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Abstract

:

Technical solutions based on biological models are the subject of research by a wide range of experts and mainly concern their mechanical use. When designing a suitable actuator, they use the physical methods of biological representatives, of which a large group consists of actuators generally referred to as artificial muscles, while another group uses compressed air as an energy carrier. In order to perform the measurements described in this article, a test mechanism based on the opposing arrangement of a pair of pneumatic muscles was constructed. Measurements on the test mechanism were made at set constant pressures in the range of 0.4 MPa to 0.6 MPa, while at each pressure, measurements were made for the counterload range from 0 N to 107.87 N. The measured values were recorded using a microcontroller and subsequently processed into graphic outputs. As part of the measurements, a comparative measurement of the same opposite arrangement of a pair of linear double-acting pneumatic actuators with a single-sided piston rod was also performed. The experiment and measurements were carried out in order to determine the suitability of using pneumatic artificial muscles in the selected arrangement for the implementation of a mechanism imitating the human arm. The target parameters of the experiment were the reaction speed of the course of force when filling the muscle under load and the reaction of the mechanism to a change in the set pressure in the pneumatic system. The summary of the comparison of the measured results is the content of the discussion in this article.
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1. Introduction


Robotic arms are widespread primarily in industrial production and automated production applications [1,2]. In the form of industrial robots, they are increasingly appearing in the field of military security, in the prevention and elimination of the consequences of disasters or explosions of bait devices [3]. They are also represented in medical rehabilitation [4,5,6], and increasingly in home service tasks and home entertainment applications [7]. In addition to the above-mentioned applications in medical rehabilitation, service robots are a very important area for various research topics in the field of humanoid service robotics when either lower or both lower and upper limbs are constructed by copying biological patterns. This applies not only to a kinematic chain similar to the human body but also to the use of “building blocks” similar to a biological template [8].



Currently, most robotic arms are driven by electric motors, the advantages of which are the speed of response to the control signal, high interpretation accuracy, and linearity [9]. Due to the higher speeds required to create sufficient torque, they are practically unusable without a suitable reducer (with the exception of torque motors).



As an alternative, a pneumatic drive can be used in its specific design, which is inspired by a biological model. In general, these actuators are referred to as pneumatic artificial muscles (PAM). These are actuators based on contraction due to the influence of the supply pressure fluid medium (gas or liquid). Depending on the size of the pressure in the supplied medium, it is possible to achieve linear displacement (or even angular rotation). Linear or angular deformation is caused by the very geometry of the muscle as well as the choice of suitable construction materials.



This article deals with PAM, whose action represents the deformation of an elastic membrane braided with a textile or other suitable mesh, the structure of which ensures its shortening under the action of compressed air. From this point of view, PAM resembles a human muscle. The loose binding of the outer shell, which enables PAM to mimic biological systems with its flexibility, is one example of evidence supporting this claim. An essential argument for this article is the similarity of the relationship between force and contraction in PAM to the relationship between length and tension in the biological muscle system [10].



Another common characteristic of these two types of muscles is adjustable compliance (the inverse of stiffness), which, however, results in a non-linear relationship between force and lift.



While the force of a biological muscle is caused by a series of nerve impulses that are generated in the brain (alpha motor neurons), and when they contact the muscle fiber they send an action command whose frequency and amplitude depend on the setting in the nervous system, in PAM the contraction is a function of the supplied pressure air. However, the degree of control over the behavior of the biological and pneumatic muscles is incomparable (in favor of the biological muscle).



On the other hand, the similarity of PAM with biological muscle is the ability to withstand shocks and to a large extent absorb them, a high ratio of power to volume (1.1 W/cm3) [11], a very good power-to-weight ratio (500 W/kg–2 kW/kg) [12], an interesting value of flexibility, a technically simple design solution for the connection, and safe operation resulting from the properties of the used medium.



As an actuator for the purposes of the tests in this study, a PAM marked MAS by FESTO was used. It is a modification of McKibben’s artificial pneumatic muscle (designed by Joseph L. McKibben in 1961 as a drive to make a suitable prosthesis for his daughter suffering from osteomyelitis [13,14]).



