E% University of
OPEN (2" ACCESS BRISTOL

Cao, C., Gao, X., & Conn, A. T. (2019). Towards efficient elastic
actuation in bio-inspired robotics using dielectric elastomer artificial
muscles. Smart Materials and Structures, 28(9), [095015].
https://doi.org/10.1088/1361-665X/ab326b

Peer reviewed version

License (if available):
CC BY-NC-ND

Link to published version (if available):
10.1088/1361-665X/ab326b

Link to publication record in Explore Bristol Research
PDF-document

This is the author accepted manuscript (AAM). The final published version (version of record) is available online
via IOP Publishing at https://iopscience.iop.org/article/10.1088/1361-665X/ab326b . Please refer to any
applicable terms of use of the publisher.

University of Bristol - Explore Bristol Research
General rights
This document is made available in accordance with publisher policies. Please cite only the

published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/


https://doi.org/10.1088/1361-665X/ab326b
https://doi.org/10.1088/1361-665X/ab326b
https://research-information.bris.ac.uk/en/publications/0daf5f62-5154-4425-a492-6e2048f32d2d
https://research-information.bris.ac.uk/en/publications/0daf5f62-5154-4425-a492-6e2048f32d2d

Smart Materials and Structures

ACCEPTED MANUSCRIPT

Towards efficient elastic actuation in bio-inspired robotics using dielectric
elastomer artificial muscles

To cite this article before publication: Chongjing Cao et al 2019 Smart Mater. Struct. in press https://doi.org/10.1088/1361-665X/ab326b

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2019 IOP Publishing Ltd.

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 137.222.246.135 on 16/07/2019 at 02:00



https://doi.org/10.1088/1361-665X/ab326b
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1361-665X/ab326b

Page 1 of 34

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - SMS-108386.R2

Towards efficient elastic actuation in bio-inspired robotics using
dielectric elastomer artificial muscles

Chongjing Cao!?", Xing Gao?3** and Andrew T. Conn?3~
! Department of Aerospace Engineering, University of Bristol, UK
2 Bristol Robotics Laboratory, Bristol, UK
3 Department of Mechanical Engineering, University of Bristol, UK
4 Shenzhen Institute of Advanced Technology, China Academic of Sciences, Shenzhen, China

* Emails: C. Cao (cc15716@bristol.ac.uk); A. Conn (a.conn@bristol.ac.uk)

Abstract
4
In nature, animals reduce their cost of transport by utilizing elastic energy recovery. Emerging soft

robotic technologies such as dielectric elastomer actuators (DEAs) offer an advantage in achieving
biomimetic energy efficient locomotion thanks to their high actuation strain and inherent elasticity. In
this work, we conduct a comprehensive study onsthe feasibility of using antagonistic DEA artificial
muscles for bio-inspired robotics. We adopt a. double cone DEA configuration and develop a
mathematical model to characterize its dynamic electromechanical response. It is demonstrated that this
DEA design can be optimized in terms of the maximum work output by adjusting the strut height design
parameter. Using this optimized-design, we.analyse the power/stroke output and the electromechanical
efficiency of the DEA and showhowithese actuation characteristics can be maximized for different
payload conditions, excitation freguencies and actuation waveforms. The elastic energy recovery from
the DEA is then demonstrated:by reducing the duty ratio of the actuation signal and thus allowing the
stored elastic energy in the DEA membranes to contribute to the work output. A bio-inspired three-
segment leg prototype driven by the same actuator is presented to demonstrate that the same energy

recovery principle is feasible for bio-inspired robotics.

Key waords: dielectric elastomer actuator, energetic study, elastic energy recovery, bio-inspired

locometion;soft robotics
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1. Introduction

In nature, animals often exploit inherent compliance and elastic energy storage to minimize cost of
transport and maximize stability. For example, legged animals take advantage of their serial muscle and
tendon complex in their limbs, and in a running gait, kinetic and gravitational potential energy-is:stored
as elastic energy in tendons in limbs when an animal hits the ground, and then released in'the second
half of the step to reduce the work requirement from the muscles [1]. Most species of flyingrinsects
utilize their inherently elastic thorax and excite their muscle-thorax oscillator at its resonant. frequency.

to amplify the flapping stroke and greatly reduce inertial power demands [2].

Bioinspired robotics take these concepts from nature and apply them tol robotic ‘systems. Many
bioinspired robots that utilize the feature of elasticity have emerged over the last 3Q.years. For example,
legged robots with elastic elements connected to the actuation systems in series (e.g. BigDog [3], Puppy
Il [4], Cheetah-cub [5]) and flapping wing micro air vehicles mimicking.the resonant actuations of
insects (e.g. Harvard RoboBee [6]). Despite the advancement in biocinspired robotics, most robotic
designs adopt rigid actuators while the compliance is included by»adding additional springs to the
robotic system.

