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 
Abstract—The emerging demand for bio-inspired soft robotics 

requires novel soft actuators whose performance exceeds 
conventional rigid ones. Dielectric elastomer actuators (DEAs) are 
a promising soft actuation technology with large actuation strain 
and fast response. Cone DEAs are one of the most widely adopted 
DEA configurations for their compact structure and large 
force/stroke output with several configuration variations 
developed in recent years. By driving at a resonant frequency, the 
cone DEAs show a significant amplification in their power outputs, 
which demonstrates their suitability for highly dynamic robotic 
applications. However, it is still unclear how the payload 
conditions could affect the power outputs of cone DEAs and no 
work has compared the output performance of different variations 
of cone configurations. In this work, by considering conical 
configuration DEAs with generalized dissipative payloads, we 
conduct an extensive study on the effects of payload conditions on 
the power outputs of the cone DEA family. Additionally, we 
benchmark the performance of different cone DEA configurations 
and illustrate the fundamental principles behind these output 
patterns. The findings reported in this work establish guidelines 
for designing high-performance cone DEA actuators. 
 

Index Terms— Conical Configuration, Dielectric Elastomer 
Actuators, Power Output, Resonant Actuation, Soft Robotics 
 

I. INTRODUCTION 

OFT robotics is an emerging research field that seeks to 
develop biologically-inspired soft or partially soft robots 

utilizing compliant materials instead of rigid components in 
conventional robots. Soft robots have the potential to be more 
robust, adaptable and safer to interact with humans and 
environments [1]. The growing applications of soft robotics 
demand novel compliant actuation technologies beyond 
conventional rigid actuators. Dielectric elastomer actuators 
(DEAs) are promising soft actuators which possess the 
advantages of large actuation strains, inherent compliance and 
programmable actuations [2].  

Despite these attractive features, early DEA designs suffered 
from low power outputs due to the high viscoelasticity of the 
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elastomers [3]. To improve the power output performances of 
the DEAs, a resonant actuation principle has been adopted, 
where the DEA system is actuated at its resonance to maximize 
the power output, thus enabling highly dynamic applications [4] 
[5] [6] [7] [8] [9] [10] [11] [12] [13]. For example, a rolled DEA 
with the peak mass-specific power (600 W/kg) greater than 
natural muscles has been reported; this is able to drive a 
flapping wing robot to achieve tethered flight [7].  

 
Fig. 1.  Schematic diagram of (a) a cone DEA and (b) its actuation principle. 

Among the DEA configurations reported in literature, 
conical configuration is one of the most widely adopted designs 
for its compact structure and large force/stroke output [14] [15] 
[16]. A conical configuration is achieved using a piece of 
dielectric elastomer bonded to a rigid frame and a central disk. 
A biasing element causes the membrane to deform out-of-plane, 
as illustrated in Fig. 1. The biasing element can be a linear 
compression spring [17], a deadweight [18], a bistable 
mechanism [19], permanent magnets [20], an antagonistic cone 
DEA membrane [14]. Many works have investigated the 
dynamic responses of cone DEAs [17] [18] [21] [22] [23] [24]. 
Hodgins et al. [17] and Rizzello et al. [18] [21] developed an 
electro-mechanical dynamics model for cone DEAs. Cao et al. 
investigated the effects of actuation signal components and 
relative phases on the nonlinear dynamic responses of a two-
degree-of-freedom (DOF) cone DEA [23]. Many dynamic 
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applications that utilize cone DEAs have been developed [25] 
[26] [27] [28] [29] [30]. Choi and co-workers developed a series 
of multi-DOF cone DEA driven crawling robots [25]. Based on 
the resonant actuation principle, the authors proposed the first 
soft pneumatic pump driven by resonating cone DEAs [26]. 

Despite the extensive studies on its dynamics and many 
promising applications in the literature, relatively few works 
have concerned with the power outputs of cone DEAs; as such 
current robot designs which incorporate cone DEAs, lack 
systematic guidance for achieving optimal power output. In the 
authors’ previous works, the power output of an antagonistic 
double cone DEA was investigated [31] [32] and it was found 
that, although the power output of resonant actuation may be 
optimized, its performance is strongly affected by the payload 
conditions such as the viscous dissipation and payload inertia. 
With the various cone DEA configurations proposed in the 
literature, it is essential to understand how the performance of 
each configuration is affected by the payload in order to 
determine the most suitable, and robust, design. However, the 
effects of dissipative payload on the power output performance 
of other cone DEA configurations have not previously been 
investigated. Furthermore, no benchmarking has been 
conducted to compare the power output performance of the 
cone DEAs. As such, there are two key questions that remain 
unclear. Firstly, which is the optimal cone DEA configuration 
for maximizing power output? Secondly, what are the 
fundamental mechanical principles that underpin this?  

This work conducts extensive numerical and experimental 
studies to address these key questions. Namely, the effects of 
payload conditions on the power outputs of the cone DEAs are 
investigated to establish the fundamental principles 
underpinning the performance. In addition, the output 
performances of different cone DEA configurations are 
benchmarked. The rest of this paper is structured as follows. 
Section II introduces the cone DEA configurations to be 
investigated and the power output study methodology. In 
Section III, the power output performance of the cone DEAs is 
studied with a focus on the effects of the payload conditions, 
biasing elements and actuation signal conditions. Experimental 
validation is documented in Section IV. Finally, in Section V, 
key findings are discussed, and conclusions are drawn.  

