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Abstract

CrossMark

Mechanical to electrical energy conversion is a well-established energy transduction approach.
However, cases in which a mechanical energy source is not available call for new approaches to
harvest electrical energy. In the present study, we demonstrate energy harvesting in soft
dielectric elastomer (DE) tubes. Broadly, energy harvesting is obtained through inflation of the
tube, electrical charging of the DE layer, and deflation, which results in a decrease in
capacitance and an increase in voltage. We propose two methods to mechanically charge (or
inflate) the system: (1) active, in which the tube is inflated through the application of
mechanical pressure, and (2) passive, in which a passive cylindrical component placed inside
the DE tube deforms radially in response to an environmental stimulus such as thermal
excitation or water uptake and inflates the DE tube. To demonstrate passive charging, we
consider gels as the passive component and employ well-known models with the properties of
the commonly employed DE VHB 4910 to simulate the mechanical response of the system and
estimate the harvested electrical energy. Our findings reveal that energy-densities in the order of
~10-50mJ cm™ can be harvested. The proposed approach and the inclusion of a passive
component to mechanically charge the system opens new opportunities to generate energy in

environments lacking traditional mechanical energy sources.

Keywords: energy harvesting, responsive polymers, dielectric elastomers,

passive energy harvesting, hydrogels

1. Introduction

Many modern applications, in which human intervention is
either impossible or requires significant amount of human
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further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

labor and time, demands a reliable, durable, and constant sup-
ply of energy. Examples of such applications include remote
sensing, control-based applications, and 10T [1, 2]. Energy
harvesting devices are one of the commonly employed solu-
tions to this problem. Typically, these self-powered systems
comprise three parts: (1) a transducer/harvester, which con-
verts ambient power into usable electrical energy, (2) a bat-
tery to store the harvested energy, and (3) the final user,
which utilizes the energy [3]. The transducer can be based
on different conversion methods such as electromechanical
[4], electromagnetic [5], triboelectric [6], acoustoelectric [7],
thermoelectric [8], photoelectric [9], and chemoelectric [10].

© 2024 The Author(s). Published by IOP Publishing Ltd
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Among them, the electromechanical mechanism is of particu-
lar interest since it can harness the mechanical energy available
in several environments, such as natural or artificial vibrations,
fluid motion, etc.

Energy harvesting from mechanical inputs is a well-known
technology that exploits mechanical to electrical conversion
with various materials and technologies [11]. Commonly,
piezoelectric materials are employed to perform this conver-
sion. However, stimuli-responsive polymers represent an inter-
esting alternative to traditional energy harvesting approaches.
Dielectric elastomers (DEs), which can experience large
deformations in response to electric excitation [12, 13], as
well as gels, capable of huge volumetric deformations upon
solvent absorption [14-16], are examples of such materials.
Commonly, DEs have been used for energy storage and energy
harvesting by harnessing energy conversion mechanisms [ 17—
19]. However, in the literature no particular attention has
been focused on the mechanical energy source necessary to
deform the DE material. Often, mechanical energy coming
from human motion [20, 21] or vibrations of the environment
[22] have been considered as suitable sources to harvest energy
by using dielectric materials. Coupling hydrogels with highly
deformable DEs provides the opportunity to convert mech-
anical energy, generated as a result of environmental condi-
tions, to electrical energy. Broadly, this process takes advant-
age of the geometric deformations of DEs and the consequent
change in electric capacitance [23—28], resulting in small-scale
structures with high energy-density. For example, in VHB-
type materials the measured harvested energy-density is on
the order of magnitude of ~10 mJ cm™ with an efficiency of
~20% for planar actuation and harvesting modes [29-31]. The
work of Jiang et al [32] reported to produce ~130mJcm™
with an efficiency of ~25% with the same material under a
cone configuration.

Extensive studies have been conducted to understand the
key parameters that govern the response of DE-based energy
harvesting devices [33-35]. In addition, works that investig-
ate the influence of material parameters [36-39], instability,
and dissipation behavior [40—43] in DEs (such as VHB 4910)
on the electro-mechanical coupling and the maximum theor-
etical energy-density are available. From an energy harvest-
ing viewpoint, DE-based generators have been designed under
different deformation modes such as equi-biaxial [36, 44-47],
uniaxial [48], and conical stretch [29, 49, 50].

