systems that are capable of
adapting to diverse environmental conditions. Current designs
are often bio-inspired, whereas rigid robots consisting of me-
chanical systems do not replicate the behavior of natural organ-
isms in the same manner as soft robots. Soft robots can achieve
smooth and complex motions such as snakes, elephant trunks,
animal tongs, and worms, and replicate muscular movements.

Recently, one of the most captivating advances in soft
robotics is the Hydraulically Amplified Self-healing Electro-
static (HASEL) actuator [1]. HASEL actuators combine the
advantages of Dielectric Elastomer Actuators (DEAs) and fluid-
driven soft actuators, providing convenient electrical control,
excellent electro-mechanical performance, large design flexi-
bility, and various modes of actuation [2]]. There are various
types of HASEL actuators, each distinguished by their shape
and motion, including Peano, planar, elastomeric donut, quad-
rant donut, high-strain Peano, and curling actuators. The litera-
ture has documented diverse applications of HASEL actuators,
such as a soft gripper for aerial object manipulation [3], an ac-
tuator powering a robotic arm [[1]], an electro-hydraulic rolling
soft wheel [4]], a Peano actuator for enhanced strain, load, and
rotary motion [5]], and spider-inspired electrohydraulic soft ac-
tuated (SES) joints [6].

The design dimensions have a direct impact on the defor-
mation and torque that can be achieved. As shown in [6], the
torque output of SES joints was measured as a function of the
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hinge angle. In [6] the actuator was tested with various dimen-
sions, including the height, width, and height of the region not
covered by electrodes. Two types of films were used: 18 um
thick biaxially oriented polypropylene (BOPP) and 20 um thick
polyester film (brand name LOWS®). At the end a comparison
between a servomotor and a SES HASEL was proposed. The
servomotor achieved a peak torque of approximately 40 mNm
at 5 V, while the SES joint reached a peak torque of approxi-
mately 30 mNm. The power consumption of both actuators was
also compared throughout an identical series of motions. The
servomotor consumed 140 mW while holding the load at 25°,
whereas the SES joint consumed less than 1 mW, demonstrating
the energetic efficiency of the HASEL actuator.

One significant advantage of HASEL actuators is the use of
dielectric fluids, which enhances their reliability and scalability,
improving their ability to self-repair after dielectric breakdown.
Additionally, HASEL actuators can achieve higher deformation
levels than DEAs due to their design allows broader and more
flexible movements [1]. HASEL actuators are highly versatile
and capable of achieving expansion, contraction, and rotation.
They can self-sense their deformation state and be constructed
from various material systems with multiple form factors and
sizes. Current HASEL actuator designs exhibit muscle-like per-
formance, making them a viable alternative to other types of ar-
tificial muscles. Furthermore, HASEL artificial muscles repre-
sent a nascent field of research with significant potential for en-
hanced performance [2]]. The main challenges associated with
HASEL actuators include the need for high operating voltage,
the importance of preventing dielectric liquid leakage in case
of pouch damage, and the difficulty in maintaining a constant
position under a steady voltage. The authors of [7] characterize
an individual HASEL bending actuator, or ’finger’, demonstrat-
ing controllable pinch force up to 0.7 N, repeatable capacitance
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change to displacement, and fast tunable grip speeds (as low as
50 ms to grip). They feature different gripper configurations ca-
pable of grasping a wide variety of objects, including delicate
fruits.

Adding a strain limiting layer introduces anisotropic behav-
ior; bending occurs on the opposite side of the layer, enabling
the transition from a linear to an angular deformation mecha-
nism [2]]. Curling HASEL actuators can be used to manufacture
more complex actuators thanks to their versatility, durability,
and ability to mimic natural movements. Establishing a reliable
model to accurately represent system dynamics is crucial for
achieving effective actuator control in the next step.

Recently, various models have been proposed to represent
the behavior of HASEL actuators under different assumptions.
[8] employs a hyperelastic neo-Hookean model to character-
ize the coupled elastic-electrical-hydraulic behavior of a donut-
shaped HASEL actuator within the quasi-static domain. The
authors of [9] and [[LO] used the free energy of the system to
derive analytical models representing the quasi-static response
of a Peano-HASEL actuator and a high-strain Peano-HASEL
actuator, respectively. The authors of [L1] propose a dynamic
model of a peano-HASEL actuator based on dimensional anal-
ysis and Lagrange’s second-order law. In [12], Dynamic Mode
Decomposition with control (DMDc) leads to a linear model
that approximates the system dynamics. The authors of [[13]
proposed a nonlinear reduced-order mass spring damper (MSD)
approximation of an assembly of HASEL actuators. The au-
thors of [14] studied the film material deformation, dielectric
liquid dynamics, and actuator electrical conditions. They used
finite element analysis with COMSOL Multiphysics software
to develop a generalized physics-based framework represent-
ing the actuation mechanism. Data-driven models are used to
model and control soft actuators [15], yielding good results.
However, the main limitation of such models is that they are
typically black-box representations, offering limited insight
into the underlying physical phenomena.