When compared with electric motors or linear pneumatic drives (pneumatic cylinders), PAM has advantages in lower reaction speed, limited stroke size, and higher output force. Compared to biological muscle, PAM provides a compact structure, low weight, higher strength, relatively high efficiency, more favorable dynamic characteristics, flexibility, and simple control of contraction using a suitable pneumatic valve. PAM generates almost no heat or noise does not emit harmful substances into the air during operation. The non-linear characteristic of the contraction depending on the input pressure is often considered an unpleasant feature of the artificial muscle. This fact, in combination with the friction arising between the rubber of the tube and its braiding, causes a hysteresis phenomenon [15,16,17,18].



When designing a PAM as an actuator, one of two control options can be used: single control or dual control. Both control versions can be used for both linear and rotary motion applications. To control the contraction to the real value of the position in time, it is necessary to use a suitable type of servo valve that regulates the flow or pressure depending on time.



It is necessary to realize that the use of PAM in mobile applications creates a significant disadvantage with respect to the method of securing the necessary supply of compressed air (compressors, reservoirs). New, unconventional sources of compressed air [19] promise more frequent use of PAM in mobile robotics as well. Thus, hysteresis remains the main disadvantage of the application of pneumatic muscles in the deployment of service mobile robots requiring precise positioning.



The hysteresis associated with the construction of the PAM is also responsible for the delay of the axial contraction at the beginning of the movement of the free end of the PAM (threshold pressure). At the time of movement initiation, despite the increase in supplied pressure, the axial force (also known as contraction) of the PAM remains zero. This problem has been addressed in various ways and is described in many studies [20,21,22,23,24,25,26,27,28]. Since this problem does not lie in a single parameter, the offered management methods do not solve the problem comprehensively and do not provide sufficiently robust results.



The current generation of industrial PAM is produced as an elastomer tube (latex rubber or silicone rubber) reinforced with synthetic fiber inserts (glass fibers, metal fibers, nylon fibers, and carbon fibers) [29]. The influence of the used material on the nonlinearities of the PAM output parameters is also well described [30,31,32].



Despite the existence of other production companies (previously Bridgestone Corporation in Japan—Rubbertuator Muscle, 1988; Shadow Robot Company—Shadow Air Muscle, 2002; and Merlin Systems Corporation in Great Britain—Humaniform Muscle, 2003) [33], it can be stated that the vast majority of experiments in the research areas described above used PAMs produced by FESTO, which still produces them today in an effort to make them more widely used in applications of automated and robotic workplaces.



The non-linearity of the PAM force course in relation to the filling of the PAM with compressed air (and thus to the contraction) does not necessarily cause problems in the behavior of the mechanism, especially when it comes to controlling the movement of the mechanism, which has a similar construction to a biological model. A pair of PAMs connected in opposition can help to overlap the course of the contraction speed of each of the PAMs into a significantly more favorable course of the action force than it would be in the case of using two linear pneumatic actuators in the same opposition arrangement (as we chose for the experiment).



This arrangement is essentially forced since PAM, such as human muscle, provides only traction force in any mechanism. In such a case, non-linearity helps to prevent a sharp (jump) change in traction force when reversing the movement of the mechanism parts with appropriate control. This feature is successfully used, especially in the design of therapeutic exoskeletons and physiotherapeutic mechanisms in healthcare.



The stated reasons led us to build a mechanism as a means for verifying the considered properties of PAM. The aim of both the experiment and the article is to provide the technical public with the information obtained about the results of measuring the mechanical properties of the mechanism formed by the oppositely connected pair of PAMs. FESTO products were used for its implementation, and a pair of double-acting compact linear pneumatic actuators with a single-sided piston rod were used to compare the obtained results.




2. Materials and Methods


2.1. The Mechanism with PAM as an Analogy of the Human Arm


For the purpose of taking the measurements, a mechanism was designed similar to the muscular arrangement of the upper arm of a person. A pair of muscles is used to move the forearm in the elbow joint: the “tractor” biceps and “equalizer” triceps. The bigger of the two is the biceps.



