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Abstract

:

Electroactive polymer (EAP) actuators are an example of a novel soft material device that can be used for several applications including artificial muscles and lenses. The field of EAPs can be broken down into a few fields; however, the field that will be discussed in this study is that of Soft Electrohydraulic (SEH or EH) actuators. The device that will specifically be studied is the Hydraulically Amplified Self-Healing Electrostatic (HASEL) actuator. The design of the HASEL actuator is simple. There are two compliant films that house a dielectric liquid, and with the application of a voltage potential, there is an output displacement and force. However, the actuation mechanism is more complex, thus there is a need to understand theoretically and experimentally how the actuator works. This study analytically describes the electrode closure and the experimental testing of the actuators. Then, dimensional analysis techniques are used to determine what factors are contributing to the function of the actuator. For this study, eight dimensionless Π groups were found based on the derived analytical equation. These Π groups were determined based on the input voltage, density, viscosity, and elastic modulus of the materials; these were chosen because of their major contribution to the experimental data. The Π groups that are of particular importance are related to the characteristic length, which is directly related to the displacement of the fluid, the fluid velocity, the fluid pressure, and the dielectric constant. From this study, relationships between the output force, the electrostatic contributions, and other parameters were determined. All in all, this type of analysis can provide guidance on the development of high-performance HASEL actuators.
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1. Introduction


Dimensional analysis serves to help determine what parameters are important during the experimentation process [1]. Analytical models and equations provide some context and can provide an overall description of a physical system. However, models do not provide the necessary information to fully test and implement the physics of a system. When considering experimental testing and design, there are often a number of parameters and variables that can be altered or completely neglected. To determine this information experimentally can be difficult and time consuming. Therefore, dimensional analysis can serve as a powerful tool to bridge the gap between mathematical and physics modeling efforts and experimental studies. Dimensional analysis is a great tool for complex physics systems such as fluid dynamics and has just recently been applied to another complex physical system, EAPs [2,3]. The work conducted by Olsen et al. shows that dimensional analysis can be a powerful tool for multiphysics systems [2,3].



Another emerging complex multiphysics system of note, where dimensional analysis can serve as a powerful analysis tool, is the electrohydraulic (EH) actuator. These actuator systems utilize a complex electro-mechanical-hydraulic activation mechanism to cause actuation. There are many different EH devices; however, for this study, the Hydraulically Amplified Self-Healing Electrostatic (HASEL) actuator will be studied. This actuator was originally developed by the Keplinger Group of the Intelligent System/Max Planck Institute; the mechanism uses hydraulic amplification and the electrostatic “zipping” (gradual closure) of the electrodes to cause an output force and displacement [4,5,6,7]. The HASEL actuator is an alternative to solid dielectric elastomer actuators (DEAs). This novel actuator has excellent capabilities to be used as artificial muscles and other robotic manipulators [8,9]. The hydraulic amplification of the HASEL leads to larger outputs while maintaining its lightweight and flexibility [5]. Additionally, the use of a liquid dielectric medium helps prevent dielectric breakdown in the actuator, as seen with solid DEAs. However, more information is needed to appropriately use these devices in a meaningful and effective way. Before further explaining the path of study, it is beneficial to provide the background of the HASEL actuator.



The underlying structure of the HASEL actuator is straightforward, in that it comprises three materials: (i) a liquid dielectric, (ii) a compliant polymer film, and (iii) a flexible electrode. First, the polymer film is formed into a shell of a given geometry, and this can be a circular, rectangular, etc. [4,5,6,7]. Then, a given volume of liquid dielectric material is then injected into the shell. Finally, flexible electrodes are attached to specific locations on the polymer shell (Figure 1). In general, these electrodes are placed strategically such that the actuator will experience hydraulic amplification where needed. The actuation mechanism is based on current actuator technologies, electrostatic actuation of small systems and hydraulic actuation of pistons and other traditional robotic components. These two actuation mechanisms are interesting in that they work sequentially. The electrostatic actuation mechanism is triggered first with the application of an electric field. When an electric field is applied to the compliant electrode, the electrodes gradually collapse toward each other due to the electronic polarization of the dielectric film and the liquid dielectric [8,10,11]. Electronic polarization is caused by the dipole moment induced by the movement of the molecules’ electrons [8,10,11]. The gradual closure of the electrodes draws the films toward each other and forces the liquid dielectric in the inactive chamber(s) of the actuator. The hydraulic mechanism is simpler, in that the movement of the fluid into the inactive chamber causes an output displacement by proxy of the film shell. The majority of the liquid dielectric is pushed into the inactive chamber. Because of the film shell and the applied pressure from the electrostatic mechanism, pressure is created in the inactive section of the actuator and an output force is generated (Figure 2).



The HASEL actuator has a fairly straightforward fabrication method and a fairly simple actuation method, on the surface. However, the actuation mechanism is quite complex when considering physics-based modeling. As mentioned previously, there are three major components to modeling that must be considered: (i) the electrical, (ii) the fluid dynamics, and (iii) the mechanical. These different physics systems must be connected to accurately describe the entire system. Thus, more information is needed to appropriately use these devices in a meaningful and effective way. This study will consider the physics and the experimental data to gain further insight on how these actuators function. First, an analytical model will be introduced that describes the zipping of the electrodes. This zipping mechanism is directly related to the displacement of the fluid; thus, the analytical equation will provide a good basis for describing the actuator output. Other studies have considered the dynamics of the HASEL actuator system; however, various constraints and considerations are not included in those analyses [9,12]. Rothemund et al. considers the dynamics of EH actuators; however, Poiseuille Flow conditions are used as a simplification to define the boundary conditions of the actuator [9]. The model developed by Kellaris et al. neglects the contribution of the liquid dielectric and the mechanical properties of the film [12]. Furthermore, the current literature has not considered using dimensional analysis as a method of relating the experimental output to the analytical models. Equipollent work has considered the introduction of dimensionless quantities into their analysis; however, the formal use of Π groups to relate the various parameters of the system to each other has not been considered [5,9,12]. Lastly, the current research is lacking detail regarding how the materials affect the actuator system as a whole. Some of the research considers different dielectric materials, but no formal in-depth study has focused on these materials individually and their collective behavior in the actuation system [13,14,15,16]. Thus, there is an overall disconnection between the theory and the experimentation, that can be connected via dimensional analysis.



