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ARTICLE INFO ABSTRACT

Communicated by M.K. Role Dielectric Fluid Actuators (DFAs) are variable capacitors that contract as a result of electrostatic
forces acting on a compliant multilayer structure composed of a polymer film and an insulating
liquid. Differences in the dielectric time constants of the liquid and polymeric layers lead to
charge retention at their interface, causing a decay in Maxwell stress that ultimately leads to a
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Actuator dynamics relaxation of the actuator stroke in the presence of a constant applied voltage. In this work, we
Dielectric Fluid Actuator introduce a new physics-based continuum framework that extends electrostatic force modelling
Peano-HASEL from fixed parallel-plate capacitors to actuator-level modelling, by coupling continuum electrical
Charge retention dynamics with a lumped mechanical model of the DFA. The DFA is represented as a continuum

of infinitesimal variable capacitors, each modelled using simple RC elements. The framework is
experimentally validated on a simple multi-layer open-pouch DFA, and on an established layout
of hydraulically amplified self-healing electrostatic actuator. Even with a simplified description
of the material electrical response (e.g., constant resistivities) and lumped deformation mechan-
ics, the framework captures the relevant trends in unzipping dynamics with respect to geometry
and operating conditions (applied voltage and external forces). The proposed framework lays
the foundations for electro-mechanical dynamic continuum modelling of DFAs.

1. Introduction

Dielectric fluid actuators (DFAs) are flexible transducers that leverage a variable-capacitance mechanism to contract upon the
application of an electric field on a multilayer architecture composed of dielectric films and dielectric liquids [1-3]. In the last few
years, DFAs have marked a major breakthrough in soft robotic actuation [4] thanks to their large actuation strains, high power
density, and reliance on established high-voltage industry materials that enable scalable manufacturing [5].

Over the past few years, several DFA realizations have been proposed, differing in geometry and mechanical operating principles,
yet consistently relying on a zipping kinematics to achieve contraction. A well-known class of DFAs, referred to as hydraulically
amplified self-healing electrostatic (HASEL) actuators, exploit electrostatically induced pressurization of a dielectric liquid to
produce work against a mechanical load [1,6,7]. Other architectures, such as electro-ribbon actuators [2,8] and electrostatic bellow
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muscles [3,9], employ dielectric liquids at atmospheric pressure to generate large electric fields across variable dielectric gaps, while
relying on the structural properties of the dielectric layers for force transmission.

These architectures have been demonstrated in a variety of mechatronic proof-of-concept applications, including tactile de-
vices [7,10], tunable lenses [11], soft pumps [12,13], and autonomous robots [14,15]. To support application design, the static
relationship between force, stroke, and voltage has been modelled [16-18], along with the dynamic behaviour induced by
mechanical loads such as inertial effects and fluid viscous forces [19-21].

Regardless of the specific embodiment, a limitation of DFAs is that they do not naturally maintain a constant force when
driven by a constant applied voltage. This happens because of leakage currents, which are different in the different dielectric
layers, causing charges to accumulate at the interface [22,23]. Because of interface charge retention, the Maxwell stress generated
between the electrodes decays over time, resulting in unzipping. A common solution adopted to prevent unzipping is the use of an
inverting-polarity high-frequency driving voltage, which cyclically resets the charges accumulated at the interfaces [10,19].

Sirbu et al. [22] provided a formal description of charge retention in terms of the electrical properties (namely, permittivity
and resistivity) of the dielectric materials (polymer films and liquids), resorting to a description based on Maxwell-Wagner-Sillars
polarization theory [24]. They observed and proved experimentally that force relaxation does not occur in the presence of so-called
matched dielectric combinations, in which the polymeric film and the liquid have similar dielectric relaxation time constants [25].
Their work addressed charge retention by referring to the simple case of a parallel-plate capacitor in a blocked configuration, which
is far from representing the complex kinematics of real zipping actuators and their stroke relaxation behaviour.

Cisneros et al. [26] developed a control-oriented modelling approach based on lumped RC circuit representations similar to
those proposed in [22]. They described a multi-pouch Peano-HASEL actuator as a series of a constant and a variable capacitor, each
in parallel to a resistor, to capture the effect of charge retention on unzipping. While their representation preserves the general
physical structure given in [22] for a uniform parallel-plate capacitor, it makes use of model parameters that are not immediately
interpretable in terms of the real actuator geometry and material properties, and largely relies on parameter identification. The
modelling approach proposed by Cisneros et al. [26] was later adopted by some of the authors of the present paper to develop
simulation-based control strategies for DFAs based on high-frequency voltage polarity inversion [27]. More recently, Xiong et al. [28]
investigated stroke and force relaxation under constant voltage and adopted a formulation similar to that of Cisneros et al. to study
control strategies based on alternating current (AC) driving, i.e., high-frequency voltage polarity inversion. Although their work
provides valuable insights into the influence of AC driving on the dynamic response of electro-hydraulic actuators, the proposed
formulation relies on lumped-parameter circuit models that require system identification, rather than being derived solely from the
actuator geometry and material properties.

A framework capable of transferring the physical principles presented in [22] into complex DFA topologies is currently missing.
Yet, accounting for charge retention-driven dynamics at the actuator level might help guide design decisions and design control
strategies for DFAs [26].

This paper presents a physics-based modelling framework for DFAs, capable of describing the unzipping dynamics due to charge
retention. The model builds upon a continuum formulation that describes the local distribution of charge and electric field within
a device, bi-directionally coupled with a lumped parameter representation of the zipping mechanics. The electrical dynamics are
captured using a simple RC formulation, which is nevertheless sufficient to describe charge-retention phenomena at the interface
between dielectric layers. By modelling this effect, the proposed framework describes stroke relaxation both in DFAs in which the
dielectric fluid sits at atmospheric pressure and closed pouch Peano-HASEL actuators, and it shows that the relaxation dynamics
depend not only on the dielectric time constants of the materials, but also on device loading conditions and geometric parameters
(e.g., the initial zipping angle).

With respect to previous works on dynamic modelling of charge retention in DFAs [22,26], the contribution of this article consists
in (1) a fully-interpretable physics-based model that describes unzipping/relaxation of generic DFA actuators, given their geometry
and material properties; (2) a unification and comparison of global DFA models (that describe the system response in terms of global
actuator capacitance) and local models (that describe the system response in terms of local electrical variables and electrostatic
force contributions); (3) an experimental quantitative analysis of the unzipping dynamics in two different DFA topologies (an open—
pouch DFA and a Peano-HASEL), which validates the proposed formulation and provides insight into charge-relaxation effects at
the actuator level. The general framework presented in this paper lays the foundation for local continuum modelling of DFAs, as it
allows integrating local dependencies while maintaining a level of complexity much lower than that of bulk formulations involving
volumetric discretizations of the dielectric domains. While the focus of this work is largely set on the slow dynamics induced by
charge retention, the framework lends itself to extensions such as the incorporation of fluid-dynamic or visco-elastic loads, or more
advanced electrical descriptions of the dielectrics’ behaviour [29].

The rest of the paper is structured as follows. Section 2 presents a formulation for the DFA model, both in a continuum and
discretized fashion. In Section 3 we investigate the influence of model parameters, electro-mechanical loads and geometrical design
choice on the unzipping dynamics. In Section 4 we validate the framework against two different geometries. Finally, Section 5
presents the conclusions.