The referenced articles offer various methodologies for
modeling HASEL actuators; however, none is well suited for
the dynamic modeling of curling HASEL actuators. The model
presented by [[16] has focused on the Peano-type HASEL actu-
ator, which exhibits simple vertical contraction, with all actua-
tor units (each pouch) moving in the same direction. As a re-
sult, the underlying model relied on strong assumptions, mak-
ing its geometrical modeling relatively straightforward. Fur-
thermore, this work did not account for the drift effect and the
response to an AC input signal is not addressed in this model.
Hence, drawing on the concepts outlined in [16], taking ad-
vantage of the port-Hamiltonian (PH) approach, we introduce
new multiphysics elements to establish a representative model
of the complex dynamic behavior of a HASEL actuator across
its electrical and mechanical domains while addressing their
coupling through the principles of volume conservation. In ad-
dition, we included the drift effect induced by charge retention
in the actuator materials in the model representation. The pro-
posed model is well-suited for control purposes. Taking advan-
tage of the port-Hamiltonian framework, passivity-based con-
trol methods, such as the Interconnection and Damping As-

signment Passivity-Based Control (IDA-PBC) method, can be
applied to achieve target positions or generate desired forces,
as required in gripper applications. An example of passivity-
based control applied to a soft planar vertical take-off and land-
ing (Soft-PVTOL) aircraft is presented in [[17]].

To address the flexibility and large deformations of the curl-
ing HASEL actuator, this work adopts a finite-dimensional
model based on nonlinear ordinary differential equations. Al-
though infinite-dimensional models using partial differential
equations (PDEs) offer high accuracy, their complexity and com-
putational demands, particularly under nonlinear deformations,
make them impractical for real-time control. The proposed
lumped-parameter nonlinear model provides a practical approx-
imation of the system dynamics and enables efficient imple-
mentation of passivity-based controllers.

The main contributions of this paper are as follows:

Modeling of a curling HASEL actuator using the PH ap-
proach to capture electrical and mechanical behaviors of
the actuator. The drift effect is accounted for by adding
a resistor branch parallel to the capacitor that represents
the electrodes, both in series with a capacitor that is also
in parallel with a resistor branch that represents charge
retention. Volume conservation allows coupling of the
electric and mechanical domains.

The derivation of a complex system from the intercon-
nection of several basic elements takes advantage of the
modularity principle in the PH framework.

Identification of key design parameters for curling
HASEL actuators. The stiffness K;, damping b, and in-
put mapping as the cosine of the endpoint position were
derived from the experimental data and validated against
other experimental conditions.

The model of a Manta Ray bio-inspired soft robot is pre-
sented to demonstrate the applicability of the proposed
modeling methodology to other HASEL actuator-based
systems.

This paper is organized as follows: Section [2] gives a de-
tailed literature review of existing modeling for HASEL actua-
tor and describes the curling HASEL actuator considered in this
work. The dynamic model of the presented curling HASEL ac-
tuator is proposed in Section [3]using the PH framework. Then,
we show in Section M the identification and validation results.
Finally, Section 5| gives final remarks and future work.

2. Existing models, curling HASEL actuator description
and modeling assumptions

2.1. Existing HASEL actuator models in literature

In this section, we first introduce the existing modeling ap-
proaches in the literature. The authors in [8] used a hypere-
lastic neo Hookean model to characterize the coupled elasto-
electrical-hydraulic behavior of a donut-shaped HASEL actua-
tor within the quasi-static domain. In [6] a quasi-static model



of spider-inspired electrohydraulic soft-actuated joints is pre- Table 1: HASEL models existing in the literature
sented. The authors ofl[9] and [10] use the free energy of the

system to derive an analytical model that represent the quasiwer [woderspe FASEL actuator type Confribution
static response of a Peano-HASEL and a high strain Peangl | A mote e o e et
HASEL actuator respectively. The authors bf1[11] show the|® | _e'eme”‘m""e' Single donut type actuator S;i,?;;f‘:‘:mm"”e'
dynamic model of a Peano-HASEL actuator, based on dimen-® | Anebtcaimod Peano Nuaststatic model
sional analysis and Lagrange's second order law. They derivg | Anabtcaimodel HS-Peano Quast-static model
a timescale that describes the in uence of geometry, material§t | Analytica model Peano DA Mo e for contrl
system, and applied external loads on the actuation speed. [if2l | baa-diven model-basefiPeanc Data-driven model ,

