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Abstract
Dielectric elastomer actuators (DEAs) can be described as compliant capacitors formed by a
dielectric elastomer film sandwiched between two electrodes. An applied voltage results in a
compressive Maxwell stress, a thickness reduction and thus an expansion in the other
dimensions. In order to favor large uni-axial deformations, it is predicted that DEAs ought to be
constrained in the other direction. This can be achieved by reinforcing the DEA with
unidirectional fibers. In this paper, the behavior of uni-axial fiber-reinforced DEAs is
established and the proposed model innovates by taking into consideration the fiber properties
such as their Young’s modulus and dimensions, and is characterized by transversely isotropic
models. A novel fabrication process is then presented for reinforced DEAs by using 3D printed
fibers with four different materials, namely Nylon, PETG, ABS and PLA, and different
coverages of fibers are considered. Fiber reinforcement is shown to increase uni-axial strain up
to 75% in the manufactured DEAs when compared to traditional DEAs. This behavior
corresponds to the one predicted by the proposed model.

Keywords: DEAs, fiber reinforcement, soft actuators, smart materials

(Some figures may appear in colour only in the online journal)

1. Introduction

Artificial muscles consist of soft actuators executing a move-
ment similar to the one of natural biological muscles. Existing
technologies are currently studied and used in the domain
of robotics and prosthesis, and their operation includes
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pneumatic [1], thermal [2] and electrical mechanisms [3]
among others.

Inspired by biological tissue and muscles, fiber-reinforced
artificial muscles have been developed in recent years by
embedding fibers in the actuator [4, 5]. Fiber reinforcement
allows to keep the soft properties of the actuator while guiding
and/or the constraint movement in specific directions. Fiber
reinforced composites and biological tissues are anisotropic
in nature due to the microstructural arrangement, and thus
show direction dependant properties. A common fiber rein-
forced artificial muscle is the traditional McKibben actuator
[6], consisting of a pneumatic chamber inside a braided mesh.
When the inner chamber is under pressure, it will expand
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Figure 1. DEA principle of operation. The application of voltage induces a compressive Maxwell stress, causing a decrease in thickness and
expansion in perpendicular directions. (A) DEA submitted to uni-axial external forces (red arrows) and its corresponding actuated state
(blue arrows). The strain in the the direction of the load (y-axis) is low, whereas the strain in the perpendicular direction (x-axis) is large. (B)
uFRDEA submitted to the same uni-axial external forces, at rest and when a voltage is applied. The strain on the x axis is constrained and
the strain in the y axis is enhanced.

and the mesh will translate the radial expansion into a linear
contraction.

Dielectric elastomer actuators (DEAs) are a type of elec-
troactive polymers (EAPs) [7], which are materials capable
of inducing mechanical displacement under electrical stimula-
tion. Thus, DEAs deform under an applied electric field, mak-
ing them promising for a wide range of applications including
soft robots and haptic interfaces. DEAs can be described as
compliant capacitors; a dielectric elastomer film is coated by
two compliant electrodes. An applied voltage results in a com-
pressive Maxwell stress, leading to a thickness reduction and
a consequent expansion in the other dimensions, as illustrated
in figure 1(A). The achieved deformation of DEAs is strongly
affected by any applied mechanical loads [8]. Although large
deformations have been demonstrated for DEAs under equal-
bi-axial forces, only small deformations have been observed
under uni-axial forces. In order to favor large uni-axial deform-
ations, it is predicted that DEAs ought to be pre-stretched or
constrained in the other direction. This can be achieved by cre-
ating uni-axial fiber reinforced DEAs (uFRDEAs). Such actu-
ators are considered transversely isotropic, as their properties
are dependent on the direction of the fibers.

This work studies the use of fiber reinforcement of DEAs to
achieve large uni-axial strains. Current models for uFRDEAs
found in literature [8] consider that there is no displacement in
the fiber direction, simplifying the model to a uni-directional
strain configuration, although the fiber constraint is found to
be imperfect and dependent on the fibers chosen. The proposed
model innovates by taking into consideration the fiber mater-
ial, properties and dimensions, and is characterized by hyper-
elastic isotropic models for conventional actuators and trans-
versely isotropic models for uFRDEAs. In the past years, sev-
eral models have been proposed for hyperelastic anisotropic

materials, based on strain energy functions [9]. The aim of
such models is to investigate the mechanical behavior, and
they are mostly developed for the characterization of soft bio-
logical tissues [10]. Some of the most popular anisotropic
strain energy functions include the Fung-type model [11, 12]
with an exponential form, which inspired a lot of work for the
understanding andmodeling of soft tissues [13]. It is also com-
mon to separate the energy density function into an isotropic
and an anisotropic parts, corresponding to the matrix and to
the behavior of the fibers respectively. Among such models,
the HGOmodel proposed by Holzapfel et al [14] can be cited,
which has also been extended to take into account the distri-
bution and the fiber-matrix interactions [15].