2. Electro-mechanical dynamics of DFAs
This section presents a general electro-mechanical formulation for the dynamics of DFAs, aimed at explaining how the actuator

stroke evolves in time due to charge relaxation. A continuum electrical model for charges distribution [30] in a DFA is first
introduced, and coupled with a lumped-parameter description of the device mechanical behaviour. The model is later recast in
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a discretized form and experimentally validated. The core idea is that the total electrostatic force generated by the device can be
computed as a sum of contributions from infinitesimal parallel-plate multi-layer variable capacitors [31] into which the actuator
can be ideally split. The electrostatic force depends on the charge distribution within the polymeric film and liquid layers of the
capacitor, and it leads to actuator zipping, hence affecting its geometrical configuration.

We refer to a generic DFA architecture, and we assume that its deformation is describable by a single degree of freedom x, which
is assumed to correspond to a linear contraction of the actuator. The following additional assumptions are made:

1. The electrical dynamics are governed by the leakage currents through the dielectric layers, which lead to so-called Maxwell-
Wagner-Sillars polarization [24], here described using a simplified RC-based formulation. The model structure presented
here can be in principle expanded to include advanced multi-branch circuit representations of the materials electrical
behaviour [32].

2. Due to the materials resistivity, charges build up at the interfaces between dielectric layers [24,33,34]. For the aim of this
study, space charges within the dielectric media are ignored.

3. Electrical properties of the materials, such as resistivity and permittivity, are assumed to be constant. Consequently, the
material dielectric relaxation time is also constant.

4. In the zipped region, a residual liquid layer is present, whose thickness is constant during deformation and in different working
conditions.

5. The thickness of the polymeric film layers is assumed constant upon zipping.

6. The length of the polymeric layers remains constant during deformation, i.e., the polymer layers are regarded as flexible but
inextensible. This assumption describes a broad class of DFAs based on high-modulus dielectric films [2,6].

2.1. Continuum electrical model with lumped mechanical dynamics

The dynamic model of a DFA system is here formulated resorting to a set of continuum dynamic equations for the electrical
variables, coupled with a mechanical equation of motion expressed in terms of a single kinematic degree of freedom x = x(z), with
7 representing the time. The electrode is ideally divided into infinitesimal material portions, whose position along the electrode
is denoted by s, a curvilinear material coordinate defined along the electrode length; s = 0 corresponds to the length where the
zipping starts. We denote /, = /,(x) the length of the zipped portion of the electrode in a generic configuration.

Each infinitesimal portion is electrically represented by an RC network, consisting of a capacitor in parallel with a resistor to
account for leakage currents. The dielectric layers are connected in series, leading to a circuital formulation analogous to that
presented in [26]. The absolute permittivity (e = £,¢,, where ¢, is the vacuum permittivity and e, is the relative permittivity of the
dielectric) and resistivity (p) of the dielectric layers give rise to distinct electrical time constants ratios which, as shown in [22],
lead to different charge retention dynamics across the dielectric layers.

Each infinitesimal material portion is assumed to be electrically independent of the others and subject to the same total applied
voltage difference, as the distributed resistance of the electrodes is neglected [35]. Consequently, the global electrical model of the
DFA consists of a continuous distribution of RC parallel branches. A visual interpretation of the continuum electrical formulation is
represented in Fig. 1a. Note that, since the electrode is divided into material portions, the capacitances and resistances representing
the constant-thickness film layer remain constant upon deformation, whereas the capacitances and resistances associated to the fluid
gap portions are variable.

The electrical state of a single portion is described by the local surface charge densities 6, = 0,(s,7) and 6, = o,(s,7) on the
infinitesimal capacitors, modelling the liquid and the film layers respectively. We define J, = J)(s,7) and J, = J (s, 7) as the local
leakage current densities flowing through the liquid and film dielectric layers, respectively. Modelling each dielectric layer as the
parallel of a capacitor and a resistor (subject to the same voltage drop), Eq. (1) is obtained:

4
o= pdy = op=pgd =1,
I

°s @
—=rply > oy =pedy =10y
S
Here, p, denotes resistivity of the liquid, ¢, denotes the absolute permittivity of the liquid layer, i.e., &, = gy¢,;, where ¢ is the
vacuum permittivity and ¢,, is the relative permittivity of the liquid. The same definition applies to the polymeric film layer,
i.e., pys, €7 = g9¢, ;. The series connection of the dielectric layers implies, by current continuity, that

Jy+6,=J;+6;. )
Noting that the total driving voltage difference applied to the electrodes is V' = V(r), Kirchhoff’s second law leads to
prtydi+2pptpd, =V 3

where #; = #,(s, x) denotes the local liquid thickness, and ¢, denotes the thickness of a single polymer layer within the corresponding
infinitesimal portion. As shown in Fig. 1a, ¢, depends both on the material coordinate s and the instantaneous actuator stroke x(z),
which is kinematically related to the length /. of the zipped portion. For s < /_(x), i.e., within the zipped region, the liquid thickness is
assumed to be constant and equal to a residual value #; = ¢, . Outside the zipped region, the liquid thickness depends on the actuator
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Fig. 1. (a) Continuum electrical formulation and circuit representation of a generic DFA. The electrode is divided into infinitesimal material
portions, each constituted by an RC network made of constant and variable components. (b) Lateral cross section of the V-shaped actuator and
its main kinematic parameters. (c) Lateral cross section of the Peano-HASEL actuator and its main kinematic parameters.

kinematics. For simplicity, here we define 7, as the fluid-filled distance between the polymeric layers measured perpendicularly to
the zipping plane. While in reality a precise calculation of ¢, should account for the shape and trajectory of the electric field lines
within the fluid region, this assumption is considered sufficient to describe the DFA force dynamics, since the electric field rapidly
decreases to zero outside of the zipped region.

Collecting the relations derived above, the electrical dynamics of the RC network shown in Fig. 1a, which electrically represents
the overall DFA, can be described by the following system of differential-algebraic equations (DAEs):

o,(s, 1) = 7,J,(s,7),

os(s,7) =7pd (s, 7), )
Ji(s,7) +6y(s,7) = T p(5,7) + 64(5,7),

pri(s,x) Ji(s, )+ 2pptp J (s, 7) = V(1)

The electrostatic energy U, stored in the dielectric layers is obtained from the volumetric electrostatic energy density. The volumes
of the dielectrics within an infinitesimal portion are d€2; = 1,(s,x) wds and dQ =2t wds, where w denotes the electrode width,
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/251 f+/ —de (5)

D, = Dy(s,7) and D; = D (s, 7) denote the electric displacement fields across the liquid and polymer dielectric layers, respectively.
As we assume that no volume charges are present within the materials and that charge only accumulates at the interfaces, the
displacement is uniform across the layer and satisfies D, = 6; and D, = 0. Having /, to denote the electrode length, we can express
the electrostatic energy reported in Eq. (5) as

le [ 62(s,7)1,(s,x) 20%(s, 7)1
U, = 1/ bl Akiac i VT ®)
2 Jo £ €y

To cast the equation of motion of the actuator in terms of x, we call m the generalized mass associated to x, U,,(x) is a generic
elastic potential energy (e.g., due to external biasing springs or the bending stiffness of the flexible layers), and F is the externally
applied force opposing x (i.e., acting against zipping). By treating the surface charge densities o, and o, as independent variables
with respect to x, following the formalism commonly adopted in the Lagrangian analysis of electromechanical systems [36], and
applying the Euler-Lagrange equation to the kinematic degree of freedom x, the following equation of motion is obtained:

leading to

oo, 90U,
mx+bx+a—+F+Fe(x,r)=0, 7)
X
where the electrostatic force F, is given by

ou, 1 /’e 62(s,7) 3t,(s, x)
= —_— ———— wds
0

F,(x,7) = ==
(e ox 2 € ox

(8)

Notice that in Eq. (8) the explicit contribution from the polymeric film is disappearing and the total force comes from an integration
of the charge density (and hence electric field) in the sole fluidic layer. This is consistent with the observation that, in a parallel-plate
multi-layer capacitor in which only one layer has variable thickness, the force between the plates is proportional to the squared
electric field in the variable layer [22]. This formulation generalizes lumped-parameter formulations for the electrostatic force that
rely on the derivative of the DFA total capacitance with respect to x [16], which are only applicable in the presence of ideal
dielectrics, with no charge accumulated at the interfaces.

