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Abstract  Dielectric elastomer actuators are susceptible to electromechanical instability, limiting 
operational voltages and attainable deformations. In this work, electromechanical stability is investigated at 
the example of a cone dielectric elastomer actuator. Under the preload and applied voltage, deformation of 
cone actuator is inhomogeneous. The electromechanical instability occurs when the Hessian of free-energy 
function of anyone particle in the membrane ceases to be positive definite. Critical voltage of the membrane 
decreases as the preload increases. The critical actuation stretches are proportional to the critical voltages. As 
the prestretch increases, the critical voltage decreases while the critical true electric field increases. These 
results can be used to guide the design of cone actuator.  
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1. Introduction 
Dielectric elastomer (DE) is a particularly promising class of EAP (Electroactive polymers) which 
can overcome many limitations of traditional smart material and transducer technologies. DE based 
actuators usually consist of elastomer membranes coated with compliant electrodes on both sides. 
Giant deformation of area expansion rates over 100% can be achieved by applying a voltage.[1] This 
kind of actuators have been rising as a potential candidate in diverse applications including medical 
device, soft robotics, energy harvesters and optics etc.[2-4] 
Despite good laboratory performance, DEAs are susceptible to various modes of failure[5-6] which 
prevent their practical application. One of important failure modes is the electromechanical 
instability, limiting operational voltages and attainable deformations. The study on the failure and 
nonlinear electromechaniacl stability of DEAs has attracted intensive research [7-9]. Zhao and Suo[7] 
proposed a general method based on the nonlinear field theory of deformable dielectrics to study the 
stability. Along this line a series of works have been completed. Xu et al.[9] presented an explicit 
expression for critial stability electric fields by the concept of total stress. In these works, EMI is 
investigated at the example of parallelepiped actuators. 
Cone actuators have a potential application as artifical muscles and were studied by Artificial 
Muscle Inc.(AMI) and MIT. The understanding of the electromechanical stability for cone actuators 
is important for their design. In this paper, we consider the definite positiveness of the Hessian 
matrix representing the electromechanical stability criteria. The critical voltages under different 
preload of the cone actuator are obtained. The actuation stretches of the actuator are related to the 
critical voltages. The effect of prestretch on the the critical voltage and the critical true electric field 
is also investigated. 
 
2. State equations of cone actuators 
Figure 1 gives a schematic illustration of cone actuator. A circular dielectric membrane in the 
undeformed state with thickness H and radius B is coated by two compliant electrodes on both sides 
[Fig.1(a)]. A general particle of the membrane is at a distance R from the center. Cone actuator is 
finished by sticking the membrane with a rigid inner frame of radius a and a rigid outer ring of 
radius b. When a preload F is applied to the inner frame and a voltage φ  is applied between the 
two electrodes, the elastomer deforms into an out-of-plane axisymmetric shape with stretches 
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1λ , 2λ and 3λ  as well as gains a distance u of the inner frame relative to the ring and an amount of 
charge Q  on either electrodes, and the particle R moves to a place with coordinate r(R) and z(R) 
[Fig.1(b)]. Where the longitudinal stretch 1λ  is defined by the distance between the two particles 
in the deformed state divided by that in the undeformed state, dRdl=1λ  and the latitudinal 
stretch is Rr=2λ . Suppose the membrane is incompressible, the free energy density is a function 
of the three kinematic variables as  

 
Figure 1. schematic illustration of a cone actuator  

 
)~,,( 21 DW λλ , where D~  is the nominal electric displacement defined as charge divided by the 

undeformed area of the membrane. Nominal stresses s  and nominal electric field HE φ=~ ( the 
electric field in the undeformed state) can then be expressed as 
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The true stresses 1σ  and 2σ  relate to the nominal stress as 111 sλσ =  and 222 sλσ = . 
Adopting the Neo-Hookean strain energy model and the linear electrostatic energy function, the free 
energy function take the form[10] 
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where μ  is the shear modulus, ε is the permittivity. 
Inserting Eq.(2) into Eq.(1), we get 
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Equations of equilibrium can be obtained by balancing forces in the directions of z and r as    
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For the actuator system, the thermodynamic stability requires that the following Hessian 
matrix  

