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Abstract:



The number of applications of stimulus-responsive polymers is growing at an impressive rate. The motivation of this contribution is to use a commercially available low-budget silver-coated polyamide (PA6) as a thermo-responsive metal-polymer hybrid soft actuator. Polyamide is a hygroscopic polymer; therefore, its mechanical and physical-chemical properties are affected by exposition to humidity or immersion in water. The effect of water absorption content on the PA6 and silver-coated PA6 monofilament properties, such as mass change and resistance, were evaluated. Moreover, the influence of swelling and shrinking effects on the surface morphology, caused by variations of moisture and water immersion, was investigated. Based on these variations, the dynamics of the resistance of the hybrid material were analyzed in the context of the proposed hysteresis model. An identification procedure of the hysteresis is presented along with an approximation of the upper and lower bound based on a constrained least square approach. A switching logic algorithm for this hybrid dynamic system is introduced, which makes it possible to structure the non-linear function in a switching mode. Finally, a non-linear integral sliding manifold is proposed and tested to control the resulting force of the actuator.
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1. Introduction


Stimulus-responsive polymers are relevant for the realization of smart actuators. The term smart, in this context, indicates the actuator ability to both sense and actuate. Polymer fiber-based actuators are also called soft actuators because of their low rigidity. The conductive properties that polymer fibers offer after coating make them suitable for a huge range of applications in biomedical engineering, such as conductors in sensors or bio-sensing textiles for healthcare [1,2]. Polymers that respond to different types of stimuli have become available, such as heat (thermo-responsive materials) [3], stress and pressure (mechano-responsive materials), electric current or voltage (electro-responsive materials) [4], magnetic fields (magneto-responsive materials), changes in pH or moisture (chemo-responsive materials) and light (photo-responsive materials) [5]. The number of proposed applications is growing at an impressive rate. Recently, applications have been proposed where soft actuators are able to solve even complex problems in strategic sectors, such as bio-inspired robotics. For example, a soft actuator mimicking human esophageal peristalsis for a swallowing robot is presented in [6], where the use of soft material gives an opportunity to imitate the soft-bodied esophagus and its biological function. The deformation arising from the non-linear material behavior, the structure and the actuation system causes difficulties in modeling and control. The same type of actuators, pneumatic artificial muscles (PAMs), are used in [7]. Shape-memory alloys (SMA), such as Nitinol in the form of wires, are the most well-known artificial muscles. They undergo a phase change with temperature (or stress) that is responsible for actuation. In reference [8] the electroactive polymer actuators (EAPs) are discussed as an alternative. EAPs, as a class of smart and soft actuators, are ideal candidates for bioinspired mechatronic applications due to their physiological compliance and built-in actuation ability [9]. The complete development and analysis of a soft robotic platform based on antagonistic arrangement of circular and longitudinal muscle groups is presented in [10]. Furthermore, nanotubes drawn from a carbon multi-wall nanotube (MWNT) as artificial muscles are of practical interest, as presented in [11]. The authors showed repeatable contractions of these super-coiled polymer (SCP) actuators constructed from MWNT.



Metal-polymer hybrid fibers are the fundamental core for wearable technology, an integral part of smart textiles and have possible applications in aerospace, sports, military and energy fields [12]. Commercially produced synthetic polymers like polyethylene (PE) and polyamide (PA6.6) fibers are important artificial muscle precursors. They combine the ability of reversible contraction, large volumetric thermal expansion and large anisotropy in thermally-induced dimension changes to provide enhanced muscle stroke [13,14]. High performance robotic muscles from conductive PA6.6 sewing thread and the thermo-mechanical and thermo-electric models of the SCP actuators are presented in [15].



In reference [13], artificial muscles from fishing lines and sewing threads are presented as a possible substitute of commercial NiTi shape-memory metal wires, which are expensive and have strongly pronounced hysteresis. This type of current-voltage hysteresis makes them difficult to control because of the variability of its resistance. In particular, using soft actuators, the kinematic and dynamic model of the actuator is typically affected by uncertainties in the parameters, which are difficult to identify. Therefore, they need to be controlled in a robust way. Moreover, because of the current-voltage hysteresis effect, the resistance is a non-linear function, and the control of the system requires specific and more advanced methods.



