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Abstract

:

Dielectric electroactive actuators are novel and significant smart actuators. The crucial aspect of construction of these devices is the bias mechanism. The current literature presents three main types of biases used in the construction of the DEAP actuators. In these solutions, the bias is caused by the action of a spring, a force of a permanent magnet or an applied mass. The purpose of this article is to present a novel type of DEAP bias mechanism using soft pneumatic spring. In contrast to the solutions presented so far, the soft pneumatic spring has been equipped with a sensor that measures the variable pressure of its inner chamber. We performed the modeling process of a soft pneumatic spring with the finite element method to predict its mechanical behavior. Furthermore, a prototype of the soft spring was molded and used to construct a dielectric electroactive polymer actuator. The principle of operation has been confirmed by the experiments with measurement of static and dynamics characteristics. The presented device can be used to control systems with an additional pressure-sensing feedback.
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1. Introduction


Dielectric Electroactive Polymers (DEAP) actuators are a new type of intelligent transducers [1]. The most important features of these new generation actuators are silent work, fast response and low cost [1,2]. Due to their features, this type of actuators is often called artificial muscles [1]. Furthermore, the flexibility of DEAP actuators follows the recent trend of soft robotics [3]. Currently, DEAP actuators are widely investigated by researches [4,5,6,7]. The recent practical developments like pumps for soft robotics or speakers shows the wide range of applicability of these devices [7,8,9]. It is also worth mentioning that DEAP actuators require a high voltage to operate. The high voltage can be generated by commercially available amplifiers or open-source projects [10].



To successfully design DEAP actuators the operating principle must be well understood. The crucial aspects of DEAP actuators are the properties of elastic membranes applied to build an electroactive layer. The membrane has characteristics of hyperelasticity and viscosity, causing different behaviors in the steady state and transient domains [11,12]. Furthermore, the viscoelastity causes hystersis in the response between voltage and displacement [13]. To better understand the behavior of DEAP actuators, two kinds of models were built. Control-oriented models are presented, for instance, in [2,12]. Furthermore, Finite Element Modeling (FEM) is also applied to describe the behavior of DEAP in details. Examples of FEM models can be seen presented in [14,15].



DEAP actuators can operate with different signals as input and output. The most popular configuration is to apply the voltage as input and take the displacement as output [2,16]. The wide range of displacement that is useful for practical applications can be obtained via a biasing mechanism. There are various possibilities of creating the bias. The most popular is to provide a mechanical spring [2,6,17]. The interesting application of nonlinear mechanical spring bias is to provide a wide range of operation [18]. Furthermore, the double spring system can assure applicability of high force [6]. A different approach to creating the bias is to apply magnetic coupling. The insertion of two permanent magnets can provide contactless bias. This application of bias was used in creating pump systems [5,7,19]. The simplest bias is loading the membrane with mass [12,20,21]. It was initially used to apply different working conditions for DEAP actuators. Additionally, the mass-bias system creates a highly under-damped system. In the works presented above, a single DEAP membrane was applied. In the newest configurations, double cone DEAP actuators have been reported. For instance, the application of a double DEAP membrane and single bias causes output power improvement [16,22]. In our work, we constructed an alternative bias with soft pneumatic bias. In general, soft pneumatic devices have recently been a very popular research direction due to their features, including softness, high durability and ease of design. For instance, soft pneumatic devices have been applied to build robotics systems [23,24].



In this study, a soft pneumatic spring is applied to create a biasing system. The varying pressure inside the spring chamber allows to obtain an additional sensing signal for a system. To achieve the goal, the soft pneumatic spring was modeled with the finite element method. Then, the prototype of spring was molded from silicone using foundry molds printed with a 3D printer. The static characteristics of the spring were measured and compared with simulations. Furthermore, the DEAP actuator biased by a soft pneumatic spring was assembled. The responses of pressure and distance were measured for step response and frequency response to examine the behavior of the new device.




2. The Concept of Soft Pneumatic Spring Bias


DEAP actuators are constructed with an elastic membrane that is coated with electrodes. The electroactive membrane is biased to obtain a wide range of movement. In existing solutions the bias was constructed with a spring, a permanent magnet and mass. The principle of bias with a different force source is presented in Figure 1. The spring (Figure 1a) is the most popular solution that provides independence from gravity. The application of nonlinear spring allows to obtain a wide range of actuator motion [2,6]. Magnetic bias (Figure 1b) was applied to build the pump [7,19]. It provides the possibility of contactless force generation. The mass bias (Figure 1c) depends on the gravity and therefore is less practical. However, it enables us to examine the properties of DEAP membranes or create a system with high and low damped oscillations [12,21].