II. COMPARATIVE MODEL DEVELOPMENT 

A. Cone DEA configurations 

This work mainly studies three different cone DEA 
configurations, as illustrated in Fig. 2. The first configuration is 
a Single Cone DEA with a Linear compression Spring 
(SCDEA-LS) [17] [21]. The payload is connected to the 
actuator through a rod attached to the central disk. The other 
two configurations involve a pair of cones formed by two pieces 
of DE membranes and are connected by a coupling mechanism, 
which are: II. a Double Cone DEA with a Rigid Rod (DCDEA-
RR) [32]; III. a Double Cone DEA with a Linear compression 
Spring (DCDEA-LS). Note that a DCDEA-RR can be 
transformed such that the two central disks are attached to form 
an inverted double cone, as seen in [20] [33]. The inverted 

double cone DEA has a similar output as the DCDEA-RR due 
to the symmetry. Also note that, to the best of the authors’ 
knowledge, the DCDEA-LS configuration has not been 
reported in previous works. Yet, it resembles a simplified 
version of the compliantly coupled two-DOF DEAs proposed 
by the authors in [34]. Also note that the three cone DEA 
configurations studied here represent the designs that have 
demonstrated resonant actuations through theoretical and 
experimental studies in the literature. Other configurations 
including cone DEAs with magnetic attraction [20] and bistable 
beams [19] are better suited for discrete actuations due to their 
inherent physical constraints such as mechanical stoppers, 
hence are not considered in this work. Cone DEAs with a 
biasing deadweight can exert continuous strokes; however, this 
deadweight leads to a heavy design and its working orientation 
is restricted, hence it is excluded from this study. 

 
Fig. 2.  Three cone DEA configurations adopted in this work. 

B. Setup of power output study 

This study adopts a generalized setup following the authors’ 
previous works where a cone DEA drives an inertial and 
dissipative payload [31] [32], as illustrated in Fig. 3. This setup 
represents the typical dissipative payloads encountered by cone 
DEAs with a linear, reciprocate motion [26] [29] [32]. The 
actuator drives the mass, M, and a viscous dashpot, c, to move 
horizontally (hence gravity is neglected). Electric energy from 
the power source is converted to the mechanical work via the 
electro-mechanical coupling mechanism of the DEA. 

 
Fig. 3.  Schematic illustration of the cone DEA power output study setup. 

C. Model of system dynamics 

Dynamic models of cone DEAs have been studied 
extensively in previous works, hence is described in brief here. 
For details regarding cone DEA modelling, please refer to these 
works (linear spring biasing elements: [21], rigid rod: [32]). 
Note that, in this work, the DEA is considered to be an 
elastomer membrane sandwiched between two elastomeric 
electrodes which have non-negligible stiffness and 
viscoelasticity. Although electrodes in powder or grease forms 
can have significantly lower stiffness thus can simplify the 



modelling process, elastomeric electrodes demonstrate better 
reliability and a longer lifespan [35], which are favorable for 
practical applications. The dynamic response of the system can 
be fully characterized by the integration of: 
i. the geometric relationship, which describes the function 

between the out-of-plane deformation and the radial 
stretch of the DEA; 

ii. an electrical model that characterizes the charge flows 
in and out of the DEA capacitor and the actual voltage 
across the DE membrane;  

iii. a mechanical model that estimates the reaction force of 
the DEA based on the inputs from the previous two 
modelling units, and; 

iv. a dynamic model that describes the time-dependent 
states of the DEA-payload system. 

Once the dynamic response of the system reaches a steady-
state, the average power output of the DEA can be estimated. 
The four modelling units are introduced in the following 
subsections and are illustrated in Fig. S.1. 
1) Geometric relationship  

The conical configuration is constructed by deforming the 
DE membrane and elastomeric electrodes out-of-plane, and 
several simplifying assumptions are made when modelling this 
deformation (following [17] [21] [20] [36]) : (i) this is a single 
degree-of-freedom system, i.e. only translation along the 
longitudinal axis is considered; (ii) the deformation is truncated 
conical; (iii) strain distribution on the membrane/electrode is 
homogeneous; (iv) the circumferential deformation of the 
membrane/electrode does not vary. 

Let a piece of DE membrane (with electrodes attached) be 
bonded to a rigid circular frame with the inner radius b, and a 
central disk with the radius a. A protrusion force, Fp, caused by 
the biasing element, deforms the membrane/electrode out-of-
plane by a displacement d (Fig. 1 (b)). Let 𝜆ଵᇱ  be the radial 
stretch of the membrane/electrode caused by the out-of-plane 
deformation and can be given by 

 𝜆ଵᇱ ൌ
ඥௗమାሺ௕ି௔ሻమ

ሺ௕ି௔ሻ
, (1)

The angle between the membrane/electrode and the reference 
plane, α, can be expressed as 

 𝛼 ൌ sinିଵ ௗ

ඥௗమାሺ௕ି௔ሻమ
 . (2)

2) Electrical model 
A DEA may be modelled as a deformable capacitor in series 

with two electrode resistors (assuming an ideal capacitor with 
no current leakage). When an input voltage is applied, and 
charge flows into the DEA, the charge rate and the voltage 
across the DEA capacitor can be expressed as 

 𝑄ሶ ൌ െ ଵ

ଶோೞ஼
𝑄 ൅ ଵ

ଶோೞ
𝛷௜௡ , (3)