Traditionally, quantitative feedback theory (QFT) and [image: there is no content] methods are used to achieve robust control of linear systems. Recently, these two methods were also applied in the context of non-linear control through some adaptations. An approach in the context of [image: there is no content], along with a linear model adaption around an operating point of a shape memory alloy actuator, is presented in [16]. A dielectric elastomer diaphragm actuator to replicate human pulse signals is controlled with [image: there is no content] techniques in [17]. The flexible soft actuator proposed in this work is controlled using a sliding mode control (SMC) approach. The system model is formulated as a switching system. Through the introduced thickness [image: there is no content] of the proposed sliding surface, the switching nature of this approach is moderated. Thanks to its robust property, the sliding mode approach is one of the principal techniques used today for non-linear systems in the presence of disturbances and uncertainties. During the last few years, considerable efforts have been made in this direction. In [18], a sliding surface is adopted. This technique is based on a combination between a sliding surface and an adaptive pre-action. In [19], the authors describe a comparison of two stator-flux and speed observers for a variable structure in a machine drive. More recent literature considers many related aspects with control, monitoring and disturbances in terms of interference in actuators, which are minimized by using sliding mode control. In particular, in [20] a new monitoring system for removing non-linearities and unmodeled disturbances in piezo electric actuators is proposed. In [21], a high-gain sliding mode observer is designed to reduce the effect of disturbances and uncertainties. The suggested algorithm has the capacity to ensure a vanishing average error in estimation in a finite time, even in the presence of model uncertainties.



The structure of the work is the following. Section 2 shows some morphological features of the soft actuator facilitated by scanning electron microscopy (SEM). The influence of swelling and shrinking effects on the surface morphology, caused by variations of moisture and water immersion, is investigated. Based on these variations, the dynamics of the resistance of the silver-coated hybrid material were analyzed in the context of the proposed hysteresis model. The parameter identification and modeling of the soft actuator and its hysteresis are presented in Section 3. The approximation of the hysteresis curve is realized using a constrained least squares method. Based on the results, a switching logic algorithm for the hybrid system is proposed. Section 3.2 proposes a non-linear integral sliding approach. Section 4 provides a concise and precise description of the experimental results, with conclusions resolving the paper. The main goal of the research is to use a commercial low budget silver-coated polyamide (PA6) monofilament as a thermo-responsive metal-polymer hybrid soft actuator, which is stimulated with a defined power.




2. Experimental Procedure


2.1. Physical-Chemical Analysis


In this work, a thermally-expandable silver-coated polyamide 6 (PA6) monofilament (STATEX GmbH, Bremen, Germany) was selected as a metal-polymer hybrid soft actuator.



2.1.1. Surface Morphology Analysis


The monofilament morphology was observed by scanning electron microscopy (SEM). The SEM analyses were carried out with QuantaTM FEG 650 equipment (FEI Company, Hillsboro, OR, USA) with a voltage of 10 kV and a working distance of approximately 15 mm. Before SEM analysis, the non-conductive PA6 monofilaments were sputtered with gold for 30 s with a current of 65 mA using Q150R ES equipment (Quorum Technologies Ltd., Singapore). As a result, a nanometric layer of gold is formed on the surface of the sample, making them conductive. Thus, it facilitates their imaging by SEM and the resolution of small surface features. In the case of silver-coated PA6 monofilament, due to the high conductivity of the silver coating, further gold coating was not required. Nevertheless, a lower voltage was set during SEM measurements in order to prevent charging of defective coating regions, where the PA6 was eventually exposed to the electron beam.