Since the focus of this work is to analyse slow DFA stroke relaxations induced by the electrical dynamics and the temporal
evolution of the electrostatic forces, simplified formulations are used for the mechanical terms. The model structure based on
continuum electrical dynamics (4) and lumped mechanical Eq. (7), however, lends itself straightforwardly to the incorporation
of additional force contributions that account for other effects, such as configuration-dependent inertia, or more sophisticated
expressions for the viscous forces derived by fluid-dynamics [19]. The framework could be further extended to include more
advanced dependences of the electrical properties on the state (e.g., the dependence of the materials resistivity on the electric
field [37,38]). Moreover, the model could be extended to include the contribution of the dielectric films stretch (in topologies
where this is present and functionally relevant) [3,39]. Doing so involves: (1) including contributions due to the materials’ elastic
energy in equation of motion (7); and (2) modifying the formulation for the continuum electrical dynamics to consistently account
for variations in the material elements length (ds) and thicknesses.

2.2. Discretized model

The continuum model can be recast in a discretized form to enable numerical solution of the dynamic equations. Assuming that
N material points (N — 1 material portions) are uniformly distributed along the electrode length, Eq. (8) can be rewritten in a
discretized form as follows:

N-1 dr
w As 2l

F, = —_— 9

4 2g =i % dx ©)

As denotes the material length associated with each discretized element and is defined as 4s = [,/(N — 1). The j—th element
corresponds to a material portion, and the corresponding thickness f, =1;,(x) is evaluated at the midpoint of the portion.

It is worth noticing that, in ideal static conditions (i.e., neglectlng the’ dielectric layers resistivities), the electrostatic force can
be derived upon differentiation of the equivalent layered capacitance C with respect to the mechanical degree of freedom x, as
discussed in [16]. In that situation, the overall capacitance of the device can be well approximated by the sole capacitance C, of the
zipped region, where the total dielectric thickness is much smaller than that of the unzipped portion. Accordingly, the electrostatic
force in static lossless conditions can be written as

v2idc  v?dC, eeplw

s C,= ———. 10
z epty +2¢g1; 10

In the following, we demonstrate the convergence of F,, to F, in static conditions.
In static ideal conditions, the charge density o), on the liquid layer of the j—th discretized element can be calculated as in a
capacitive voltage divider, and it reads as
€€y

- 11
% 6f11j+2611f (n
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By substituting Eq. (11) into Eq. (9), we obtain
_ N 1 2 2 2 dti _ LUE[ Ef ASV d N-1
o erty +26[ Iy

Fe, 2 £
where the second equality has been obtained by observing that 7., ¢, and ¢, are constants, while 1, is a function of x.

Denoting by N, the number of discretized elements within the zipped region, the summation in Eq. (12) can be approximated by
retaining only the contributions from these elements, since the liquid thickness in the zipped region (7, ) is assumed to be uniform
(fzj = 1,,) and much smaller than that in the unzipped region (i.e., the terms into the summation are smaﬂ/negligible in the unzipped
region, where 1, is very high). Under these assumptions, Eq. (12) can be approximated as

N,

w&,efAsV d z
F ~we—e—0"J 13
éd Z t,+2£,t/ 13

Jj=1

12
=G +2£,tf)2 dx (12)

Since the summand is constant (i.e., independent of j) within the zipped region and /, ~ N_ 4s, Eq. (13) simplifies to

£€ d/ 2dc
B a2 AT N e S 14)
d 2 ept) +2¢ 1, dx 2 dx

which is identical to the expression of F, reported in Eq. (10). This proves that the proposed discretized model is consistent with
a capacitance-based force calculation approach in static conditions.

Now, in order to easily implement the electrical dynamics of the system, we recast DAE (4) as a system of ordinary differential
equations. The circuital representation of the device is slightly modified via a standard pseudo-transient continuation approach [40],
by introducing, in each discretized portion, a fictitious resistor in series with the stack. With this modification, the electrical dynamics
of each portion can be written in a state-space form by choosing the charge densities on the two capacitors as the state variables.

6,=A,0;+B; V.

(p)s +2pyt s 1, (x)
A =|  Erprlens £ (p1); (15)
J 2, (o0 +py1), (IR K
er(p)s erpyr(pt),

_wds |1
=2l

The contribution of the series resistor enters the system matrices through the newly introduced term (pt),, which has the dimensions
of Qm? (namely, the product of a resistivity and a thickness). We remark that this quantity has no direct physical interpretation,
and it is introduced for numerical reasons. This term affects the electrical charging time (and therefore the zipping dynamics) but
does not influence the unzipping dynamics. Its value is therefore chosen to be sufficiently small to ensure that the charging time
remains below the shortest time scale of interest, on the order of milliseconds.

2.3. Layouts: V-shaped and peano-HASEL actuators

In this work, the proposed framework is applied to two different actuator geometries. Figs. 1b—c illustrate the schematics of the
devices and their corresponding kinematic parameters.

The V-shaped actuator (Fig. 1b) is inspired by the geometry proposed in [41]. The device consists of a pouch made of two
initially flat dielectric membranes (each holding an electrode on its outer face), open at the top by a rigid spacer that confers the
device cross sections a V-shaped and puts the dielectric liquid in communication with the atmospheric pressure. This geometry is
adopted in this study to help isolate the electrical dynamics due to its simple kinematics, reduced edge effects, and operation of
the fluid at atmospheric pressure. In addition, this layout provides uniform zipping and unzipping fronts during actuation, hence
reducing potential sources of deviations from the kinematic assumptions used to build the models.

The kinematic parameters of the V-shaped DFA are introduced in Fig. 1b. The side length of the pouch (length of each polymer
film, in the cross-section view of the figure) is denoted by /, while the semi-aperture of the actuator (i.e., the maximum spacing
between the polymeric films, at the basis of the actuator) is denoted by a. The film is partly covered by an electrode with length /,
(with /, <1 -a), and width of w (perpendicular to the view of the figure). In a generically zipped configuration, the actuator stroke
is denoted by x.

Under the assumption of inextensible polymer films (Section 2) and neglecting edge effects, the longitudinal length of the device
(vertical length in Fig. 1b) in a partially zipped configuration is equal to the longitudinal length of the fully unzipped configuration
(i.e., x = 0) minus the corresponding actuator stroke. This relationship can be expressed as

+/U =1 —at=VI2—a? —x. (16)
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Table 1

Baseline parameters for the V-shaped actuator used in simulations.
Parameter Symbol Value
Polymer thickness 1y 25 pm
Residual liquid thickness (zipped) 1 10 pm
Relative permittivity (polymer) f;, ; 2.05
Relative permittivity (liquid) £, 3.8
Resistivity (polymer) Py 1x 105 Qm
Resistivity (liquid) o 2x102Qm
Polymer length 1 55mm
Electrode width w 60 mm
Electrode length 1, 40 mm
Semi-aperture a 11.9 mm
Reference voltage 14 6kV
External load F SN
Damping b 10Ns/m
Discretization points N 1500

From (16), an expression for /, can be derived explicitly as
. 2xVI2 —a? - x?
z -_— .
2(1+x—VI2-ad?)

where I, can take any value between 0 and /,.