 𝛷஽ா஺ ൌ
ଵ

஼
𝑄 , (4)

where Q is the charge built on the DEA, Rs is the surface 
resistance of one electrode, Φin is the input voltage, ΦDEA is the 
actual voltage across the capacitor, C is the capacitance of the 
DEA and is given as 

 𝐶 ൌ 𝜀௥𝜀଴
గ൫௕మି௔మ൯

ு೘ ୡ୭ୱఈ
. (5)

where ε0 and εr are the absolute permittivity of a vacuum and 

the relative permittivity of the dielectric elastomer respectively 
and Hm is the membrane thickness. 
3) Mechanical model 

The mechanical model describes the total force exerted by 
the DE membrane and elastomeric electrodes along the 
longitudinal axis as a function of the deformation d. First, the 
stresses of the DE membrane and elastomeric electrodes along 
the radial axis need to be characterized. The stress functions for 
both DE membrane and elastomeric electrodes consist of 
hyperelastic and viscoelastic terms, where the DE membrane 
also has an electromechanical coupling component. Following 
[37], the Gent model [38] is adopted here to describe the 
hyperelastic stretch-stress relationship and a Maxwell 
rheological model is utilized to describe the viscoelasticity.  

The DE membrane has an initial thickness of Hm0 and be pre-
stretched biaxially with the ratios of λp × λp before the 
elastomeric electrodes (thickness Hel0) are bonded. During the 
out-of-plane deformation, the total radial stretch of the DE 
membrane is 

𝜆௠ଵ ൌ 𝜆ଵᇱ 𝜆௣, (6)
and the radial stretch of the electrode is 

𝜆௘௟ଵ ൌ 𝜆ଵᇱ , (7)
The circumferential stretches of the membrane (λm2) and 

electrode (λel2) remain unchanged during the out-of-plane 
deformation (assumption (iv)), i.e. 𝜆௠ଶ ൌ 𝜆௣ and 𝜆௘௟ଶ ൌ 1. 

The thickness of the membrane and electrode after 
deformation can be written as 

𝐻௠ ൌ ு೘బ

ఒ೘భఒ೘మ
, (8)

and 

𝐻௘௟ ൌ
ு೐೗బ

ఒ೐೗భఒ೐೗మ
, (9)

The radial stress σm of the DE membrane is given by 
𝜎௠ ൌ 𝜎௠_௛ ൅ 𝜎௠_௩ ൅ 𝜎௠_௘, (10)

where σm_h is the hyperelastic stress, σm_v is the viscoelastic 
stress and σe is the electrostatic stress, and are defined as 

𝜎௠_௛ ൌ
ఓ೘_ಲ൫ఒ೘భ

మ ିఒ೘భ
షమ ఒ೘మ

షమ ൯

ଵି൫ఒ೘భ
మ ାఒ೘మ

మ ାఒ೘భ
షమ ఒ೘మ

షమ ିଷ൯ ௃೘_ಲൗ
, (11.a)

𝜎௠_௩ ൌ
ఓ೘_ಳቀఒ೘భ

೐ మ
ିఒ೘భ

೐ షమ
ఒ೘మ
೐ షమ

ቁ

ଵିቀఒ೘భ
೐ మ

ାఒ೘మ
೐ షమ

ାఒ೘భ
೐ షమ

ఒ೘మ
೐ షమ

ିଷቁ ௃೘_ಳൗ
, 

(11.b)

𝜎௠_௘ ൌ െ𝜀଴𝜀௥𝐸ଶ, (11.c)
where μm_A and μm_B are the shear moduli of the two springs 

in the Maxwell rheological model for the DE membrane, Jm_A 
and Jm_B are constants of the limiting stretches of the two 
springs, 𝜆௠ଵ

௘ ൌ 𝜆௠ଵ 𝜉௠ଵ⁄  is the stretch of the spring on the 
second branch in the rheological model, ξm1 is the stretch of the 
dashpot, 𝜆௠ଶ

௘ ൌ 1 based on assumption (iv), E = ΦDEA/Hm is the 
electric field across DE membrane. 

Similarly, the radial stress σel of the electrode is written as 
𝜎௘௟ ൌ 𝜎௘௟_௛ ൅ 𝜎௘௟_௩, (12)

where σel_h and σel_v are the hyperelastic and viscoelastic 
stresses of the electrode respectively, and are defined as 

𝜎௘௟_௛ ൌ
ఓ೐೗_ಲ൫ఒ೐೗భ

మ ିఒ೐೗భ
షమ ఒ೐೗మ

షమ ൯

ଵି൫ఒ೐೗భ
మ ାఒ೐೗మ

మ ାఒ೐೗భ
షమ ఒ೐೗మ

షమ ିଷ൯ ௃೐೗_ಲൗ
, (13.a)

𝜎௘௟_௩ ൌ (13.b)



