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In this study we investigate the influence of the filler’s concentration with an emphasis on the percolation
of particles on the field-induced deformation of isotropic, disc shaped electrorheological elastomers (EREs)
with barium titanate filler. It was found that above the percolation threshold concentration (>34.7 wt%) the
magnitude of the fully reversible contraction was enhanced by a factor of ~10 in the low field strength region
(E ~ 0.2 MVm™!). At higher field strength (E = 1.1 MVm™") the percolation had no effect on the induced strain,

and regardless of the particle’s concentration it saturated around 1.2%. It was shown that for isotropic EREs
the optimal particle loading is just above the percolation threshold. If the filler content exceeds the threshold
concentration, then the same deformation can be achieved with much lower field intensity, but even larger
particle concentration does not enhance the performance further.

1. Introduction

Smart materials, which respond to changes of their environment
play a prominent role among modern multifunctional materials. Nu-
merous of these materials are composites, where solid inclusions are
embedded in a cross-linked polymer matrix. Depending on the magnetic
or dielectric properties of the solid particles a macroscopic response
(e.g. rheological, mechanical, etc.) can be stimulated either by exter-
nal magnetic or electric fields (or in special cases by the combination of
the two). The macroscopic response arises largely from the coupling be-
tween the dipole-dipole interactions of the embedded particles (which
carry (magnetic or electric) dipole moments induced by the external
field) [1] and the particle-matrix interactions. The latter determines the
mobility of the solid phase, therefore the response depends to a large
extent on the elasticity of the polymer matrix. For example, ferrogels
display a pronounced mechanical response, due to the low elasticity of
the loosely cross-linked, dilute polymer network [2,3]. As it was shown
by experimental studies ferrogel bodies could undergo a relatively large
deformation (on the order of 40% or even larger) when exposed to
magnetic fields [4]. On the other hand, the magnetic particles in mag-
netorheological elastomers (MREs) are bonded to a matrix with high
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degree of polymerization, which has a relatively large elastic modulus,
therefore their field-induced mechanical response is reduced (on the or-
der of a few %).

Likewise, the electric counterparts of MREs — the electrorheological
elastomers (EREs) — are usually composed of micro- or nanometer-sized
dielectric particles embedded in an elastic polymer matrix (silicone rub-
ber, polyurethane, etc.) with a larger elastic modulus (1 MPa - 20 MPa)
[5]. The magnitude of the electric field-induced dipole moment of the
particles — which primarily affects the macroscopic response — is pro-
portional to the dielectric permittivity difference between the particles
and the matrix. For that reason, usually materials with large dielec-
tric permittivity are chosen for the filler, such as ferroelectric materials
(e.g. barium titanate [6-8]), or highly polarizable conjugated polymers
[9,10].

Besides the change in rheological properties, the dipole-dipole inter-
actions between the polarized particles cause a macroscopic deforma-
tion, thus the dimensions of an ERE body can be also manipulated with
an external electric field [11]. A reversible deformation is achievable in
a controllable manner, therefore EREs have found various technological
applications where the field-induced deformation and/or the variable
elastic modulus is exploited in the field of actuators [12,13], vibration
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control [14,15], tunable metamaterials [16], etc. Because of technical
and economic reasons high performing EREs are required for such appli-
cations, which can achieve the desired deformation at lower operating
field strength and with lower particle loading [17].

The performance of EREs from the viewpoint of practical applica-
tions depends primarily on the micro- and mesostructure [18], and the
shape of the ERE body. The shape contribution to the overall deforma-
tion stemming from the geometry (i.e. aspect ratio) is positive along
the external field. On the other hand, the structural contribution de-
pends strongly on the short range arrangement of the particles in the
matrix, which is affected by the concentration, shape, and size distri-
bution of the solid phase, thus it can be either positive or negative and
varies highly in its magnitude. The relative contribution of these two ef-
fects determines the magnitude of the overall deformation, and whether
the elastomer body contracts or expands in the direction of the uniform
field [19,20]. In general, the performance can be enhanced with an
anisotropic microstructure [21], when the particles are pre-aligned in
chain like clusters with an electric field during the fabrication process.
However, in case of isotropic EREs with random particle distribution
the nature of the microstructure changes abruptly with increasing filler
content when the percolation threshold is reached [22]. If the concen-
tration of the filler is below the percolation threshold, then the particles
are isolated and relatively far away from each other. Above the percola-
tion threshold the microstructure transitions into a connected network
spanning the whole volume of the ERE body. Because the percolated
structure acts as a conductive pathway, the electrical conductivity and
dielectric properties of the elastomers also change drastically with the
microstructure [23].

