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Abstract. This article aims to establish a theoretical model of a vibration-driven robot driven by
a conical dielectric elastomer actuator and analyze its characteristics, in order to make up for the
lack of theoretical model construction and parameter evolution analysis for this type of robot. This
article introduces a vibration-driven robot driven by a conical dielectric elastomer actuator, and
then establishes its dynamic model based on its electromechanical coupling and viscoelastic
characteristics. Subsequently, simulation research is conducted using this model. Overall, this
article derived a dynamic equation that can be applied to this type of robot, analyzed its motion
characteristics, studied the effects of different parameters on it, and discussed the influence of
viscoelasticity on vibration-driven robots. The proposed dynamic model and evolution law of
vibration robots can provide theoretical guidance for subsequent control and optimization.
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1. Introduction

Traditional robots always face changes in their interface with the environment during
movement, such as leg deformation, paddle sliding, wheel rotation, or body deformation during
peristalsis [1, 2]. Vibration-driven robots, on the other hand, can work as carriers for fragile
environments due to their airtight and smooth outer shell, such as repairing fragile pipelines and
medical assistant robots within the human body [3, 4]. Vibration-driven robots are usually
composed of internal oscillators, shells, and the connections between oscillators and shells. The
inertia force of the oscillator motion interacts with the friction force on the outer shell, with the
internal asymmetry of the system, thereby causing the robot to move [5].

The usual vibration-driven robots often use motors [6, 7], piezoelectric materials [8, 9] or
magnetic coils [10, 11] as their driving components. But there are certain limitations, such as high
excitation frequency and low energy utilization rate caused by the high stiffness of the driving
structure; or potential hazards caused by the introduction of external magnetic fields. In recent
years, vibration-driven robots driven by dielectric elastomers have been considered to have unique
application scenarios due to their lightweight and high energy utilization [12, 13].

However, there is currently limited research on the theoretical modeling of vibration-driven
robots driven by dielectric elastomers, and most of its research focuses on the design and
implementation of such robots [14, 15]. The complex electromechanical coupling characteristics
and viscoelasticity of dielectric elastomers will significantly increase the complexity of the system
and the hysteresis characteristics of the system. Therefore, it is necessary to study vibration-driven
robots driven by dielectric elastomers.

This article will conduct the research from the following aspects: in the second part, a
vibration-driven robot structure using a conical dielectric elastomer actuator is introduced; in the
third part, the dynamic model of a vibration-driven robot driven by a conical dielectric elastomer
is constructed; in the fourth part, the response and hysteresis characteristics of a vibration-driven
robot driven by a conical dielectric elastomer are studied.
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2. The prototype

The structure of the vibration-driven robot used in this article is shown in Fig. 1(a). The thin
film and electrode design of the conical dielectric elastomer actuator is based on the widely used
“sandwich” structure. Its main structure consists of a vibration-driven robot frame, dielectric
elastomer film, flexible electrode material, an offset spring, and bias mass. When alternating
current is applied, the dielectric elastomer film causes the oscillator to move back and forth,
providing a force that varies periodically to the main body, combined with the friction force from
the ground to the main body, resulting in unidirectional motion of the oscillator.
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a) Sectional drawing b) Schematic diagram
Fig. 1. The structure diagram of the proposed robot: 1 — the robot frame; 2 — the offset spring;
3 — the dielectric film and the flexible electrode material; 4 — the bias mass

3. Equations of modeling

In this chapter, the nonlinear dynamic model of a conical dielectric elastomer actuator is first
derived through the Euler-Lagrange equation. Then, based on the hysteresis model of the conical
dielectric elastomer actuator, a dynamic model of a vibration-driven robot driven by a dielectric
elastomer is established.

3.1. Modeling of dynamic equations for conical dielectric elastomer actuators

In this section, the Euler-Lagrange equation is used to derive the hysteresis nonlinear dynamic
model of a conical dielectric elastomer actuator. The model assumptions proposed in this section
are as follows. 1) The system is a single-degree-of-freedom system; 2) The out-of-plane
deformation is approximately a cone; 3) The strain distribution on the membrane is uniform;
4) The circumferential strain of the membrane remains unchanged.

The schematic diagram of the vibration-driven robot using a dielectric elastomer driver is
shown in Fig. 1(b). The dynamic equation of a dielectric elastomer actuator can be derived from
the Euler-Lagrange equation, which is in the following form:

d(@L) aL_F )
d\og,) aq, " (D

where L = T — V is the Lagrangian quantity, is the kinetic energy of the system, V is the potential
energy of the system, g; represents the system state variable, F; is a non-conservative force in the
system, and t represents time.

Assuming that the system mass is much greater than the mass of the DE-film, ignoring the
mass of the film, the kinetic energy T of the system can be expressed as:
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where, m represents the mass of the oscillator, and d represents the displacement of the oscillator.
The potential energy V of the system is composed of Helmholtz free energy, electrical
potential energy, and gravitational potential energy of the dielectric elastomer. The potential

energy of the system can be expressed as:
V= 10)? — 1) 2
=n((r+ L) _T)E - ¢Q, 3)

where, [, is the difference in the outer diameter of the conical dielectric elastomer, /1p is the
pre-stretching of the dielectric elastomer, r is the internal diameter of the conical dielectric
elastomer, z, is the initial thickness of the dielectric elastomer film, ¢ is the voltage applied to the
surface of the dielectric elastomer, and Q is the charge generated after applying the voltage. W is
the Helmholtz free energy density of the dielectric elastomer, assuming that the dielectric
elastomer film is an ideal elastomer, and its polarization form and rheological material
deformation are independent. The Helmholtz free energy density can be expressed as:

2

D
W(A,D) = Wetretcn D+ E “4)

Among them, ¢ is the dielectric constant, A is the elongation of the dielectric elastomer, D is
the electrical displacement of the dielectric elastomer, the first term on the right is the free energy
corresponding to the elastic energy generated by the thin film due to stretching, and the second
term is the electrostatic energy. Select the Gent model to describe the superelastic properties of
dielectric elastic thin films, in the form of:

H R+ 22+ 272052 -3
Wstretch(/l) = —710g<1 _ " 2 ]1 2 ’

&)

where p is the shear modulus, and J is the tensile limit of the material. When the leakage current
and other electrical dissipation are not considered, the generalized force of the variable in the
Euler-Lagrange equation is zero.