ఓ೐೗_ಳቀఒ೐೗భ
೐ మ

ିఒ೐೗భ
೐ షమ

ఒ೐೗మ
೐ షమ

ቁ

ଵିቀఒ೐೗భ
೐ మ

ାఒ೐೗మ
೐ షమ

ାఒ೐೗భ
೐ షమ

ఒ೐೗మ
೐ షమ

ିଷቁ ௃೐೗_ಳൗ
, 

where μel_A and μel_B are the shear moduli of the two springs 
in the Maxwell rheological model for the electrode, Jel_A and 
Jel_B are constants of the limiting stretches of the two springs, 
𝜆௘௟ଵ
௘ ൌ 𝜆௘௟ଵ 𝜉௘௟ଵ⁄  is the stretch of the spring on the second 

branch in the rheological model, ξel1 is the stretch of the dashpot 
and 𝜆௘௟ଶ

௘ ൌ 1. 
The dashpot is modelled as a Newtonian fluid [37], and the 

rate of deformation of the dashpot in Eq. (11.b & 13.b) is 
ௗక೘భ

క೘భௗ௧
ൌ

ଵ

ଷఎ೘
ቆ

ఓ೘_ಳቀఒ೘భ
೐ మ

ିఒ೘భ
೐ షమ

ఒ೘మ
೐ షమ

ቁ

ଵିቀఒ೘భ
೐ మ

ାఒ೘మ
೐ మ

ାఒ೘భ
೐ షమ

ఒ೘మ
೐ షమ

ିଷቁ ௃೘_ಳൗ
െ

ఓ೘_ಳቀఒ೘మ
೐ మ

ିఒ೘భ
೐ షమ

ఒ೘మ
೐ షమ

ቁ ଶൗ

ଵିቀఒ೘భ
೐ మ

ାఒ೘మ
೐ మ

ାఒ೘భ
೐ షమ

ఒ೘మ
೐ షమ

ିଷቁ ௃೘_ಳൗ
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(14.a)

ௗక೐೗భ
క೐೗భௗ௧

ൌ

ଵ

ଷఎ೐೗
ቆ

ఓ೐೗_ಳቀఒ೐೗భ
೐ మ

ିఒ೐೗భ
೐ షమ

ఒ೐೗మ
೐ షమ

ቁ

ଵିቀఒ೐೗భ
೐ మ

ାఒ೐೗మ
೐ మ

ାఒ೐೗భ
೐ షమ

ఒ೐೗మ
೐ షమ

ିଷቁ ௃೐೗_ಳൗ
െ

ఓ೐೗_ಳቀఒ೐೗మ
೐ మ

ିఒ೐೗భ
೐ షమ

ఒ೐೗మ
೐ షమ

ቁ ଶൗ

ଵିቀఒ೐೗భ
೐ మ

ାఒ೐೗మ
೐ మ

ାఒ೐೗భ
೐ షమ

ఒ೐೗మ
೐ షమ

ିଷቁ ௃೐೗_ಳൗ
ቇ, 

(14.b)

where ηm and ηel are the viscosity of the dashpot for the DE 
membrane and electrode model respectively. 

Then the total force of the DE membrane along the 
longitudinal axis can be given by 

 
𝐹஽ா஺ ൌ െ2𝜋𝑎𝐻௠𝜎௠ sin 𝛼 െ 2 ൈ

2𝜋𝑎𝐻௘௟𝜎௘௟ sin 𝛼 . 
(15)

4) Dynamics model 
The equation of motion for a single cone DEA-payload 

system is given by 
 ሺ𝑚 ൅𝑀ሻ𝑑ሷ ൅ 𝑐𝑑ሶ െ 𝐹஽ா஺ ൌ 𝐹௣ , (16)

where m is the mass of the central disk (neglecting the mass 
of the membrane). 

The system states of the single cone DEA-payload system are 
described by the deformation, d, velocity, 𝑑ሶ , stretches of the 
dashpots in the rheological model, ξm1 and ξel1, and charge 
accumulated on the DEA, Q. 

For double cone DEA systems, let dA and dB be the 
deformation of membrane A and membrane B (i.e. the 
membrane connected to the payload) respectively. Note that for 
the DCDEA-RR, the system has 1-DOF, dA and dB must fulfill 
dA = dB – Lr, where Lr is the length of the coupling rod. The 
equation of motion can be written 

 ሺ2𝑚 ൅𝑀ሻ𝑑ሷ஻ ൅ 𝑐𝑑ሶ஻ െ 𝐹஽ா஺_஺ ൌ 𝐹஽ா஺_஻ , (17)
where FDEA_A,B are the forces exerted by membranes A and B. 
For the DCDEA-LS configuration with 2-DOF, the equations 

of motion are given by 
 𝑚𝑑ሷ஺ െ 𝐹஽ா஺_஺ ൌ െ𝐹௣ , (18.a)
 ሺ𝑚 ൅𝑀ሻ𝑑ሷ஻ ൅ 𝑐𝑑ሶ஻ െ 𝐹஽ா஺_஻ ൌ 𝐹௣ . (18.b)

 
The expression for the force, Fp, is listed in Table S.I. 

5) Performance characterization 
The complete system model consists of the geometric 

relationship, electrical model, mechanical model and the 

mechanical dynamics model that were described in the previous 
subsections. With the input voltage(s) pre-defined, and the 
initial conditions given, the states of the DEA-payload system 
can be estimated by integrating the equation(s) of motion 
numerically in time domain. Once the system response reaches 
a steady-state, the average mechanical power output of the DEA 
can be estimated by 

𝑃௢௨௧ ൌ
ଵ

்
׬ 𝑓ሺ𝑣ሻ𝑣
்
଴ 𝑑𝑡 , (19)

where T is the period, v is the velocity of the payload (𝑣 ൌ 𝑑ሶ  
in 1-DOF systems and 𝑣 ൌ 𝑑ሶ஻ in 2-DOF systems), t is time and 
f(v) = cv is the linear viscous damping function. 