Emergent soft robotic technologies such as dielectric elastomer act.uators (DEAS) offer an alternative
paradigm for bioinspired robotic designs. Firstly, DEAs achieve large actuation strains that are similar
to muscles [7]. Secondly, the inherent elasticity of the material makes DEAs capable of storing and
releasing elastic energy, just like tendons but:without the need for a separate elastic serial element. In
addition, compact multi-degree-of-freedom (DOF) actuators that mimic the antagonistic muscle groups
can be achieved using DEAs. For example, the spring roll design with 2-DOF [8], a 5-DOF cone DEA
[9] [10], and a 6-DOF elastic cube actuator [11]. Other advantages of DEAs over conventional actuators

include high energy density, scalabiIQy and low cost [12].

In recent years, many DEA actuated bioinspired robots have been developed. For example, earthworm
inspired peristaltic crawling robots [13] [14] and inchworm inspired two-anchor crawling robots [15]
[16] [17]. Legged DEA-driven hexapod robots include FLEX1 and FLEX 2 [18], MERDbot driven by
multi-DOF rolled DEAs [19] and S-Hex | and 11 driven by multi-DOF double cone actuators [20] [21]
[22]. Underwater actuation:of DEAs was made possible by isolating high voltage electrodes from water
and several DEAdriven swimming robots were developed to mimic the undulation motion [23] [24]
and jet propulsion [25]. The resonant actuation of DEAs has also been explored for flapping wing
mechanisms [26], vibration locomotion [27], a soft pneumatic pump [28] and a soft gripper with fast

release mechanism [29].

Despite the potential for DEASs to generate mimetic actuation within artificial musculoskeletal robotic

systemsy the inherent elasticity of DEAs for energy efficient bio-inspired robotics has not been widely
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studied. In this work, we seek to investigate the feasibility of DEAs as an analogue to the energy
capture-and-release characteristics of the natural muscle-tendon complex towards increasingly
lightweight and energy-efficient bio-inspired robotics. In our previous initial work [30], by adepting
the double cone configuration, we have demonstrated the feasibility of recovering the elastic.energy.
stored in DEA membranes. However, in that work, only primitive experimental results were shown
with no analysis on the principle itself. Here, we use the same DEA design to conduct in-depth
performance analyses of the double cone DEA (DCDEA) design and its inherent elastic energy recovery
to demonstrate the feasibility of using this DEA design in bio-inspired robotics. The key contributions
of this paper include: (i) developing a complete electromechanical model to characterize the dynamic
performance of the DCDEA,; (ii) conducting a comprehensive analysis on the power/stroke output and
its electromechanical response against various payload conditions; (iii) comparing the effects of
actuation signal waveforms on output performance of the DCDEA; (iv)proposing a novel elastic energy
recovery scheme for antagonistic DEA actuations and demonstrating the,same principle using a

bioinspired leg demonstrator.

The rest of this paper is structured as follows: in Section“ll, the DCDEA design is presented and a
mathematical model is developed to characterize its dynamic perfogmance. In Section 3, the proposed
model is validated against experimental results.and the DCDEA configuration is optimized based on
this model to maximize its work output. Using this. numerical model and the optimized design, in
Section 4, we present a comprehensive study ‘on both, the power and stroke outputs and the
electromechanical efficiency of the DCDEA using,a DEA-mass-dashpot system. In Section 5, a bio-
inspired robotic leg design powered by the DCDEA is presented and demonstrations are presented with
the focus on the inherent compliance and elastic energy recovery of the DEA. Finally, in Section 6,

conclusions are drawn, and future work is discussed.

N

2. DCDEA dynamic electromechanical model

2.1  DCDEA design overview

A cone DEA design consists of an elastomer membrane bonded to a circular frame with a protrusion
pushing the centre of the membrane to form a cone shape. The protrusion force can be exerted from a
compression spring [31], a deadweight [32] [33] [34], a bistable mechanism [35] [32], magnetic
attraction [36] [37] [38] or repulsion [39], or a counter force from another cone DEA through a rigid
strut_[9] [40]. In this work, a double cone design is adopted for its natural agonist-antagonist
configuration, as the two single conical DEA membranes can be actuated separately to produce

bidirectional actuation, thus mimicking the typical agonist-antagonist muscle and tendon system.
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Figure 1 (a) illustrates a schematic diagram of the DCDEA design, which consists of two dielectric
elastomer membranes bonded to circular frames and the centre of the membranes are protruded by a
rod. Compliant electrodes are coated on two sides of the membranes to enable actuation. A fabricated
DCDEA is shown in Figure 1 (b).