Considering the current state of the literature, this study aims to further the field of EH actuators and the Peano-HASEL actuator by way of a few objectives. The first objective is to introduce an analytical model for the zipping mechanism of the actuator; this model will act as a basis for the dimensional analysis. The second objective is to apply the Buckingham Pi theorem to the analytical equation to effectively compare and relate the experimental results to the analytical equation. The final objective is to consider in situ experimental results and how each variable parameter affects the system. By considering this path of study, the understanding of HASEL actuators and EH actuators will be fostered theoretically and experimentally. By analyzing these actuators using mathematical analysis and experimental work, HASEL actuators can be used in robotic systems more effectively and open the door to further applications not currently explored.




2. The Analytical Equation


2.1. Derivation of the Electrostatics


For this system, the electrostatics act as an applied force along the length of the electrode. The coupling of the electrical to the mechanics will be discussed further in Section 2.4. However, the general derivation begins with the parallel-plate capacitor system with mixed dielectric mediums. The derivation begins with the definition for capacitance:


    1     C   tot     =   ∑   i = 1    n      1     C   n     ,    



(1)






    1     C   tot     =   1     C   film     +   1     C   liquid     +   1     C    film        .  



(2)







The definition for the voltage potential across the film material and the liquid dielectric


    V   film   =   q   d   f       ε   rf     ε   0   A    ,      V   liquid   =   q   d   l       ε   rl     ε   0   A    



(3)




is substituted into Equation (2), resulting in:


    C   tot   =   A   ε   0         2   d   f       ε   rf     +     d   l       ε   rl         .  



(4)







From this point, the electrostatic potential energy is defined using


   U =  −   1   2   C   V   2   = −   1   2     C   tot     V   2    .     



(5)






   U =  −   1   2     A   ε   0         2   d   f       ε   rf     +     d   l       ε   rl           V   2    



(6)




is defined by inserting Equation (4) into Equation (5). The electrostatic force in the y direction is determined by taking the derivative across the thicknesses of the dielectric mediums:


    F   ele   =   A   ε   0     V   2       2     2   d   f       ε   rf     +     d   l       ε   rl         2         2     ε   rf     +   1      2 ε    rl        



(7)







The full derivation is provided in Appendix A.1.




2.2. Derivation of the Fluid Mechanics


The fluid mechanics of the system is derived based on the assumption that the fluid is acting under a hinged plate (Figure 3) [17]. The plate is oriented at angle θ, and θ is considered only a function of time. The fluid itself is considered to be a Newtonian fluid under laminar flow conditions with a given viscosity. No slip conditions are assumed for the walls of the system. Additionally, for the case of the Peano-HASEL actuator, the geometry is such that the small angle approximation can be used. To begin the derivation, the average velocity of the fluid in the x direction is determined using the conservation of mass:


    dm   dt   =     m  ˙    in   −     m  ˙    out   ,  



(8)






   u =    x    2 θ       d θ    dt   .  



(9)







Next, the force of the fluid under the plate must be considered. The standard momentum equations are used [1]:


  d   F   x   =     ∂   σ   xx      ∂ x    +   ∂   τ   yx      ∂ y    +   ∂   τ   zx      ∂ z       dx   dy   dz   



(10)






  d   F   y   =   ρ   g   y   +   ∂   τ   xy      ∂ x    +   ∂   σ   yy      ∂ y    +   ∂   τ   zy      ∂ z       dx   dy   dz .   



(11)







Then, Equations (10) and (11) is reduced to


    F   x    = L    p −    2 μ     3 θ       d θ    dt      



(12)






    F   y   =   d   max      ρ gWL +    − p −   μ    3 θ       ∂ θ     ∂ t        .  



(13)







The full derivation is provided in Appendix A.2.




2.3. Derivation of the Solid Mechanics


The solid mechanics section sets up the motion of the film material; however, because the film material is highly compliant, the typical rigid body dynamics does not apply here. In an effort to capture the compliant nature of the electrode and film material, the section is modeled as a beam in bending that undergoes large deformations [18]. The end boundary conditions are designated as fixed-roller (as the model only looks at the activated section) (Figure 4). The material itself is modeled as a linear-elastic orthotropic material with properties oriented in 0° and 90° [19]:


  σ = C ϵ  



(14)






  C =          Y   11     1  −    ν   12     ν   21             ν   12   Y   22     1  −    ν   12     ν   21       0           ν   21   Y   11     1  −    ν   12     ν   21           Y   22     1  −    ν   12     ν   21       0     0   0     G   12        .  



(15)







Now, the Lagrange technique for determining the equations of motion is applied here. First, the kinetic energy (T) and the potential energy (V) are defined by


    ∫  0   L      ∫    t   1       t   2       δ T   dt =      δ   ∫    t   1       t   2        ∫  0   L      m   2       u  ˙  δ   u  ˙  +   w  ˙  δ   w  ˙       dx   dt       



(16)






    ∫  0   L     δ V   dx = δ    ∫  0   L      1   2     C   22   I         ∂   2   w   ∂   x   2         2      1 +         ∂ w     ∂ x        2     dx   .    



(17)







Then, integration of the equations is conducted such that the result is


  − m   w  ¨  −   C   22   I     ∂    ∂ x        ∂    ∂ x          ∂   2   w   ∂   x   2        1 +         ∂ w     ∂ x        2         −   ∂    ∂ x              ∂   2   w   ∂   x   2         2        ∂ w     ∂ x           



(18)




(the full derivation is provided in Appendix A.3) [18].Using this derivation, the system can be described only in the w direction. Equation (18) is further simplified by virtue of the fact that the system is non-holonomic.




2.4. The Electro-Mechanical-Hydraulic Equation


Now that the three major physics contributors have been laid out, the analytical equation can be assembled. First, the electrostatic force is added to the equation as the applied force in the system. The dynamics of the solid film material directly changes the thickness of the liquid dielectric; therefore, the electrical mechanism must be coupled to the solid mechanics mechanism. This is performed by relating the deflection   w  , to the thickness of the liquid dielectric:


    d   l   =   d   max   − 2   d   f   − 2   dw   dx    .   



(19)







The liquid dielectric is now defined as a function of the maximum thickness, the film thickness, and the slope of the beam as it is deflecting. The resulting applied force is


    F   ele   =   A   ε   0     V   2       2     2   d   f       ε   rf     +     d   max   − 2   d   f   − 2   dw   dx       ε   rl         2         2     ε   rf     +   1      2 ε    rl       .  