In the present work, the main focus is on how the formation of a
percolated particle network affects the macroscopic deformation (i.e.
electrostriction) of isotropic EREs. For this purpose we have synthesized
barium titanate filled model EREs, and investigated the dependence of
the electric field-induced deformation on the concentration of the filler
particles. Furthermore, the relationship between the particle content
and the electrical conductivity, and dielectric properties is also investi-
gated, with an emphasis on the percolation.

2. Experimental
2.1. Preparation of EREs

Disc shaped, isotropic ERE bodies with different concentration of
barium titanate (BaTiO;) filler were fabricated. The BaTiO; powder
(American Elements) had an average particle diameter of < 1.5 um,
tetragonal crystal structure, and it was used as supplied. The elastomer
matrix was Elastosil RT604 A/B addition-curing, two component sili-
cone rubber (polydimethylsiloxane, PDMS) by Wacker. Component A
contained the platinum catalyst, while the crosslinker was in compo-
nent B. The BaTiO; filler was dispersed in component A and after that
component B was added. The solid loading of the prepared EREs was
varied between 10% and 55% by weight. The exact compositions to-
gether with the volumetric concentrations are listed in Table 1. The
range of the particle loading of our samples is similar to concentra-
tion of EREs used in typical applications, but this varies highly with the
chemical composition of the particles. The ratio of the silicone rubber
components A and B was 9 to 1 by weight in all cases. Triton X-100 non-
ionic surfactant was used in a concentration of 1% by weight to aid the
dispersion of the particles in the liquid components. The mixture was
homogenized by vigorous stirring for 30 minutes, and the air bubbles
were removed under vacuum for 25 minutes. The liquid mixture was
poured into the mold, and the polymerization process was carried out
at T = 120°C in a drying oven. The samples achieved final strength af-
ter 40 minutes. The size of the cylindrical ERE discs was d = 19 mm in
diameter with a height of sy = 5.5 mm (height-to-width aspect ratio of
1:3.5). Fig. 1 shows examples of the ERE discs.
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Table 1
Composition of the fabricated elastomer samples.

Sample BaTiO; content

¢ (wt%) v (vol%)
0B-ERE - —
10B-ERE 10.0 1.8
20B-ERE 20.0 3.9
30B-ERE 30.0 6.5
35B-ERE 35.0 8.0
40B-ERE 40.0 9.7
50B-ERE 50.0 13.9
55B-ERE 55.0 16.5

40B-ERE

Fig. 1. Dimensions of the fabricated ERE discs with different barium titanate
loading (the left disc is the PDMS elastomer without filler particles).

2.2. Measurement methods

2.2.1. Electric field-induced deformation

To measure the deformation of the EREs along the direction of an
external electric field an optical contour method was applied [24]. The
schematic diagram of the measurement setup is shown in Fig. 2. The
elastomer body was placed on an electrically grounded stainless steel
platform, which served as a ground electrode. The electrode on the top
surface of the ERE was made of thin aluminum foil (top electrode),
which had the same diameter as the ERE sample. Both surfaces of the
elastomer were painted with conductive silver varnish for better elec-
trical contact between the elastomer and the electrodes.

The external electric field was created between the top and the
ground electrode by connecting the positive terminal of a high volt-
age power supply (HCP 14-12500, FuG Elektronik GmbH) to the top
electrode. The electric field was parallel with the axis of the cylindrical
ERE bodies. The voltage across the electrodes was varied between 0 and
6000 V, thus the maximum of the external electric field strength was E
= 1.1 MVm™'. It should be noted, that inside the elastomer body the
electric field strength is different from the externally applied field due
to the induced polarization. The distribution and strength of the inter-
nal field depends on the shape and the e dielectric permittivity of the
material. For the disc shaped EREs with low aspect ratio the internal
field can be approximated as E; ~ E/e [26]. The maximum of E was
chosen to remain below the limit imposed by the dielectric strength of
the elastomers. The range of the field strength covers the lower range
of typical values used in real applications [25], however in some cases
even stronger fields are used (> 3 MVm™'). Due to the deformation of
the elastomers in the direction of the field the electrode gap — and with
that the field strength — also changes. However, the measured deforma-
tion was smaller than 1.3% in all cases, thus this change in the field
strength was ignored.