A mechanism that uses muscle actuators-PAM is shown in Figure 1. The arrangement of the mechanism can be realized through one PAM and an equalizing spring (Figure 1a) or through a pair of oppositely arranged PAMs. It is possible to use a pair of identical PAMs (of the same size), Figure 1b, or a pair of PAMs that do not have the same force effects, Figure 1c.



Since the applied PAMs on the shoulder in the joint act in opposition, it is obvious that the force-dominant muscle creates a pulling force, which is counteracted by the force from the attached load, while the other muscle is only “auxiliary” in performing the backward movement.



For the implementation of the experiment, the model according to Figure 1c. This was incorporated into the construction of the measuring stand, which we will describe later.



Experiment preparation-measuring stand



The implementation of the experiment assumed the design and implementation of a suitable measuring stand, as shown in Figure 2.



As the goal of the experiment, we chose to find the existing dependencies between the PAM-generated force, its reaction properties (contraction speed), and the level of its contraction at three levels of set working pressure while gradually increasing the load acting on the system.



When choosing pressures, we had to take into account the fact that the mechanism is made up of a pair of PAMs whose technical parameters stated by the manufacturer are not identical.



PAMs from the FESTO with the type designations MAS-10-N-120-AA-MCFK and MAS-20-N-120-A-MCGK, shown in Figure 3, were selected as mechanism drives for the purposes of measurements.



The technical parameters of the selected PAM are listed in Table 1.



The curves of the dependence of force and contraction on pressure in PAM (as reported by the manufacturer) are shown in Figure 4 and Figure 5.



Due to the limitations of the parameters mentioned above, we chose pressures in the range of 0.4 MPa, 0.5 MPa, and 0.6 MPa. We considered this range of pressures to be sufficient, despite the fact that the PAM with the designation MAS-10-120N-… allows the use of a pressure of up to 0.8 MPa.



When choosing counterweight values for systems in the form of weights, we chose a scale from 1 kg to 11 kg, with increments of 1 kg, so as not to create an excessive stretch value (without pressure) in any of the PAM pairs. As shown by the curves reported by the PAM manufacturer, in both cases of PAM used, the maximum muscle pretension is allowed to be 3%.



In the mechanism, the main (measured) force is generated by the MAS-20-…, while the position adjustment is provided by the MAS-10-… (Figure 2a).



Both used PAMs are in the version with power supply from one side, while for reasons of height adjustment of the measured and balancing muscles, it was necessary to make special attachment modules. The differences in height result from the construction (dimensions of the flanges) of the muscles of different sizes and also from the need to place the load cell in the lower part of the measured muscle.



The forces developed by PAM were measured with a strain gauge (EMSYST EMS70-1 kN, Figure 2a) with the EMSYST ENS170 amplifier and entered through the AD 01 channel (see measurement diagram, below) to the microcontroller.



We measured the shortening of the muscle when filled with the appropriate pressure based on the recalculation of the rotation angle of the disk, which mediated the arm for placing the counterweight. The angle of this rotation was measured by an incremental rotation sensor of the brand HEIDENHAIN ROD 426 with a number of 1250 increments per revolution.




2.2. Description of Mechanism Operation Control


Controlling the activity of the PAM pair was carried out by the so-called “single” method, when the only inlet channel is provided for both filling and venting of each PAM. This method is mostly implemented by connecting a pair of 2/2 electropneumatic valves in a parallel arrangement to the PAM inlet channel. One of the valves ensures filling, the other vents PAM (Figure 6).



The pneumatic diagram of such a connection for a pair of PAMs is shown in Figure 7.



To control the PAM pair in the mechanism for our experiment, we chose a modified PAM connection method using a modified 5/3 electropneumatic valve, Figure 8—SV-0.0.1.



Modification of the 5/3 electropneumatic valve with vented central position consists of blending (closing) the venting channels 3 and 5 of the valve, which gives us the equivalent of a pair of 2/2 valves from Figure 7.