(20)







Next, a solid–fluid mechanism must be determined. Looking at Figure 4 and Equation (10) a connection can be made between angle of the plate as described and the deflection of the beam. In beam theory, the slope of the beam is defined as the angle of the beam deflection. This variable is directly connected to the angle of the rigid plate using


   θ =    dw   dx    .   



(21)







This can then be represented in the fluid dynamics equations by substituting Equation (21) into Equations (12) and (13), resulting in


    F   x    = L    p −    2 μ    3   dw   dx       ∂     dw   dx       dt      



(22)






    F   y   =   d   max      ρ gWL +    − p −   μ   3   dw   dx       ∂     dw   dx        ∂ t        .  



(23)







In terms of the actuation system as a whole, the fluid dynamics acts as a dissipation force as the electrodes are collapsing toward each other [9,20]. As mentioned in Section 2.3, the Lagrange technique for determining the equation of motion is used in this analysis. However, the equation is slightly altered to include the applied force and the dissipation force:


    d   dt      ∂ L    ∂     q   k    ˙    −    ∂ L    ∂   q   k     +    ∂ R    ∂     q  ˙    k     =   Q   k   .  



(24)







This equation has an x and a y component; however, as mentioned previously, the beam in bending can be represented purely in the y direction. As a means to simplify the complex system, only the y direction will be considered (Figure 5):


      − m   w  ¨  −   C   22   I     ∂    ∂ x        ∂    ∂ x          ∂   2   w   ∂   x   2        1 +         ∂ w     ∂ x        2         −   ∂    ∂ x              ∂   2   w   ∂   x   2         2        ∂ w     ∂ x          +         d   max      ρ gWL +    − p −   μ    3 θ       ∂ θ     ∂ t        =   A   ε   0     V   2       2     2   d   f       ε   rf     +     d   max   − 2   d   f   − 2   dw   dx       ε   rl         2         2     ε   rf     +   1      2 ε    rl       .      



(25)









3. The Dimensional Analysis


Considering the analytical theory developed in Section 2, the dimensional analysis can now be conducted. Although the proposed equation of motion is quite complex, the Buckingham Pi method of dimensional analysis will be used [1,2,21,22]. To begin the analysis, we consider all the dimensional parameters involved in the equation. Figure 6 serves as an approximation for the actual actuator system; this system is the three-dimensional version of the analytical setup described in Section 2. Based on the analytical equation and Figure 6, it is assumed that the actuator system takes the shape of a rectangular duct. Again, this neglects three-dimensional edge effects. By defining the set as such, a characteristic length can be defined to represent several of the parameters based on the geometry alone. The characteristic length for a rectangular is defined as


    D   h   =    2 ab     a + b    .  



(26)







The analytical equation is designed to describe the motion of the electrode deflection   w  ; therefore, as the electrodes zip closed, the actuator has a half thickness of   w   (as seen in Figure 6). So, the characteristic length will be defined as


    D   h   =   D   h   =   2    2 w      W      2 w + W    =    4 wW     2 w + W    .  



(27)







Now that a characteristic length has been defined for the system, the rest of the dimensional parameters can be listed. Table 1 describes all of the dimensional parameters of note in the analytical equation. Additionally, the fundamental dimensions are defined in Table 1 as well. For this actuator system four fundamental dimensions will be used, mass (M), length (L), time (T), and current (i). The dimensional parameters are also separated by declaring their dependence in the actuation system (Table 1). For example, the characteristic length is defined as a dependent variable because the deflection of the electrode is based on all of the other dimensional parameters. Based on this initial setup it can be seen that eight Π groups will be obtained. From this point, four dimensional parameters are chosen to be the repeating parameters in the solution. In general, the repeating parameters should be independent and contain all of the primary dimensions [1,2,21,22]. The repeating parameters should not primarily consist of powers of the fundamental dimensions [1,3,21,22].



The four repeating parameters chosen are, Young’s modulus (Y), the fluid density (ρ), the fluid viscosity (μ), and the applied voltage (V). As an additional selection criterion specific to this study, the repeating parameters must be parameters that can be easily tested or verified via experimentation. The applied voltage was chosen because it is a direct experimental parameter. It can be varied based on how the experiment is conducted. The viscosity was chosen because it is an experimental parameter that was measured in the laboratory experimentally. Similar to the voltage, this value can be varied based on a parametric study of the liquid dielectric material. The elastic modulus was chosen because it is an experimental parameter that was measured in the laboratory experimentally, as well. Similar to the voltage and dynamic viscosity, this value can be varied based on a parametric study of the film materials. The density was chosen as an additional parameter because it is independent in the system, it can be measured experimentally if needed and it can be varied based on a parametric study of the liquid dielectric materials. All in all, the repeating parameters that were chosen can be changed experimentally and each parameter can act as a control point in the test. In terms of the parameter dependence, all of the selected parameters are independent as well. As mentioned previously, the voltage is the input control for the zipping motion. The elastic modulus is a material property that remains constant and is independent from the rest of the system. The dynamic viscosity and the density of the fluid are also constant properties of the material and are independent of the actual zipping mechanism.



As a side note, the dielectric constant has a * next to it. This is due to its status as an independent and dependent variable. Examining the applied force in Equation (20), it can be seen that this term is dependent because it contains a deflection term. This deflection term is closely tied to the dielectric constant terms for the liquid dielectric and the polymer film. If the rest of the terms are taken out and the focus is on the dielectric constant terms and the thicknesses, the following expression is obtained.


        2     ε   rf     +   1      2 ε    rl           2     2   d   f       ε   rf     +     d   l       ε   rl         2      











From this expression, a new variable called the permittivity (  ε  ) can be obtained. This   ε   is the value dimensional parameter listed in Table 1. This parameter has the dimensions of         i   2     T   4       ML   3     ×   1   L      or          i   2     T   4       ML   4         due to the additional length term from the thickness of the film. This expression can further be reduced to the following expression.


      ε   0     ε   rf     ε   rl      (    ε   rf    + 2    ε   rl   )   2     2   d   f     ε   rl   +     d   l   ε   rf       2      











This   ε   is the value dimensional parameter listed in Table 1. From the expression above the following relationship can be made,     ε   0     ε   rf     ε   rl    K ( x , t )   , where    K ( x , t )    is a constant that is a function of position and time. Thus, the   ε   term is defined as


     ε = ε    0     ε   rf     ε   rl   K    x , t    .  