@a7)

The zipping angle corresponding to each configuration is given by

a
_lz> ' 18

We define the initial zipping angle 6, as the value of 6 obtained for /, = 0, corresponding to the unzipped configuration of the
device.

0=2 arcsin([

The thickness #,(s,x) of the fluid layer (entering electrostatic Eq. (4) and the computation of the electrostatic force (8)) is
calculated using the simplified assumption that the electric field lines are straight everywhere (parallel to those of the zipped region),
resulting in

1, ifs<li,,

(s, x) = : 2(s —1,)a 5ol (19)
Iz -1, =

The second layout considered in this study is the Peano-HASEL actuator [6], a well-known zipping device consisting of a liquid-
filled, closed dielectric polymer pouch partially covered by compliant electrodes (Fig. 1c). Upon voltage application, the electrodes
induce the liquid to form a bulge in the passive portion of the pouch. Although Peano-HASEL actuators are known to exhibit
inhomogeneous zipping behaviour [19,42], which makes the analysis of the unzipping process particularly challenging, the geometry
is employed in this work to further validate the proposed framework on a real-world device featuring a electro-hydraulic working
principle, in which the electrostatic forces induce a pressurization of the dielectric fluid. The Peano-HASEL kinematics is modelled
under the assumption that, in a generic zipped configuration, the device is composed by a zipped region (where the electrodes are
flat), and a bulged region (enclosing the liquid), whose walls have the shape of symmetrical arcs of circumference. The equations
for the Peano-HASEL geometry are taken from [17] and reported in Appendix A.

3. Parametric sensitivity analysis

In this section, simulations of the discretized model are used to investigate how device design and testing parameters influence
the unzipping behaviour. The analysis focuses on the V-shaped actuator. A set of baseline parameter values is reported in Table
1, largely based on the experimental values used in Section 4. Unless otherwise specified, all simulations are conducted using
those baseline parameters. The table lists the independent parameters, while the remaining ones can be derived from geometrical
considerations. For the purposes of this study, inertial effects are neglected, as they are assumed to have a minor influence on
the force balance for the considered masses and accelerations, which is expected to be dominated by viscous effects (e.g., due to
fluid dynamics). Similarly, assuming a low bending stiffness for the polymer layers, the overall stiffness is neglected. The damping
coefficient is selected such that, upon voltage application, the zipping time remains on the order of tens of milliseconds and, more
generally, such that the mechanical dynamics are several orders of magnitude faster than the charge-accumulation dynamics.
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Fig. 2. Sensitivity and convergence analysis in statics and dynamics conditions with respect to the number of discretization elements N. (a)
Static electrostatic force computed using Eq. (9), compared with the benchmark solution obtained from Eq. (10). (b) Average unzipping speed
computed from the stroke time response to a voltage step input of 6kV under an applied load of 5N, having an initial zipping angle of 6, = 25°.

3.1. Discretization

The number of elements N in which a device is discretized shall guarantee both a good static and dynamic description of the
system. The expression in Eq. (10) can be used as a benchmark to determine the minimum number of discretization elements
required to accurately describe the static force of the actuator. As shown in Fig. 2a, the force calculated from Eq. (9) approaches the
benchmark static solution as the number of discretization elements, N, increases. As the solution converges towards the benchmark,
the model becomes progressively less sensitive to further increases in the number of discretization elements.

The number of discretization elements N also influences the device dynamics. As shown in [22], the electrical time constant of
the dielectric stack in the j—th portion is expressed as

2 pptr+Tsp t,j(x)

T, = . (20)
J 2ppty+pp1;,(x)

The coarser the discretization, the less accurate the representation of the thickness distribution along the electrode, particularly
in the region adjacent to the zipping front, which experiences the largest variations in liquid thickness and therefore provides the
dominant contribution to the electrostatic force (see Eq. (9)). Using a coarse discretization results in regions with overestimated
values of f, at the border of the zipped region (close to s = I.), which imply larger local time constants and, therefore, slower
simulated unmppmg dynamics. Fig. 2b shows the simulated trend of the average unzipping speed, which, similarly to the static
case, presents a converging trend as the number of discretization elements increases.

The simulations are performed by applying a voltage step input and monitoring the decay of the stroke x over a time window
of 20 s. The unzipping speed is defined as the absolute value of the time average of the instantaneous velocity (x = dx/dr) over the
entire simulation. The required number of discretization elements can vary significantly depending on the device kinematics. For
the set of parameters reported in Table 1 and the analyses presented in the following, N = 1500 is used for the V-shaped actuator.
Based on Fig. 2b, this value of N is sufficient to guarantee convergence of the estimated unzipping speed. It is important to note
that larger values of N come at the expense of higher computational cost.

3.2. Statics

The electrostatic force of the V-shaped DFA in static conditions is computed using Eq. (10) and reported in Fig. 3. Fig. 3a
shows the actuator output force as a function of the stroke x at different applied voltages V, for the reference V-shaped actuator
configuration of Table 1, characterized by an initial zipping angle 6, = 25°. The actuator output force increases with the applied
voltage and, similar to other DFA configurations [16], it decreases at higher strokes (i.e., as the zipping angle 0 increases). Fig. 3b
shows the force-stroke response (at a given reference voltage) of different embodiments of the V-shaped actuator, featuring different
values of the initial zipping angle 6. The blocking force (i.e., the force at x = 0) increases as the initial zipping angle decreases.
This happens because the liquid gap in the unzipped portion of the device is thinner for small values of 6, leading to larger electric
fields. Finally, Fig. 3c shows the electrostatic force for different applied voltages as a function of the zipping angle # (rather than
the stroke x). This latter map holds true regardless of the initial zipping angle 6,, and represents the response of different actuators
embodiments, with fixed electrode width and dielectric film thickness, and different applied voltages. The independence of the static
map in Fig. 3c on 6, highlights that the electrostatic force depends solely on the current zipping angle, i.e., on the geometry of the
fluid gap at the boundary of the zipped region. Indeed, although the static stroke decreases as the initial zipping angle increases
(due to the device kinematics), the equilibrium zipping angle (at given applied force and voltage) remains unchanged for different
configurations featuring different values of 6.



M. Riva et al. Mechanical Systems and Signal Processing 260 (2026) 114929

(a) (b) (c)
10 10
— 6, = 20°
8 _—— '00 = 25° 8
0() = 30°
. —mm By = 40°
z 6 g — ) =45° Z 6
g ———V<=5kv N, 8 8
£ 4f]- - v=6kv |~ N & S 4
V=7kv [ T~
ol|—-—=V=8kv =~ o ) eSS )
— —V=9kV
V=10kV
0 0 0
0 0.5 1 L5 2 0 0.5 1 15 2 0
Stroke (mm) Stroke (mm)

Fig. 3. Model predictions of the static force response of the V-shaped actuator. (a) Force-stroke response for applied voltages ranging from 5
to 10 kV, given an initial zipping angle 6, = 25°. (b) Force-stroke response at 6 kV with initial zipping angles ranging from 20° to 45°. (c)
Electrostatic force as a function of the instantaneous zipping angle for applied voltages ranging from 5 to 10 kV. For a given applied voltage,
the force-zipping angle relationship is independent of the initial zipping angle; consequently, these curves hold valid for different actuator
embodiments featuring different values of 6.