Once the model of the actuators is established, a novel fab-
rication process for reinforcing DEAs is proposed by embed-
ding 3D printed fibers fabricated by fused deposition model-
ing and tuning the infill of the part. Currently, fiber reinforced
actuators found in literature are fabricated by sandwiching the
fibers between the dielectric and the electrodes, or embedding
the fibers inside one of the layers. Fibers can be made of nylon
[8], commercial polyethylene fibers [16], cotton coated poly-
ester fibers [17], or carbon fiber fabric [18]. Commercially
available fibers however limit the design freedom of the actu-
ator, and sometimes can be hard to embed in a planar DEA, as
alignment of the fibers can be delicate. The use of 3D printed
fibers allows a fast, simple and modular fabrication of fibers.

In this work, the theory of uni-axial DEAs is estab-
lished for fiber reinforced configurations. The actuators are
fabricated and analyzed. The proposed model and invari-
ant based strain energy function and the experimental data
are compared over the regions of interest. Finally, the
challenges and future perspectives of such uFRDEAs are
discussed.
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2. Modelling of the actuator

The theory and models of DEAs are established in order to
study the electromechanical response of the actuators under
uni-axial forces. A schematic illustrating the two actuators, at
rest and when a voltage is applied, is shown on figures 1(A)
and (B).

When a voltage is applied on a DEA, a compressive
Maxwell stress will induce a thickness reduction. The elec-
trostatic pressure in the thickness direction when voltage is
applied can then be written as in equation (1), where V refers
to the voltage applied across the DEA, lz to the thickness of the
DEA, ϵr and ϵ0 denote thematerial relative permittivity and the
absolute permittivity respectively. The true electric field of the
DEA is defined as E= V

lz

p=−ϵ0ϵrV2

l2z
=−ϵE2 (1)

The theory of DEAs has been reviewed by Suo [19]. In this
paper, themain ideas relevant to uni-axial deformations will be
taken into consideration, for DEAs subject to external mech-
anical loading in the y-direction as in figures 1(A) and (B).

The nominal stresses in each direction are denoted by si
(where i = x, y and z). The stretch ratio λi is also defined, as
li
Li
, where li is the effective length and Li is the original length.

The nominal electric field can be noted Ẽ such as E= λxλyẼ.
The equations of state for a DEA can be written as [19]:

si =
∂W

(
C, Ẽ

)
∂λi

(2)

W refers to the strain energy density of the system, composed
by the mechanical strain component, Ws and the electrical
component, WE, such as:

W
(
C, Ẽ

)
=Ws (C)+WE

(
C, Ẽ

)
. (3)

C refers to the Cauchy Green deformation tensor such as:

C=

λ2
x 0 0
0 λ2

y 0
0 0 λ2

z

 . (4)

2.1. Conventional actuator

Considering DEAs as a homogeneous, isotropic elastomeric
membrane, the mechanical strain energy density can be writ-
ten by adopting a free energy function for hyperelastic materi-
als. For isotropic membranes, the strain energy function can be
defined as a function of the three first invariants of the Cauchy
Green tensor, namely I1, I2 and I3:

I1 = tr(C) = λ2
x +λ2

y +λ2
z (5)

I2 =
1
2
·
[
tr(C)2 − tr

(
C2

)]
= λ2

xλ
2
y +λ2

yλ
2
z +λ2

xλ
2
z (6)

I3 = det(C) = λ2
xλ

2
yλ

2
z . (7)

For incompressible materials, I3 equals to 1 as the volume is
conserved—the relation (8) is then established

λxλyλz = 1⇒ λz =
1

λxλy
. (8)

In this paper, the Yeoh model is used, in order to determine the
strain energy density function Ws

Ws (C) =Ws (I1) =
3∑

i=3

Ci0 (I1 − 3)i (9)

where the Ci0 parameters can be determined through an uni-
axial test according to the boundary conditions [20] and are
regrouped in annex.