(28)







If    K ( x , t )    acts as a general constant (as a means to observe   ε  ), then   ε   can act as an independent variable that can be experimentally tested. Now that the final setup is complete, the   Π   groups are found (Table 2). The   Π   groups were calculated using MATLAB. Each   Π   group resulted in a system of equations, and a script was created that solve the system. The full derivation is provided in Appendix A.4. The most important of these newly defined groups is     Π   6     which is called the Washington–Kim (WK) group. This dimensionless group will be discussed further in Section 5.




4. Experimental Testing


4.1. Testing the Material Properties


As mentioned previously, this study looks at the theoretical background of HASEL actuators and the experimental output as well. For the experimental work, an in-depth study was conducted that looked at four different dielectric film materials and four different liquid dielectric materials. A variety of materials are tested as a way to determine which component of the system has a greater effect on the overall actuation system. Additionally, the testing of a variety of materials also allows for comparison and the ability to determine the quality of materials needed to fabricate effective and robust EH actuators. For the experimental study, two film materials, biaxially oriented polypropylene (BOPP) and silicone rubber (Ecoflex 00-30 Platinum Cure) (EF), commonly used in the literature were tested along with two other commercially available film materials, low-density polyethylene (LDPE) and cast polypropylene (CPP) [5,6,7]. The mechanical and electrical properties of the films were tested. The liquid dielectric materials used were mineral oil (MO), olive oil (OO), grapeseed oil (GO), and silicone oil (SO), all of which are commercially available and (excluding SO) safe for human consumption. Mineral oil was chosen as an alternative to the liquid dielectric materials used in literature [5,6,7]. The other oils were chosen based on their biocompatibility, accessibility, and electrical properties.



For the film material mechanical properties, the stress–strain behavior was tested at laboratory temperature (20 °C). The films were tested using the DMA (Pyris Diamond Dynamic Mechanical Analyzer) at 1 Hz with an applied load and the load and strain were measured. The experimental tests captured the properties of the film in the machine direction (MD) and the transverse direction (TD). MD denotes the direction that the material was drawn in during the film fabrication process; TD is the direction perpendicular to the MD. The EF films were fabricated in the laboratory using a casting method, so the MD and the TD are the same. The capacitance of the film material was measured as well using a bench top LCR meter (ET4510 Digital Benchtop LCR Meter and Yamato DX400 Gravity Convection Oven) and dielectric constant was calculated using methods from literature [23]. The viscosity of the fluid was using a bench top viscometer (CGOLDENWALL NDJ-5S Rotary Viscometer). Additional material properties were tested; however, for the purposes of this study, we specifically want to consider the elastic modulus (Y), the dielectric constant (ε), the fluid viscosity (μ), and the fluid density, at laboratory temperature (20 °C). The fluid density was not tested due to the fact that a large amount of data exist for this particular property. All the variables listed are contributors in the analytical equation; therefore, the experimental results can relate back to the theoretical work via dimensional analysis.




4.2. Relevant Results from Testing the Material Properties


As mentioned in Section 2, for the analytical model, the polymer film material is considered to be a linear-elastic material, thus the elastic modulus is the property used to describe the material. Based on the results, it can be seen that BOPP, followed by CPP have the highest elastic modulus values (Figure 7). The results indicate that these are hard, brittle plastic materials that are fairly tough. The results also show significant differences between the MD and the TD, which tells us that the orientation of the polymer material matters during the fabrication process. In terms of actuator durability, a strong, tough polymer that can maintain a level of compliance is ideal. It is important to note that temperature does have a considerable affect; however, the current iteration of the analytical model does not consider temperature, so this property can be neglected for now.



Looking at the dielectric constant tests of the film material, EF has the highest dielectric constant, followed by CPP (Figure 8). However, the dielectric constant values for the non-elastomeric film materials are within ±0.29 of each other. Overall, all the dielectric constant values are low, which means that the dielectric constant of the liquid dielectric material is the main contributing factor to the electrostatic mechanism. This is also supported by the fact that the dielectric constant values of the liquid dielectric materials are higher than the experimental results of the film dielectric constant [24]. Figure 9 shows the experimental data for the viscosity of the liquid dielectric material. It can be seen that silicone oil has the highest viscosity, followed by olive oil. It is also important to note that the viscosities of the plant-based oils are very similar. The differences can be attributed to the differences in fatty acid composition [25,26,27].




4.3. Relevant Results from Testing the Actuator Performance


After the material properties were tested, the output displacement was tested using a laser displacement sensor and the vertical displacement (defined as the y direction) and the strain was measured as a function of the applied voltage (Figure 10 and Figure 11). The vertical force was measured using two different methods. The first set of output force data was taken using a load cell (Transducer Techniques GSO-100, Transducer Techniques, Temecula, USA) and measured as the voltage increased (Figure 10 and Figure 12). The voltage potential was applied using the Gamma High Voltage Research ES30 power supply. The second force measurement was a lifting force test; a 5 g mass was placed on the actuator and the displacement of the mass was taken with the maximum applied voltage (9 kV). Figure 13 provides the maximum displacement from lifting 5 g and the response time. Considering the reported results, there is a need to better correlate the theoretical analysis with the experimental data. There is also a need to correlate the experimental material properties to the experimental output performance. There is clearly a relationship between the electrical properties, mechanical properties, and hydraulic properties of the dielectric materials; however, the extent of the contribution is still a question.



As seen in Figure 11, Figure 12 and Figure 13, it can be seen that the change in the film material causes substantial differences in the output performance. To better illustrate the voltage contribution, a second-order polynomial fit was applied to the data. From the analytical equation (Equation (7)), the applied electrostatic force has a direct relationship to the applied voltage of the system. This direct relationship is     F   ele   ~   V   2    . From the data, the hard, brittle plastic BOPP performs the best in the load cell tests for most of the oils, followed by the LDPE. However, for the lifting tests, the BOPP performs poorly, and the LDPE performs well for the majority of the liquid dielectric specimens. Throughout the data, a weak correlation between the changes in the liquid dielectric and the output performance can be seen. This could be due to the fact that the viscosity values are similar between the liquid dielectric materials or that the mechanical deformation of the film dominates the system. Considering these questions, further discussion of dimensional analysis (Section 5) will help determine what may be contributing to the overall actuation mechanism.





5. Discussion


Table 2 provides the eight Π groups that were determined based on the analytical equation derived in Section 2 and the Buckingham Pi theorem of dimensional analysis (Section 3). From these results, there are five groups of immediate interest, these are Π1, Π2, Π3, Π6, and Π8. These five Π groups will be discussed in detail.