In this work, we propose a design for tubular DE-based
energy harvesting devices. In such structures, the energy
harvesting cycle includes four stages: (1) mechanically-
induced inflation (i.e. an increase in mechanical energy), (2)
electrically-induced dilation (i.e. an increase in the electro-
mechanical energy), (3) deflation, or the removal of the mech-
anical loading, resulting in a decrease in mechanical energy
and an increase in electrical energy, and (4) energy harvesting.

In currently available works, the initial inflation (or the first
step) is achieved using an energy source that performs mech-
anical work. In the case of tubular structures, inflation can be
achieved through the application of an internal pressure. The
drawback of this deformation-inducing method is the need for
a constant supply of energy, which limits the efficiency of

the device. To overcome this drawback, we propose to exploit
highly deformable stimulus-responsive materials. Specifically,
the initial inflation can be obtained by the use of passive
components that deform in response to environmental stim-
uli. Examples of such materials include liquid crystal elast-
omer (LCE) that expands due to thermal excitation [51-54]
or hydrogels which swell as a result of water uptake [55-58].
The use of responsive materials enables autonomous use of the
energy harvesting system and increases its efficiency.

In this contribution, we compare between active and pass-
ive charging approaches in DE-based tubular energy harvest-
ing devices and demonstrate the capabilities of the design. We
focus our attention on gels as the passive components. The
paper is structured as follows: first, the energy harvesting cycle
is presented and illustrated. Next, the kinematics and the gov-
erning equations for DE tubes which are subjected to electro-
mechanical loading are summarized. We follow by studying
the energy that can be harvested from DE tubes through active
and passive charging. Lastly, we discuss the findings from this
work and the merit of the design.

2. Energy harvesting with DE tubes

The concept of energy harvesting in DE-based tubular struc-
tures is described in figure 1. As shown in the transition from
point 1 to point 2, consider a DE tube that radially inflates in
response to internal pressure. This pressure can be applied dir-
ectly or, alternatively, a stimulus-responsive cylinder can be
placed inside the tube and expand radially due to changes in
environmental conditions.

As a result of the inflating pressure, the tube dilates and
gains mechanical energy. Next, the tube is electrically charged
with a voltage V3 (see transition from point 2 to point 3).
Owing to its dielectric properties, the DE tube experiences
additional electrically-induced dilation. The magnitude of the
charge on the inner and the outer surfaces of the tube is
0 =V3Cs.

Once the internal pressure is removed, the tube deflates and
its radius decreases (see transition from point 3 to point 4).
Practically, in stimulus-responsive materials the removal of the
load is obtained through a change in environmental conditions.
During this process, the total charge Q on the inner and the
outer surfaces of the tube remains constant and the reduction
in radius leads to a decrease in the capacitance Cy4. As a res-
ult, the voltage increases to the value V4 = (C3/C4) V3 > V3
and energy can be harvested to complete the cycle (point 4 to

point 1).
The overall electrical energy gained in this process can be
written as
1 C;
E,=-V5C| = —1). 1
o= 5V3Cs ( i > ey

It is also convenient to define the energy-density per unit refer-
ential volume V) (also termed the volumetric energy-density)
of the undeformed DE tube as follows,

Eel

e=1 )
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Figure 1. Energy harvesting cycle in DE tubes.

3. DE tubes—governing equations

Consider an infinite incompressible hyperelastic DE tube with
a referential length L and inner and outer radii R; and R,,
respectively. We introduce a polar coordinate system {R,©,Z}
and denote the material points in the reference configuration
viaR; <R<R,,0<0 < 2w, and 0 < Z < L. The tube is sub-
jected to an internal (inflation) pressure p and a potential dif-
ference V = A¢ along the radial direction. As a result, the tube
dilates radially such that the inner and outer radii r; and r,,
respectively, and the length [ are achieved in the deformed con-
figuration (see figure 2). The mapping of the material points
can be written as

1

and accordingly the deformation gradient is

(e}

1R
Ar
F= 0 (@3]
0

O =~
> O O

Before proceeding, we recall the right Cauchy—Green strain
tensor C = F’F and note that due to the incompressibility
assumed for the DE tubes, J = detF = 1.

From an electrical viewpoint, the electric field is determ-
ined from the electric potential via E = —V¢, where the
divergence operator is carried out with respect to the current
(deformed) configuration of the system. The referential elec-
tric field is defined via E() = F'E [59].