For a uni-axial membrane along the y-direction, the prin-
cipal stretch λ is defined as λ= λy. It is then possible to write
the Cauchy Green deformation tensor from equation (4) as:

C=


1
λy

0 0
0 λ2

y 0
0 0 1

λy

 . (10)

Therefore, the first invariant is written as:

I1 = λ2
y +

2
λy

. (11)

And the strain energy density function is written as:

Ws (C) =Ws (λy) =
3∑

i=3

Ci0

(
λ2
y +

2
λy

− 3

)i

. (12)

2.2. uFRDEAs

uFRDEAs are considered as transversely isotropic, with prop-
erties that are dependent on the direction of the fibers. To take
into account this anisotropy, the strain energy function can be
defined as a function of the three first invariants of the Cauchy
Green tensor, and two additional quasi invariants [21, 22],
which are based on the orientation of the fibers in the materi-
als, by using a direction vector a0. The quasi invariants, I4 and
I5 can be written as:

I4 = aoCao = λ2
F (13)

I5 = aoC2ao = λ4
F (14)

and the strain energy density becomes

Ws =Ws (I1, I2, I3, I4, I5) . (15)

λF corresponds to the strain in the fiber direction. In the partic-
ular case of uni-axial fibers, where a0 = [100] as in figure 1(B),
the quasi invariants become I4 = λ2

x and I5 = λ4
x .

The strain energy can be separated into two components:
first, the energy stored in the isotropic elastomer matrix,
denoted Wiso, and secondly, the energy stored in the aniso-
tropic fiber reinforcement, Waniso. The volume fraction of the
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dielectric matrix and of the fibers are introduced as vM and vf
respectively.

Ws = vm ·Wiso (I1, I2, I3)+ vf ·Waniso (I4, I5) . (16)

With VM = LxLyLz. Wiso can be written by adopting the Yeoh
model, such as:

Wiso (I1, I2, I3) =Wiso (I1) =
3∑

i=3

Ci0 (I1 − 3)i (17)

where the Ci0 parameters can be determined through an uni-
axial test according to the boundary conditions [20].

The volume ratio, vm is defined such as vm = VM
Vtotal

= VM
VF+VM

where VF is the volume of the fibers. Under the assumption
that the fibers are a linear elastic material and thus have a lin-
ear stress/strain relationship for low strains, their Young mod-
ulus is defined as Ef. The fibers are considered to have a cross
section area of Af and an initial length Lf. A change in the fiber
length dx is defined for a segment dl of a fiber. Given a force Ff,
the linear elastic relationship is Ff

Af
= ϵfEf, where ϵf = dx/dl.

The strain energy stored in the segment dl during the
fibers’ deformation, dWf, is equal to the area under the force-
displacement curve, and is written as:

dWf =
1
2
Ffdx=

1
2
ϵfEfAf dx=

1
2
ϵf

2EfAf dl. (18)

By integrating equation (18), the total strain energy density
of the fibers is:

Wf (ϵf) =

ˆ Lf

0

1
2
ϵfEfAfdl=

1
2
ϵfEfAfLf. (19)

In order to obtain Waniso, the fiber strain energy density is
divided by the total volume of the fibers, VF = AfLfnf where
nf is the total number of fibers. Finally, the quasi invariant I4
is introduced in the expression, such as I4 = (ϵf + 1)2

Waniso (I4, I5) =Waniso (I4) =

(√
I4 − 1

)2 ·Ef

2
. (20)

In order to take into account the effect of the fibers in the load
direction, resulting from the increased rigidity of the fiber rein-
forced actuator, a penalty is introduced for the surface covered
by the fibers, by considering that the surface underneath the
fibers is not active when an electric field is applied.