2.1.2. Water Immersion Test


Polyamide is a hygroscopic polymer; therefore, its mechanical and physical-chemical properties are affected by exposition to humidity or immersion in water. The effect of water absorption content on the PA6 monofilament properties, such as mass change and resistance, were evaluated by the immersion test. The test was based on the DIN EN ISO 62:2008.8 [22].



Before the water immersion test, the uncoated PA6 monofilament and the silver-coated monofilament were heated in an oven at 50.0±2.0∘C for [image: there is no content] h to remove remaining absorbed water from the delivered samples. In this manner, both evaluated monofilaments have a water-free reference, where the mechanical and physical-chemical properties are not affected by the moisture content. After the drying process, the monofilaments cool down to the ambient temperature of 23.0±2.0∘C with a relative humidity of [image: there is no content]%. The initial mass [image: there is no content] was measured with a Sartorius scale (Model CPA225D-0CE, measurement precision of 10 [image: there is no content]). The next step involves immersing the monofilaments in a beaker filled with 300 mL distilled [image: there is no content]. After each of the immersion cycles, the samples were manually dried in a paper tissue to remove excess water. Following this step, the monofilaments were weighted and returned to the distilled [image: there is no content]. After 24 h, the [image: there is no content] concentration change ([image: there is no content]) in relation to the initial mass ([image: there is no content]) after one hour was calculated as:


[image: there is no content]



(1)




and for the subsequent cycles follows as:


[image: there is no content]



(2)







For the water absorption investigation, three replicates of the uncoated PA6 monofilaments with average initial mass of m=103.98mg±0.66 mg and three replicates of the silver-coated monofilaments with average initial mass of m=102.91mg±1.03 mg were used.




2.1.3. Thermogravimetric Analysis


Thermogravimetric analysis (TGA) was performed to study the changes in the physical and chemical properties of the monofilaments and to assess the maximum absorbed water content as a function of temperature with a constant heating rate. A TGA instrument, TG 209 F3 Tarsus (Netzsch GmbH, Selb, Germany), was used. After 24 h of water immersion, samples with masses of 21–26 mg were cut with a scalpel from the uncoated PA6 and from the silver-coated monofilaments. Heating temperature in the interval of 20–800 ∘C under a continuous nitrogen flux of 20 [image: there is no content] and a constant heating rate of 20∘Cmin. were applied and the change in the mass was continuously recorded.





2.2. Parameter Identification


2.2.1. Resistance Analysis


An important question to be answered in order to better understand the soft actuator response is related to the correlation between water content and resistance. For this analysis, a monofilament with an initial length of l=100mm was selected and submitted to three different experimental conditions, as shown in Table 1. The resistance was measured with a precision digital multimeter HP 34401A (Agilent Technologies, Santa Clara, CA, USA).



Table 1. Overview of the defined conditions to analyze the correlation between the water content and the resistance.







	
State 1

	
indicates the dried monofilaments, which were maintained in an oven at 50.0±2.0∘C for 24±1 h




	
State 2

	
indicates the “as received” monofilaments with stabilized ambient temperature at 23.0±2.0∘C and a relative humidity of [image: there is no content]%




	
State 3

	
indicates the monofilaments immersed in a beaker filled with 300 mL distilled [image: there is no content][image: there is no content] h, maximum water absorption as previously described for the water immersion test











2.2.2. Hysteresis Analysis of Metal-Polymer Hybrid Material


A low noise B2961A precision source/measure unit (SMU, Agilent Technologies, Santa Clara, CA, USA) was used for the stimulation and characterization of the metal-polymer hybrid soft actuator. It consists of a DC current source, a DC voltage source and an arbitrary waveform generator, which presents 100 nV/10 fA resolution. The SMU allows a voltage-current correct measurement. The low noise measurements are guaranteed by triaxial 4-wire Kelvin probes, which eliminate the measurement error caused by a residual lead resistance. Considering that the electrical power is defined as:


P≡1T∫t=0t=Tpdt=1T∫t=0t=Ti2Rdt



(3)




where the influence of the previously-analyzed resistor R of the monofilament is linear and the controlled current i is squared. The metal-polymer hybrid monofilament is connected to the triaxial 4-wire Kelvin probes and stimulated by the current [image: there is no content]. The soft actuator is loaded with a weight of mass m = 2.13 g while the stimulation process is carried out.