5.1. Π1 Group: Mass Flow Rate—Fluid Displacement, Viscous, and Viscoelastic Contributions


As mentioned in Section 2, the characteristic length is dependent on the deflection of the electrode and the width of the electrode. However, the parameter of note is the deflection, this represents the electrode closure and furthermore the displacement of the fluid in the film packet. Based upon the results of the Π group, only the properties of the fluid and the properties of the film material have an effect on the output of the actuators. More specifically, this describes the ratio of the mass flow rate of the fluid to the viscous forces of the fluid. Thus, describing the displacement of the liquid dielectric. Considering the experimental results, it can be seen that the displacement of the fluid is largely affected by the viscoelastic behavior of the film material. However, the variations seen between the fluid materials can be attributed to the density and viscosity of the fluids. In fact, based on this Π group relationship and the experimental data, when the density and the elastic modulus are both higher (i.e., in the case of olive oil and BOPP) the actuator displacement is higher, meaning that more fluid was displaced. The same result can be seen when the elastic modulus of the material is lower, and the density of the liquid dielectric is lower (i.e., in the case of EF and MO). However, this relationship does not account for all the experimental cases, such as the silicone oil samples. The Π group further displays that the viscosity of the fluid material is a major contribution. For example, looking at silicone oil, it has a higher viscosity and density of all the oils, but when it is contact with a low elastic modulus film, the overall displacement increases. This group describes the relationship between the solid and the fluid materials as it relates to the overall movement of the fluid.




5.2. Π2 Group: Fluid Velocity and Film Stiffness


The fluid velocity is a combined term that was determined in Section 2, but nonetheless is important to take note of. The fluid velocity not only describes the movement of the fluid but also the reaction time of the actuators. This is because the interaction of a compliant film material affects the speed of the fluid motion. The film material acts as the wall that the fluid is moving against, and is deforming due to the applied force, the pressure of the fluid, and the viscoelastic behavior of the film itself. The current experimental data cannot inform the direct relationship between these quantities as seen in Section 4. However, finite element modeling insights may be able help draw further conclusions about the relationship between the fluid velocity and the viscoelastic forces from the film material.




5.3. Π3 Group: Output Force—Fluid Pressure and Viscoelastic Contributions


The relationship between the fluid pressure and dielectric materials is interesting because it no longer concerns the fluid properties. It is purely the ratio between the pressure and the stiffness. This Π group describes the output force of the actuator. The film material contributes to the output force due to its stiffness. The liquid dielectric can only deform the film so far; thus, a maximum internal pressure exists due to the stiffness of the film. The output force results from the experimental tests have a correlation between the film material but there is no clear correlation between the output force and the liquid dielectric. This is seen in both versions of the output force test (the load cell test and the lifting force test). This variation in the data is related to the internal pressure contributions. The internal pressure was not measured, so a strong correlation cannot be determined. However, a loose correlation can be made between the output force and the material stiffness. The output force for the load cell tests are higher with a stiffer film material. Thus, the other properties (viscosity and density) of the liquid dielectric do not strongly contribute to the output force.




5.4. Π6 Group [Washington–Kim Group]: The Electro-Mechanical-Hydraulic Relationship


Π6 describes the contribution of all the parameters to the actuation system. This is of particular importance from a theoretical standpoint because this group directly shows the contributions from the electrical, mechanical, and hydraulic relationship, thus this Π group is denoted as the Washington–Kim (WK) group. The analytical equation shows that there is some sort of multiphysics relationship, but the dimensional analysis clarifies the contributions of the independent and dependent parameters. However, the most important feature to note is that this Π group shows the contribution of the electrostatics and the electric field and how that relates to the viscous forces, stiffness, and density.



Figure 14a shows the normalized output displacement against the normalized dimensionless parameters of the WK group. From this plot, the contribution of each parameter to the output displacement can be seen. At lower input voltages, the film stiffness and viscoelastic force dominate, resulting in low output (strain and force) from the actuator. However, as the voltage increases the electrostatic force dominates resulting in hydraulic amplification and large outputs. To illustrate this, Figure 14b displays the normalized displacement of the calculated WK and the normalized experimental results. The group was computed using experimental data for LDPE and mineral oil. This relationship is not exactly V2 due to the additional factors such as the viscous forces of the fluid, stiffness of the film, and the three-dimensional edge effects. The contributions of these factors can be seen throughout the data. However, based on the results from the experimental data, the applied voltage is the focus. Future work will quantify the contributions of the other factors. To further illustrate the connection between the electrostatic force and the applied voltage, a statistical significance test was conducted on the correlation coefficient between the experimental data and the WK group (Figure 14b). A correlation coefficient (r2) of 0.6225 was determined [28]. From the statistical significance test, it was determined that there is a strong (p < 0.05) correlation with 62.3% of variance explained (derivation in the Appendix A). Similar to the other Π groups, the stiffness of the film is the next major contribution to the result after the electrostatics. This is also seen in the experimental data.




5.5. Π8 Group: Electrode Geometry Contribution


The final dimensionless group that is important to note is the contribution from electrode geometry. Based on the   Π   group alone, it would seem that the sole connection is the mechanical deformation and the movement of the fluid. However, the electrode area is also directly related to the applied force (the electrostatic force), thus this is another electro-mechanical-hydraulic connection. This is not as overtly seen, as with     Π   6    , but the connection can be seen via the analytical equation. The experimental work does not include the electrode geometry as an experimental parameter so a direct correlation cannot be made. However, the dimensionless group gives an indication of what additional parameters can be considered and their effect on the system.





6. Conclusions and Future Work


Through this study, an analytical equation for the zipping of a HASEL actuator was developed. The development of an analytical model increases the understanding of these electrohydraulic actuators. However, due to the complexity of the actuation system, the analytical model in turn is complex and difficult to solve without alternative methods such as finite element analysis. In an effort to understand how each part of the model is affecting the overall system, dimensional analysis techniques were applied to the analytical equation. This study focused on the creation of eight dimensionless   Π   groups that indicate the contribution of the various parameters in the analytical equation and connected them to the experimental results. The experimental study focused on testing the material properties of a variety of materials and then relating the material parameters to the output performance and furthermore the analytical equation. All in all, the experimental results showed that a strong, hard, and tough plastic is beneficial for actuator performance and that the fluid parameters can vary. The dimensional analysis was then used to connect these experimental results with the theory. From the analysis, contributions to the output force, the mass flow rate of the fluid, and the applied force were determined amongst others. Based on these dimensionless groups, it was determined that the stiffness of the film is a major contributor overall. In terms of developing electrohydraulic actuators, this is an important parameter to make note of. This result tells us that a shell material of a specific elastic modulus is necessary to have an effective output (displacement and force). Additionally, the viscous force of the fluid is another overall contribution. More specifically the WK group highlighted the contribution of the electrical, mechanical, and hydraulic components of the actuators. Beyond the beneficial relationships determined from the dimensional analysis, the   Π   groups also revealed additional experimental and modeling work that can be conducted to further the understanding of these actuators.