For a uni-axial actuator, the Yeoh model as well as
equation (1), the nominal stresses sx and sy can be written as
in equations (21) and (22). The two equations are solved for
both conventional DEAs (in which caseWs is defined asWiso)
and uFRDEAs, in which caseWs is defined as in equation (16)

sy =
F
LzLy

=
∂Ws

(
λx,λy, Ẽ

)
∂λy

−
∂WE

(
λx,λy, Ẽ

)
∂λy

(21)

sx = 0=
∂Ws

(
λx,λy, Ẽ

)
∂λx

−
∂WE

(
λx,λy, Ẽ

)
∂λx

. (22)

It can be noted that for incompressible materials, I3 equals
to 1 as the volume is conserved—the relation (23) is then estab-
lished

λxλyλz = 1⇒ λz =
1

λxλy
. (23)

The resulting strain energy densityWE can then be written as:

WE
(
λx,λy, Ẽ

)
=−ϵ0ϵr

2
Ẽ2 (λxλy)

2
. (24)

These two equations with two unknowns, λx and λy
are solved using MATLAB (R2021a, The MathWorks, Inc.
Natick, Massachusetts, USA). The results are plotted in
figures 2(A) and (B), for conventional and uFRDEAs, for actu-
ators with a dielectric layer thickness of 100µm and a 20mm
width. Themodel takes into account arbitrary fiber dimensions
(0.1mm2 cross section area and a total of ten aligned fibers)
as well as an arbitrary applied load of 0.6N in the y-direction.

It can be noted that the initial strain due to the mech-
anical loading is predicted to be higher for a reinforced
actuator, reaching 29%, than for a conventional actuator,
which reaches an initial strain of 22% in the vertical
y-direction.

In the direction of the fibers, the initial strain is null for
uFRDEAs, whereas the strain for conventional actuators is as
expected negative and reaches a value of −9%.

For visualisation purposes, the initial strain for each config-
uration respectively is subtracted for the graphs. As expected,
it is seen that the actuation strain in the y-direction, perpen-
dicular to the fiber direction, is enhanced for uFRDEAs. The
strain in the fiber direction (x-direction) is close to zero for
uFRDEAs, proving that the fibers almost fully constraint the
DEA displacement in their direction.

The cross-section area, the DEA surface covered by the
fibers and the mechanical properties such as the Young’s mod-
ulus of the fiber material (as regrouped in annex) can be tuned
in the model and studied to evaluate the influence of each para-
meter and optimize the actuator performance.

A plot when varying the surface of the actuator which is
covered by fibers is shown in figure 2(C).

It can be noted that the strain in the load direction increases
for a larger surface covered by fibers, as more fibers allow to
better constraint the movement in the fiber direction and thus
increase the strain in the perpendicular direction. However,
for extreme cases (coverage >60%), the resulting strain is
reduced. No strain is predicted for 100% surface coverage
by fibers, which is intuitive as the actuator would be too
constrained.

The fiber material influences the strain in the direction
of the fibers, for a predicted strain at breakdown as low as
0.07% for PLA fibers. However, the strain difference in the y-
direction is not noticeable for different materials (figure 2(E)).
When zooming into the model graphs a smaller difference is
noticed, and the strain is from highest to lowest with a highest
strain for PETG, followed by Nylon, ABS and finally PLA
fibers, as seen in figure 2(F), which is directly linked to their
stiffness.
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Figure 2. Model behaviour, showing the resulting strain as a function of the applied electric field; (A) in the x-direction. (B) in the
y-direction. (C) in the y-direction, when varying the surface coverage of the fibers. (D) in the y-direction, when varying the fibers’ cross
section area. (E) in the y-direction, when varying the fiber material and (F) in the y-direction when varying the fiber material, zoomed near
the breakdown field.

Lastly, in order to study the influence of the cross section
area of the fiber, the surface covered by fibers, equal to the
number of fibers multiplied by their width, is kept constant.
The fiber cross section is modified by varying their thick-
ness, and number of fibers to fiber width ratio. It can then
be observed that the larger the cross section of the fibers, the
lesser the strain in the fiber direction and greater the strain in
the direction normal to the fibers as in figure 2(D).

3. Fabrication and characterization

In this study, a novel fabrication process is proposed for
uFRDEAs by using the 3D printing infill method for the rein-
forcement of DEAs. 3D printing allows to control the exterior
all as well as the infill of a part, including the infill density
and infill pattern. The infill can thus be programmed to consist
of aligned fibers, which would thus have a rectangular cross
section. For each fiber material, the fabrication approach is
similar and is illustrated in figure 3(A).

3.1. DEA fabrication

The electrodes are carbon based and the dielectric layer con-
sists of a commercially available Elastosil ® silicone dielectric
film from Wacker Chemie. First, the electrode mixture is pre-
pared using carbon black EC-600J, isopropanol and LSR 4305
silicone. A mask for the electrode is then laser cut into a rect-
angular shape.