3. Metal-Polymer Hybrid Soft Actuator as a Hybrid Dynamic System


3.1. Switching Logic Algorithm


In this section, a switching logic algorithm for a hybrid dynamic system is proposed. Figure 1 shows the hysteresis curve with the upper bound voltage trajectory [image: there is no content] and lower bound voltage trajectory [image: there is no content] of the soft actuator in combination with the limitation of the input current [image: there is no content] and the maximum input voltage [image: there is no content] to protect the soft actuator.


Figure 1. Hysteresis curve after fitting of the upper and lower bound of the metal-polymer hybrid soft actuator with the maximum input voltage [image: there is no content] and the maximum input current [image: there is no content].



[image: Energies 10 00508 g001]






To find an approximate hysteresis curve using measured data, a fifth order polynomial is used. It represents, in the given interval, the upper and lower bound of input current [image: there is no content] and the system voltage [image: there is no content]. Thus:


[image: there is no content]



(4)




where [image: there is no content] guarantees [image: there is no content] if [image: there is no content]. The following constraint guarantees that [image: there is no content] and [image: there is no content] meet the approximating curve, which is depicted in Figure 1. The first coefficient of the polynomial holds:


[image: there is no content]



(5)







Inserting the coefficient [image: there is no content] in (4), it follows for the voltage that:


[image: there is no content]



(6)




and:


u(t)=a51−i4(t)imax4i(t)+a41−i3(t)imax3i2(t)+a31−i2(t)imax2i3(t)+a21−i(t)imaxi4(t)=+umaxi5(t)imax5



(7)







Considering the already discussed constrained least squares method in the frame of m measurement data, the following matrix structure is derived in the general way for the lower and for the upper bound:


[image: there is no content]



(8)







The main idea for the implementation of the switching logic algorithm is to prevent the system from going into saturation. Figure 2 shows the general block diagram of the switching logic algorithm for hybrid systems and its conditions for the lower and upper bound.


Figure 2. General block diagram of the switching logic algorithm for hybrid systems and its conditions.



[image: Energies 10 00508 g002]







3.2. A Constructive Sufficient Condition for Stability


Consider the current dynamic of the system as follows:


[image: there is no content]



(9)




and the resulting force dynamic of the system as:


[image: there is no content]



(10)




where [image: there is no content] represents the current as the state of the system, the voltage [image: there is no content] is a controlled input and [image: there is no content] a bounded external voltage disturbance [image: there is no content] with [image: there is no content].



The model consist of two cascade hysteresis [image: there is no content] and [image: there is no content] of (9) and (10). The two algebraic non-linear functions are structured in a switching mode, with a current-voltage switching parameter [image: there is no content] as follows:


fii(t),di(t)dt,t=fiupperi(t),di(t)dt,tifdidt>0&(qi=1)filoweri(t),di(t)dt,tifdidt<=0&(qi=2)



(11)




and:


ffi(t),di(t)dt,t=ffupperi(t),di(t)dtifqi=1ffloweri(t),di(t)dtifqi=2



(12)







The effect of the current-force hysteresis is directly connected with the current-voltage hysteresis. With this approach, a non-linear integral sliding control is proposed to compensate this effect using a double integral surface:


[image: there is no content]



(13)




where [image: there is no content] with the desired current [image: there is no content] and the obtained current [image: there is no content]. The constants [image: there is no content], [image: there is no content] and [image: there is no content] are positive.



Definition 1.

Define the following control law:


[image: there is no content]



(14)




where [image: there is no content] is the sliding equivalent input signal and [image: there is no content] is a constant that defines the thickness of the boundary layer and with which the chattering phenomenon can be limited. It follows for the saturation function that:


satS(t)δ=1ifS(t)δ≥1S(t)δif−1<S(t)δ<1−1ifS(t)δ≤−1



(15)









Proposition 1.