In our work, we design a novel soft pneumatic bias for a DEAP actuator. The concept of the bias is presented in Figure 2. We can consider three cases. In the first case presented in Figure 2a, the DEAP membrane is alone and it does not have contact with the soft spring. This mode was analyzed by research in the early study of DEAP actuators. The switching voltages only causes a change to the stretching of the membrane, as is for instance shown in work [4]. The displacement in the vertical direction is minimal. Therefore, the following procedure (which is also known as spring or magnetic bias [16,18]) is applied to increase the displacement in the vertical direction. In the second case, shown in Figure 2b, the soft pneumatic spring bends a DEAP membrane without applied voltage. The membrane is deformed and the soft spring is compressed. Now, the pressure sensor is attached to the chamber through a tube. Because the voltage is off, the current state of the device can be called initial and marked by volume   V 0  , pressure   p 0   and distance   d 0  . In the third step, presented in Figure 2c, the voltage is switched on. This causes Maxwell stress to act on the membrane electrodes and hence the membrane is compressed. Due to the elasticity of the membrane, the compression of the membrane causes the membrane to extend radially. Therefore, the membrane is bended further and the distance   d 1   is greater than   d 0  . Furthermore, the volume   V 1   and pressure   p 1   are also different. If the voltage is turned off, the membrane comes back to the second state. Therefore, the voltage can control the distance d and pressure p. In our work, we would like to examine the behavior of volume and pressure for various voltage input signals. In our concept, the soft pneumatic bias gives the possibility to provide a spring-like bias, but thanks to an internal chamber it also provides a pressure signal for sensing.



FEM Model


In the first step of the construction, a FEM model of a soft pneumatic spring alone was created. The model enables to predict the stiffness of the spring and its behavior. We assume that the spring is made from silicon with low hardness (about 25 on the Shore A scale). Therefore, the Young module for simulation is calculated based on the comparison between Young modules and Shore hardness [25]. In our work, we take into account the following approximation:


  E =   0.0981  56 + 7.66 s    0.1375  254 − 2.54 s     



(1)




where s is the Shore hardness and E is the Young modulus (in   M Pa  ). The model of the spring is presented in Figure 3. The spring has two ends. The first one is fixed and on the second one the load force acts in the compression direction. The internal pressure inside the chamber is also taken into account in the FEM model. The pressure is calculated based on the deformed volume from the ideal gas law:


     p  i n i     V  t u b e   +  V  i n i     T  =    p  l o a d     V  t u b e   +  V  l o a d     T  = const  



(2)




where   p  i n i    is the initial pressure,   V  i n i    is the initial volume,   p  l o a d    is the pressure under load and   V  l o a d    is the volume under load.   V  t u b e    describes the volume of the tube that connects the spring with the pressure sensor. The temperature T is assumed to be constant. The initial pressure is assumed to be atmospheric and the initial volume is known from the spring geometry. The volume   V  l o a d    is calculated from the deformed mesh of spring by assuming its symmetry around a central axis. The volume is found by numerical calculation of the integral:


   V  l o a d   = π  ∫   H 1    H 2    [  r  o u t e r  2   ( h )  −  r  i n n e r  2   ( h )  ] d h   



(3)




where   H 1   and   H 2   are the lower and upper limits of the chamber height, respectively,   r  o u t e r    is an outer radius of the chamber, and   r  i n n e r    is an inner radius of the chamber. The inner radius of the chamber is equal to 0 in the middle part of the chamber. Therefore, the FEM problem is nonlinear as long as the   p  l o a d    is found based on the deformed mesh and also influences the deformed mesh. Therefore, the problem is split into two steps. In the FEM problem a constant load pressure is applied (in the first iteration based on an initial guess, and further based on the previous solutions). From the deformed mesh, the volume is found. Then, the pressure based on the ideal gas law is found. Next, based on the previous simulations, the new pressure is applied to the FEM problem and the procedure is repeated until the pressure applied in the FEM model is equal to the pressure found with (2). The FEM mesh and working configuration are shown in Figure 3a. The dimensions of the soft spring model are shown in Figure 3b. The example of the simulation is shown in Figure 4a,b without and with a load force. The FreeCAD software was used to solve the FEM problem.





3. Results


Laboratory experiments where conducted to validate the proposed concept. First, the soft pneumatic spring was built from silicon. Second, the DEAP actuator with a VHB membrane was produced. Then, the produced device was tested with various voltage excitations.



3.1. The Soft Pneumatic Spring Bias


To construct the soft pneumatic spring, the silicon forms were built using a 3D printer. The construction process was divided into two steps. In the first one, the spring hat was molded. In the second one the basis was molded. During the second step, the hat was inserted into the basis. Hence, the two parts were permanently connected. To produce the soft spring, two-component molding silicon was used. The ratio between silicone and catalyst was 100:3 and the silicon Shore hardness was   25  A ∘    after solidification. The constructed spring is visible in Figure 5.