On the top electrode a sharp-edged plastic target was placed, which
could move freely with the top electrode, and follow the deformation of
the elastomer body. The contour of the target’s edge served as a refer-
ence line to detect the deformation in the axial direction. We note, that
with this arrangement the deformation perpendicular to the direction
of the field can not be observed. The ERE disc with the target on its top
surface was illuminated from the back with an LED backlight to obtain
a well defined contour. The position of the edge was monitored with
a videomicroscope system made from a Point Grey Flea3 camera and
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Fig. 2. Schematic diagram of the optical contour method for the measurement of the electric field-induced deformation.

a microscope objective lens (4x/0.12). The magnification of the cam-
era system was chosen so that only a portion of the reference line was
visible to detect the movement with high resolution (1.6 pm/pixel).

In a custom made LabVIEW program the video stream of the camera
was processed in real-time, and on each frame the horizontal position
of the reference line was determined with image processing algorithms.
The average of twenty frames were used to calculate the position of the
line at a given electric field strength. According the resolution of the
camera system the relative change in position (compared to the orig-
inal height hj,, when E = 0) was converted into relative change in
height: Ah = hg — h. Because the top electrode completely covered the
top of the disc any inhomogeneous microdeformations of the surface
were averaged by the target. Therefore, the measured deformation Ah
was characteristic for the whole cross section. The strain as the ratio
of the total deformation to the original dimension was also calculated:
a = Ah/hy. The combined weight of the target and the upper electrode
was so small that the compressive stress caused by it deformed the
ERE discs only by a negligible amount (< 0.011%). No additional stress
was applied to the ERE discs, therefore, the field-induced deformation
was measured starting from a stress-free state. With our measurement
method the deformation can be determined with an error smaller than
12%.

2.2.2. Electrical conductivity and dielectric properties

The complex dielectric permittivity é(w) of the ERE discs was mea-
sured by a capacitive parallel plate method at frequencies ranging from
f = 1kHz to f = 1 MHz. The ERE disc was placed between the
electrodes of an Agilent 16451B dielectric test fixture as a dielectric
to form a capacitor. The capacitance C, and electrical resistance R,
of the fixture was measured with an Agilent 4284A impedance ana-
lyzer according a parallel RC model. The real and imaginary parts of
é(w) = ¢/ (w) — ie"" (w) (Where w =2z f is the angular frequency, and i is
the imaginary unit) was calculated as

hyC.
g 6]
€0Ae
and
h
e = 0 , (2)
2npr€OAe

where h, is the height of the ERE disc, which is equal to the elec-
trode gap, A, is the cross section of the guarded electrode and ¢, is
the vacuum permittivity. From Eq. (2) the ac conductivity can be also
expressed as:
ho

Cpc = m =e"e2nf . 3)

The dc electrical conductivity of the ERE discs was measured with an
IM6 megohmmeter (RE Technology). The sample was sandwiched be-
tween two stainless steel electrodes. The test voltage was U = 100 V.

From the measured electrical resistance of the fixture (R) the dc con-
ductivity of the ERE sample was calculated according the equation

hy
Odc = m ’
where A is the cross section of the sample. All dielectric measurements
were conducted at a temperature of T = 21 °C.

4

2.2.3. Morphology of the particle structure

To observe the particle structure of the elastomer samples with dif-
ferent particle loading cross sectional images were taken with a scan-
ning electron microscope (SEM). An Apreo SEM (Thermo Fisher) was
used at an acceleration voltage of 20.0 kV.

3. Results and discussion
3.1. Percolation threshold

The dielectric spectra (the real and imaginary parts of the complex
permittivity as a function of the frequency) of the EREs with different
particle loading are shown in Fig. 3. The elastomers have shown no di-
electric relaxation in the tested frequency range. Above 35 wt% filler
content ¢’ increased towards low frequencies, which can be attributed
to the Maxwell-Wagner polarization. This is typical for inhomogeneous
elastomers, and it is caused by the interfacial polarization at the di-
electric boundary layer between the solid particles and the elastomer
matrix. In the lower frequency region €¢” also increased (especially
above 35 wt%) approximately with a slope of -1 (on a log-log scale),
which confirms a dc type electrical conduction. ¢’ and ¢” are extracted
from the dielectric spectra at selected frequencies and their dependence
on the concentration of the filler together with the ac and dc electrical
conductivity is presented in Figs. 4(a), 4(b), and 4(c). The ac conduc-
tivity was calculated according to Eq. (3).