3.3. Driving voltage waveform

In Fig. 4a, we report the results of simulations in which different high-voltage (HV) input signals are applied to the DFA. The
signals differ in polarity, frequency, and waveform. Simulations were performed using the formulation described in Section 2.2
and a discretization with N = 1500 elements, by applying a target voltage waveform on an initially still and uncharged actuator
(see Table 1), and observing the resulting stroke trend. The application of a constant DC voltage leads to progressive unzipping
(Fig. 4a - top left). Due to the strong electromechanical coupling, the system exhibits nonlinear dynamics, and the resulting stroke
relaxation does not follow a purely exponential trend. This differs from the force relaxation of blocked parallel-plate configurations,
where the electrostatic force is independent of the system kinematics and the response follows first-order linear dynamics with an
exponential decay (see [22]). Here, the actuator stroke relaxation is slower than exponential, with a predicted unzipping speed that
is nearly-constant in time.

Applying a square wave voltage signal in which the polarity is quickly reversed from positive to negative and vice-versa allows
the device to maintain a stable steady-state stroke, with fluctuations that decrease in magnitude if the frequency of inversion is
increased (Fig. 4a - second column), consistently with experimental observations reported in previous works [17,22,43]. When a
same polarity is maintained over successive actuation cycles (Fig. 4a - bottom left), charge builds up at the interfaces, resulting in a
progressive reduction of the stroke. Overall, these trends match the expected device behaviours reported in previous experimental
works [3,22].

In Fig. 4b, we simulate the effect of different mechanical static loads applied to the device. Higher loads lead to smaller strokes
which, because of the device kinematics, result in smaller zipping angles. Smaller zipping angles facilitate the retention of a zipped
configuration, translating into slower unzipping dynamics.

3.4. Material properties

Fig. 4c shows how the DFA stroke response to a voltage step changes in the presence of different material combinations. We
consider a case with given dielectric liquid properties, and different polymeric films with decreasing resistivities, moving towards
a matched materials combination, in which the dielectric time constant of the polymer (¢, = p,e,) approaches that of the liquid
(z; = p;€;). As proven in [22], there is no surface charge accumulation in the case of matched dielectrics, with T/ =1, and
therefore the device retains a constant stroke. For a ratio 7, /7, > 10, the dynamics is governed by the time constant of the liquid,
and it is roughly independent of 7.

3.5. Geometrical design

In Fig. 4d, for a fixed applied force and voltage step (see Table 1), we analyse the response of different actuators featuring
different values of the initial zipping angle, 6, in order to investigate the effect of the geometry on the unzipping dynamics. The
simulations qualitatively show that smaller initial angles lead to slower unzipping dynamics. This trend holds true in a range of
values of 6, but it reverts at high values of the initial angle. To corroborate this, in Fig. 4e we report the value of the average
unzipping speed calculated over different simulations, each with a different value of §,. The average unzipping speed is calculated
by observing the actuator stroke over a time window of 20 s, following the application of a voltage step. At large initial angles
(here, over 30°) the average unzipping speed decreases, as a consequence of a reduction in the actuator static stroke (cf. Fig. 3).
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Fig. 4. Simulation sensitivity analyses of the unzipping response of a V-shaped DFA. (a) Comparison of the dynamic stroke response under
voltage supply signals with different frequencies, polarities, and waveforms. Stroke response to a voltage step for: (b) different mechanical loads;
() different liquid-polymer combinations with different electrical properties. In this case, the liquid resistivity is kept constant at p; = 2x10'> Qm,
while the polymer film resistivity is varied, resulting in different ratios of the dielectric time constants of the two materials; (d) different initial
zipping angles, 6; (e) average unzipping speed as a function of the initial zipping angle under a DC voltage.

4. Experimental validation

To validate the proposed framework, this section presents experimental results obtained on both a V-shaped actuator and a
Peano-HASEL actuator. A large portion of the experimental validation was conducted on the V-shaped actuator which, due to its
simple kinematics, provides an ideal platform for model validation, allowing the unzipping phenomenon to be investigated with a
stronger focus on the electrical dynamics and material properties. The Peano-HASEL geometry is then used to further validate the
model on a representative real-world actuator. Results on the Peano-HASEL geometry are reported with the purpose of demonstrating
that the proposed theory also holds for electro-hydraulic (i.e., HASEL-like) actuators, where the electrostatic forces induce fluid
pressurization. These latter results should, however, be interpreted with caution, as they may be affected by the abovementioned
zipping inhomogeneities [42].

4.1. Setups and device fabrication
The experiments were carried out on a custom test-bench, as represented in Fig. 5a. A real-time target machine (Speedgoat
Performance Target, 3.1 GHz, combined with an 10131 16-bit module) was used for data acquisition and control. The target machine

sends low-voltage control signals to a high-voltage amplifier (Trek 10/10B-HS), which is used as the power supply. The high-voltage
amplifier features a built-in voltage monitor, which is used to measure the output voltage through the DFA. The stroke of the devices
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Fig. 5. (a) Experimental setup schematic with the V-shaped actuator installed. All setup components are listed in the image, and their
specifications are given in Section 4.1. (b) Front view of the V-shaped actuator (photograph). (c) Side view of the V-shaped actuator (photograph).

is measured using a precision laser displacement sensor (optoNCDT 1320-25), while the applied force is measured using a load cell
(ME KD24s-20N).

The applied force is generated by elongating a custom-made silicone spring (made of Dragon Skin 20NV) with a length and
stiffness such that the millimetric contractions produced by the actuators result in a negligible variation of the applied force, as
presented in previous works [9,22]; therefore, the force can be considered constant during actuation. The force applied in the
different tests is regulated by moving the fixed end of the silicone band. In the case of the Peano-HASEL actuator, a static weight is
attached to the device. For the latter, we observed that applying the force at a single, central point results in a more homogeneous
zipping behaviour.

Both the V-shaped actuator and the Peano-HASEL actuator were fabricated using Multi-Plastics’ thermally sealable biaxially
oriented polypropylene (BOPP) HSF5114H (25 p m) as the polymeric layer, Cargill FR3 as the dielectric fluid, and Ted Pella DAG-
T-502 carbon paint for the electrodes. The dielectric fluid is not pre-treated, either thermally or electrically, but is simply taken
directly from the bottle. The heat-sealable layers of the BOPP films are soldered by depositing a 3D-printed PLA stencil at 220 °C
using a Bambu Lab X1-Carbon printer, as proposed in [15]. To ensure uniform heat distribution and prevent excessive melting of
the BOPP layers, the molten PLA is deposited onto a protective polyimide single-sided adhesive layer placed on top of the BOPP
films, with the adhesive part facing up, to promote adhesion of the printed PLA layer.

While the Peano-HASEL actuator is fully filled with liquid, only a limited amount of liquid (3 ml) is used in the V-shaped actuator,
as shown in Fig. 5b. This partial filling does not affect the electro-mechanical behaviour of the device sensibly, since during zipping
most of the electrostatic force is generated by the portion of the electrodes located near the zipping front, whereas the regions where
the electrodes are farther apart contribute only marginally [2,18]. Moreover, in the unzipped portion of the device, far from the
zipping front, the large electrode separation results in an electric field well below the breakdown threshold, even in the presence
of air in the portion of the gap far from the zipping region, as recently observed in [44]. During actuation, the liquid is pushed
upward towards the region where the polymer layers approach each other, thereby ensuring smooth and stable zipping behaviour.
To facilitate the liquid evacuation process, the thermally bonded perimeter features a trapezoidal shape that creates lateral space
for the liquid (on the electrode side) and limits the rise in liquid level during zipping. Furthermore, during consecutive tests, the
inner part of the device remains wet from previous cycles. The very first test performed on a device is not used for data processing,
in order to ensure that the layers are covered by at least a thin liquid film.