The pneumatic spring was connected to a pressure sensor. The connection tube is 17  c  m  long with a diameter of   1.5    m  m , and hence the volume   V  t u b e    is 300    m m  3  . The pressure was measured relative to air. The spring was mounted vertically and the force sensor compressed it as in the FEM simulation. The force signal was calibrated to zero at the beginning of the measurement when it did not touch the spring. The measurement was performed three times for different springs (built using the same procedure). The results of the simulation and measurement are visible in Figure 6. It can be seen that the results obtained from the modeling process agree with the measurements to a satisfactory level. Additionally, the measurement and simulations showed that the force pressure characteristics are linear.




3.2. DEAP Actuator


In the next step, the DEAP actuator was constructed and verified in a series of experiments. The DEAP actuator was assembled from a VHB membrane placed on the frame [21,26]. The membrane was pre-streched as in [2,12]. The pre-strech was performed by cutting a piece of the VHB membrane in a circular shape (radius of   4.5    c  m ). The membrane segment was stretched into a circle frame with a radius of   10.5    c  m . The membrane is elastic (with a Poisson ratio slightly below   0.5  ), and hence the volume of the membrane during stretching process is constant [2,27]. Hence, the thickness decreased with the ratio    z  p o s t   =   S  p r e    S  p o s t     z  p r e    , where   S  p r e    and   S  p o s t    are the area of the membrane before and after stretching, respectively, and   z  p r e    and   z  p o s t    is the thickness of the membrane before and after stretching, respectively. A summary of the DEAP membrane’s dimensions is presented in Table 1. The pneumatic bias was applied to DEAP membrane as is shown in Figure 7. The dimensions of the DEAP actuator are given in Table 1. The laboratory kit as shown in Figure 8 was used to perform measurements. The laboratory kit is equipped with a high voltage amplifier (TREK 10/10B-HS), a laser (Micro-Epsilon optoNCDT ILD1320–10 with 1  μ  m  accuracy) and a pressure sensor (Honeywell HSC dual port pressure sensor with   34.47    k  Pa  range). All devices were connected to an RT-DAC card that enables to control the input voltage and acquire the distance and pressure data.



In the first experiment, the piecewise constant voltage was applied with 11 different values of voltage ( 0, 3.5, 2, 6.75, 1.25, 2.1, 3.3, 4.3, 5.2, 6.1 and 0.2 kV). The response was measured three times with the same spring. During the experiment the pressure and distance were measured with a sampling period of 1  m  s . Both signal were filtered with a Butterworth filter of order 2 and a cut-off frequency of 100  Hz . The steady state ratio   R i   was calculated between the pressure and distance:


   R i  =   G  p , i    G  d , i    =    Δ  p  s t e a d y , i     Δ  v i      Δ  d  s t e a d y , i     Δ  v i     =   Δ  p  s t e a d y , i     Δ  d  s t e a d y , i      



(4)




where i is an index from 1 to 30 (the total number of trails and steps is   3 × 10  ),   G  p , i    is a steady state gain between pressure and voltage,   G  d , i    is a steady state gain between distance and voltage,   Δ  p  s t e a d y , i     is pressure at the steady state and   Δ  d  s t e a d y , i     is distance at the steady state. The symbol  Δ  shows that voltage, pressure and distance are relative to the value at the beginning of the step response. The mean value of   R i   from all trails and steps was equal to   R = 29.5  mbar    mm  − 1      with a standard deviation of   2.6  . The three trials of the same single voltage step from 2 to   6.75    k  V  are presented in Figure 9 and the responses are shown in Figure 10. The response of the pressure is shown in Figure 10a,c,e and it is presented relative to the pressure value at the beginning of the step. It is visible that the value of the signal in the steady state is almost the same in all cases. The distances were multiplied by the distance to pressure ratio R and presented in Figure 10b,d,f (also relative to the distance value at the beginning of the step). The distance normalization was performed to better visualize the comparison between the pressure and distance signals. The transient was very fast at the beginning and had an additional slow relaxation process (with a time constant of about 3  s ). It is visible that pressure and normalized distance cover the steady state, but the transients are slightly different for both sensors. Furthermore, the pressure signal is definitely more noisy than the distance signal.



The frequency characteristics were measured to see the dynamic behavior of the DEAP actuator. The set of sinus input voltages was applied to the DEAP actuator with different frequencies f and amplitudes   V a  . The distance was multiplied by a static ratio R calculated for the step responses to better show the results. The frequency characteristics, which present the root mean square (RMS) of the signal, are shown in Figure 11 and Figure 12. The figures represent two independent experiments. The pressure signal is close to the distance for low frequencies (below 10  Hz ). One can also see a difference between the pressure and distance around the resonance frequency. It is visible that the resonance frequency is around 40  Hz  for the pressure signal and around 30  Hz  for the distance signal. Table 2 presents a resonance frequency comparison between different actuators in the literature. It is visible that mass-biased actuators have slightly lower values of resonance frequency (however, the influence of resonance frequency also has different factors like spring stiffness, hyper-elasticity characteristic of the membrane, mass and voltage amplitude).