The stress that develops in hyper-elastic DEs can be derived
from a scalar strain energy-density function ¢ (F,E().
Following common practice, we assume that the strain energy-
density function can be decomposed into two contributions,

v (FE) =, (F) +o (FE?). 5)

where v, (F) denotes the mechanical behavior in the absence
of an electric field, and ). (F,E(O)) accounts for the coupled

[=AL

reference deformed

Figure 2. A schematic of the DE tube in the (a) reference and (b)
inflated and charge states.

electro-mechanical response [59-61]. Accordingly, the stress
tensor is

oy (F,EO)

T _ 17 — .
F F —-1ll=0,+0.—1II, (6)

g =
where o, = 0v,,/OF and o.= 0¢./0F are the mechan-
ical and the coupled electro-mechanical stress components,
respectively, and IT = II(R) is a work-less pressure-like term
that accounts for the incompressibility of the DE and is
determined from the boundary conditions.

In this work, we consider isotropic DE tubes and consider a
Yeoh-type energy-density function with » terms for the mech-
anical contribution,

1 - (67} i
wm2<;l.(113>>, 7

where I} = Tr(C) is the first invariant and ¢; are material con-
stants (i = 1,...,n). Note that in the case of n=1, the neo-
Hookean form 1,, = St (I} — 3) is recovered. It can also be
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shown that « is the initial shear modulus of the DE. The
inclusion of higher order «;-terms can be used to account
for the strain-induced stiffening effect, commonly observed in
polymers.

As for the coupled electro-mechanical energy, we consider
the form proposed by Dorfmann and Ogden [59],

0 _ _Erf0R0) . 1R ()
v (F.EV) CEO.CT'EC, ®)

where €, and ¢ are the relative permittivity and the permittiv-
ity of vacuum, respectively.

The resulting Cauchy (true) stress tensor is computed by
substituting equations (7) and (8) into equation (6),

o= (Zai (I —3)i‘1> FF' +6,e)EQE—IIL.  (9)
i=1

From an electrical viewpoint, the applied potential difference
V between the inner and the outer surfaces of the tube results
in a radial electric field

g V1.
In(r,/r;) r

(10)
where T is a unit vector along the radial direction. The capa-
citance is

2wl

C=ee0—s,
O (ro /1)

an

and it is noted that the charge on the inner and outer surface is
given by Q = VC.

To determine the equilibrium state, mechanical and elec-
trical equilibrium as well as the boundary conditions must be
satisfied. Due to the symmetry of the problem, the equilibrium
equations along the 6 and the z directions are automatically
fulfilled. The only non-vanishing equation reads

aO—rr + Orr — 000
or r

=0, 12)

where o, and ogp are the radial and the tangential stress
components. The boundary conditions are given in terms
of the radial and the longitudinal stress components. The
tube is assumed to be traction free along its axis such that
27 frr o, rdr =0. Along the radial direction, the stress at the
inner and the outer radii is prescribed (i.e. o, (R=R;) = —p
and o, (R =R,) = 0, where p is the inflation pressure).

To solve the boundary value problem, we solve the equi-
librium equation (equation (12)) to determine the work-less
pressure-like term II(R). Next, we employ the three bound-
ary conditions and the incompressibility constraint to determ-
ine the deformed radii r; and r, and the deformed length /.
Accordingly, we can determine the configuration of the tube
in the mechanically inflated state, the charged state, and the
deflated state.

Table 1. Geometry and material parameters used in the simulation.

Parameter Notation and value
Inner radius of DE tube R; = 1mm

Outer radius of DE tube R, =1.1mm
Permittivity of VHB 4910 e, =47

Stiffness of VHB 4910 a; =G ="73kPa

Yeoh parameters for VHB 4910 ar=03=0,a4 =G+ 103 kPa

4. Energy harvesting in DE tubes

In the following, we investigate the energy that can be har-
vested from a DE tube. To this end, we consider a tube with
R; = 1mm, R, = 1.1mm, and L = 10mm. The properties are
taken as those of VHB 4910, which is an acrylic adhesive com-
monly employed as a DE [24, 32, 61-67]. Accordingly, we set
the relative permittivity €, = 4.7 and the initial shear modulus
a) = G =73kPa. To show the influence of strain stiffening,
we examine the neo-Hookean model and a Yeoh model with
ay =az =0and ay = G- 1073kPa. All of the parameters are
summarized in table 1. In addition, we define the dimension-

less voltage V = V/ (R, — Ri) \/&:60/G.