2.2  DCDEA model development

Several cone DEA models have been proposed, for example, a quasi-static model based on the
thermodynamic equilibrium and geometric relationships [41]. This model can capture the non-truncated
membrane shape (as shown in Figure 1 (b)) and concomitant inhomogeneous stress distribution. The
viscoelastic behaviour of a conical DEA has been investigated in [42] [43] by, incl@ing time-dependent
viscosity into this model. However, such model has the significant drawback oftheavy computational
cost because of the shooting method used in the numerical methad,to solve a set of partial differential
equations and algebraic equation to meet the boundary conditions [44]. This computationally intensive
model makes it challenging to predict the dynamic responses of a conical DEA with the constantly
changing actuation voltage and boundary conditions (e.g<force, displacement). To cope with this issue,
a commonly used cone DEA model assumes a truncated cone shape.(as illustrated by the red dash lines
in Figure 1 (b)) and a homogeneous stress distribution on the.deformed DEA membrane, as adopted in
[21] [33] [45] [46] [47] [48] [49]. This model significantly reduces the computational cost for dynamic
modelling and has been widely verified{against.experimental results. For these reasons, the proposed
dynamic DCDEA model in this work is developed based on the same assumption of a truncated cone

shape.

N
2.2.1  Mechanical model

This subsection describes the mechanical model of the DCDEA. Frist, the following simplifying
assumptions are defined:. (i) this is,a single degree-of-freedom system, i.e. only translation along the
vertical axis is modelled here (note that this actuator can have 6 DOF, see [10] for example, however,
we restrict our focus on.the vertical translation to avoid overcomplicate the modelling); (ii) truncated
conical deformation; (iii) hamogenous strain distribution on the membrane; (iv) the circumferential

deformation‘of the;membrane does not vary.

The schematic diagram of the DCDEA model is illustrated in Figure 2. First, a piece of elastomer with
the initial thickness of Ho is pre-stretched biaxially by A, % 4, and is constrained to a ring with an inner
radius, b, and a central disk with an outer radius, a. Then arod is added to the centre of two pre-stretched

membranes, forcing an out-of-plane deformation on each membrane by L/2 and an angle is formed
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between the membrane and the horizontal plane by 6 and 6y, respectively. The tension of the
membranes results in forces, Fpea 1 and Fpea 11, 0n the rod along the vertical axis. As an electric field is
applied across the top membrane, the rod along with the two membranes move upward, the stroke, d,
is measured with reference to its passive position. The radial stretch of the top and bottom membranes,
Aia (i =1, 11 for top and bottom respectively), at an arbitrary stroke, d, can be defined as

J—_
/11_1 _ (L/2+d)%2+(b—a)? Ap , (1)

(b-a)

)LII_l -

JW/2=d)2+(b—a)?
(L/Z d)2+(b a)2 Ap . (2)

(b-a)

(Note that an upward stroke results in a positive d value while a downwards stroke leads to a negative
d.)

By assuming the material is incompressible (i.e. the principle stretches 1,A,4; = 1), the thickness of

the two membranes in its deformed state can be described as

_ _Ho
Hi B Aiadip” L 4 (3)

The angles between the membranes and the horizontal plane, @rand 6y, can be expressed as

L/2+d

@ @)

sin@; =

L/2—-d

JEro-ar ®)

sin 911 =

A S

During actuation, the inertia‘and/the gravitational force of the rod is balanced by the net force of the

two membranes, as expressed as follows
mg +md = —Fpga 1+ Fpga 1 » (6)

where m is the mass of the'rod (and any payload connected to the rod) and the negative sign before

Foea 1 indicating'@a force pointing downwards.
The forces.that the two membranes exert can be described as
FDEA_i = ZT[ClHi ai_lsin 91' , (7)

where gi 1 (i = 1, Il) is the radial stresses of the two membranes respectively.
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In this work, the Ogden model [50] is adopted to describe this strain-stress relationship and, to take
viscoelasticity into account (including viscous damping and creep phenomenon as commonly observed
in the commonly used 3M VHB 4905/4910 dielectric material), a rheological material model with
parallel Kelvin-Voigt and Maxwell models [51] is proposed, as illustrated in Figure 3. On.the first
branch is the Ogden spring that describes the hyperelasticity of this material, on the middle branch'isa
spring in series with a dashpot which mainly represents the creep phenomenon:>To cope with the
significant viscosity of VHB material, a dashpot is included in the last branch to characterize the
viscosity. Note that for the spring on the first unit, its deformation is characterized by A and A..
However, for the spring in the second unit, its deformation is characterized Ay 15 and 25 due to the

dashpot. Let &; and &, be the stretches of the dashpot and because the two units have the same net

stretches, 41 and /,, the stretches for spring 2 can be written as -
e_M je_ A2
A= & A & ®)

The total radial stress of the material can be represented by the.summation of the stresses from the three
4

parallel units, as written as

04 = #1(/1;{11 al/l al) +,uz(/1 az/li__gz) g0 EF +,u3(/16 % _

- _ ' 9)
74 N ) as)"‘ﬂz%,

where w123 are shear moduli, 01,23 are.power constants, 71, are the damping coefficients, ¢ and & are
the absolute permittivity of a vacuum-and the relative permittivity of the dielectric elastomer
respectively, Ei (i =1, I1) is the appl@ electric field of the two membranes and is given as E = ®@pea/H,

with voltage across the DEA imembrane; @pea, and membrane thickness, H.