In general, the presented novel type of bias allows to obtain the additional feedback signal. The pressure inside the chamber is easy to measure with a pressure sensor. The steady state characteristics show that pressure and distance are different with a constant ratio R. The described behavior is also visible in Figure 13, where the ratio   R i   was calculated between the RMS of the pressure and distance for sinus voltage excitation. There is difference between signals only at higher frequencies (around the resonance). In this case, the additional filter or observer must be designed to cover the both signals. This is planned by authors in future works.





4. Conclusions


In this paper a novel type of bias for DEAP actuators was presented. A soft pneumatic spring was used, coupled with a pressure sensor in the inner chamber. The modeling of a soft pneumatic spring in finite element model was described and the obtained results were compared with data measured in experiments. A comparison of force–pressure characteristics for the model and a prototype device showed a good agreement between the simulation and experimental validation. The pressure signal had a constant ratio with the distance for a steady state; however around the resonance frequency the pressure and distance differed significantly. The developed soft spring bias mechanism offers additional benefits that can be used in future DEAP actuator control systems. For instance, the pressure may be applied as an alternative feedback signal because it is strongly coupled with distance. Another idea for further research is to vary the initial pressure of the chamber. Relying on the force pressure characteristic that shows that load force causes a change to the chamber pressure, controlling the initial pressure of the chamber could allow to change the stiffness of the soft pneumatic spring.




5. Patents


The idea of the soft pneumatic bias for DEAP was initially described in the patent application J. Bernat, J. Kolota and D. Cieslak, “Elektroaktywny siłownik dielektryczny”, P.433764 (A1), Poland, 2020.
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Figure 1. Example of biases in DEAP actuators: Membrane with spring bias (a); membrane with permanent magnet bias (b); membrane with mass bias (c). 
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Figure 2. The concept of soft pneumatic bias: Unbiased membrane (a); biased membrane with spring without voltage (b); biased membrane with spring with voltage (c). 
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Figure 3. The FEM mesh with fixed point and load force (the internal pressure inside the chamber is not visible) (a), and the dimensions of the soft pneumatic spring model alone (b). 
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Figure 4. The results of simulations for the FEM model of pneumatic spring without a DEAP membrane for two cases: without a load force (a) and with a load force (b). 
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Figure 5. The soft pneumatic spring molded from silicon. 
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Figure 6. Comparison of force–pressure characteristics for the FEM simulation and three different spring measurements. 
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Figure 7. The DEAP actuator with soft pneumatic spring bias. 
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Figure 8. The laboratory setup of the DEAP actuator measurement. 
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Figure 9. Example of the voltage transient applied to measure the step response of pressure and distance. 
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Figure 10. Comparison of distance and pressure of example step responses for voltages from 2 to   6.75    k  V : Pressure (a,c,e) and normalized distance (b,d,f). Trial numbers: 1 (a,b), 2 (c,d), 3 (e,f). 






Figure 10. Comparison of distance and pressure of example step responses for voltages from 2 to   6.75    k  V : Pressure (a,c,e) and normalized distance (b,d,f). Trial numbers: 1 (a,b), 2 (c,d), 3 (e,f).



[image: Energies 14 01189 g010]







[image: Energies 14 01189 g011 550] 





Figure 11. Comparison of responses for sinus voltage excitation with different amplitudes for a large frequency range. 
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Figure 12. Comparison of responses for sinus voltage excitation with different amplitudes for frequencies around the resonance. 






Figure 12. Comparison of responses for sinus voltage excitation with different amplitudes for frequencies around the resonance.



[image: Energies 14 01189 g012]







[image: Energies 14 01189 g013 550] 





Figure 13. Comparison of the ratio   R i   for sinus voltage excitation with different amplitudes for low frequencies. 
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Table 1. Dimensions of the DEAP actuator.
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	Name
	Value
	Unit





	Electrode width
	35
	   m m   



	Inner plate radius
	45
	   m m   



	Outer plate radius
	52
	   m m   



	Membrane initial thickness
	1
	   m m   



	Membrane final thickness
	0.18
	   m m   










[image: Table] 





Table 2. Resonance frequency for DEAP actuators for various configurations [2,12,21].
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	DEAP Actuator Type
	Mass
	Resonance Frequency





	Mass biased (large size) [21]
	125  g 
	   2.5     Hz  



	Mass biased (small size) [12]
	3  g 
	8.9 to   9.6    Hz 



	Spring biased (small size) [2]
	   7.1     g  
	20 to 45  Hz 



	Pneumatic spring biased (medium size)
	1  g 
	30 to 40  Hz 
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