It is worth noting that the linear viscous dashpot is a 
simplified representation of the dissipative factors in real 
systems. The different dissipation forces such as nonlinear 
viscous damping (aerodynamic load) or Coulomb damping 
(friction) in real systems can be considered by replacing the 
damping term, f(v), in Eq. (19) by the more complex damping 
functions, allowing a comparison to be drawn with the setup 
considered in this work. 

The average electrical power input is  

𝑃௜௡ ൌ
ଵ

்
׬∑ 𝛷௜௡𝑖

்
଴ 𝑑𝑡 , (20)

where the summation symbol represents the total power input 
if both membranes are actuated for the double cone 
configurations. 

Note that in this study, no electrical energy recovery is 
included, i.e. charge flowing back into the power supply is not 
considered. As such, the electro-mechanical efficiency is 

𝜂௘௠ ൌ ௉೚ೠ೟
௉೔೙

 . (21)

D. Parameter identification and model validation 

To ensure a fair comparison of the output performance, the 
parameters of each biasing element are tuned to ensure the same 
out-of-plane deformation of d0 = 4 mm (for DCDEAs, 
membrane A is deformed by d0 = -4 mm due to the symmetry 
in the configurations). For the two linear spring configurations 
SCDEA-LS and DCDEA-LS, the spring constant is also fixed 
at k = 600 N/m. The radius of the central disk and the support 
frame are set at a = 7.5 mm and b = 15 mm respectively.  

ELASTOSIL 2030 silicone film with the thickness of 100 μm 
(Wacker Chemie AG) is adopted as the DE membrane material 
for its low viscoelasticity. A mixture of carbon black power 
(20%w.t.) and ELASTOSIL RT 625 was pad-printed on both 
sides of the DE membrane as the elastomeric electrodes. The 
thickness of the pad-printed electrodes was measured by a 
stylus profiler (DektakXT, BRUKER) to have a mean thickness 
of 8 μm and the surface resistance was measured at 100 kΩ 
(LCR meter, E4980AL, Keysight). Further details of the DEA 
fabrication process are reported in the Supplementary Material.  

Experiments were conducted to identify the parameter values 
and to validate the model. First, a force-displacement test was 
performed to identify the quasi-static model parameters. A 
linear rail (X-LSQ150B-E01, ZABER) was adopted to deform 
the center of the DEA at a constant velocity of 0.025 mm/s 
while a load cell (S/N 835827, FUTEK) was used to measure 
the reaction force. Next, a frequency sweep was performed to 



investigate the dynamic response of the DEAs. A varying-
frequency sinusoidal voltage signal (at 1 Hz/s) was generated 
by MATLAB and applied to the DEA via a high voltage 
amplifier (10/40A-HS, TREK). A laser displacement sensor 
(LK-G152 and LKGD500, Keyence) was used to measure the 
DEA response at a sampling rate of 20 kHz. The experimental 
setups for quasi-static and dynamic tests are shown in Fig. 4.  

 
Fig. 4. Force-displacement and dynamic response experimental setups. 
The quasi-static experimental results are shown in Fig. 5 (a), 

while Fig. 5 (b) is the forward frequency sweep results (0 - 160 
Hz) for a SCDEA-LS. The model parameters were determined 
by fitting the experimental results using a least-mean-squared 
algorithm in MATLAB (following [17] [18]) and are listed in 
Table S.II. As can be seen in Fig. 5, the model developed in 
this work agrees well the experimental results. 

 
Fig. 5. (a) Quasi-static force-displacement experimental results and model 
predictions. (b-d) Frequency responses of the SCDEA-LS, DCDEA-RR and 
DCDEA-LS respectively. 

III. OUTPUT PERFORMANCE COMPARISON 

In this section, the power output of cone DEAs with various 
payload conditions is investigated. The payload mass, M, and 
damping coefficient, c, are varied from 0.1-10 g and 0.1-10 
N.s/m respectively and, for each payload combination [M, c], a 
numerical simulation is conducted by adopting a forward 
frequency step from 1 to 200 Hz with a step size of 0.2 Hz. At 
each frequency, 100 actuation cycles are repeated to ensure a 
steady-state system response; the last five cycles are used for 
mean power output estimation. The maximum power output 

under this payload condition, Pmax, is the peak value of the mean 
power in the frequency domain. A square wave with an 
amplitude of 4.9 kV is used to actuate the DEA, which is 
equivalent to a nominal electric field of 80 MV/m. Note that, to 
achieve a fair comparison between single and double cone 
DEAs, an actuation voltage is applied to only one membrane 
for the DCDEAs. The cases where both membranes are 
actuated are investigated in Section III.C. Membrane A in the 
DCDEA-RR is actuated, since both membranes are physically 
constrained to deform with the payload synchronously, 
actuating either membrane would lead to an identical result. 
However, for the DCDEA-LS, only membrane B is in direct 
contact with the payload, hence actuating membrane B will lead 
to a direct drive of the payload, which is similar to the other two 
configurations. However, actuating membrane A changes the 
driving method to an indirect drive, which could perform 
differently. For this, we compare the output performances of the 
DCDEA-LS when actuating membrane A/B in this study. 