Future work that can aid in the development of EH actuators is experimentally testing the effect of the internal pressure of the fluid. In addition to testing the internal pressure, the effect of the electrode can also be experimentally tested. This includes varying the geometry of the electrode (surface area and thickness) as well as testing various types of electrodes to see how the mechanical performance is altered. In terms of modeling, finite element methods can be applied to this study to determine parameters such as the fluid velocity. However, this study provides a foundation for understanding the essential parameters for EH actuators. By this, actuator performance can be improved for use in robotic systems and demonstrate that EH actuators are a viable solution for practical applications. All in all, dimensional analysis of EH actuators facilitates the development of high-performance HASEL actuators.
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Appendix A


Appendix A.1. Electrostatic Force Derivation



     1     C   tot     =   1     C   film     +   1     C   liquid     +   1     C    film        










     1     C   tot     =   2     C   film     +   1     C   liquid       










     1     C   tot     =   2     q     V   film       +   1     q     V   liquid         










     1     C   tot     =   2   V   film     q   +     V   liquid     q     










     1     C   tot     =     1   q       2   V   film   +   V   liquid       










    q =    C   tot     2   V   film   +   V   liquid       










     C   tot   =   q   2   V   film   +   V   liquid       









In general:


   V =    qd     ε   r     ε   0   A    










    V   film   =   q   d   f       ε   rf     ε   0   A      and      V   liquid   =   q   d   l       ε   rl     ε   0   A    










    C   tot   =   q   2   q   d   f       ε   rf     ε   0   A   +   q   d   l       ε   rl     ε   0   A      










    C   tot   =   A   ε   0         2   d   f       ε   rf     +     d   l       ε   rl          










   U =  −   1   2   C   V   2   = −   1   2     C   tot     V   2    










   U =  −   1   2     A   ε   0         2   d   f       ε   rf     +     d   l       ε   rl           V   2    =  −   1   2     A   ε   0     d     V   2    










   F =     ∂ U     ∂ d    =    ∂ U     ∂ d       ∂ d    ∂   d    f        +    ∂ U     ∂ d       ∂ d    ∂   d   l      










   F =  −   1   2       −   A   ε   0     V   2       d   2       2     ε   rf       +   −   A   ε   0     V   2       d   2       1     ε   rl          










   F =    1   2         A   ε   0     V   2           2   d   f       ε   rf     +     d   l       ε   rl         2       2     ε   rf       +     A   ε   0     V   2           2   d   f       ε   rf     +     d   l       ε   rl         2       1     ε   rl          










    F   ele   =   A   ε   0     V   2       2     2   d   f       ε   rf     +     d   l       ε   rl         2         2     ε   rf     +   1      2 ε    rl        












Appendix A.2. Fluid under a Hinged Plate Derivation


First, we consider solving for the average velocity in the x direction. This starts with using the conservation of mass equation.


    dm   dt   =     m  ˙    in   −     m  ˙    out    








    dm   dt     is the time rate change in mass in the volume,       m  ˙    in     is the mass flow rate in, and       m  ˙    out     is the mass flow rate out.


    dm   dt   =   d   ρ   V  ¯      dt    










      m  ˙    in    = 0   










      m  ˙    out    = ρ uA   











First, we need to determine the volume under the plate.



The volume is:


   V =  −   1   2      ρ x    2    d θ     











The time rate change in mass in the volume:


    dm   dt   =   d   ρ   V  ¯      dt   = −   1   2     x   2   ρ    d θ    dt    











Conservation of mass:


  −   1   2     x   2   ρ    d θ    dt    = 0  −  ρ ux θ   










   u =    x    2 θ       d θ    dt    











Now, we want to determine the force of the fluid under the plate. We are only looking at the x and y components.


  d   F   x   =     ∂   σ   xx      ∂ x    +   ∂   τ   yx      ∂ y    +   ∂   τ   zx      ∂ z       dx   dy   dz   











The shear force components are neglected because the velocity u is only acting in the x direction.


  d   F   x   =   ∂    ∂ x      − p −   2   3   μ    ∂ u     ∂ x     + 2 μ     ∂ u     ∂ x       










  d   F   x   =   d   dx     − p −   2   3   μ     1    2 θ       d θ    dt      + 2 μ      1    2 θ       d θ    dt        










  d   F   x   =   d   dx     −  p +     2 μ     3 θ       d θ    dt      










    F   x   =  ∭    d   dx     −  p +     2 μ     3 θ       d θ    dt        dx   dy   dz     










    F   x   =   ∫  0   L    W   d   max       d   dx     −  p +     2 μ     3 θ       d θ    dt        dx   dy   dz   











Using integration by parts:


    F   x   =       W   d   max     −  p +     2 μ     3 θ       d θ    dt           0   L   −   ∫  0   L      d   W   d   max       dx       −  p +     2 μ     3 θ       d θ    dt        dx   dy   dz   










    F   x   = − L   −  p +     2 μ     3 θ       d θ    dt      










    F   x    = L    p −    2 μ     3 θ       d θ    dt      











Now, for the y component:


  d   F   y   =   ρ   g   y   +   ∂   τ   xy      ∂ x    +   ∂   σ   yy      ∂ y    +   ∂   τ   zy      ∂ z       dx   dy   dz     











The shear force components are neglected because the velocity u is only acting in the x direction, so the partial derivatives go to zero.


  d   F   y    = ρ g +    ∂    ∂ y      − p −   μ    3 θ       ∂ θ     ∂ t       dx   dy   dz   










    F   y   =  ∭   ρ g +    ∂    ∂ y      − p −   μ    3 θ       ∂ θ     ∂ t         dx   dy   dz     










    F   y    = ρ gWL    d   max   +   ∫  0     d   max      WL     ∂    ∂ y      − p −   μ    3 θ       ∂ θ     ∂ t         dx   dy   dz   











Using integration by parts:


    F   y   =       WL   − p −   μ    3 θ       ∂ θ     ∂ t            0     d   max     −   ∫  0     d   max        d   WL     dy       − p −   μ    3 θ       ∂ θ     ∂ t         dx   dy   dz   










    F   y   =   d   max      ρ gWL +    − p −   μ    3 θ       ∂ θ     ∂ t         












Appendix A.3. Thin Beam in Bending with Large-Deformation Derivation


First, the kinetic energy term is determined [18].