Consider the system described in (9); when [image: there is no content], then the following control law:


[image: there is no content]



(16)




with the sliding equivalent input signal [image: there is no content] and the sign function [image: there is no content], (16) stabilizes the sliding surface defined by (13), if the condition [image: there is no content] holds.





Proof 1.

Define the following candidate function:


[image: there is no content]



(17)




considering that:


[image: there is no content]



(18)






V˙(t)=S(t)k1·e˙(t)+k2·e(t)+k0∫0te(τ)dτ==S(t)k1did(t)dt−−fix(t),t+u(t)+d(t)L+k2·e(t)+k0∫0te(τ)dτ



(19)







With (16), the following expression is obtained:


[image: there is no content]



(20)







Choosing:


[image: there is no content]



(21)




it follows:


[image: there is no content]



(22)







If [image: there is no content], then [image: there is no content].







4. Results and Discussion


In this section, the influence of swelling and shrinking effects on the surface morphology, caused by variations of moisture and water immersion, is investigated. Moreover, based on these variations, the dynamics of the resistance of the hybrid material were analyzed in the context of the proposed hysteresis model.



4.1. Physical-Chemical Analysis


4.1.1. Surface Morphology Analysis


Figure 3a shows the uncoated PA6 monofilament (State 1, Table 1), and Figure 3b depicts a detailed SEM image of the uncoated fiber surface morphology in the same condition. It is possible to see extrusion defects (marked with white arrows in Figure 3a) and surface ripples (marked with white arrows in Figure 3b). The silver-coated PA6 monofilament is depicted in Figure 4a and the details of its surface in Figure 4b. Defects of the surface finishing are visible (marked with white arrows in Figure 4a), and a line direction based on the manufacturing process is also seen (marked with red arrows in Figure 4a). Furthermore, in the detailed surface, cracks and rough surface ripples are present (marked with white arrows in Figure 4b). An overview of the morphology of the silver-coated PA6 monofilament in State 1 is depicted in Figure 5a and the details of the silver-coating surface in Figure 5b after the stimulation. Defects of the surface finishing are visible (marked with white arrows). It is possible to see, based on the orientation of the marked spots (marked with white arrows), that there is no visible changing of the surface finishing after the stimulation of the fiber. Similar results were obtained for the monofilament stimulated in State 3, as shown in Figure 6. The stimulation process does not change the morphological features of the monofilament, as observed through the comparison of defect orientation and distribution (marked with white arrows) before and after the stimulation (see Figure 6a,b in the same sequence). Therefore, it is suggested that defects of the surface finishing are visible (marked with white arrows). It is possible to see, based on the orientation of the marked spots (marked with white arrows), that there is also no visible changing of the surface finishing after the stimulation of the fiber. The dark area in the picture is the distilled water.


Figure 3. (a) Overview of the morphology of the uncoated PA6 monofilament in State 2 and (b) details of the monofilament surface morphology presented in (a).



[image: Energies 10 00508 g003]





Figure 4. (a) Overview of the morphology of the silver-coated polyamide 6 (PA6) monofilament in State 2 and (b) details of the monofilament surface morphology presented in (a).



[image: Energies 10 00508 g004]





Figure 5. (a) Overview of the morphology of the silver-coated PA6 monofilament in State 1 and (b) details of the monofilament surface morphology presented in (a) after the stimulation.



[image: Energies 10 00508 g005]





Figure 6. (a) Overview of the morphology of the silver-coated PA6 monofilament in State 3 and (b) details of the monofilament surface morphology presented in (a) after the stimulation.