4.1. Electro-mechanical response of a DE tube

Based on the theoretical framework illustrated above,
figure 3(a) plots the normalized external pressure p/G in the
absence of voltage (V= 0) as a function of the radial stretch
ri/R;. As expected, the neo-Hookean model predicts a soften-
ing of the DE tube with increasing the pressure while the Yeoh
model accounts for the experimentally observed stiffening and
lock-up effect.

The normalized voltage V as a function of the radial stretch
ri/R; in the absence of pressure (p/G =0) is depicted in
figure 3(b). Note that the neo-Hookean model provides a
response which reaches a peak voltage at V ~ 0.7, beyond
which no solutions can be found. This non-physical behavior
is a well-known drawback of the neo-Hookean model [61,
68]. The issue can be overcome by accounting for the strain-
induced stiffening with the Yeoh model. This model predicts
a snap-through of the tube at a critical voltage, followed by
additional deformation and strain-induced stiffening.

In order to understand the harvesting mechanisms demon-
strated in the next sections, it is worth emphasizing that
the deformed configuration depends on the loading direction.
Upon an increase in voltage, the DE tube snaps through at
V ~ 0.7 such that the radial stretch increases from ri/Ri~ 1.3
to r;/R; =~ 3.1. Increasing the voltage results in further radial
stretch. However, unloading from voltages that are above the
critical value results in a reverse snap through from r; /R; ~ 2.3
tor;/R;~ 1.1 at V ~ 0.5, thereby accessing different deform-
ation states.

4.2. Active charging: mechanical inflation pressure

The active energy harvesting cycle, based on the application
of a mechanical pressure (as described in section 2), is shown
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Figure 3. (a) Pressure p at V=0 and (b) voltage V at p =0 as a function of the inner radial stretch r;/R;.
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Figure 4. Energy harvesting in DE tubes: active charging using pressure.
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Figure 5. Normalized inflation pressure p/G = 0.05: (a) The normalized energy-density e¢/G and (b) the difference in the capacitance
C3/C4 — 1 as a function of the normalized voltage V3 for neo-Hookean and Yeoh materials.

in figure 4. First, the referential DE tube is shown. As a result
of an applied inflation pressure p, the DE tube inflates (state
2). State 3 describes the configuration of the tube after it has
been charged with a charge Q = V3C3, where V3 and C3 are
the voltage and the capacitance in the charged loaded tube,
respectively. Due to electrostatic forces, a further deformation
takes place in the tube from state 2 to 3. Lastly, the inflation
pressure is removed (i.e. the tube deflates) while the charge
Q is maintained (see state 4). This leads to a decrease in the
capacitance C4 < C3 and an increase in voltage V4 > V3.

In the following, we investigate the energy which can be
harvested from the DE tubes. To this end, we define and set
the normalized inflation pressure p/G and control the charging
voltage V3. It is emphasized that we assume that the mater-
ial does not experience electrical breakdown, instabilities, or

mechanical failure during the inflation and the charging pro-
cess. In addition, it is worth noting that the inflation (which
can be viewed as a prestretch of the material) allows for larger
electrically induced deformations and thus reduces the likeli-
hood of electrical breakdown [12, 69].

Figures 5(a) and (b) plot the normalized energy-density
e/ G and the difference in the capacitance C3/Cy — 1 as a func-
tion of the normalized voltage V3, respectively, for the neo-
Hookean and the Yeoh materials with an inflation pressure
p/G = 0.05. In the inflation stage, the pressure is not sufficient
to observe the strain-induced stiffening of the DE and accord-
ingly the deformed configurations of the neo-Hookean and the
Yeoh materials are similar. As expected, charging the DE tube
with higher voltages V3 leads to an increase in the harvested
energy e.
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Figure 6. Normalized inflation pressure p/G = 0.15: (a) The normalized energy-density ¢/G and (b) the difference in the capacitance
C3/Cs — 1 as a function of the normalized voltage Vi for neo-Hookean and Yeoh materials.