    ∫  0   L      ∫    t   1       t   2       δ T   dt       = δ    ∫    t   1       t   2        ∫  0   L      m   2         u  ˙    2   +     w  ˙    2      dt   dx       










    ∫    t   1       t   2        ∫  0   L      m   2       u  ˙  δ   u  ˙  +   w  ˙  δ   w  ˙     dt   dx       











Integration by parts related to time is conducted.


    ∫    t   1       t   2        ∫  0   L      m   2        u     ˙    d   dt    ( δ u ) +    w  ˙    d   dt    ( δ w )     dt   dx       










    ∫    t   1       t   2        ∫  0   L    m   −  δ u    d   dt       u  ˙    −  δ w    d   dt       w  ˙       dt   dx       










    ∫  0   L        ∫    t   1       t   2      −  m δ u    u  ¨     dt +    ∫    t   1       t   2       m δ w    w  ¨     dt          dx  











Next, the potential energy term is determined [18].


    ∫  0   L     δ V   dx     = δ    ∫  0   L      EI   2           ∂   2   w   ∂   x   2         2      1 +         ∂ w     ∂ x        2     dx    











From this point, the variation is applied by multiplication, and the integration by parts is conducted to solve.


    ∫  0   L      EI   2   δ           ∂   2   w   ∂   x   2         2      1 +         ∂ w     ∂ x        2       dx    










  EI     ∫  0   L        ∂   2   w   ∂   x   2         ∂   2      δ w      ∂   x   2          1 +         ∂ w     ∂ x        2      dx +    ∫  0   L            ∂   2   w   ∂   x   2         2        ∂ w     ∂ x         ∂       δ w       ∂ x      dx    











Once again, the integration by parts is taken again for each integral. The solution for the first integral (highlighted in yellow) is:


    ∫  0   L     δ w    ∂    ∂ x        ∂    ∂ x          ∂   2   w   ∂   x   2        1 +         ∂ w     ∂ x        2         dx    











The solution of the second integral (highlighted in blue) is:


    ∫  0   L     δ w    ∂    ∂ x              ∂   2   w   ∂   x   2         2        ∂ w     ∂ x           dx     











Thus, providing the final solution:


   δ V = EI    ∫  0   L     δ w    ∂    ∂ x        ∂    ∂ x          ∂   2   w   ∂   x   2        1 +         ∂ w     ∂ x        2         dx   −   ∫  0   L     δ w    ∂    ∂ x              ∂   2   w   ∂   x   2         2        ∂ w     ∂ x          dx  











The whole equation is:


   δ L = δ T  −  δ V = 0   










   δ L =    ∫  0   L        ∫    t   1       t   2      −  m δ u    u  ¨     dt +    ∫    t   1       t   2       m δ w    w  ¨     dt          dx − EI   ∫  0   L     δ w    ∂    ∂ x        ∂    ∂ x          ∂   2   w   ∂   x   2        1 +         ∂ w     ∂ x        2         dx    −   ∫  0   L     δ w    ∂    ∂ x              ∂   2   w   ∂   x   2         2        ∂ w     ∂ x           dx = 0   











Separating the x and y components:


   x :    − m   u  ¨   = 0   










   y :    − m   w  ¨  − EI     ∂    ∂ x        ∂    ∂ x          ∂   2   w   ∂   x   2        1 +         ∂ w     ∂ x        2         −   ∂    ∂ x              ∂   2   w   ∂   x   2         2        ∂ w     ∂ x           












Appendix A.4. Development of the Π Groups


After the setup of the parameters, the fundamental dimensions, and the repeating parameters is complete, the development of the   Π   groups is as follows. The analysis begins with:


    Π   n   =   V   a     μ   b     Y   c     ρ   d   var  








where   var   is the non-repeating variable. The steps continue, using the characteristic length     D   h     as the example:


    Π   1   =       M   L   2       T   3   i       a         M   LT       b         M   L   T   2         c         M     L   3         d     L   =     M     0       L     0       T     0       i     0    











The exponents can be placed into a system of equations, for further simplification the solution can be using linear algebra techniques.


   M : a + b + c + d = 0   










   L : 2 a  − b − c −  3 d =  − 1  










   T :  −  3 a  − b −  2 c = 0   










   i : a = 0   










  A =      1   1   1   1     2   − 1   − 1   − 3     − 3   − 1   − 2   0     − 1    0      0   0       ,   x =       a     b     c     d       ,   b =       0     − 1     0     0       











We now have:


  A  x = b   










   x =    A   − 1   b  










   x =       a     b     c     d       =       0     − 1       1   2         1   2         










    Π   1   =   V   0     μ   − 1     Y     1   2       ρ     1   2       D   h   =     D   h      ( ρ E )      1   2       μ      or      D   h     ρ Y     μ    











The following script was made in MATLAB to solve the systems of equations easily.



clc;



clear;



% Pi Group Solver



% The repeating parameters matrix



A = [ 1   1   1  1;



    2 −1 −1 −3;



  −3 −1 −2  0;



  −1   0   0  0];



% Inputting the variable for dimensionless group [M; L; T; i]



raw_b = [0;1;0;0];



b = −1 × raw_b;



x = A\b




Appendix A.5. Film Material Thickness




	Film Material
	Thickness [mm]



	BOPP
	0.025



	LDPE
	0.050



	CPP
	0.100



	Ecoflex 00-30
	0.800







Appendix A.6. Correlation Coefficient Calculation and the Statistical Significance Test


To begin, the correlation coefficient between the experimental data and the calculated WK group was determine using the following equation [28]:


    r   2   =   ∑       Y   e   −   Y  ¯      2     ∑     Y −   Y  ¯      2      








where Ye is the estimated/predicted values,     Y  ¯    is the mean of the sample Y values, and Y is the observed data. This resulted in an r2 value of 0.623. From this point, the t-score was calculated using the following equation [28]:


   t =    r      1 −   r   2     n − 2       








where r2 is the correlation coefficient and n is the number of sample values. This t-score will be compared to the Student’s t-distribution with n − 2 degrees of freedom at 95% confidence. The calculated t-score is 3.63. At 95% confidence, the t-score from Student’s t-distribution is 2.306. The calculated t-score is greater than the t-score from Student’s t-distribution thus r2 is statistically significant.