The devices are equipped with 3D-printed supports that allow for the application of the desired load and also allow the laser
to measure the contraction. For the V-shaped actuator, the initial opening angle 6, is set by means of exchangeable rigid spacers
located at the top of the pouch and held in place by elastic clips (Fig. 5c). A 100 kQ resistor is put in series with the device in order
to limit current flow in the system in the case of failures.
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4.2. Experimental results

Tests are performed according to a fixed routine. Since this work focuses on electrically-driven unzipping dynamics, all the
presented tests use constant DC voltage signals preceded by a charge reset stage with a duration of 3s, in which a high-frequency
(30 Hz) square-wave polarity inversion with 100% duty cycle at the same voltage used during the test is applied, as shown in Fig.
6a. This charge reset stage is used to bring the device to a neutral charge state with respect to the previous test. After charge reset,
a DC voltage is held, and unzipping is monitored. To ensure repeatable unzipping behaviour under given test parameters, each test
was repeated five times.

Fig. 6b reports the effect of changing the applied force on the unzipping dynamics. The experimental trends show that the
stroke relaxation follows a smooth dynamics, with a stroke decrease that clearly exhibits a slower-than-exponential trend. Some
tests exhibit a quick stroke relaxation immediately after the charge reset cycle. This behaviour may be attributed to fast electrical
dynamics, possibly due to the presence of volume charges that rapidly flow through the liquid gap at each polarity inversion, causing
large current peaks over short time intervals [45], or mechanical dynamics (e.g., overzipping effect [19]) due to electro-mechanical
interaction. Because the liquid resistivity is modelled in a simplified manner, assuming a constant and spatially uniform ohmic
resistivity, these phenomena cannot be captured within the theoretical framework presented in this work. Yet, as shown in the
following sections, the simplifications used in this work quantitatively and qualitatively capture the relevant trends and the orders
of magnitude of the mean relaxation speed in different conditions.

4.3. Validation

For the purpose of validation, both static and dynamic validations are considered. Simulations related to the V-shaped actuator
are performed using the parameter values reported in Table 1. The parameters used for Peano-HASEL simulations are reported
in Appendix A. For the dynamic simulations, N = 1500 elements were used for the V-shaped DFA, and N = 500 elements were
used for the Peano-HASEL actuator, following a convergence analysis like that described in Section 3.1. It should be noted that the
number of discretization elements required for convergence strongly depends on the actuator kinematics. Consequently, the number
of elements needed to achieve convergence may vary significantly across different actuator topologies, as observed in the present
case.

All the parameters used in the model (geometrical quantities, the materials permittivity, the residual thickness of liquid in
the zipped region) come from direct measurements, as explained in Appendix B. Only the resistivities p, and p, have been fitted
to the experiments. As observed in previous works [22], the combination of BOPP with standard dielectric liquids (here, FR3)
represents a combination with 7, > 7;. From the results in Section 3.4 (see Fig. 4c), we know that, in this situation, the unzipping
dynamics weakly depends on 7, (provided that it is large enough), and it is dominated by 7; instead. We therefore use a resistivity
py=1x 10'5 @ m for BOPP, similar to the order of magnitude measured in [22]. For the liquid, providing an estimate of the resistivity
is more complicated because

+ The resistivity might depend on the state (e.g., the local electric field to which the liquid is subject). [46]
» Available resistivity measurements are obtained using cells in which the liquid is in direct contact with metal electrodes—a
situation that is not representative of the DFA working conditions [47].

For these reasons, the liquid resistivity p,, a constant best-fit value was identified a posteriori, by comparing experiments and
model predictions. Given the high uncertainty on the dielectric liquid resistivity, and its possible dependence on the system state, we
also identified ranges (around the reference selected value of p;) whose corresponding simulations provide upper and lower bounds
that encompass most of the experimental observations. Considering a range of liquid resistivity values enables a sensitivity analysis
of the model response with respect to this parameter. We believe that this approach demonstrates that the proposed framework
correctly predicts the order of magnitude of the observed phenomena and, more importantly, captures the trends of the unzipping
dynamics with respect to the governing design and working parameters.

4.3.1. Static validation

A validation of the static V-shaped actuator model is first performed. Similar to previous validation studies on DFA static mod-
els [17], we compare the static stroke achieved upon voltage application, for different applied forces and voltages. Experimentally,
the static stroke is defined as the mean value of x measured during the charge-reset stage described in Section 4.2. The polarity
inversion frequency is faster than the charge-accumulation dynamics, therefore the device stroke remains approximately constant
around its equilibrium position. The theoretical static stroke is computed according to Eq. (10). The results of the static validation
are reported in Fig. 7. The model effectively captures the static behaviour of the device. The stroke (especially at higher voltages)
is slightly overestimated by the model, possibly because of edge effects introduced by the thermally bonded joints, which introduce
an unmodelled mechanical constraint. The mean force deviation from the model is 6.4%.
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Fig. 6. (a) Experimental stroke response over five tests of a V-shaped actuator subjected to a constant DC voltage and a static load (6kV and
5N), preceded by a high-frequency (30 Hz) square-wave polarity inversion. (b) Step response at different applied forces with 6kV as input and
0, = 25°.
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Fig. 7. Static validation via experimental measurement of the V-shaped actuator static response for different electro-mechanical load combina-
tions. Single point data represent the experimental results, while curves represent model predictions (Eq. (10)).

4.3.2. Dynamic validation

The metric used to characterize the unzipping dynamics is the average unzipping speed, introduced in Section 3.1 and defined
here as the absolute value of the time average of the instantaneous stroke velocity over the test, after the charge reset phase.
The accuracy of the model is evaluated by assessing whether, using a fixed set of parameters, the model is able to predict the
average unzipping speed and its dependence on geometrical and functional parameters. Specifically, we experimentally investigate
the predicted dependence of the unzipping speed on the applied load, the initial zipping angle, and the applied voltage.

With reference to the V-shaped actuator, Figs. 8a—c compare the numerical predictions with the experimental results to assess the
capability of the model to capture the unzipping speed under different parametric variations. Each plot reports the overall trend of
the unzipping speed as a function of a design or loading parameter. Black markers refer to experimental data, whereas dashed lines
refer to simulations with different values of p,. A single reference value, p; = 2.5x10'?> Qm, was identified as providing the best overall
agreement across all the experiments. The corresponding prediction is shown as the dashed red curve. To define a representative
range of liquid resistivity values within which the experimental results can be described, and to illustrate the sensitivity of the model
to this parameter, two additional simulations are reported (light red curves), corresponding to p, = 2.0x 10'? and 3.0 x 10'> Qm. The
experimental results are presented as black error bars obtained from five repetitions of each test, following the procedure illustrated
in Fig. 6a. Specifically, the central marker represents the mean unzipping speed computed from the five experimental repetitions,
while the upper and lower ends of the error bars correspond to the maximum and minimum values measured across the experiments.

For each of the selected values of the liquid resistivity p;, the model successfully captures the experimentally observed trends,
namely that the unzipping speed increases with increasing initial zipping angle (Fig. 8a), decreases with increasing applied force
(Fig. 8b), and increases with increasing applied voltage (Fig. 8c). It is worth remarking that these trends hold within the specific
working ranges considered for the tests, as predicted by the model, and they might revert over different intervals. For instance, in
the case of the zipping angle, one should expect a monotonic increase in unzipping speed only in a finite range, as the unzipping
speed would equal 0 both at 6, = 0 and at large values of 6, as in both cases the stroke would tend to 0. The ability of the model
to capture unzipping speed trends associated with the design parameters of the DFA (here, 6,) is a result of explicitly considering
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Fig. 8. V-shaped actuator dynamic validation under different testing conditions (applied force and DC voltage) and geometrical implementations
(initial angle 6,)). The resistivity values p ’ and p, are kept constant across all tests. (a) 5SN-6kV, at different initial angles. (b) 25°-6kV, at different
applied forces. (c) 5N-25°, at different voltages. (d) 5 N-6kV-25°, comparison of experimental and simulated time responses. (e) 7N-6kV-25°,
comparison of experimental and simulated time responses. The red dashed line refers to simulations with constant p,, whereas the blue dash-dot
curve refers to simulation with field-dependent p,.

the device kinematics and a geometrical derivation of the electrostatic force (Eq. (9)) within the model. This prediction capability
suggests that the proposed framework can be used to guide design of DFAs, in applications where the unzipping dynamics are
relevant.