Before the start of the measurement cycle, the mechanism is in a state where FM-1.0 in the direction of channels 1–4 of the SV-0.0.1 valve is filled with compressed air, while FM-2.0 in the direction of channels 1–2 of the SV-2.0.1 valve is simultaneously vented. The contraction of the “weaker” of the PAM pair (MAS-10-…) and the simultaneous release of the “stronger” (MAS-20-…) occur.



At the start of the measurement cycle, filling of FM-2.0 and venting of FM-1.0 occur. During the measurement, the filling and venting of FM-1.0 and FM-2.0 are alternated once again.



A mono-stable 5/2 electropneumatic valve was used to control double-acting pneumatic drives PC-1.0 and PC-2.0. The pneumatic diagram of such a connection between a pair of linear drives is shown in Figure 9.



The measurement cycle begins with the PC-1.0 drive rod in the “inserted” position and the PC-2 drive rod in the “extended” position. This arrangement replicates the situation before the start of the measurement cycle described in PAM. The chosen arrangement ensures the same distribution of the acting forces. We were forced to approach such an arrangement of the circuit due to the fact that both drives “act forcefully” during the “insertion” of the piston rod.



In the diagrams shown in Figure 7, Figure 8 and Figure 9, the PR-0.1 pressure regulator is upstream of the entire system (this applies to both cases of PAM and cylinder measurement) and, for higher accuracy of the set pressure, a separate manometer G-0.2 is connected in parallel.




2.3. Simulation Study


As the PAM stretches due to the increase in pressure, the diameter of the combined sleeve and tube assembly changes in the radial direction, and the muscle shortens in the axial direction. The basic geometric characteristics of the PAM are defined as: l is the length of the tube, r is the radius of the tube, and φ0 is the braid angle, which is the angle between the helical fiber element and the axis of the tube. The axial force F can be described in Equation (1) as being linearly proportional to the relative pressure P [34].


  F = π  r 2  P   a     1 − b    2  − c    



(1)







For the individual parameters in the initialization dimensions, we can write from the geometric characteristics:


  a =  3  t a  n 2   φ 0     



(2)









   b =    l 0  − l    l 0      



(3)






   c =  1  s i  n 2   φ 0      



(4)







Reynolds et al. presented a phenomenological model for the dynamic behavior of PAM. In this paper, we used the dynamic PAM model published in [31]. Coefficients corresponding to three elements: nonlinear friction, spring, and contraction. In addition, the coefficient K(P) indicates the spring coefficient, and the coefficient C(P) indicates the damping coefficient and is dependent on whether the PMA is inflated or deflated. The equations describing the dynamics of the PAM system are:


  M  y ¨  + C  P   y ˙  + K  P  y = F  P  − m g  



(5)






  K  P  =  K 0  +  K 1  P  



(6)






  C  P  =  C  0 i   +  C  1 i   P     inflation    



(7)






  C  P  =  C  0 d   +  C  1 d   P     deflation    



(8)






  F  P  =  F 0  +  F 1  P  



(9)







In the given equations F(P) the axial force is provided. The nonlinearity of the PAM for the simulation model based on a simple geometric model of the muscle is given by the static characteristic of the drive, which was measured for the experiment. To obtain the coefficients C(P) and K(P), we implemented in the CAE environment PTC Creo Parametric 7.0 with a connection to PTC Matcad, where the simulation results were processed using built-in tools. On the basis of the performed simulation, the measured data were converted into a 4-order polynomial equation with R2 = 0.98 to 0.99. Equations (10)–(12) are the simulation results for MAS-20 and Equations (13)–(15) are the results for MAS-10.


  K  P  = 115.6  P 4  − 1642.8  P 3  + 12558  P 2  − 30565 P + 42328  



(10)






  C  P  = 80.6  P 4  − 1366  P 3  + 9345  P 2  − 22578 P + 28147     inflation    



(11)






  C  P  = − 20.9  P 4  + 355.4  P 3  − 965.3  P 2  + 3155.5 P + 280.6     deflation      



(12)






  K  P  = 108.3  P 4  − 1578.7  P 3  + 10134  P 2  − 45354 P + 52478  



(13)






  C  P  = 67.3  P 4  − 1287  P 3  + 8566  P 2  − 21254 P + 25871     inflation    



(14)






  C  P  = − 12.3  P 4  + 312  P 3  − 1125.9  P 2  + 2877.3 P + 247.3     deflation      



(15)







The simulation of one cycle using these parameters is shown in Figure 10.