A. Results overview 

The amplitudes and the power outputs (Pout) against the 
actuation frequency for each configuration are plotted in Fig. 6. 
The payload condition is M = 0.1 g and c = 0.1 N.s/m in all four 
examples. Note from Fig. 6 that, in all cases, the maximum 
power output of the actuator closely corresponds to its 
resonance, demonstrating the clear advantage of using a 
resonant actuation strategy. The maximum power output of 
each cone DEA configuration is compared to the payload mass, 
M, and damping coefficient, c, in Fig. 7. It can be noted that, 
for all cone DEA configurations investigated in this work, the 
damping plays a critical role in their maximum power outputs, 
while the payload mass shows a minor effect on Pmax. For the 
SCDEA-LS, DCDEA-RR and DCDEA-LS with direct driving 
(membrane B actuated, DCDEA-LS B), their Pmax values drop 
sharply with an increase in damping. Note that, the Pmax values 
for the DCDEA-RR and DCDEA-LS B are lower than the 
SCDEA-LS since the antagonistic membrane serves as an 
additional damper which reduces the outputs. 

 
Fig. 6. Actuator amplitudes and power outputs against the actuation frequency 
of the SCDEA-LS, the DCDEA-RR, the DCDEA-LS with membrane B 
actuated, and the DCDEA-LS with membrane A actuated. 

It is worth noting from Fig. 7, that the DCDEA-LS 
incorporating indirect driving (membrane A actuated, DCDEA-



LS A) shows a completely different trend against the payload 
compared to the other cases. Its maximum power output rises 
with the increasing damping before maintaining at a 
consistently high value. At the highest damping coefficient of c 
= 10 N.s/m, its Pmax is still over 18 mW, which is more than 20-
fold higher than the other direct drive cases.  

  
Fig. 7. Maximum power outputs against the payload damping coefficient, c, and 
mass, M, of the SCDEA-LS configuration, the DCDEA-RR with a single 
membrane actuated, the DCDEA-LS with membrane B actuated (direct drive), 
and the DCDEA-LS with membrane A actuated (indirect drive). 

 
Fig. 8. Time histories of the membrane displacements and the force balances of 
the DCDEA-RR and DCDEA-LS A when their power outputs reach the 
maxima. The payload parameters are M = 2 g and c = 10 N.s/m. 

The fundamental mechanical principle behind the high-
power outputs of the DCDEA-LS in highly damped conditions 
lies in its compliant coupling mechanism. Fig. 8 compares the 
time histories of the membrane displacements and the 
protrusion force, Fp, of the DCDEA-RR and DCDEA-LS A 
when they reach their maximum power for the payload 
condition of M = 2 g and c = 10 N.s/m. The dashed line 
illustrates the force exerted by membrane B. The difference 
between Fp and FDEA_B is the driving force for the dissipative 
payload. As illustrated in Fig. 8, when Fp is larger than FDEA_B, 
membrane B together with the payload is driven towards its 
maximum displacement, then in the second half of the cycle, 
the recoil force of membrane B moves the payload back to its 
minimum displacement. It can be noted from the response 
phase that, when the payload damping is high, resonant 
actuation is no longer adopted by the rigidly coupled DCDEA-

RR for maximizing its power output. The displacements are 
approximately in-phase with the actuation voltage, and the 
driving force is a result of the electrostatic force change in 
membrane A, which leads to a low power output. However, due 
to the additional DOF introduced in the DCDEA-LS, where the 
driving membrane A is not in direct contact with the highly 
damped payload, it is able to maintain a high amplitude 
resonant actuation while pumping much higher power to the 
payload than the DCDEA-RR. 

B. Effects of payload damping 

In the previous subsection, the maximum power output of the 
four DEA configurations were compared to the payload 
conditions. It was found that, despite the decrease in the 
resonant frequency caused by the increase of the payload mass, 
an increase in mass has a minor effect on the power outputs. It 
is the payload damping that greatly affects the cone DEA’s 
power output. Hence, in this subsection, the influence of the 
payload damping on the power outputs are investigated, while 
fixing the payload mass at M = 2 g. 

Fig. 9 shows the power outputs and electro-mechanical 
efficiencies of the three cone DEA configurations as a function 
of actuation frequency and damping coefficient. It can be noted 
that, for the two 1 DOF configurations (SCDEA-LS and 
DCDEA-RR), in lightly damped conditions, the power output 
and the electro-mechanical efficiency first increase with the 
frequency from below resonance, and reach their peaks before 
drop to low values. The peak power output and electro-
mechanical efficiency reduce sharply as c > 1 N.s/m. On the 
other hand, for the 2-DOF DCDEA-LS A configuration, in light 
damping conditions (c < 0.5 N.s/m), a local Pout maximum of 
6.3 mW occurs near 70 Hz, while the global maximum of 18.7 
mW appears near 130 Hz. The two power output maxima are 
correlated to the resonance of the two modes in the 2-DOF 
system. As c increases, the first local maximum vanishes 
quickly and the global maximum remains at a high value. This 
is believed to be due to the change in the amplitudes and phases 
of the two underlying linear modes of the system as c increases 
[39], which alters the responses of the two membranes. Note 
that, despite having the highest Pmax value among all 
configurations, the efficiency, ηmax, is relatively low due to the 
higher power consumption.  

C. Effects of double-membrane actuation 

In the previous subsections, only one DE membrane is 
actuated for the DCDEA configurations. However, it is more 
common for DCDEAs to actuate both membranes to increase 
the total stroke output. Here the power output performance of 
DCDEAs, with both membranes actuated, is investigated and 
benchmarked against the single-actuation counterpart for each 
configuration. For the DCDEA-RR, the two actuation signals 
are restricted to antiphase to achieve antagonistic actuation, 
however, due to the compliant coupling mechanism, the 
DCDEA-LS allows voltage signals with relative phases from 0 
to 2π [23]. As a result, in this study, both antiphase and in-phase 
actuation voltages in the DCDEA-LS will be analyzed. 