(a) 

(b) 
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must be definite positive at the equilibrium state. Eqs.(3～5) can determine the equilibrium values 
of the generalized coordinates 1λ , 2λ , D~ . It is noticeable that the deformation is inhomogeneous, so 
the 1λ  and 2λ  are different along coordinate r  in the membrane. For a given dead mechanical 
preload F , we vary the voltage φ . When the voltage is small, the Hessians of all particles are 
positive definite. Once the Hessian of anyone particle ceases to be positive definite, the voltage 
reaches a critical value cφ . The critical condition of EMI is set by 0Hdet = . The condition 

0Hdet = , along with the equilibrium equations [Eqs.(3～5)], determine the critical values cE~ , cD~  
and the distrubtion of c

1λ , c
2λ  in the membrane for any given dead preload F . 

 
3. Electromechanical instability analysis and discussions  
The stability criteria can be expressed as the positive sign for the Hessian matrix containing the 
second–order variations of the energy function as it has been formulated above, which we solve 
numerically. In presenting the results, we normalize the four variables into dimensionless forms: 

Ha
F

πμ2
, 

22 a
Q
εμπ

, 
εμH

Φ , 
εμ
D . We first fix the geometrical dimensionless parameters to 

special values, 1=Bb , 4=ab . This condition means there is no prestress in the membrane. 
Fig.2 shows the effect of the dead preload on the critical voltage cφ . As the preload increases, the 
critical voltage of the membrane decreases. The result reveals a drop of the withstanding voltage 

cφ of the membrane is part due to the decrease in the thinkness with increasing deformation of 
preload. Recall that the membrane deformation is inhomogeneous while the applied critical voltage 

cφ  is homogeneous in the membrane. the distribution of the critical true electric field cE  in the 
membrane is ploted in Fig.3. This figure shows that the distribution is more uneven and lower as the 
preload is bigger, but the maxima at the inner frame boundary are very close.   
 

      
Figure 2. The effect of the dead preload         Figure 3. The distribution of the critical true 

 on the critical voltage                       electric field in the membrane 
 
The longitudinal true stress 1σ  is always tensile in order to balance the preload.  However, the 
latitudinal true stress 2σ  can become compressive when the applied voltage is large. The loss of 
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tension may cause the membrane to buckle. Figure 4 shows the possible failure modes of the 
actuator. It is indicated that the loss of tension is expected to occur first and EMI comes next. EMI 
may finally result in electrical breakdown. Rupture will not occurr. This trend coincides with the 
experimental report. 
 

     
Figure 4. The possible failure modes            Figure 5. The effect of equal biaxial prestretch 

 of the actuator                               on the critical voltage 
 
Figure 5 and Figure 6 show the effect of equal biaxial prestretch on the critical voltage and critical 
true electric field, respectively. As the prestretch increases, the critical voltage decreases while the 
critical true electric field increases. It is desirable for the cone actuator to work under a low voltage 
and a low true electric field, but generate large displacement output. Displacement output is an  
important performance of actuator and will also influence the force output. The displacement output 
vs preload is ploted in figure 7. The displacement output is decreases as the preload increases and  
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Figure 6. The effect of equal biaxial prestretch       Figure 7. The dead preload vs the output 

on the critical true electric field                  displacement 
 
critical voltage decreases. According to the presented theoretical model, when the actuator is 
applied by low preload and prestressed, the critical voltage is high, and the actuation stretch and 
displacement output is large. As a summary, The electromechanical instability occurs when the 
Hessian of free-energy function of anyone particle in the membrane ceases to be positive definite. 
The dead preload has significant influence on the electromechanical stability of cone actuator.  As 
the preload increases, the critical voltage of the membrane decreases. Prestress can markedly 
increase the critical voltage and decrease the critical true electric field. 
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