The jump observed at V3 ~ 0.52 is the result of the electric-
ally induced snap through effect (illustrated in figure 3(b)). To
understand the simulated trends, figure 5(b) plots the differ-
ence in the capacitance. We find that for neo-Hookean mater-
ials, once a peak voltage is reached, no other solutions can be
found. However, in the Yeoh material, the quantity C3/Cy — 1
initially increases, reaches a peak value, and then loops back
towards 0. The ‘loop’ stems from the electrically-induced snap
through and the differences between the loading-unloading
response shown in figure 3(b). The value of C3/C4 — 1 reaches
zero at high voltages due to the stiffening effect, in which
the difference between the conformations in stages 3 and 4
is small. However, we emphasize that the harvested energy
depends on V2, which is more dominant than the decrease in
the capacitance ratio (see equation (1)).

The normalized energy-density e¢/G harvested for
the higher normalized pressure p/G =0.15 is shown in
figure 6(a). While the neo-Hookean model exhibits roughly
the same trend as under lower pressures, the Yeoh model pre-
dicts a different response. Specifically, we find that the har-
vested energy does not monotonically increases with voltage.
This behavior is explained as follows: the inflation pressure
deforms the DE tube and leads to strain-induced stiffening.
If the applied voltage in state 3 is in the snap through region
of a DE tube that is electrically excited without mechanical
loading, then the removal of the inflation pressure results in
conformations which can only be accessed along the unload-
ing path shown in figure 3(b). This effect must be considered
when designing an energy harvesting DE tube.

The difference in capacitance C3/Cs—1 is shown in
figure 6(b). As opposed to the case of p/G = 0.05, the quantity
C3/C4 — 1 monotonically decreases with voltage according to
the Yeoh model. This behavior stems from the application of a
high inflation pressure, which deforms the tube into the strain-
stiffening regime. This trend is also responsible for the drop
C3/C4 — 1 — 0 at high voltages, since the deformed configur-
ations 3 and 4 are similar.

It is important to note that given the applied shear mod-
ulus G, the above-illustrated simulations predict a harvest-
ing of energy-densities in the range of ~10-50mJ cm™ with
VHB 4910. This is comparable to available experimental find-
ings for VHB-based generators [29-32]. Specifically, with

p/G = 0.15 an electrical energy-density of e ~ 15 mJ cm™ can
be harvested at V= 1kV. The work of Jiang et al [32] har-
vested e~ 12mJ cm™ under an equivalent voltage in a cone
DE generator with Z = 60mm. At a voltage V = 1.2kV, a cir-
cular ring generator, as proposed by Wang et al [17], is cap-
able of harvesting e ~ 11 mJ cm™, while our design predicts
e~20mJcm™. We point out that the differences stem from
the charging mode—in our design the DE is charged radially
while in the work of Wang er al [17] the electric field acts
across the film.

4.3. Passive charging: swelling-induced inflation pressure

The main disadvantage of the above-described DE-based
energy harvesting device is the need for a constant input of
active mechanical energy (in the form of work of inflation
pressure). Here, we propose an alternative method to harvest
energy using a passive charging mechanism. Specifically, as
opposed to mechanically applying a pressure, materials that
deform in response to a change in environmental conditions
such as temperature, hydration, and presence of liquids, can
be employed to passively charge the energy harvesting device.
The advantage of this method is that an environmental source
triggers the deformation and generates mechanical energy,
which is stored in the DE tube. In the following, we consider
polymeric gels as the passive component. The gels swell in the
presence of an appropriate solvent due to gel-solvent affinity,
and in turn exert inflation pressure on the DE tube. In the fol-
lowing we describe the concept illustrated in section 2 with
respect to a passive charging mechanism.

To demonstrate this concept, consider a long cylindrical
neo-Hookean dry polymeric gel that is placed in a DE tube.
A thin insulating, impermeable, and highly deformable mem-
brane is placed between the gel and the DE to prevent dir-
ect contact of the charges with the solvent permeating the
gel (see state 1 in figure 7). Next, the inner part of the tube
is filled with solvent and the gel swells. As a result, the gel
applies a pressure that inflates the tube, thereby storing mech-
anical energy (see state 2 in figure 7). In state 3 of figure 7,
the tube is charged with a charge Q = V3C;. It is emphasized
that in order to achieve a successful energy harvesting cycle,
the contact between the gel, the insulating, impermeable, and
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Figure 7. Energy harvesting in DE tubes: passive charging using swelling-induced forces.