[image: Energies 10 00508 g006]







4.1.2. Water Immersion Test


Figure 7 shows a graph of the measured water absorption over time. The water absorption saturation point was observed after 20 h. The uncoated polyamide monofilament absorbed [image: there is no content] of water, while the silver-coated monofilament [image: there is no content] (measurement at 24 h). Therefore, based on the measurements of absorption and its evaluation together with the graphical representations, it can be concluded that the filaments behave very similarly regarding the absorption of water, and the silver-coated monofilament has no effect (or not a detectable one with this experimental setup).


Figure 7. Water concentration after immersion-testing in distilled water of the uncoated PA6 monofilament and the silver-coated PA6 monofilament.



[image: Energies 10 00508 g007]







4.1.3. Thermogravimetric Analysis


Figure 8 shows the thermogravimetric curves of the uncoated PA6 and silver-coated PA6 monofilament after 24 h of water immersion test (State 3). The curve is characterized by the occurrence of two weight loss steps. The first step, between 20 and 200 ∘C, is formed due to the water evaporation. The measured percent weight losses for both filaments were similar, [image: there is no content] and [image: there is no content] for the uncoated PA6 and silver-coated PA6 monofilament, respectively. These values are in agreement with the previous presented water absorption test and correspond to the maximum water content absorbed by the filaments. Moreover, as previously observed, the silver coating does not affect the water absorption mechanism of the PA6 filaments. The second step observed in the TGA thermogram, with the onset at 240 ∘C, is a result of the final thermo-degradation of PA6, and at this stage, the remaining mass of polymer is lost.


Figure 8. Results of the thermogravimetric analysis (TGA) of the uncoated PA6 in State 3.



[image: Energies 10 00508 g008]








4.2. Parameter Identification


4.2.1. Analysis of the Resistance


Figure 9a shows the measured resistance in the case of States 1, 2 and 3 with the standard deviation ([image: there is no content]) of the metal-polymer hybrid monofilament with a defined length (l = 100 mm). Figure 9b shows the results of the weight measurements in the same states. As expected, by drying the filaments, a significant decrease in resistance was observed in comparison with States 2 and 3. Therefore, the water content must be taken into consideration when using it as a soft actuator. Ongoing studies are being carried out to better understand this phenomenon. Moreover, one can observe an increase in the mass from State 1 to 3, which can be explained by the water absorbed during the immersion test. Finally, it can be observed that the swelling effect based on the water absorption of the polymer still has no relevant influence on the resistance.


Figure 9. Graphical representation of the measurements of (a) the resistance [image: there is no content] and (b) the mass [image: there is no content] in States 1 to 3 of the soft actuator.



[image: Energies 10 00508 g009]






Figure 10a shows the results of the resistance measurements in the case of State 1 after the stimulation process of the samples (which is done by applying an electrical current to heat the metal-polymer hybrid actuator). Figure 10b represents the results of the weight measurements in State 2 and the aforementioned stimulation. It is possible to observe that there is a relevant decrease of about [image: there is no content] in the resistance for the coated monofilament. However, no variations in mass were observed.


Figure 10. Graphical representation of the measurements of (a) the resistance [image: there is no content] and (b) the mass [image: there is no content] in State 2 and after stimulation of the soft actuator.



[image: Energies 10 00508 g010]






In the previous experimental setup, the effect of the stimulation of State 2 samples was analyzed. The initial state is an intact coating of the monofilament before drying or stimulating. Figure 11a shows the compiled results of the resistance measurements in the mentioned states. The results of the weight measurements under the same states are depicted in Figure 11b. Once more, an accentuated decrease for State 1 samples of [image: there is no content] in the resistance after stimulation of the coated monofilament (Figure 11a) is detected, while no variation of the mass happened.


Figure 11. Measurements of (a) the resistance [image: there is no content] and (b) the mass [image: there is no content] in case of the initial States 2 to 1 and after the stimulation process of the replicates.