By modelling the dashpot as a Newtonian fluid [52], the rate of deformation of the dashpot in equation
(8) can be described as

B R (22,7 - 28,78, — s (38,7 - 28,708, 70)/2) (10)
Bolle (00,7 - 20,77 - 07 - AL UL

Based onithe assumption that the circumferential strain remains unchanged in this system, A7, = 1. If

the voltage @pea is known, then by substituting (9 and 10) into (7), the DEA force can be calculated
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and by solving the ordinary differential equation (6) numerically, the dynamic response of a DCDEA
can be estimated. In the following subsection, we develop the electrical model that estimate @pea as a
function of time with a given voltage input, @i,

2.2.2  Electrical model

Electrically, a DEA can be considered as a deformable capacitor, C, in series with a resistor, Rs;
representing the surface resistance of the compliant electrodes and the connection between the high
voltage supply [52]. For ideal capacitors, no current flows through the capagcitors at any time when a
DC voltage is applied across. However, real capacitors have a leakage currentyas a result, a parallel
resistor, Ry, is added to this model to capture this phenomenon. A schematic diagRIm of this electrical

model is illustrated in Figure 4. The total current flow in the system canbe described as
i= Q + ileak y (12)

where i is the total current, Q is the rate of change of the polarizing charge accumulated on the DEA

and ieax is the current leaking through the DEA. .

When a voltage @i, is applied by the high voltage supply, charge flows into the DEA, and rate of charge

and voltage across the DEA membrane can be expressedias
. 1 1
Q==gc¢+% Pin (13)

1
DPppa = c Q. (14)
N

Note that despite the factthat Rs and.€ can vary during actuation (due to the membrane deformation),
here we assume these parameters remain constant during actuation as the stroke is usually one order of
magnitude smaller than the rad height which causes the out-of-plane deformation, so it is safe to assume
that these values.are dominated by the pre-stretch and initial out-of-plane deformation and the actuation

stroke has negligible effect on.these values.

The leakage current through polymers has been proven to be a complex phenomenon which is affected
by several factors'such as molecular configuration, impurities, temperature and humidity [52]. In this

work we adapt an exponential function from [52] where the density of the leakage current is written as

Jieak = VEeE/Eb ' (15)
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where y is the conductivity at low field, and Ej is a constant with the unit of electric field.
The leakage current can be expressed as

lleak = jleakﬂ(b2 - az) cosf . (16)

By substituting (15 and 16) into (12) and solving the ordinary differential equation (13) numerically,
the voltage @pea and current i as a function of time can be estimated. With these values known, the
dynamic response of the DCDEA can be described together with the mechanical model developed in

the last subsection.
~

3 DCDEA performance characterization

In this section, the performance of the DCDEA is characterized using:both experiments and numerical
model, its configuration is optimized in terms of maximum.waork output and the compliance actuation
of the DCDEA is demonstrated. 4

3.1 DEA fabrication

The fabrication process of the DCDEAs is intreduced as follows. For each membrane, a piece of VHB
4905 tape (3M) was biaxially pre=-stretched by 3x3"and then bonded to a rigid circular frame with an
inner radius of 20 mm. One disk with 5 mm, radius was centrally aligned and bonded on the underside
of the membrane. Carbon conductive.grease (M.G. Chemicals Ltd) was hand brushed onto each side of
the membrane as the compliant eIecthes. A spacer was attached to each end to protrude the membranes
out-of-plane and rigidly couplethem together. The two circular frames were then fixed together with

nylon fasteners.

3.2 Quasi-static characteristic of a single cone DEA

The measured and modelled quasi-static force-displacement relationship of a single cone DEA is shown
in Figure 5, where the negative displacement value is due to the downward deformation of the DEA
membrane. Detailed experimental setup for quasi-static force-displacement measurement follows the
same setup in our previous works [39] [53] and can be found in supplementary material. The quasi-
static model parameters (u1, 12, a1, a2) of Ogden model in equation (9) were determined by a least-mean-
squaredialgorithm in MATLAB (following [33] [48]) and the identified values are x1 = 47.89 kPa, w2 =

Page 8 of 34
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10.02 Pa. a1 = 2.059 and a2 = 5.306. As can be seen in Figure 5, a very good agreement can be found
between the measurement and the model prediction. It is also notable that despite the nonlinearity of
the strain-stress relationship and the complex three-dimensional geometry, the force-displacement
curve of a single cone DEA is close to a linear relationship.