Figs. 8d-e show two representative time responses from which the previous plots are generated. In these panels, a single
experimental result (black curve) is compared with two simulation results. The red curve represents the simulated stroke relaxation
obtained using the reference constant value of the liquid resistivity, p, = 2.5x10'2 Qm. The model captures the overall time evolution
of the real system but while the simulation predicts a nearly constant unzipping speed, the experimentally observed unzipping speed
gradually decreases over time. This behaviour may result from higher-order or nonlinear electrical conduction mechanisms acting
on shorter time scales than those associated with the stroke relaxation [47]. For this reason, assuming a constant liquid resistivity
represents a strong simplification.

To corroborate our hypothesis that the discrepancies between the experimental stroke trends and the model predictions (red
dashed lines in Fig. 8d-e) might come from the assumption of a constant p;, we performed simulations with a field dependent liquid
resistivity, p; = p,;(E)), where E; = D, /¢, is the local electric field in the liquid. Such a field-dependent resistivity can be incorporated
in the model (namely, in Eq. (4)) without changing the model structure or the governing equations. The model-predicted trends
of the actuator stroke relaxation for a field-dependent p, are represented by the blue dash-dot curves in Fig. 8d—e. For the sake of
simplicity, we considered a linear dependence of p; on the electric field:

pr=m,E +q, 2D
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Fig. 9. Peano-HASEL actuator dynamic validation under different testing and geometrical conditions. The resistivity values p, and p, are the
same as those used for the V-shaped actuator. (a) 7ml-7kV, at different applied forces. (b) 1 N-7kV, at different liquid volumes in the pouch.
Different liquid volumes correspond to different initial zipping angles, similarly to the V-shaped actuator.

where the parameters m, = —3.34 X 10° m?2/A and g, =20 x 10'2Qm were identified by fitting the experimental relaxation curve
reported in Fig. 8d. Since the resistivity is now evaluated independently for each discretized material portion, it varies both spatially
and temporally during the unzipping process. The results in Fig. 8d-e show that, assuming that p, decreases with E;, leads to stroke
trends that are qualitatively closer to the experimental ones, with an unzipping speed that decreases in time. This happens because,
as the DFA unzips, the electric field in the remanent zipped portion progressively decreases, causing an increasing in p, and a
consequent deceleration of the unzipping process.

While the resistivity expression in Eq. (21) provides a close description of the dynamic response of the test in Fig. 8d (which was
used to calibrate the parameters of Eq. (21)), the same expression does not reproduce the response reported in Fig. 8e with equal
accuracy. This suggests that, while a field-dependent resistivity can explain the progressive reduction in unzipping speed observed
in the experiments, identifying an exact and generalizable expression for p,(E,) is a non-trivial task, which demands for dedicated
studies.

To characterize the range of resistivity values reached during the variable-resistivity simulation in Fig. 8d and compare it with the
constant base-case value considered before, we continuously monitored (in simulation) the resistivity of the material portion located
at the boundary between the zipped and unzipped regions. This portion is expected to have the greatest influence on the unzipping
dynamics, as it experiences the largest variations in liquid thickness and therefore dominates the evolution of the electrostatic force.
The resulting mean resistivity is p; = 2.91x 10'2 Q m, with a standard deviation of 0.98 x 10'2 Q m. This value is close to and consistent
with the previously-assumed constant value of 2.5 x 10’2 Qm.

In Fig. 9, we present an analysis of the unzipping speed in a Peano-HASEL actuator. To mitigate uncertainties due to
inhomogeneous unzipping, which are common in this actuator topology [19], we selected testing conditions under which a flat
zipping front can be obtained. Specifically, the device was tested at large strokes (low forces and high voltages), with short electrode
lengths (less than 50% of the pouch length), and it was suspended through a single hanging point to guarantee vertical alignment.
Tests were done considering different forces and different device implementations with different liquid volume (resulting in pouches
with different initial aspect ratio). In this case, the same simulation band that was used to describe the V-shaped actuator —
p; € [2x10'%, 3 x 10'2]Qm - does not fully encompass the experimental results, although the observed trends are captured and
the predicted unzipping speeds are of the same order of magnitude as the experimental measurements. The unzipping behaviour
of this real-world actuator is inherently more complex to predict due to higher-order effects that influence both the homogeneity
of the zipping front [19] and the unzipping dynamics [19]. Also in this case, however, the framework fully captures the orders of
magnitude of the unzipping speed, and their dependence on the functional parameters. Importantly, these latter results prove that
unzipping in Peano-HASEL actuators (in which the fluid pressure plays a functional role) can be explained within the boundaries
of the proposed framework, i.e., the unzipping speed can be quantified without explicitly referring to the dielectric fluid pressure,
which, in the present formulation, remains an unquantified internal state variable.

4.3.3. Discussion

It is worth noting that the range of liquid resistivity values considered for the validation — p, € [2 x 10'2, 3 x 102]Qm - is
lower, although of the same order of magnitude, than the values reported in the literature for FR3 dielectric oil [48], despite the
application of stronger electric fields, which are known to reduce the effective resistivity of insulating liquids [45] (as postulated
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in Eq. (21) and in the variable-field simulation results of Fig. 8d—-e). This observation is nevertheless consistent with the fact that
conventional resistivity measurements are typically performed with the liquid in direct contact with metallic electrodes.

Under these conditions, the measured resistivity results from two concurrent contributions: bulk conduction due to intrinsic
charge carriers within the liquid, and charge injection from the metallic electrodes [49,50]. The latter mechanism alters the measured
current and may lead to an overestimation of the apparent liquid resistivity, thereby masking the intrinsic bulk conduction properties
of the dielectric liquid [33,51]. In contrast, in the present experiments, charge injection from the electrodes is effectively prevented
by the highly insulating polymer films separating the electrodes from the liquid.

5. Conclusion

In this paper, we presented a physics-based general framework to model and describe the unzipping dynamics of dielectric
fluid actuators (DFAs) induced by charge retention at the polymer-liquid interfaces. The model couples a continuum formulation
describing the charge and electric-field distribution across the device with a lumped-parameter description of the mechanical
dynamics, which is described by a single degree of freedom, based on an assumption of the device kinematics. In its current form,
the framework is primarily employed to describe dynamics induced by charge retention; however, it can be extended to incorporate
more complex mechanical phenomena (fluid-dynamic effects) and electrical phenomena (bulk charge effects and field-dependent
resistivity). While the presented formulation applies to DFAs with flexible but inextensible dielectric polymer layers, the framework
can be extended to stretchable DFAs by accounting for the dependence of the polymer thickness on the stroke, and by adopting
higher-order elastic models.