[image: Energies 10 00508 g011]







4.2.2. Hysteresis Analysis of Metal-Polymer Hybrid Material


Figure 12a shows the applied input current [image: there is no content] as the stimulation signal. The results of the measured power [image: there is no content] by the precision SMU are presented in Figure 12b. The metal-polymer hybrid monofilament is connected to the triaxial four-wire Kelvin probes and stimulated by the current [image: there is no content]. The soft actuator is loaded with a weight of mass m = 2.13 g, while the stimulation process is carried out. Figure 13 shows a considerable variation of the current-voltage hysteresis after the first cycle. This hysteresis curve is stabilized and remains unchanged during the next stimulation cycles. Moreover, the fiber does not return to its original (twisted) configuration.


Figure 12. (a) The input current [image: there is no content] as stimulation signal and (b) the power [image: there is no content] measured by the precision source/measure unit (SMU).



[image: Energies 10 00508 g012]





Figure 13. Graphical representation of the measured current-voltage hysteresis of the soft actuator and its upper and lower bounds.



[image: Energies 10 00508 g013]








4.3. Switching Logic Algorithm for Hybrid Dynamic System and a Non-Linear Integral Sliding Mode


A switching logic algorithm was developed and successfully implemented, based on the previous results of the parameter identification, which makes it possible to structure the non-linear function in switching mode. Finally, the proposed non-linear integral sliding manifold is implemented and tested to control the resulting force of the soft actuator. Figure 14 shows the disturbance [image: there is no content] with a peak-to-peak amplitude of 100 mV. Figure 15 shows the result of the desired and obtained current in the presence of the disturbance [image: there is no content]. It is possible to see that the dynamics of the obtained current consist of peaks in the amplitude around 10 mA. This is due to the switching control signal of the sliding approach; see Figure 16. The thickness of the boundary layer of the saturation function was chosen as ([image: there is no content] = 0.1) to guarantee a limit of the chattering phenomenon. In general, thanks to the parameter [image: there is no content], a compromise between robustness against disturbances (uncertainties) and chattering suppression can be found. The result of the desired and obtained force [image: there is no content] of the soft actuator is shown in Figure 17.


Figure 14. Graphical representation of the voltage disturbance [image: there is no content].



[image: Energies 10 00508 g014]





Figure 15. Graphical representation of the desired and obtained current.



[image: Energies 10 00508 g015]





Figure 16. Graphical representation filtered switching variable of the sliding approach.



[image: Energies 10 00508 g016]





Figure 17. Graphical representation of the controlled force f.



[image: Energies 10 00508 g017]








5. Conclusions


In this work, a thermally-expandable silver-coated PA6 monofilament was selected as a metal-polymer hybrid soft actuator. The main goal of the research was to use a commercial low budget silver-coated PA6 as a thermo-responsive metal-polymer hybrid soft actuator, which was stimulated with a defined power. Polyamide is a hygroscopic polymer, and the mentioned monofilament was examined under different environmental conditions, more precisely its interaction with water. Through an analysis of the water absorption and of both the coated and uncoated monofilament, it was determined whether or not a coated filament is able to store water. Moreover, the influence of swelling and shrinking effects on the surface morphology, caused by variations of moisture and water immersion, was investigated. Results indicate that the silver coating has no effect (or not a detectable one with the experimental setup) in water desorption.



As expected, the drying process decreased considerably the resistance of the silver-coated filament in comparison with the “as received” (State 2) and immersed in distilled water (State 3). Therefore, the water content must be taken into consideration when applying this PA6 polymer-metal-based soft actuators. Moreover, one can observe an increase in the mass from State 1 to 3, which can be explained by the water absorbed during the immersion test. Finally, it was observed that the swelling effect based on the water content of the polymer still has no relevant influence on the resistance. Based on these variations, the dynamics of the resistance of the hybrid material were analyzed in the context of the proposed hysteresis model.



An identification procedure of the hysteresis was presented along with an approximation of the upper and lower bound based on the constrained least square approach. A switching logic algorithm for this hybrid dynamic system was developed and successfully implemented, which makes it possible to structure the non-linear function in the switching mode. Finally, a non-linear integral sliding manifold was proposed and tested to control the resulting force of the actuator.
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