The electrode mixture is stencil printed on the Elastosil
film and thermally cured at 80 ◦C for 4 h. In order to apply

the electrode on the other side of the Elastosil, the silicone
film is transferred on a new PET substrate with the electrode
facing down. To that end, a silicone glue (LSR 4305) layer
is applied on the first electrode while protecting a small sur-
face in order to have access to the electrodes and thus later
implement the connectors of the DEA. Finally, the second
electrode is stencil printed on the other side of the Elastosil
film and thermally cured in the same conditions as for the first
electrode [23].

3.2. Fiber reinforcement

Fused deposition modeling (FDM) 3D printing was performed
using acrylonitrile butadiene styrene (ABS orange, Flash
Forge), polylactic acid (PLA lime green, Prusa research Czech
Republic), polyethylene terephthalate glycol (PETG transpar-
ent, Purefil, Fabru GmbH) and nylon (FX 256, Fillamentum
Manufacturing, Czech Republic). Filaments in 1.75mm dia-
meter were purchased and used as delivered. A Prusa MK3S+
FDM printer was used for printing all materials. A rectangu-
lar model was created in Fusion 360. The model was imported
into Prusa slicer software as an .stl file and a 0.1mm layer
thickness was used for slicing. The fibers are fabricated by
using the infill method. 3D printing allows to control the exter-
ior all as well as the infill of a part, including the infill density
and infill pattern. The infill can thus be programmed to consist
of aligned fibers, which would thus have a rectangular cross
section. Some settings (detailed in annex) were modified to
ensure successful incorporation of desired infill pattern into
the model.

5
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Figure 3. (A) uFRDEAs detailed fabrication process. (a) Elastosil film. (b) Stencil printing of silver ink for the connectors of the DEA. (c)
Stencil printing of the first electrode. (d) Gluing of a PET substrate on top of the first electrode. (e) Flipping of the elastosil film in order to
have access to the other side of the elastosil film. (f) Stencil printing of the second carbon electrode (g) Stencil printing of silver ink for the
second connector. (h) Fabrication of the layer sheet into the desired fiber shape. (i) Gluing of the fibers onto the DEA and silicone
encapsulation application. (j) Removing of the PET substrate and resulting DEA. (B) Examples of fabricated fiber layers, for 10% and 20%
infills. From top to bottom, left to right: nylon (red), ABS (orange), PETG (transparent) and PLA (lime green). (C) Examples of fabricated
DEAs. From left to right, conventional DEA without fibers, ABS fibers with 10% infill, nylon fibers with 20% infill and PLA fibers with
20% infill.

Table 1. Fiber cross section for the different materials.

Height (µm) Width (µm) Cross section (mm2)

Nylon 90 850 0.077
ABS 113 660 0.075
PETG 108 810 0.088
PLA 88 760 0.067

Mean 99.75 770 0.077

The resulting fiber layers are shown in figure 3(B).
Different filament colors were used for different materials:
nylon was printed with a red filament, ABS with an orange
one, PETG with a transparent and finally PLA with a green
lime filament. The steps corresponding to the fiber embed-
ment in the DEA are described in figure 3(A) with step (h)
illustrating the fabrication of the fibers into the desired shape,
and step (i) illustrating the application of the fiber sheet onto
the DEA. A frame is left around the fibers in order to keep
them aligned and make the application significantly easier.
The fibers are then glued on the electrode by first position-
ing them and then applying a silicone glue layer (LSR 4305),
providing also an encapsulation layer to the DEA. Finally, the
DEA is cut around the edges of the electrodes, leaving a 2mm

margin to avoid breakdown around the edges. The PET frame
holding the fibers is thus cut and the uFRDEAs are ready to be
actuated. Resulting actuators are shown in figure 3(E).

3.3. Profile analysis

The samples were analysed using a profile-analyzing laser
microscope (Keyence, VK-X1000) and shown in figure 4. A
region of interest around the silver connectors was considered
in order to study the resulting fiber cross section depending to
the materials.