The dc conductivity of the elastomers increases abruptly by orders
of magnitude when the particle concentration is larger than 35 wt%
(Fig. 4(c)). The sharp change in the conductivity indicates the percola-
tion of the BaTiO; particles, because the connected particle network,
which spans the whole volume of the ERE disc, acts as electrically
conductive pathways. We used the classical percolation theory [27] to
model the dc conductivity of the EREs above the threshold concentra-
tion c.:

64 =0p(c —c.), (5)

where ¢ is a constant depending on the conductivity of the filler, and
t is the critical exponent. The exact percolation threshold ¢, was deter-
mined according the linearized form of Eq. (5) and varying ¢, until a
best linear fit was achieved. The logoy, vs. log(c — ¢.) plot is shown in
Fig. 4(d) together with the best linear fit. The percolation threshold was
¢, =(34.7+0.1) wt% (7.9 vol%), while the critical exponent was 7 = 1.45.
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Fig. 3. The frequency dependent real (a) and imaginary (b) part of the complex
permittivity at different filler concentrations.

The percolation threshold determined from the dc conductivity cor-
relates well with the threshold concentration where the ac conductivity
(and thus €") of the elastomers begins to increase rapidly at low fre-
quencies (f ~ 1 kHz) (Figs. 4(b) and 4(c)). We note however, that at
higher frequencies (f > 10 kHz) the data indicates that the sharp in-
crease starts at lower concentration (around ¢ ~ 30 wt%), but to verify
such a shift of the limit with the frequency better accuracy and higher
resolution of the concentration around the percolation threshold would
be needed. Below the limiting concentration the ac conductivity and
¢’ is basically independent from the particle loading, which is in line
with that the larger distance between the particles would hinder the
formation of conductive pathways.

The addition of BaTiO; particles causes an increase of the real part
of the permittivity even below the percolation limit, but only by a small
amount: from the ¢/ = 3.04 permittivity of the pure PDMS matrix up to
¢’ = 4.71. The permittivity is independent from the frequency until
¢ < ¢.. Beyond the percolation threshold a larger, frequency depen-
dent increment is observed and the permittivity of the 55B-ERE reaches
11.91 at f = 1 kHz (see Fig. 4(a)). If we compare our dielectric data
to other available results for similar BaTiO;/PDMS EREs a very good
agreement can be seen. For example, the results of Namitha et al. [28]
show an ¢’ ~ 7.8 (at 1 MHz) for a BaTiO; content of ~16 vol%, while
the corresponding value of our 55B-ERE sample is ¢’ = 8.05.

The SEM images presented in Fig. 5 confirm that there are directly
detectable changes in the particle structure around the percolation
threshold. At ¢ = 10 wt% the majority of the randomly dispersed par-
ticles are isolated, and only a few particle clusters (due to incomplete
homogenization) are visible. As the concentration is increased the num-
ber of clusters is also increasing, and at ¢ = 35 wt% longer strands of
touching particle clusters are also present. At ¢ = 40 wt% most of the
particles are part of the clusters and strands, and only a few isolated
particle can be seen. We note, that the complete 3D particle network
can not be seen in the SEM images, since these show only the 2D cross
section of the ERE bodies, but the observed clusters and strands can
be interpreted as the parts of the randomly branched three-dimensional
network, which are close to the surface.
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Fig. 4. The frequency dependent real (a), and imaginary (b) part of the complex
permittivity, the dc (hollow symbols) and ac electrical conductivity (c) as the
function of the BaTiO; content. The best linear fit (solid red line) of the log(c,.)
vs. log(c — c.) plot (d) gives the percolation threshold (¢, = 34.7 wt%), which is
marked by the vertical dashed lines on subfigures (a), (b), and (c).