3.3 Quasi-static work output optimization
With the parameters of the Ogden model determined, now a quasi-static DCDEA model can be used to
optimize the design variable rod height in terms of the maximum work output of aaDCDEA. The

maximum work this actuator could exert is simply found by integrating the force-strokecurve: W, ., =
~

) maz F,u:(d) dd, where Foy is the output force and d is the stroke. By using the quasi-static model

0
(neglecting the electrical response and the viscoelasticity in the membrane);the'maximum work output

of the DCDEAs with the rod lengths from 10 to 40 mm were evaluated.and the result is shown in Figure
6 (a). A fixed electric field of 80 MV/m was used in this evaluation. /As can be seen, the DCDEA has a
peak in work output at L = 26 mm and within the range between,20 and 33 mm, the Wiax remains within
a high value range. Based on the optimal work output/criteria; L 526 mm is used in the rest of this
work. Figure 6 (b) shows the examples of the force-stroke curves of the DCDEAs with L = 20, 25 and
30 mm. Note that as the rod height increases, the maximum force output increases, while the maximum
stroke reduces. This suggests that apart from the optimal work output, the rod height can be selected
based on the specific applications where either a higher force or a longer stroke is desired. It is worth
noting that in this optimization, only one membrane was actuated. For DCDEAs where two membranes

can be actuated antagonistically, the total work output can be doubled.

N
3.4  DCDEA dynamic characterization

The dynamic performance.of a DCDEA was evaluated by applying two alternating current voltages
across the top and bottom, membranes. Square and sinusoidal waveforms were as a comparison.

Experimental setups are described in detail in supplementary material.

The measured strokes and the, model predicted results under square and sine waves with different
voltage amplitudes,and frequencies are shown in Figure 7. The dynamic model parameters were
determined by the same least-error principle as above with varying actuation voltage amplitudes and
frequencies. The'identified values are us = 80 kPa, 71 = 80 kPa-s, 2 = 199.1 kPa-s. a3 = 2 is manually
defined. The model prediction agrees very well with experimental results for both square and sine
waves. Note that at a given voltage amplitude and frequency, the square wave can result in a larger

stroke'than sinusoidal wave. Due to the high viscosity of the VHB material, the stroke reduces gradually



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - SMS-108386.R2

with the increasing frequency. Figure 8 shows the time series of the dynamic response of the DCDEA
with a square and sinusoidal actuation wave. Again, the model matches very well with the measurement.

Note that the DCDEA is clearly an overdamped system as there is no overshoot in the step respense.

The measured and modelled current flow in the top DEA membrane are also shown in Figure 8. The
model parameters were determined as: Rs = 35 MQ, y = 7x10* S/m, E, = 20 MV/m and the capacitance
was measured at C = 0.9 pF using a high-precision LCR meter (E4980AL, Keysight)alt can be seen
that the electrical model captures the charging and discharging current flows accurately. Note,that the
peak current flow in a square wave actuation is over one order of magnitude higher-thanithe sinusoidal
waves, which suggests a significantly higher peak power demand for the square wave. Figure 9 shows
a close comparison of the measured and simulated charging current, i1, asa function.ef time in a square
wave actuation. Both the experimental result and the model simulation show that the current is greater
than zero after the DCDEA is charged. This leakage current results in anrenergy loss when the DEA
reaches a steady state and is maintaining a position. This energy loss.needs to be taken into account in

any practical applications of DEAs.

3.5  Complaint actuation of DCDEA

The inherent compliance of the DCDEA can offer an'advantage over other actuators since it can still
function even it is initially deformed by an external force. In this subsection, the dynamic performance
of the DCDEA is further investigated against the deformation of the actuator by letting the DCDEA
drive a mass against gravity, as shown in Figure 10 (a). With a mass attached to the actuator, the
balancing position of the DCDEA will be. lower than its reference position, as illustrated in Figure 10
(@). In Figure 10 (b), a clear difference can be noticed in the DCDEA position with and without a 40 g
mass attached. Figure 10 (c-d) showsthe:measured and modelled performance of the DEA as a function
of mass respectively. It can be seen that as the mass becomes heavier, the balancing position of the DEA
becomes lower, the upward stroke becomes smaller while the downward stroke increases. However, the
total stroke (the difference between the top (red curve) and bottom (green curve) positions) remains
approximately unchanged, which suggests that despite the balancing position of the DCDEA changing
with the payload due to itS inherent compliance, its actuation performance remains stable. This is
particularly important for applications such as dynamic locomotion where the balancing position of the

actuator is constantly changing due to the dynamic motion.
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4. Energetic study of DCDEA

In the last section, the proposed dynamic model was compared with the experimental results with
excellent accuracy. The DCDEA configuration was optimized in terms of work output in a quasi<static
actuation. However, in applications such as robotic locomotion, the power output and the-energy
efficiency of the actuator are also critical. In this section, this model is utilized to perform.an energetic
study of the DCDEA which investigates the power and stroke output of the DCDEA and the electro-
mechanical efficiency of the DCDEA. A novel strategy of utilizing the inherent elastic energy stored in

the DEA membranes is also demonstrated.