The file for the fiber printing was the same for all the fibers,
however a difference in the height and width for each fiber
material is noticed and is detailled in table 1. The height is

6



Smart Mater. Struct. 32 (2023) 125011 S Konstantinidi et al

Figure 4. Imaging of the fiber reinforced actuators with the Profile-analyzing Laser Microscope. (A) Region observed, around the silver
connectors and carbon electrodes. Microcope views of (B) ABS fibers. (C) PLA fibers. (D) PETG fibers. (E) Nylon fibers.

the highest for the ABS fibers and the lowest for the PLA
fibers, whereas the fibers are the widest for for nylon fibers
and the thinnest for the the ABS fibers. This results in a dif-
ferent cross section for each fiber material, with a mean of
0.077± 0.011mm2.

4. Results and discussion

4.1. Validation setup

In order to study the influence of the fibers, the fabricated
uFRDEAs were actuated with voltages varying from 0 to 7 kV.
Two different actuators were tested for each material and four
different for each number of fibers. The actuators are tested in
a uni-axial load configuration as in figures 1(A) and (B). The
actuators are clamped on the top side and a load is attached
to the bottom side. The displacement in the load direction is
measured using a laser displacement sensor (Keyence LK-
G32), and the displacement in the horizontal (x-) direction
is measured optically with a camera. A total number of 15
cycles was performed for each actuator. The graphs shown in
figures 5(A) and 6 take into account the mean strain over all
the cycles for each type of actuator. Conventional actuators
with the same dimensioning were also fabricated and tested,
in order to compare both the impact of the reinforcement and
the fiber materials.

The proposed measurement setup matches the loading con-
ditions illustrated in figure 1(B). The displacement in the ver-
tical (y-) direction is measured using a laser sensor, and the
displacement in the horizontal (x-) direction is measured optic-
ally with a camera.

4.2. Influence of the fibers

First, the influence of the fiber reinforcement is studied. To that
end, actuators with dimensions of 2 cm × 4 cm × 100 µm are
considered: a conventional actuator and an actuator with ten
PETG fibers (10% infill). The model input parameters are set

accordingly and the results are shown in figure 5(A). Themean
strain and its standard deviation are also plotted.

The experiments for the uFRDEAs match the model pre-
dictions with a mean error of 5% and relative standard devi-
ation of 7%. The conventional DEAs outperform the predicted
strain by 30%, which can be explained by the fact that the
model considers a uniform stretch which is more accurate for
the fiber reinforced configuration than for the conventional
one.

Overall, the fibers allow to reach a mean strain 75% higher
than the non-reinforced actuator in the load direction.

TheDEA actuation is illustrated in figure 5(B). The strain in
the perpendicular direction is monitored using a camera during
the actuator deformation. For all fiber reinforced actuators, the
strain in the fiber direction is <1%, whereas for the conven-
tional actuator, the strain reaches over 5% which is in accord-
ance with the model predictions. Graphs of the nylon, PLA
and ABS fibers’ resulting strain can be found in annex. It can
be noted that the response time of the actuators is improved
with the use of uFRDEAs, with a decrease of up to 20% in
the response time. The comparison of the step response of a
uFRDEA and conventional actuator can be also be in figure
10 in annex.

4.3. Influence of the material

The resulting strain depending on the fiber material is plot-
ted on figure 6(A). It can be noted that the model predicted a
lower strain variation for the different materials in the load
direction. However, a noticeable difference is measured, is
the same order as it is for the model: the highest strain is
noticed for PETG, followed by nylon, ABS and finally PLA
fibers. The difference can be due to the different cross sections
of the fibers printed. Indeed, the cross section of the PETG
fibers is higher than the cross section of the PLA fibers
(0.088mm2 and 0.067mm2 respectively). According to the
model in figure 2(F), a higher strain is indeed predicted for
a bigger cross section.
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Figure 5. (A) Resulting strain for PETG fibers and their comparison to the model. An error inferior to 5% is measured between the modeled
and experimental uFRDEAs. (B) Illustration of the actuation for reinforced actuators. The left panels correspond to the resting state and the
right panels to the actuated state. (C) Illustration of the actuator for a conventional actuator.

Figure 6. (A) Resulting strain for different fiber materials. (B) Resulting strain for different number of fibers, described by a different infill
percentage set during printing of the fibers. 10% ans 20% printing infills correspond to a 25% and 50% actuator surface coverage,
respectively.