highly deformable membrane, and the DE must be maintained.
Practically, this leads to the requirement that the radial deform-
ation of a freely swollen gel must be larger than the electrically
induced radial stretch. Lastly, the solvent is drained out of the
tube and the gel deswells (see state 4 in figure 7). As illus-
trated before for a mechanically applied inflation pressure, the
charge is constant and therefore the capacitance C4 < C3 and
the voltage V4 > V3. Consequently, electrical energy can be
harvested from the DE tube. From a practical viewpoint, it is
emphasized that deswelling is a slow process, and therefore
this mechanism is useful as a battery rather than a fast power
supply source.

In the following, we demonstrate the concept of passive
charging. To this end, we summarize the governing equations
and the boundary conditions of for the swelling of the con-
strained polymeric gels, as developed by Chester and Anand
[70].

Consider a long cylindrical neo-Hookean dry polymeric
gel with initial radius and length R; and L, respectively. The
material points are given in a polar coordinate system such that
O0<R<R;, 0<0O <27, and 0 <Z< L,. The gel is placed
in a dielectric tube, which is coated with an insulating imper-
meable membrane. The inner part is then filled with water and
the gel swells. As a result, the gel applies a pressure that leads
to the dilation of the tube.

In the deformed configuration, the radius and length of the
gel are r; and [,, respectively. The mapping of the material
points is given by

r=XR; 0=0; z=A,Z, (13)

where )\, and A, are the radial and the longitudinal stretches.
Accordingly, the deformation gradient is

Ay 00
F,= 0 A 0 |, (14)
0 0 A,

where J, = A;Ag is the volumetric deformation.

Following the framework of Chester and Anand [70], the
stress that develops in the gel is
(G F,F; —1ILI), (15)

1
O'g:T
8

where G, is the shear modulus of the dry gel and Il is a
pressure-like term stemming from the solvent-polymer inter-
actions and the mechanical interaction with the constrain-
ing tube. In addition, the chemical potential of the solvent
molecules in the gel is given by

1 1 1 v
=0 +kT(ln(l-=)+—+x= | +— (1, -G
p= g+ KT (In 1= +Jg+x,§ +,g(g <)
(16)

where k is the Boltzmann constant, T is the absolute tem-
perature, ,uo is a reference chemical potential, x is the
dimensionless interaction parameter governing the gel-solvent
affinity.

The boundary conditions are employed to determine the
swelling-induced pressure. Specifically, the gel is traction free
along the longitudinal direction such that o) = 0. Along the
radial direction, the gel applies a radial stress that dilates the
DE tube such that Jégrr) (R=R;) =0, (R=R,;). Lastly, chem-
ical equilibrium requires that 1 = 2.

To simulate the behavior of the system, we consider hydro-
gels and accordingly set the temperature and the volume of a
water molecule 7= 300K and v =3 - 1072 m?, respectively.
We begin by studying the configuration of the system in state
2, which results from the application of the passive gel com-
ponent due to swelling. Figures 8(a) and (b) plot the stretch
ri/R; of the gel tube as a function of the stiffness ratio G,/G
for selected values of y in systems with neo-Hookean and
Yeoh DE tubes, respectively. We find that extremely soft gels
(i.e. Gg/G < 1) experience little swelling. This is due to the
stiffness of the DE tube, which constrains the gels from dilat-
ing and expanding [71]. Stiffer gels with a shear modulus
that is comparable to that of the DE exert larger swelling-
induced stress on the tube and therefore experience signific-
ant radial swelling, resulting in higher mechanical energy of
the DE tube. As can be seen, the radial stretch varies non-
monotonically with the stiffness ratio, resulting in an optimum
value G, /G in both neo-Hookean and Yeoh tubes that leads to
maximum radial stretch. This ratio is important since it gov-
erns the capacitance of the DE tube in state 3. In addition, note
that lower interaction parameters, corresponding to gels with
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Figure 8. Passive mechanical loading using hydrogels: The radial stretch of the gel r;/R; as a function of (a), (b) the stiffness ratio G, /G
and (¢), (d) the interaction parameter x for neo-Hookean and Yeoh DE tubes.
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Figure 9. Energy harvesting using passive charging: (a) The normalized energy-density ¢/G and (b) the difference in the capacitance
C3/C4 — 1 as a function of the normalized voltage V3 for neo-Hookean and Yeoh materials.

a higher polymer-solvent affinity, result in increased swelling,
as expected [16, 72, 73].