Appendix A.7. The Common Nomenclature Used throughout the Text in the Analysis Sections









	Variable
	Meaning
	Common Units



	    E      
	Electric field or electric field through a substance
	     V   m     



	   q   
	Charge
	   C   



	     ε   0     
	Vacuum permittivity constant,   8.854 ×     10   12      
	     F   m     



	     ε   r     
	Dielectric constant or relative permittivity
	



	   A   
	Surface area of conductive medium or electrode
	     m   2     



	     E   0     
	Electric field in a vacuum
	     V   m     



	   V   
	Voltage potential
	   V   



	   C   
	Capacitance between the electrodes
	   F   



	     d   f     
	Thickness of the film dielectric material
	   m   



	     d   l     
	Thickness of the liquid dielectric material
	   m   



	     ε   rf     
	The dielectric constant for the film dielectric material
	



	     ε   rl     
	The dielectric constant for the liquid dielectric material
	



	   U   
	The electrostatic potential energy
	   J   



	     F   ele     
	The electrostatic force
	   N   



	     τ   yx     
	The one-dimensional shear stress for a Newtonian fluid with laminar flow
	     N     m   2       



	   u   
	The fluid velocity in the x direction
	     m   s     



	   ρ   
	Density of the fluid
	     kg     m   3       



	     A   f     
	Area of the flow channel
	     m   2     



	   θ   
	Angle of the plate
	   rad   



	   t   
	Time
	s



	   W   
	Width of the electrode
	   m   



	   L   
	Length of the electrode
	   m   



	   p   
	The local thermodynamic pressure
	     N     m   2       



	     d   max     
	The maximum thickness of the HASEL actuator above the x-axis
	   m   



	   σ   
	Mechanical stress
	     N     m   2       



	   Y   
	Young’s modulus
	     N     m   2       



	   ϵ   
	Strain
	     m   m     



	   ν   
	Poisson’s ratio
	     m   m     



	   G   
	Shear modulus
	     N     m   2       



	   w   
	The beam deflection
	   m   



	   I   
	Second moment of inertia
	     m   4     



	   m   
	The mass of the electrode and film
	   kg   



	     w   x     
	The first derivative of the beam deflection
	



	     w   xx     
	The second derivative of the beam deflection
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Figure 1. Example of a HASEL actuator created in the lab. The actuator pictured has a carbon tape electrode, a low-density polyethylene shell, and is filled with mineral oil. 
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Figure 2. The HASEL actuation mechanism. (Top) The inactive actuator. (Middle) The actuator has been activated and the critical draw-in voltage has been reached, thus the zipping of the electrode has begun. (Bottom) Full draw-in of the electrodes has occurred and a majority of the liquid dielectric has been displaced causing the expansion of the film shell. This creates an output displacement and force. 
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Figure 3. Fluid dynamics model setup for fluid under a hinged plate. 
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Figure 4. Solid mechanics model setup for a beam in bending undergoing large deflections. 
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Figure 5. The connection of the electrostatics, fluid dynamics, and solid mechanics in the analytical equation. 
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Figure 6. The 3D render of an approximate Peano-HASEL actuator as described by the analytical equation. 
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Figure 7. Young’s modulus values for each material and its orientation material. 
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Figure 8. The dielectric constant values of the film materials at laboratory temperature, 20 °C. 
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Figure 9. The experimental viscosity data of the liquid dielectric materials at laboratory temperature 20 °C. 
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Figure 10. The experimental performance testing setup. (a). The testing setup for measuring the displacement. (b). Testing setup for measuring the force using the load cell. (c). Testing setup for measuring the lifting force. 
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Figure 11. The compiled strain–voltage data organized by the Film Type. A second order polynomial fit (y = ax2 + bx + c) is applied to the data to illustrate the V2 relationship. 
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Figure 12. The compiled pressure–voltage data organized by the Film Type. A second order polynomial fit (y = ax2 + bx + c) is applied to the data to illustrate the V2 relationship. 
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Figure 13. The maximum displacement of the loaded actuators at 9 kV. 
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Figure 14. (a). The normalized output displacement against the normalized dimensionless parameters of the WK group (Π6). The figure illustrates how the displacement is affected as each parameter gets larger. (b). The normalized output displacement from the computed WK group (Π6) against the normalized experimental voltage. The WK group (Π6) was computed using experimental data (LDPE and olive oil). 
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Table 1. Dimensional Analysis Definitions and Setup.
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	Variables
	    SI   Units   ( M , L , T , i )    
	Meaning
	Dependence





	     D   h     
	   L   
	Characteristic length
	D



	   u   
	     L   T     
	Fluid velocity
	D



	   p   
	     M   L   T   2       
	Fluid pressure
	D



	   I   
	     L   4     
	Second moment of inertia
	I



	   A   
	     L   2     
	Area of the electrode
	I



	   m   
	   M   
	Mass of the electrode and film
	I



	   Y   
	     M   L   T   2       
	Young’s modulus
	I



	   g   
	     L     T   2       
	Acceleration due to gravity
	I



	   ρ   
	     M     L   3       
	Fluid density
	I



	   μ   
	     M   LT     
	Dynamic viscosity of the fluid
	I



	*ε
	       i   2     T   4     M   L   4       
	The permittivity
	D/I



	CoV
	     M   L   2       T   3   i     
	Applied voltage
	I
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Table 2. List of Π Groups.






Table 2. List of Π Groups.





	Dimensionless Group
	Physical Meaning





	     Π   1   =     D   h     ρ Y     μ     
	The mass flow rate contribution and the viscous force contribution. Related to the displacement of the fluid.



	     Π   2   =   u  ρ     Y      
	The fluid velocity contribution as it relates to the density and film stiffness.



	     Π   3   =   p   Y     
	The output force contribution.



	     Π   4   =   I   ρ   2     E   2       μ   4       
	Film/electrode geometry contribution, thus a solid–fluid interface connection.



	     Π   5   =    g μ   ρ       Y   3        
	The gravity contribution.



	    Π   6   =   ε   V   2    ρ    μ  Y     

WK Group
	The electrostatic contribution and its relationship to the viscous forces and material stiffness, the electro-mechanical-hydraulic connection.



	     Π   7   =   m  ρ   Y   3        μ   3       
	The mass contribution of the film/electrode.



	     Π   8   =    A ρ Y      μ   2       
	The electrode geometry contribution, this is a direct solid–fluid interface connection and an indirect electro-mechanical connection.
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