4.1  Energetic study definition

This study focuses on a simple system where a DCDEA drives an inertial and.dispersive payload, as
illustrated in Figure 11. The DCDEA drives the mass, M, to mave horizontally and the mass is also
rigidly connected to a dashpot with the damping coefficient/c. The dashpot always absorbs energy,
resulting in a positive work output from the DCDEA in ane cycle. In'this study, the same DCDEA
configuration from the preceding section was adopted (a =5 mm, b.= 20 mm, L = 26 mm). The mass,
M, was fixed at 10 g. Here we investigate the energetic/performance of the DCDEA with varying
actuation frequencies and damping coefficients representing different applications. The square and
sinusoidal actuation signals with alternating current and amplitude of 3 kV were used with the

frequencies varying from 0.1 to 10 Hz. The damping coefficient, c, was varied from 0.1 to 100 N.s/m.
Before conducting the study, the following parameters are defined.

The work output of the DCDEA in one cycle'is

Y T
Woue = J, cv?dt, (17)

where T is the period, v4s the velocity, t is time.

The electrical energy input of the DCDEA in one cycle is

Ein = [, $mn(@®)i(0) dt . (18)

Note that in this study, we assume there is no electrical energy recovery, i.e. current flowing back into

the power supply (i(t) < 0) is not considered.

Theaverage power output of the DCDEA is
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WO‘LL
Pour = T £ (19)
and the electromechanical efficiency is
Wou
Nem = ?nt . (20)

In this system, during actuation, the kinetic energy of the mass, Ex, and the elastic stain energy of the

DCDEA membranes, Es, also fluctuate in one cycle, which are written as
Ex =5Mv?, = (21)
E; = WVol, (22)

where the strain energy density is given in Ogden model as
W= Sk (% (7 + 3, + 4703 - 3) #2QENL, + 2103 -3)) . @)
and the volume of the membrane is

H
Vol.= t(b? =a?) A—é’ . (24)

4.2  Energetic study findings

The power output of the DCDEA as'a function of the damping coefficient and the actuation frequency
is shown in Figure 12. By comparing the square wave and sinusoidal wave results, it can be noted that
square actuation signals result in‘higher average power outputs. For this DCDEA design, the maximum
power output that candoerachieved is about 0.4 mW at a frequency of 1 Hz using a square wave signal.
The red curves ingFigure 12 show the frequency which generates the peak power output for each
damping coefficient values=Note that for both square and sinusoidal waves, as the damping coefficient
increases, the maximum poweroutput occurs at a lower frequency but all within the frequency range of
0.5 to 2 Hz. Figurer13 compares the power output as a function of damping coefficients with the
frequency:fixed at'1 Hz. The power output increases with the increasing damping coefficient and peaks
at ¢'= 20 N.s/mfor both square and sinusoidal waves, as c increases further, Po, reduces gradually. It

is worth noting that the power output with a square wave is almost twice that with a sinusoidal wave.
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Figure 14 shows the stroke output of the DCDEA and it can be noted that the square wave results in a
larger stroke than the sinusoidal wave in all cases. At an extremely low frequency (e.g. f = 0.1 Hz), the
stroke remains a constant value regardless of the damping coefficient. However, as the actuation
frequency and damping coefficient increases, the stroke drops gradually. It is worth noting that. when¢
<10 N.s/m, the stroke is dominated by the actuation frequency, and at 10 Hz, the stroke is close to zero
even when the damping from the payload is negligible, which demonstrates that the substantial viscosity
in the DEA itself restricts the application of the VHB based DCDEA at high frequencies.

Another parameter that describes the energetic characteristic of a DEA is<its electromechanical
efficiency. Figure 15 compares the electromechanical efficiency of the DCDEA with square and
sinusoidal actuation signals. It can be noticed that the highest efficiency occurs atthe lowest frequency
of 0.1 Hz and the highest damping coefficient of 100 N.s/m, which could:be due to the low actuation
frequency resulting in a larger stroke, and hence a greater work output,/and the high damping
coefficient, c, leading to a slower velocity and a lower viscous loss in.the DEA, i.e. a higher proportion
of velocity-dependent dissipation is lost to the load rather than within the-membrane. As illustrated by
the red curves, as c reduces, the maximum electromechanical efficiency occurs at a higher frequency

but with a reducing value. .

The key findings of this energetic study can be'summarized asfollows: (i) DCDEAs with square wave
actuation signals have a better overall performance than.sinusoidal wave; (ii) the significant viscosity
of the VHB material limits the bandwidthref.this DCDEA design within 10 Hz and if the maximum
power output is desired, the frequency should,be restricted to less than 2 Hz; (iii) without electrical
energy recovery, the electromechanical efficiency of a DCDEA is less than 4%, but if electrical energy
recovery is allowed by the high voltage power supply then this efficiency can be higher. It is worth
pointing out that this study only considers the relatively simple case of a DCDEA driving a mass and a

A
dashpot and, as a result, these findings may not be conclusive for other types of applications.