3.2. Concentration dependence of the field-induced deformation

The strain (a) as a function of the external electric field strength
in case of EREs with different particle loading is shown in Fig. 6. The
electric field applied to the EREs was increased step-wise, starting from
zero, and gradually approaching E = 1.1 MVm~™'. At each step it was
held constant for 10 seconds before the corresponding strain was de-
termined. The deformation was fully reversible, the ERE discs regained
their original height after the electric field was removed.

All samples contracted (a < 0) in the direction of the field. Contrac-
tion of field sensitive elastomer bodies is the result of the coupling be-



B. Horvdth, S. Guba, D. Balogh et al.

Journal of Molecular Liquids 390 (2023) 123046

. .
e BQYL

30B-ERE

(a) (b)

(c)

35B-ERE

(d) (e)

Fig. 5. Cross sectional SEM images of the EREs with increasing particle loading (form 10 wt% (a) to 40 wt% (e)).

tween the electrostriction of the elastomer body itself and the Maxwell
effect. The latter is caused by the attractive Coulomb force between the
oppositely charged electrodes, which exerts compressive stress on the
elastomer body. In case of EREs the electrostriction is dominant, and
the contribution of the Maxwell effect to the total contraction is usually
less than 5% [29,30]. The magnitude of the strain due to the Maxwell
effect can be calculated as Sy = —(epe’ E?)/(2Y), where Y is the Young’s
modulus of the elastomer [30], which was determined by force-strain
measurement. The largest Maxwell effect would be shown by the 55B-
ERE sample (largest ¢’) at the maximum electric field strength. In this
case the estimated magnitude of the Maxwell effect was 0.33% of the to-
tal measured field-induced strain. All other samples would show smaller
Maxwell effect, therefore it is considered that in our case «a is purely the
result of the electrostriction of the material.

The electrostriction of EREs is usually explained by the basic mi-
croscopic model of dipole-dipole interaction between particles carrying
induced dipole moments, which is coupled with particle-elastic matrix
interaction. As it was mentioned earlier (see Introduction) the overall
deformation is the sum of this structural effect and the always positive
contribution of the macroscopic shape effect. However, at small aspect
ratios like in the case of our samples (~ 0.29) the macroscopic shape
effect is weak, and the structural contribution is dominant. The latter
can have either a positive or negative sign with varying magnitude as
it was shown by simulation results [20]. For example, isotropic EREs
contract along the field in most cases, but if the particle structure is
approximated by body- or face-centered cubic structure, then elonga-
tion (i.e. positive electrostriction) is expected. To further highlight the
complexity of the behavior of these systems and the importance of the
microstructure we note, that according to our previous results [24] for
the analogous magnetic case, the isotropic MRE bodies (with randomly
dispersed iron particles in PDMS matrix) elongated in the direction of
the magnetic field. This is in contrast with the behavior of isotropic
EREs used here despite the same elastic matrix and similar macroscopic
size and shape. Again, the cause of this difference could lie in the dis-
similarity of the microstructure due to the difference in particle shape
and size distribution.

As Fig. 6 shows, the magnitude of the contraction increased with
E, although two regions can be distinguished in regard of the field
strength. Under weak fields |«| grows fast with the external field
strength. The trend is quadratic in this region, as it is shown by the
fitted curves (in the form of a = kE?, where k is a fitting parame-
ter) in Fig. 6. This corresponds to the theoretical models and general
observation, that the electrostriction scales with the square of the elec-
tric field strength [31]. However, in stronger fields |a| approaches a
saturation value, and increasing E further does not cause larger con-
traction. Similar nonlinear behavior, when the quadratic trend turns
into saturation is often observed in case of other types of composite
elastomers too [30]. The maximum of a« was between a = —0.0107 and

--m-- 10B-ERE
0.000 400
-0.003 4-16.5
-0.006 130
3 2
S
-0.009 4 -49.5
-0.012 4 -66.0
-0.015 4-82.5
n 1 n 1 n 1 n 1 n 1 n
0.0 0.2 0.4 0.6 0.8 1.0
E (MVm™)

Fig. 6. The deformation response of the EREs with different particle loading
(symbols) to electric fields. The trend with increasing field strength (dashed
lines) changes significantly if the particle loading exceeds the percolation
threshold (samples 40B-ERE and 50B-ERE). The solid lines show the quadratic
fit in the low field strength region in case of 30B-ERE and 50B-ERE.

a = —0.0122, which corresponds to a characteristic absolute deforma-
tion of Ah = (=59 +3) um and Ah = (—67 + 8) um, respectively. In case
of EREs, where the field-induced deformation is pure electrostriction
(the Maxwell effect is negligible) these values are typical and are simi-
lar to other ERE materials [30].