Figures 8(c) and (d) plot the stretch r;/R; of the gel tube
as a function of the interaction parameter y for three selec-
ted values of G,/G in systems with neo-Hookean and Yeoh
DE tubes, respectively. The interaction parameter governs the
gel-solvent affinity, and therefore lower x values result in a
larger degree of swelling. The degree of swelling decays as
the interaction parameter x increases. These plots highlight
the non-monotonous trends of the degree of swelling with the
ratio G,/G. Specifically, gels with a stiffness that is compar-
able to that of the DE tube experience significant swelling and
apply interfacial pressures which are sufficient to significantly
deform the tubes. In the case of G, /G =0.1, the gels can-
not exert sufficient interfacial pressure to stretch the DE tube.
Therefore, the behavior is governed by the gel-fluid affinity—
lower values of y lead to larger solvent uptake and radial
stretch. Stiff gels, as shown via G, /G = 10, are characterized
by a high chain-density which mechanically hinders swelling.

Therefore, the radial stretch obtained from such gels is smaller
than with G,/G = 1.

To investigate the energy harvesting capabilities of the gel-
DE system, we choose the shear moduli ratio G,/G =1 and
the dimensionless gel-fluid interaction parameter xy =0.2, a
value that corresponds to a high gel-fluid affinity. Figures 9(a)
and (b) plot the normalized energy-density ¢/G and the dif-
ference in the capacitance C3/C4— 1 as a function of the
normalized voltage V3 for neo-Hookean and Yeoh materials.
The observed trends suggest that the inflation pressure applied
by the gel, resulting in state 2, deforms the tube to the stiff-
ening regime, as explained in relation to the above discussed
case characterized by p/G = 0.15 in the active charging (see
figures 6(a) and (b). In addition, the electrical energy-density
that can be harvested using passive charging is comparable
to that obtainable with active charging under the examined
properties. Specifically, under the voltages V= 1kVand
V=12kV, the energy-densities e~ 14mJcm™ and
e~18mJcm™ can be harvested. This is comparable to
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available experimental results. However, it is again emphas-
ized that due to the diffusion mechanism that governs swelling,
the charging is a slow process.

5. Conclusions

In this work, we explore the energy which can be harvested
from DE tubes. To this end, we employ the neo-Hookean and
the Yeoh models for the mechanical response of the DEs along
with a well-known energy-density function that accounts for
the electro-mechanical coupling. We begin by demonstrating
the purely mechanical and the electro-mechanical response of
DE tubes. As expected, the Yeoh model, which captures the
strain-stiffening of elastomers, leads to the snap-through beha-
vior under electric excitation.

Next, we investigate energy harvesting in two contexts: act-
ive charging and passive charging. In the former, the tube is
inflated though an applied internal pressure. In the latter, a gel
rod is placed in the tube and allowed to swell, resulting in infla-
tion of the DE tube. Next, a voltage is applied across the tube,
resulting in electro-mechanically induced deformations. Once
the internal pressure or the gel are removed, energy can be har-
vested. Our simulations show that the energy-density which
can be gained through an inflation-deflation cycle under act-
ive or passive charging is ~10-50 mJ cm™, which is the same
order of magnitude obtained in previous works with VHB
DEs.

It is important to note that from a practical viewpoint,
active charging can be used to quickly charge and harvest
electrical energy from the device. The resulting electrical
power is proportional to the rate of pressure increase/decrease.
Accordingly, this design is useful in systems that require high
electric power. Passive charging through gels is slow and gov-
erned by the diffusion of solvent molecules into the network.
While this may be a drawback, the advantage of such a sys-
tem is that no mechanical energy is required in order to charge
(the radial deformation of the DE tube is through the autonom-
ous swelling of the gel). This type of design can be used as an
efficient energy source (or battery).

In conclusion, this work investigates energy harvesting in
DE tubes and proposes a method to mechanically charge
the system through unconventional environmental conditions
using stimulus-responsive polymers. These systems can be
used as a battery source that can be charged through ambient
conditions, thereby providing a different approach for energy
storage and supply in remote systems.
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