. . B B No physical model, not easy to generalize
[13], the authors introduce a non-linear quasi-static reduced-msr | Analytical model Folded indvidual pouches | Quasr taic model
order mass-spring-damper (MSD) model for a robotic manipu- 4" | Finite element model | Tndividual pouch Dynamic model _

. . No drift e ect and not suitable for control
lator actuated by six HASELs. They demonstrate that simulaymsr [ Anaytcaimode Peano Dynamic model
. . . .. PH model describes the dynamics
tions based on the non-linear MSD modelgetively anticipate Nodrifte ect

. . [18] | Finite element model Peano Dynamic model

the physical behavior of the robot on a macro scale.[In [12], » No drit e ectand not sitable for control
Dynamic Mode Decomposition with control (DMDc) is used | " | "™ P Drite e and suabl fr maerial seleciof
to acquire a linear model that approximates the system dynam ey | "> | CurngrAsEL e o Com orented model

ics of a HASEL arm. The study described in[14] investigates

the deformation of Im materials, the dynamics of dielectric

liquids, and the electrical conditions of the actuator. The au- . . . .
thors employ nite element analysis software COMSOL Multi- pouches (sic C-Series Contracting HASEL Actuator, Artimus

physics to develop a generalized physics-based framework f _olbot:c_s lv.wthddlger.\sut)ns Yigslé_w :;’]:4 mm)ht.hat cc;ntamd
representing the actuation mechanism[In [18] an arti cial mus- ielectric iqui .( nvirotemp ); each pouch is conforme
by two Ims of biaxially oriented polypropylene, which are par-

cle bre that simulates human triceps surae muscle bre us-. I db b int electrod A sch i
ing Peano-HASEL actuators is represented by a nite elemeng@!!y covered by carbon paint electrodes. A schematic repre-

model.[19] presents a model that represents the quasi-static r@gntt_?tlon(;)f t?ebact_uatorbls sthown '2. FlgurzebZaEThﬁ tf ys_t em E’
sponse of Electrostatic Multilayered Systems (EMSSs). This appartI loned into as:c stu_ S?/S e(rjns ( 'r?ur.e I ) tac Thasm Suo-
proach captures the drift ect and allows its reduction by se- system comprise electrical and mechanical parts. The experi-

lecting the materials that constitute the actuators. The approaé‘ﬂent""I setup used a Keyeﬁ .CeJ'V?OSO pro le laser sensor to
is used in a Peano-HASEL actuator. Kellaris et al. (2021)measure the actuator position.
presents a quasi-static model to represent the behavior of soft-
actuated electrohydraulic joints. In_[16], a Port-Hamiltonian
(PH) formulation of a one-degree-of-freedom (DOF) HASEL
planar actuator is introduced. A nonlinear spring-damper sys-
tem is used to approximate the mechanical deformation of the
actuator resulting from uid motion, while a nonlinear capac-
itance model is used to approximate the electrical behavior of
the system but the drift eect is not considered in this work.
Our work presents a dynamic model of a curling HASEL
actuator, wherea$ |[6] provides a quasi-static model of spider-
inspired electrohydraulic soft joints. In this work, the model
captures the drift eect, which is a characteristic of HASEL ac-
tuators, and also represents the current consumption of the actu-
ator, which is not accounted for in the model presented in [16].
This model is based on physical principles, unlike the model
presented in [12]. The model presented here is designed for
control applications, and its mOdU|a,my allows it .tO be adaptedFigure 1: In the left gure the curling HASEL actuator and the laser sensor
for other HASEL actuator con gurations. A detailed SUMmary nead used to register the displacement are shown. The right gures show the

of the existing modeling approaches is presented in Table. 1. curling HASEL displacement from the equilibrium position with an input of 0
kV and the actuator deformation when the applied voltage is 10 kV.

2.2. Actuator description

This section describes the curling HASEL actuator and as-
sociated experimental setup, as illustrated in Figure 1. The curR.3. Assumptions
ing HASEL actuator was fabricated using a planar HASEL at- We present the assumptions taken into account in model-
tached to the strain-limiting layer. The bending motion wasing the curling actuator. First, the width of the actuator was
obtained by applying high voltage to the electrodes of the actuassumed to be uniform; thus, a two-dimensional analysis was
ator. Bending deformation was measured using a pro le lasetonducted.
sensor. The curling HASEL actuator is composed of several
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