4.3  Utilizing the inherent elasticity in DEA for work output

The inherent elasticity of the membrane means that DEAs differ from most types of conventional
actuator in terms of elastic energy storage as no additional elastic element is required in a DEA to store
and releaseelastic energy. Figure 16 shows the elastic strain energy fluctuation of the DCDEA in one
actuation cycle. It can be seen that the elastic strain energy increases as the DEA is generating stroke
(moving towards each end) and reduces as the DEA returns to its balance position (d = 0). Note that the
kinetic energy of the mass, Ek, also fluctuates during one cycle, however, its values is found to be three

orders of magnitude smaller than the change in the elastic strain energy, hence it is not studied here.
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To take advantage of the elastic strain energy fluctuation, the duty ratio (DR) of the two square actuation
signals can be reduced such that a period is left passive after the elastic strain energy reaches its peak
value and, during this passive period, this energy is released so that part of it is converted to the/work
output (driving the mass and dashpot). An example of this concept is illustrated in Figure 17..In this
example, the duty ratio of the two signals are reduced from 0.5 to 0.3, so that a 0.2 s period is left
passive after each DEA membrane is switched off. During this 0.2 s period, the DEA is driven. by the
elastic strain energy stored in its membranes towards its reference position, continuously. outputting
work without any electrical energy input. After this passive period, the DEA is switched on again, and
the elastic strain energy is charged as part of the actuation process. Figure 18 compares the.contribution
of the elastic strain energy in the work output in one complete cycle as a function of the duty cycle. As
can be seen, a greater percentage of work is done during the passive period as'the duty ratio reduces
and about 28% of the total work output is contributed by the elastic/strain energy stored in the DEA
membranes during the passive period when DR is reduced to 0.2. However, it is worth noting that the
total work output reduces as the duty ratio becomes smaller due tothe lower electrical energy input.
This elastic energy recovery concept can be explored further in applications such as bio-inspired

locomotion where elastic energy recovery can used to impreve the energy efficiency.
4

5. Bio-inspired robotic application demonstration

In Section 3, the DCDEA was demonstrated..to have beneficial compliance where its actuation
performance showed negligible dependence onithe deformation of its balancing position. In Section 4,
we demonstrated that the inherent elastic energy stored in the DEA membranes can recovered to
produce work output. In this section, to demonstrate the feasibility of utilizing double cone DEAs for
bio-inspired robotics, we present a Ie\g design powered by DCDEAs to showcase the advantage of the

compliance and elastic energy recovery.of the DCDEA.

5.1 DCDEA-drivenroboticleg demonstrations

The proposed bio-ingpired rebotic leg is shown in Figure 19. The leg design is a biologically inspired
three-segment configuration, which is commonly seen in the hind limbs in mammals [1] and has been
adopted in quadrupedal robot designs such as BigDog [3], Puppy Il [4], Cheetah-cub [5]. The detailed
design parameters and the fabrication process of this leg design is given in supplementary material. A
kinematic model of the leg design is developed and verified, which can also be found in supplementary

material.

Compliant actuation demonstration. In the first demonstration, the DCDEA powers the knee joint and
generatea'squat motion. Figure 20 (a-b) shows that the leg does squat with its bodyweight and with 5

g mass attached respectively. The 5 g mass caused the leg to lower its position and the DCDEA was
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deformed further from its initial position. However, the DEA was still functioning and driving the leg

together with the payload down and upwards thanks to the inherent compliance of the DEA.

Elastic energy recovery demonstration. In the second demonstration, the same squat motion was
repeated, but with a reduced duty ratio in the actuation signals to demonstrate its elastic energy recovery.
Figure 21 shows the snapshots of the leg in actuation and the time series of the two actuation signals,
change in knee angles and the fluctuation in the elastic strain energy in the DEA membranes in.one
cycle with the period of 2 s. In the first second, voltage @ is on, which causes the DEA to loewer the
leg, and the elastic strain energy in the antagonistically coupled membranes is inereasediin this process.
Betweent=1-1.2 s, both voltage signals are off, and the increment in the elastic strain energy in the
first second is released, causing the leg to lift up. The passive release of stored strain energy in this
period generates a knee joint stroke of 6.5°, which highlights the benefits«0f taking inspiration from
principles of biological legged locomotion (where the natural muscle-tendon complex performs a
similar function [1]). Note that the leg does not entirely return to'itsiinitial passive position in this 0.2
s, which could be due to the friction in the joint and the viscoelasticity of the DEA. Duringt = 1.2 to 2
s, the @y, is turned on, which forces the leg to stand up and drive the knee joint through a further 11.5°.
The total stroke of the knee joint in one cycle is 18° with a reduced duty ratio in the actuation signals.