 



The maximum power outputs for the DCDEA-RR with 
antiphase voltages, and the DCDEA-LS with both antiphase 
and in-phase voltages are shown in Fig. 10 (a-c) respectively 
and their comparisons against the single-actuation results are 
illustrated in Fig. 10 (d-f) respectively. The Pmax ratio is defined 
as the ratio between the Pmax values in the double- and single-
actuation cases under the same payload condition. It can be 
noted from Fig. 10 (a) that, similar to the single-actuation 
counterpart, the DCDEA-RR shows a clear decrease in its 
power output with the increasing c. However, the power output 
performance demonstrates a significant improvement of about 
4-fold compared to the single-actuation counterpart. 

The maximum power output of the DCDEA-LS with 
antiphase voltage signals occurs when c < 1 N.s/m (Fig. 10 (b)). 
At higher damping ratios, a rapid reduction in Pmax is seen, 
before a slight increase to a steady value. By comparing the Pmax 
ratio in Fig. 10 (e), a surprising result can be noticed: apart from 

the light damping conditions, antiphase actuation voltages 
result in a slightly lower power output than the single-actuation 
counterpart under the same payload conditions. By 
benchmarking the DCDEA-LS with in-phase voltage signals 
against the single-actuation counterpart demonstrates that 
notable improvements are only achieved for light damping and 
mass conditions, while in the other payload conditions, its 
maximum power outputs are similar. 

Intuitively, a double-actuated DCDEA could exert a higher 
power output than a single-actuated one as the energy gained 
by the system every cycle is doubled (for the equivalent 
response amplitude and frequency). However, the reduced 
performance of the double-actuation DCDEA-LS requires 
further investigation beyond the highly abstracted maximum 
power output maps shown in Fig. 10. Fig. 11 plots the power 
output and efficiency against damping in the frequency domain 
for the three cases in Fig. 10 with M fixed at 2 g. 

 
Fig. 9. Power output and electro-mechanical efficiency of the cone DEA configurations as a function of actuation frequency and payload damping. 

 
Fig. 10. Maximum power output against payload conditions and the benchmark comparison against the single-actuation counterparts for: (a & d) the DCDEA-RR 
with antiphase voltage signals; (b & e) the DCDEA-LS with antiphase voltage signals, and; (c & f) the DCDEA-LS with in-phase voltage signals



It can be noted from Fig. 11 that, antagonistic actuation 
dramatically boosts the maximum power output and the 
efficiency of the DCDEA-RR compared to the single-actuation 
results shown in Fig. 9. It has the highest Pmax and ηmax among 
the three cases. For a DCDEA-LS with antiphase actuation 
voltages, the maximum power output occurs at two different 
frequency regions for different damping coefficients. When the 
damping is relatively light (c < 2 N.s/m), the Pmax occurs near 
the 1st linear natural frequency of the system, as the actuation 
signals are mainly forcing the system in its 1st mode. A lower 
power peak also occurs near the 2nd linear natural frequency 
where the responses are antiphase. As the damping increases, it 
causes the change in the amplitudes and phases of the two 
underlying modes [39], which leads to a change in the 
oscillation amplitudes and relative phase between the two 
membranes. The power output peak near the 1st linear natural 
frequency decreases rapidly while the power peak 

corresponding to the 2nd linear natural frequency increases. 
When the forcing in the DCDEA-LS becomes in-phase, the 
resonant response is dominated by the 2nd mode, and a peak 
power output of 30 mW is obtained using the in-phase forcing 
in a light damping condition. The maximum power output rises 
with the increasing damping before gradually decreasing. 

In all three excitation cases, as the oscillation amplitude of 
membrane B reduces with the increasing c, the power output by 
membrane B also reduces (see the direct driving cases in Fig. 7 
for examples), while membrane A gradually becomes the 
dominant driving unit. As a result, regardless of the actuation 
amplitude and phase for membrane B, the DCDEA-LS shows a 
close power output performance in high damping conditions for 
all three cases. With twice the power consumption, the electro-
mechanical efficiencies for the double-actuation DCDEA-LS in 
high damping conditions are much lower than the single-
actuation counterpart. 

 

 
Fig. 11. Power output and electro-mechanical efficiency of the double cone DEA configurations as a function of actuation frequency and payload damping with 
both membranes actuated. 

IV. EXPERIMENTAL VALIDATION 

In Section III, the power output study results showed a strong 
correlation between the payload damping and the power output, 
and the key findings are summarized as follows:  

1. In single membrane actuation cases: 
a) For low payload damping conditions, the SCDEA-LS has 

a higher power output than the DCDEA-RR and DCDEA-LS 
while the DCDEA-LS has the lowest power output;  

b) For high payload damping conditions, the DCDEA-LS 
(indirect drive) has the highest power output. 

2. In double membrane actuation cases: 
a) For low payload damping conditions, the DCDEA-RR 

with antiphase voltages has a higher power output than the 
DCDEA-LS with both anti- and in-phase actuation voltages; 

b) For high payload damping conditions, the DCDEA-LS 
with in-phase voltages shows the highest power output. 