2.4. Methodology of the Experiment


The measurement took place in an automated measuring loop controlled by the controller. The wiring diagram of the measuring chain for the implementation of the experiment is shown in Figure 11.



By initializing the mechanism for the experiment, both PAMs were brought to their basic positions (MAS-10-… pressurized, MAS-20-… without pressure).



The measurement cycle begins with the start of the measurement program, which, by setting the 5/3 valve SV-0.0.1 to position 12, starts the filling of the PAM marked MAS-20-… while at the same time the 2/2 valve marked SV-1.0.1 is activated in order to fill the PAM vents marked MAS-10-…



Subsequently, valve SV-0.0.1 is switched to position 14 with the simultaneous closing of valve SV-1.0.1 and opening of valve SV-2.0.1. This will start venting the PAM marked MAS-20-… and pressurizing the PAM marked MAS-10-…



The total cumulative time of filling and emptying the pair in each measurement cycle takes 6.5 s.



During one measurement cycle, at 30.518 Hz sampling, the change in rotation of the sprocket (or disc) is sensed as output from the connected incremental sensor, and the value of the contraction force is measured by the PAM.



An ATmega328 microcontroller with a clock rate of 16 MHz was used to control the valves. This microcontroller also provided communication with the sensors through external interrupts, which enabled controlled feedback.



The cycle implemented in this way was performed for each set pressure from the selected interval and each counterweight value used 10 times. With the chosen sampling of the rotation and force signals, the controller generated 200 values during one cycle, which were written to the disk of the connected PC via the RS232 interface, where they were processed into graphic outputs using the MS Excel spreadsheet.



The output of the measurement is the course of PAM forces and contractions over time and the reaction times of their contractions, from which it is possible to determine the speeds and accelerations of PAM contractions. By supplementing the graphic outputs of measuring pneumatic cylinders, we obtain a comparison of the characteristics of both systems (PAM vs. Mecman).



To illustrate the measured dependencies, we present selected graphs of the averaged data for the given measurement.



For comparison, a separate measurement was also performed on a modified stand, where REXROTH Mecman type 918 pneumatic linear actuators (bore 32 mm, stroke 15 mm) were used instead of PAM in a kinematically identically arranged system.



A modified measuring stand for comparative measurement on pneumatic cylinders is shown in Figure 12.




2.5. Description of Acting Forces and Displacements


As mentioned above, the measuring mechanism consists of a pair of oppositely connected PAMs (MAS-10-… and MAS-20-…) connected by a chain through a toothed chain wheel with a diameter of 75 mm. The gear wheel is stored in a pair of rolling bearings (bearing houses FL204) on a common axis fixed on a disk with a diameter of 510 mm. The latter is used in the mechanism to simplify the calculations of the arms of the acting forces. There is a belted cable on the disc that carries a load of mVAR (in the range of 1 kg to 11 kg, i.e., 9.81 N to 107.87 N). The force generated by the PAM marked MAS-20-… is measured by a strain gauge.



The force ratios on the mechanism before the start of the measurement cycle and during the cycle are shown in Figure 13.



Displacements caused by contraction PAM shows the displacements ∆2 and ∆1 which represent the displacement of the weight on the arm (Figure 14).





3. Results


The measured values of individual measurements were processed into graphs. The average values of the measured data are always used for the mentioned dependencies of the measured quantities. Figure 15 shows the dependences necessary for comparison. We only present graphs of the averaged data for the given measurement.



Figure 15 presents graphs of the average PAM contraction speed for selected loads of 0 kg (0 N) and 3 kg (29.42 N). The displayed values were measured at three pressure values (0.4, 0.5, and 0.6 MPa). The obtained speed values reach the maximum value (+62 mm/s) for a load of 0 kg and maximum speed value (+132 mm/s) with a load of 3 kg.