We validated the theoretical framework by performing tests in which we measured the unzipping speed, under DC voltages,
of different DFAs: an actuator in which the dielectric fluid remains at atmospheric pressure during actuation, and a hydraulically
amplified self-healing electrostatic (Peano-HASEL) actuator. The results show that the proposed model captures the fundamental
trends and parametric dependencies of the unzipping dynamics, with uncertainties mainly associated with the electrical resistivity
of the liquid, considered as a constant and uniform parameter in the formulation. In particular, the initial zipping angle, the applied
static load, and the voltage input signal are found to significantly affect the unzipping behaviour, with trends that can be predicted
by our model.

The proposed framework can therefore be used to inform device design and manufacturing optimization, as well as to develop
efficient control strategies aimed at mitigating or compensating undesirable unzipping behaviours.

Building upon the formulations presented here, future works will focus on model order reduction approaches, aimed at
reducing the model to decrease the number of electrical branches used in the discretization, to provide computationally-efficient
control-oriented formulations. Effort will also be put in formulating models able to describe complex conduction mechanisms and
electrochemistry in dielectric fluids, to provide reliable estimates of the fluids resistivity in the working conditions of DFAs.
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b

|

Parameter Symbol Value :
Polymer thickness i, 25 ym
Residual liquid thickness (zipped) 1, 10 ym
Relative permittivity (polymer) £/ 2.05
Relative permittivity (liquid) £, 3.8
Resistivity (polymer) Py 1x10°Qm
Resistivity (liquid) o 2% 102 Qm
Polymer length I} 35 mm
Electrode width w 88 mm
Electrode length l, 17 mm
Liquid volume Q, 7ml
Reference voltage | 4 7kV
External load F IN
Damping coefficient b 10Ns/m
Discretization points N 500
(@) (b)

Fig. 10. (a) Baseline parameters of the Peano-HASEL actuator used in the sensitivity analysis. (b) Photograph of the experimental setup used
to characterize the Peano-HASEL actuator geometry. The actuator shown contains 7 ml of FR3 dielectric oil.

Appendix A. Peano-HASEL kinematics

The following appendix describes the kinematics of the Peano-HASEL layout, as shown in Fig. 1c. The relations below are used
to define the initial geometrical configuration of the Peano-HASEL actuator. The polymer length / and the volume of liquid 2
contained in the pouch are selected as independent parameters, together with the electrode width, w. Based on these quantities, the
initial configuration of the device is fully defined by solving the following set of equations:

Q
A="L
w
A =2(8,R3 — R3 sin g cos 6), (22)
I = 2Ry,

ap = 2R sin 6.

Here, A denotes the cross-sectional area of the pouch, 6, is half of the initial curvature angle of the pouch, and R, is the
corresponding radius of curvature, as shown in Fig. 1c. The quantity a, represents the initial longitudinal length of the pouch.

Once the initial configuration is defined, the actuator kinematics are obtained by allowing the curvature angle ¢ to vary between
its initial value 6, and /2. At each configuration, the geometry is determined by enforcing volume preservation and by assuming
the polymer layers to be flexible but inextensible.

The actuator stroke x is then computed for each configuration by solving the coupled system

I—1,-2RO=0,
A—20R*+ (ay—I,)Rcos 6 = 0, (23)

x=ay—1,—2Rsinb.

The thickness of the fluid layer is consequently given by:

1, if s<i,,

z

t(s,x)=2 * _ .
15, %) t,z+2R(cos(0—%>—cosﬁ>, ifs>1,,

24

The list of values used to compute the simulations related to the Peano-HASEL actuator are reported in Tab. shown in Fig. 10a.
The corresponding actuator used for experimental validation is shown in Fig. 10b

Appendix B. Parameters identification

In this appendix, we report how the parameters used in the model simulations are identified experimentally. The nominal value
of the polymeric film thickness 7, given by the manufacturer, is cross-checked using an optical microscope. The relative permittivity
¢, of both materials is obtained by measuring the capacitance of capacitors with known geometry using an LCR meter (RS-LCX-100).

For the polymer films, rectangular electrodes are created on two opposite faces of a film. In the case of the liquid, two laminated
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PCB are engraved using a CNC machine and positioned at a known distance. The capacitor is then submerged in the dielectric liquid,
which fills the gap between the electrodes.

The residual liquid thickness 7, in the zipped region is estimated by measuring the capacitance of the full DFA in the zipped
condition by applying a step signathaving a superimposed high-frequency sinusoidal signal, using voltage and force levels sufficient
to reach a fully zipped configuration, and measuring the associated current [52,53]. The voltage is measured via the voltage monitor
of the power supply while the current is measured using a current sensor built in house (same as in [3]). The liquid thickness 7,_ is
obtained from the total measured capacitance, knowing the permittivity and thickness of the films, and the permittivity of the oil.

Appendix C. List of symbols

General formulation

Symbol Unit Description

b Ns/m Damping coefficient

s m Curvilinear material coordinate

ty m Polymer film thickness

1 m Local liquid thickness

1, m Residual liquid thickness (zipped region)

I, m Length of the zipped electrode portion

m kg Mass

m, m2/A Fitting parameter for p,(E) (see Eq. (21))

4, Qm Fitting parameter for p,(E) (see Eq. (21))

X m Actuator stroke

C F Capacitance

C, F Capacitance of the zipped portion

D, C/m? Electrical displacement in the polymer film
D, C/m? Electrical displacement in the liquid

E, V/m Electric field in the liquid

F N Applied force

F, N Electrostatic force

F,, N Electrostatic force (static capacitance model)
Js A/m? Leakage current density in the polymer film
J, A/m? Leakage current density in the liquid

U, J Electrostatic potential energy

U, J Elastic potential energy

vV \% Applied voltage

£ F/m Vacuum permittivity

ef F/m Dielectric film permittivity (absolute)

£ F/m Dielectric liquid permittivity (absolute)

Iy - Dielectric film permittivity (relative)

£ - Dielectric liquid permittivity (relative)

or Qm Polymer film resistivity

1 Qm Liquid resistivity

of C/m? Surface charge density on the polymer film layers
o, C/m? Surface charge density on the liquid layer

T s Time (variable)

7y s Dielectric time constant of the polymer film
7 s Dielectric time constant of the liquid

Q m?3 Dielectric polymer volume

Q m?3 Dielectric liquid volume

Discretized formulation

Symbol Unit Description

A;, B; vars. State-space matrices

F,, N Electrostatic force (approxim.)

N - Number of material points

(pt)s Qm? Series resistance contribution (fictitious)

oy, C/m? Charge density on the j—th portion of the polymer film
o C/m? Charge density on the j—th portion of the liquid
G C/m? Charge density vector for the j—th element
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7 S Time constant of the j—th portion (stack)

As m Material element portion length

V-shaped actuator

Symbol Unit Description

a m Semi-aperture (see Fig. 1b)

! m Side length (see Fig. 1b)

l, m Electrode length (see Fig. 1b)

w m Electrode width (see Fig. 1b)

0 rad Zipping angle (generic configuration)

0o rad Zipping angle (initial)

Peano-HASEL actuator

Symbol Unit Description

ag m Pouch initial longitudinal length (see Fig. 1c)

i m Pouch side length (see Fig. 1c)

l, m Electrode length (see Fig. 1c)

w m Electrode width (see Fig. 1c)

A m? Cross-section area

R m Pouch curvature radius (generic configuration) (see Fig. 1c)
Ry m Pouch curvature radius (initial) (see Fig. 1c)

0 rad Half of the curvature angle (generic configuration) (see Fig. 1c)
0 rad Half of the curvature angle (initial) (see Fig. 1c)

Q; m?3 Liquid volume

Appendix D. Supplementary data

Supplementary material related to this article can be found online at https://doi.org/10.1016/j.ymssp.2026.114929.

Data availability

Data will be made available on request.
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