This section describes experiments that were conducted to 
verify these key findings. An example of the output 
experimental setup for the SCDEA-LS configuration is plotted 
in Fig. 12, where the DCDEA-RR and DCDEA-LS tests also 
follow the similar setup. A Nylon rod (with M = 1.65 g) 
represents the payload, with on end attached to the central disk 
of the DEA and the other end submerged in a viscous fluid. The 
lightweight Nylon rod minimizes the effects of gravity and 
ensures the experiments are representative of the theoretical 
study. The DEA drives the Nylon rod to oscillate in the fluid, 
where the hydrodynamic drag serves as the damping of the 
payload system. The viscous fluid adopted in this work is a 
solution of methyl cellulose (CAS: 9004-67-5, aladdin) in water, 
which is commonly adopted for tuning the Reynolds number in 



fluid dynamic studies [40]. By varying the concentration of the 
methyl cellulose, the dynamic viscosity of the solution can be 
adjusted to simulate different payload damping values. Eight 
different solutions were prepared and, using a viscometer, were 
confirmed to have dynamic viscosities of 1, 100, 300, 103, 
3×103, 104, 3×104, and 105 mPa.s. To find the maximum output 
of the DEAs in different dynamic viscosity conditions, a 
discrete frequency step was performed from 1 to 200 Hz with 
the step size of 0.2 Hz, 50 cycles of excitation signals were 
repeated at each frequency to ensure the DEA reached a steady-
state response. The displacement of the payload was measured 
by a laser displacement sensor at the sampling rate of 20 kHz. 
The measured displacement data was then processed in 
MATLAB to obtain the root-mean-square (RMS) velocity for 
each frequency. Recall from Eq. (19) that, the average power 
output for the DEA is a function of its RMS velocity VRMS; 
therefore, instead of calculating the exact power output (which 
involves complex fluid dynamics), we may directly compare 
the VRMS value as a representation of the actuator’s power output. 
The maximum VRMS in the frequency domain represents the 
peak power output of the DEA for a given viscosity condition. 
For each DEA configuration, three DEA samples were tested, 
and the results were averaged.  

 
Fig. 12. Photo and schematic illustration of the power output study 

experimental setup. 

Fig. 13 (a) plots the maximum VRMS of each configuration 
with different dynamic viscosities. It can be noted that, when 
the dynamic viscosity is at the lowest value, the SCDEA-LS has 
the highest VRMS, hence power output, among the three 
configurations with one membrane actuated (black curves). 
Meanwhile, the DCDEA-RR configuration, with two 
membranes actuated antagonistically, shows the highest VRMS 
value amongst three double-actuation cases (red and green 
curves). These two results agree with the theoretical findings 1 
a) and 2 a) respectively. For the DCDEA-LS configuration, as 
the dynamic viscosity increases, the VRMS values for the 
antiphase double-actuation case (red curve) and single-
actuation direct drive case (black curve) decrease much faster 
than the single-actuation indirect drive case (blue curve), and 
show poorer performances than the single-actuation case when 
the viscosity is increased. This result was also verified by the 
theoretical study shown in Fig. 10 (e). Fig. 13 (b) compares the 
VRMS for the three configurations at the highest viscosity of 105 
mPa.s. As reported in the findings 1 b) and 2 b), the DCDEA-
LS A (indirect drive) demonstrates the highest VRMS, hence 
power output, in the single-actuation case and the DCDEA-LS 
with in-phase double-actuation shows the best performance of 

the three double-actuation cases. All the experimental results 
agree very well with the theoretical conclusions in this work. 

 
Fig. 13. Power output study experimental results. (a) Measured RMS output 

velocities against the payload dynamic viscosity for three configurations. (b) 
Comparison of the VRMS at the highest dynamic viscosity of 105 mPa.s 

V. CONCLUSION 

In this work, a comprehensive study was conducted on the 
power output performances of three cone DEA configurations 
that incorporate the resonant actuation principle. The effects of 
dissipative payloads on the power output performance of the 
cone DEAs were investigated and the output performances of 
different cone DEA configurations were benchmarked.  

The power study results illustrated that the DCDEA-LS 
shows the highest robustness against the payload damping, 
which is the major factor that affects the output of the other cone 
configurations. The compliant coupling mechanism of the 
DCDEA-LS enables resonance of the driving DE membrane 
while transferring high power output to the payload.  

Cone DEAs are one of the most widely adopted DEA 
configurations and have applications in soft robotic locomotion, 
vibration isolation and fluidic devices. Yet the high dissipative 
payload conditions, for instance the aerodynamic drag in the 
flapping wing robot [32] and the hydraulic force in the 
underwater swimming robot [29], dramatically reduces the 
maximum power output of conventional cone DEAs (e.g. 
DCDEA-RR & SCDEA-LS), hence limits the performance of 
such devices. The novel compliantly coupled configuration 
(DCDEA-LS) proposed in this work is a promising candidate 
for improving the performance of cone DEA based soft robotic 
devices. For example, in a recent work by the authors, the first 
resonant cone DEA driven soft pneumatic pump has been 
developed, by adopting the compliant coupling principle [26]. 

With the advances in the high-performance DE and electrode 
materials and onboard power electronics, it is anticipated that 
cone DEAs incorporating the complaint coupling principle will 



have broad applications in soft robotics such as surveillance, 
environment monitoring and biomedical devices. 

The novel findings reported in this work could offer valuable 
guidelines for designing high-performance cone DEA actuators 
and dynamic DEA applications. The power output study setup 
developed here can be readily adopted for conducting analyses 
and optimizations on various DEA configurations. 
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