5.2  Discussion

The proposed leg design demonstrated the capability of compliant actuation and elastic energy recovery
using only the inherently elastic actuator. The promising results offer potential opportunity in utilizing
this elastic actuator in bio-inspired or-biomimetic robots with inherently compliant actuation units and

elastic energy recovery capabilities.
N
In the current DCDEA design, VHB 4905 material was adopted for its relatively high dielectric constant

(~ 4.7) and high dielectri¢ strength.(>120 MV/m [7]), which allowed a large stroke/work output at low
frequencies, as was shown in Section 4. A comparison of the quasi-static force-stroke output of VHB
DCDEA and a silicone DCDEA is available in Figure S6 in supplementary material. However, the large
viscosity of this.material limits the bandwidth of the DCDEA to be less than 10 Hz. Silicone elastomers,
on the other hand,/despite having a relatively low dielectric constant (~ 2.7 [54]) and low dielectric
strength (x80—100.MV/m [54]), offer significantly lower viscosity which enables the DEAs to have a
peak stroke/work output at a higher frequency, as has been demonstrated before [26] [29] [33]. As a
result, DEA materials can be chosen for specific applications where the optimal actuation frequency of

the DEA lies within the application requirements.
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6 Conclusion
To summarize, in this work, by adopting a double cone DEA configuration, we conducted a
compressive study in the dynamic performance of the double cone DEA using both an experimental

approach and analytical modelling. The key findings are list as follows:

i. The configuration of the double cone DEA was optimized in terms of work output and the optimal

configuration found was to be a 1.3 height-to-radius ratio.

ii. By using a DEA-mass-dashpot system, square wave actuation signals were foundto.lead to a higher

power output with a better electromechanical efficiency than sinusoidal wave/signals.

iii. The double cone DEA made with VHB material has a peak power output.ata-frequency between
0.5 to 2 Hz and the actuation bandwidth of this DEA was found to be less than 10 Hz due to the inherent

viscosity of the material.

iv. Inherent elastic strain energy stored in the DEA membranes can be recovered by reducing the duty
ratio of the actuation signals thus allowing the released elastic strain energy to contribute to the work
output. N

With the optimal double cone DEA configuration, we developed a bio-inspired robotic leg with the
double cone DEAs as a demonstrator to prove the feasibility of utilizing the compliant actuation and
elastic energy recovery for bio-inspired orbiemimetic.robotics. The electromechanical dynamic model
of double cone DEAs developed in this work ¢an be a useful tool for performance characterization and

optimization in other bio-inspired‘applications suchas flapping wing robots or jumping robots.

N
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An optimal rod height is found at:26imm which generates the maximum work output. (b) Examples of
42 the force-stroke output relationships of¢he DCDEAs with L = 20, 25, 30 mm.
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Figure 7. Validation of DCDEA model. Maximum stroke, (bi-directional peak-to-peak) of the DCDEA
against voltage amplitude of (a) square waves,and (b).sinusoid waves (f = 0.25 Hz). Maximum stroke
of the DCDEA as a function of actuation frequency of (a) square waves and (b) sinusoidal waves (@ =

3 kV). No payload is included in thisset of studies.
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Figure 8. Time series of the displacement and current flow of the DEGDEA.. (al) Square waves actuation
30 signals and (a2) the measured and simulated displacement and current flow. (b1) Sinusoidal wave
actuation signals and (b2) the measured and simulated displacement and current flow. No payload is

33 included in this set of studies.
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Figure 9. Charging current of the DEA showing a clear current leakage after the DEA reaches a steady

57 charged state.
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Figure 10. Performance of the DCDEA against payload. (a) Schematic diagrams of DCDEA actuation
against a payload attached. (b) Photo of a DCDEA with 40 g'mass attached, the red dash curves indicate
the reference position of the DCDEA without payload. (¢-d) Experirpental and modelled positions (top,
balancing, and bottom) of the DCDEA with varying weights attached. Square actuation waves with the
amplitude of 3 kV and frequency of 0.25 Hz are used.
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Figure 11. DCDEA energetic study setup.
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38 Figure 12. Power output of the DCDEAuas a function of frequency and damping coefficient with (a)

square actuation waves and (b) sinusoidal actuation waves.
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Figure 13. Comparison of the power output of the DCDEA with varying damping coefficients. f = 1
Hz.
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38 Figure 15. Electromechanical efficiency»of the DCDEA as a function of frequency and damping

40 coefficient with (a) square actuation.waves and (b) sinusoidal actuation waves.
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Figure 16. Time series of the displacem ergy in one cycle with (a) square wave and (b)

sinusoidal wave. f =1 Hz, ¢ = 10 N.s/m.
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Figure 17. Reducing the duty ratio of the two actuation signals can result in more elastic strain energy
stored in the DEA membranes to contribute to the work output.
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Figure 18. Contribution of the elastic strain energy on the work.output and the total work output in one
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Figure 19. DCDEA driven bio-inspired robotic leg design.
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(a)

b)

Figure 20. Robotic leg demonstrating a squat motion with (a) no additional payload attached and (b) 5
g mass attached. (f = 1 Hz in both cases).
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Figure-21. .Demonstration of elastic energy recovery with the bio-inspired robotic leg. The input
voltages to each membrane, @, and @, the knee angle, 9, and the sum of changes to the elastic strain

energy across both membranes from the passive state, AE;, are plotted against time.
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