Figure 16 shows the average values of the displacement speeds of pneumatic cylinders without load (m = 0 N) and with a load of 3 kg (m = 29.42 N). The measured roller speed data increased from (80.5 mm/s) to maximum value (122.5 mm/s) under a load of 29.42 N.



Figure 17 shows the average values of the course of force depending on time without load (m = 0 N) and with a load of 6 kg (m = 58.86 N). On the left side are graphs for PAM drives, and on the right side are REXROTH Mecman type 918 drives.



Measured data of the course of the force step for PAM drives with maximum values ranging from 345 N to 801 N with a load of 58.84 N.



Measured data of the course of the force step for Mecman drives type 918 with maximum values ranging from 452 N to 802 N with a load of 58.84 N.




4. Discussion


By comparing the simulation model and the measured data, which can be seen in Figure 18, it can be concluded that the obtained damping spring constants correspond to reality. The differences can be attributed to the different hose lengths and the reaction time of the indirectly operated pneumatic valve.



With the obtained constants listed in Equations (10)–(15), we will use them to create a simulation of a humanoid robot, which will allow us to optimize its design and determine the resulting parameters of individual moving joints. The disadvantage of the data obtained in this way is that the stated constants apply only to the tested pneumatic cylinders with the same elements in the pneumatic circuit. In the case of even minor changes (e.g., hose length, change of direct connection to an angle, change of material/diameter of used connecting hoses, etc.), there will be greater differences between simulation and reality.



Evaluation of superimposed graphs (forces, rotation), reaction speed at individual pressures, and comparison with cylinders.



The graphic courses of the measured values of the contraction times of the PAM and the pneumatic linear drive point to the following facts:




	
Due to its non-linearity, PAM provides a “softer” course of response to initiation compared to used pneumatic cylinders;



	
The PAM shows a larger “swing” in the force time course during reversal;



	
The start-up characteristic of the power effect is comparable to pneumatic drives, but during reversal it shows very significant fluctuations (which necessarily causes problems in controlling them to the required value).








It will evaluate the advantages and disadvantages of using PAM in biologically inspired mechanisms.



Based on the measured values and trends, it is possible to state the following findings:




	
Compared to linear pneumatic actuators, PAMs show greater power effects with lower requirements for built-up volume;



	
On the other hand, their contraction does not reach the possibilities of linear drives (average shortening values comparable to the strokes of pneumatic linear drives are possible only at the cost of using PAM with a very large nominal length);



	
Nonlinearity during contraction causes a hysteresis phenomenon, which can cause difficulty in their control;



	
The control itself is not complex (from the point of view of technical security), but it requires high robustness of the control elements used.








Other uses in rehabilitation, exoskeletons, etc.



Thanks to their properties, PAMs are predestined for applications in the field of rehabilitation “automata” (technical physiotherapists), as their behavior is copied from a biological pattern and represents properties similar to those that a person controls when performing rehabilitation tasks.



The same is true in the field of exoskeletons, as their behavior is similar to the behavior of the human model from the point of view of the course of forces and contractions, and thus they appear more “natural” compared to similar devices built on other (purely technical) principles.



Overall, however, it is possible to conclude that any devices using compressed air as an energy carrier have a significant handicap in storing a sufficient supply of compressed air, at least for mobile applications.



By directly comparing the PAM with the Mecman drives (Figure 19) it is possible to state that the PAM venting is delayed compared to the Mecman cylinder by approx. 0.2 s.



Furthermore, it is interesting to observe the progress during contraction, where PAM shows higher shock absorption due to its flexible construction. In our system, this represented up to 30% faster oscillation stabilization in favor of PAM.



When relaxing the model, it can be concluded that the oscillation of the PAM system was more pronounced due to the high inertia of the system. The ripple in the time from 4 s to 5 s represents only the damping of the rubber hose with low damping. In contrast, the Mecman pneumatic cylinder hit the end position of the chamber, resulting in rapid damping and high shocks.



From these conclusions, it can be concluded that for applications where smoother damping is needed, it is more appropriate to use PAM drives, and for applications where speed is a requirement, it is more appropriate to use classic pneumatic drives.