For the viscoelastic model of dielectric elastomers, we combine the Maxwell model with the
Voigt model, treating it as a form of stiffness and damping connected in series and then connected
in parallel with damping. Eq. (5) can be expressed as follows:

aj A2+ 25+ 27%2;2 -3
VVS(AI!AZI Ell 52) = _‘u]%log<1 - : : a : : )
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where, 14, 1,, &, &, represent the stretches of the spring and dashpot in different directions, and

U, Jims ub, ]Sm are the shear modulus and the tensile limit of the spring and dashpot.
Subsequently, based on the geometric characteristics of the system, the dynamic equation of
the conical dielectric elastomer actuator can be expressed as:
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To model the dashpot as a Newtonian fluid, we relate the rate of deformation to the stress as:

2
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where, 7 is the viscosity of the dashpot.

3.2. Construction of a conical dielectric elastomer vibration driven robot model

In this section, a dynamic model of a vibration driven robot driven by a dielectric elastomer is
established. There is an interaction F (x,, X} ) between vibrator m,, and body m,,, which is related
to the current position of the mass block x,, and the shell x;, and the velocity of the mass block x,,
and the shell x},, while there is friction force f between the shell and the environment, which is the
product of friction force and positive pressure, and can be written as u(m, + my)gsgn(x,). For
a general vibration driven robot, its dynamic equation can be expressed as:

myXy + F(xy, %) = 0, mpXp — F(xy, %) = —p(m,, + my)gsgn(xz). )

According to the conical dielectric elastomer actuator model derived in the previous section,
the interactions F(x,, x;) can be divided into mechanical interactions F,,(x,, xp), electric field
interactions F, (x,, X3, t), and hysteresis interactions F, (x,, x;,), represented as:

Fn(xy, xp) = mu(2r + 1o) 2o((x, — xb)/lg)
1

_ (G~ %)) T 17 (10)
2 2 2 1 ’
1= (B =00 + D+ 5 + g~ 3
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F;,(xv, Xp, t) = TT(ZT + l0)¢D m, (11)

Fr(xp, %) = —mtpf (27 + 1) 2 ((xy — x1) /1) ,
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Introducing dielectric elastomers into the vibration driven robot model, Eq. (9) becomes:
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mvx'v + Fm(xv:xb) + Ez(xw Xp» t) + Fh(xwxb) = 0'
mbx.b - Fm(xv:xb) - Fe(xv,xb: t) - Fh(xv,xb) = _.u(mb + mv)gsgn(x'b).

(13)

4. Simulation

In this section, the dynamic model of the vibration-driven robot established in the previous
section is first used to analyze the system response. The periodic voltage varies in a sinusoidal
form, with an amplitude and bias of 3000 V and an excitation frequency of 75 Hz. The friction
coefficient used is 0.2, the viscosity of the dashpot is set to 0.08 MPa-s. The displacement curve
of the main body of the proposed robot is shown in Fig. 2. From the graph, we can see that the
system maintains a certain speed in one direction after an initial stage. In the overall movement
process, there are also local fluctuations.
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Fig. 2. Displacement curve of the main body of the proposed robot
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) The viscosity of the dashpot

d) The friction coefficient

Fig. 3. Example of figure consisting of multiple charts

Next, the hysteresis characteristics of the system are analyzed. The hysteresis characteristics
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between the difference of the main body and the oscillator’s displacement, with the voltage are
studied, which to some extent reflects the energy consumption of the system. The influences of
different parameters are analyzed here, shown in Fig. 3. It can be seen from the pictures that the
voltage affects the size of the hysteresis loop, but has little effect on its shape. Because frequency
affects the vibration of the system, it has the greatest impact on the hysteresis loop. And the friction
coefficient also has a certain impact on the hysteresis loop, the larger the friction coefficient, the
wider the hysteresis loop. The viscosity of the dashpot also has a significant impact on the
hysteresis loop, which affects the position of the hysteresis loop. Next, the impact of the viscosity
of the dashpot on it is discussed in depth, as shown in Fig. 4. It can be found that as the viscosity
of the dashpot decreases, the system will tend to stabilize faster. But before reaching stability, the
system moves faster than the stable speed. From Fig. 4(b), we can also find that though a large
viscosity will lead to faster stabilization, its motion speed remains constant during the unstable
stage.
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Fig. 4. The stretches of the dashpot curves and the displacement curves
of the body considering the viscosity of the dashpot

5. Conclusions

This article establishes the dynamic equation of a vibration-driven robot driven by a conical
dielectric elastomer actuator from a physical aspect and analyzes its dynamic behavior. The
motion response characteristics of the system are derived, and the evolution laws of the hysteresis
loop with voltage, frequency, friction coefficient, and the viscosity of the dashpot are obtained.
The dynamic model and evolution law can provide optimization and control theoretical basis for
subsequent research. In addition, it is found that after introducing the viscoelastic properties of
dielectric elastomers, the motion speed of the vibration-driven robot will follow the stretches of
the dashpot, and as the viscosity of the dashpot decreases, the system will tend to stabilize faster.
But before reaching stability, the system moves faster than the stable speed. This feature allows
researchers to choose different materials based on different occasions.
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