4.4. Influence of the surface covered by the fibers

The mean resulting strain depending on the fiber infill, for all
materials, is plotted on figure 6(B). As predicted by the model,
the strain is higher for uFRDEAs with a higher number of
fibers (resulting in a larger surface covered by fibers), inde-
pendently of the fiber material. For a 10% fiber printing infill,
the resulting actuator surface covered by fibers is of 25% and
for 20% printing infill, it reaches 50%. It can be noted that the
model predicts a strain that increases with the number of fibers
up to a coverage of 60%.

From a fabrication point of view, for a higher number of
fibers it was more delicate to remove the actuator from its PET
substrate, which resulted in some fibers not adhering well to
the DEA.

5. Conclusion

In summary, this paper focuses on enhancing the deforma-
tions of DEAs by incorporating fiber reinforcement. DEAs

are materials that can produce mechanical displacement when
exposed to an electric field, making them useful for applic-
ations like soft robots and haptic interfaces. However, DEAs
tend to exhibit limited deformations under uni-axial forces. To
overcome this limitation, the paper proposes using uFRDEAs
that incorporate fibers to guide and constrain the actuator’s
movement along a specific direction. These fiber-reinforced
actuators are characterized by their transversely isotropic
properties, which means their behavior depends on the orient-
ation of the fibers.

The paper demonstrates the potential of uFRDEAs to
achieve large uni-axial strains, with a strain that is 75% higher
for uFRDEAs than for traditional DEAs. The theoretical mod-
els combined with experimental validation provide insights
into the electromechanical behavior of uFRDEAs. The results
open up possibilities for further research to address challenges
related to mechanical load effects, anisotropy, fiber alignment,
scalability, and practical applications. To achieve even greater
strains, it is possible to consider applying a prestretch to the
actuator, in which case the model can be modified to account
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for the initial forces exerted and the potential buckling of the
fibers when subjected to compressive loads.
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Annex

Parameters of the infill method

The top and side views of the created part in figures 7(A) and
(B), along with the slicer setting that were modified to ensure
successful incorporation of desired infill pattern into themodel
are regrouped in figures 7(C) and (D).
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Figure 7. (A) Top view of the rectangular model created with Autodesk Fusion 360. (B) Side view of the rectangular model. (C) and (D)
Parameters and modified slicer setting (in orange) for the infill method, programmed for aligned fibers. (E) Sliced model for 10% infill. (F)
Sliced model for 20% infill.

SEM imaging of the fibers

SEM images of the fibers before their incorporation onto the
DEA matrix were performed, in order to evaluate the fiber
imperfections and the influence of the direction of printing
(illustrated by the white arrows in figure 8).

Experimental results and model comparison

Resulting strain for different fiber materials and their compar-
ison with the model are illustrated in figure 9. It can be noticed
that for different materials, a difference between themodel and
the experimental results can be noticed. Such differences can
be explained by fabrication imperfections which are not being

considered by the model, such as the fiber adhesion and the
fiber thickness. Depending on the actuator and fiber material,
a difference in the adhesion of the fibers on the actuator can
be noticed, with some fibers being detached from the actuator
surface and thus influencing the performance of the uFRDEA.
Such fabrication differences are however harder to quantify in
the model—it could be possible to count the number of fibers
that are detached and remove their influence in the model (by
changing the ‘number of fibers’). Another difference would
come from the thickness of the fibers: indeed, when apply-
ing the glue on top of the fibers, thicker fibers will result in a
thicker glue layer, thus increasing the rigidity of the actuator.
This could be overcome in the model by increasing the passive
ratio for thicker fiber actuators.
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Figure 8. SEM imaging of the fibers. From top to bottom, left to right: ABS, PETG, PLA and Nylon fibers. The white arrows show the
direction in which the nozzle is moving.
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Figure 9. Resulting measured strain for different fiber materials and the corresponding predicted strain. (A) Nylon fibers. (B) ABS fibers.
(C) PETG fibers. (D) PLA fibers.

Model parameters

The Ci0 parameters for the Yeoh model used are regrouped in
table 2.

Table 2. Parameter values of the Yeoh model.

C10 (Pa) C20 (Pa) C30 (Pa)

177 620 −11 765 3894

The fiber mechanical parameters used for the model are
regrouped in table 3.

Table 3. Mechanical properties for each fiber material.

Material PLA ABS Nylon PETG

Young’s modulus (GPa) 1.4 2.3 2.5 3.5
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Frequency response

Figure 10. Step response of a uFRDEA with PETG fibers and of a
conventional DEA.
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