5. Conclusions


This contribution dealt with the issue of using pneumatic muscles (PAM) in an oppositional arrangement for the realization of a mechanism similar to the human arm. By applying different diameters and lengths of these artificial muscles, greater variability of the entire system was guaranteed, and we became closer to the human arm model.



The verification was carried out when the inlet pressure changed under three loads. Weights in the range of 1 to 3 kg were used as the main load, and this corresponded to a total load of 0 N to 29.42 N. The chosen values were chosen because of their use in rehabilitation activities, which are aimed at strengthening and regenerating muscles, especially those of the upper or lower limbs of a person. The knowledge obtained during the experiment confirmed that the use of PAM is suitable for physiotherapeutic procedures, as their properties are very similar to those of the muscles in the human body, especially in our proposed arrangement.



The object of investigation is also based on the future installation of PAM as a compensation unit with an anthropomorphic device, the application of which should be intended primarily for rehabilitation facilities. However, the use of this system has a wider scope due to the values achieved. By creating different variant solutions that include pneumatic muscles in our applied experiment, he predestines them for very diverse use in various sectors of healthcare, medicine, military applications, the automotive industry, or in the creation of various mechatronic systems. The sudden change in force and path characteristics of pneumatic drives can be eliminated by using PAM. Many of the advantages of artificial muscles result from the regulation of their own stiffness.



From the point of view of the course of force over time, it can be concluded that the behavior of PAM drives compared to classic pneumatic drives has more suitable characteristics in terms of action on human muscles. The measured value of the PAM drive moves with a larger increase in force only after more than 3 s have passed. In the case of the classic Mecman drive, the performance will increase in a shorter time, approx. 1.1 s. Such a rapid increase is suitable for the automation of various processes in industry, but it is not suitable for acting on the muscles of the human body due to the action of larger shocks.



The continuation of the research will consist of the realization of a rehabilitation aid built on the basis of artificial muscles, which are much more acceptable for performing movement with the upper limbs of a person. Based on the measurement performed, it is necessary to increase the stiffness of the PAM in relaxation with an external shock absorber, which will ensure flexibility and, at the same time, quick stabilization of the position.
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Figure 1. Analogues of the technical solution for the human arm (a) PAM with spring, (b) two PAM’s with the same parameters, (c) two PAM’s with different parameters. 
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Figure 2. Measuring stand (a) model, (b) photo. 
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Figure 3. PAM (FESTO). 
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Figure 4. Characteristics of MAS-10-N-120-A-MCFK. 
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Figure 5. Characteristics of MAS-20-N-120-A-MCGK. 
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Figure 6. Control of a “single” connected PAM. 
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Figure 7. Wiring diagram of a “single” controlled PAM pair. 
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Figure 8. Wiring diagram of a pair of “single” controlled PAMs using 2/2 and 5/3 valves. 
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Figure 9. Connection diagram of a pair of pneumatic cylinders. 
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Figure 10. Simulation graph simulated in pressure 5 bar. 
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Figure 11. Schematic of the measuring chain. 
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Figure 12. Measuring mechanism adapted for pneumatic cylinders. 
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Figure 13. Distribution of forces during PAM activity. 
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Figure 14. Displacements induced by PAM activity. 






Figure 14. Displacements induced by PAM activity.



[image: Actuators 12 00204 g014]







[image: Actuators 12 00204 g015 550] 





Figure 15. Measured average values of PAM contraction speed. 
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Figure 16. Average values of the displacement speed of pneumatic cylinders. 
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Figure 17. Average values of the force curve as a function of time. 
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Figure 18. Comparison of the simulation model with the measured data of the drives. 
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Figure 19. Average values of the force value PAM versus Mecman. 
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Table 1. PAM parameters.
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	MAS-10-N-120-A-MCFK
	MAS-20-N-120-A-MCGK





	Size
	10
	20



	Nominal lenght
	120 mm
	120 mm



	Operating pressure
	max. 0.8 MPa
	max. 0.6 Mpa



	Teoretical force
	630 N
	1500 N



	Force limiter
	400 N
	1200 N
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