The transition region of E, where the initial quadratic trend changes
into the approach towards saturation depends greatly on the concentra-
tion of the filler. Up to ¢ = 35 wt% particle loading the EREs behave
similarly: the transition region of E is above 0.5 MVm™'. In contrast, if
the particle concentration is beyond the percolation threshold (40 wt%
or larger), then the magnitude of a increases much faster with the field
strength, and the transition into saturation occurs already above 0.2
MvVm~'.

The significant difference in the behavior of the EREs with different
particle loading is further emphasized in Fig. 7, where « is shown as the
function of the filler’s concentration at low and high field strengths. In
the lower field strength region (E; = 0.2 MVm™') the magnitude of the
contraction increases approximately tenfold if the concentration of the
BaTiOj; particles exceeds 35 wt%, which correlates very well with the
percolation threshold determined according the dc conductivity. Since
with the onset of the percolation the local arrangement of the particles
is significantly altered compared to a random distribution (e.g. the in-
terparticle distance is reduced) it is not surprising that it influences the
deformation to a large extent. The structural effect stemming from the
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Fig. 7. Concentration dependence of the field-induced deformation at different
field strengths. The concentration where the abrupt change in the magnitude
of the deformation occurs (at lower field strengths (E;)) corresponds to the
percolation threshold (marked by the vertical dashed line). In stronger fields
(Ey) the deformation is independent from the filler’s concentration.

dipole-dipole interactions becomes stronger as the interparticle distance
is reduced, thus the response to electric field is greatly enhanced if the
particles are close to each other in a connected network. On the other
hand, increasing the particle loading beyond the percolation limit does
not increase the magnitude of the deformation significantly, because the
particle structure becomes so dense that the local rearrangement of the
particles is hindered by each other. This can be seen in Figs. 6 and 7 as
the EREs with 40 wt% and 50 wt% filler concentration show nearly the
same response. Moreover, at higher field strength (Ej; = 1.0 MVm™),
when the saturation of the deformation occurs, « becomes independent
of the concentration, and all EREs have similar maximal deformation
(|| ~0.012).

4. Conclusions

Disc shaped (1:3.5 aspect ratio), PDMS-based electrorheological
elastomers with different BaTiO; filler content were synthesized, and
their deformation under axial electric fields was studied. The following
main results were obtained.

» The synthesized ERE bodies contracted along the direction of the
field — parallel with their axis — and regained their original height
when the field was switched off. The magnitude of the contrac-
tion changed quadratically with E in the low field strength region,
which transitioned into saturation at higher field strengths.

The field-induced deformation response was affected largely by the
presence of a percolated particle structure. The percolation thresh-
old of the BaTiO; particles according the dc electrical conductivity
was ¢, = (34.7+0.1) wt% (7.9 vol%), where the dielectric permittiv-
ity also changed significantly. The change of the particle structure
around the percolation threshold was directly confirmed by SEM
images.

Above the percolation threshold the magnitude of the field-induced
contraction is enhanced by a factor of ~10 in the low field strength
region (E ~ 0.2 MVm™!). At high field strength the percolation has
no effect on the magnitude of the contraction. All samples regard-
less of the particle concentration had almost the same maximum
reduction in height, which was on the order of ~ 65 um (~ 1.2% of
the original height) at E = 1.1 MVm™'.

The results show that if lower operating field strength is required to
maximize the performance of EREs, then the filler content should ex-
ceed the percolation threshold, because the same deformation can be
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achieved with much lower field intensity. On the other hand, even
larger particle concentration does not enhance the performance further,
thus the optimal particle loading is just above the percolation threshold.

As it was pointed out, the notable effect of the microstructural
changes due to the percolation on the deformation could be explained
qualitatively mainly by the distance dependent nature of the dipole-
dipole interactions. However, it is evident that taking into account only
the interactions between the dipoles hindered by an elastic matrix does
not offer a complete description of the relationship between the particle
structure and the field-induced deformation. Thus, to capture every as-
pect of the complex behavior of these materials, and to find answers to
open questions further experimental and theoretical works are required.
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