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Abstract

:

The application of soft actuators has become increasingly common in wearable devices. In this study, we investigated the force characteristics of soft actuators made entirely of elastic material, when equipped with solid external chamber plates of varying thickness that can be attached from the outside. This study examines the effect of these plates on the force characteristics of a fully silicone-based fifteen-chamber soft actuator without any non-stretchable internal components. The parameters of the actuator were determined with consideration of wearable applications, such as rehabilitation devices and exoskeletons. The observed differences in the behavior of the actuator at various pressure levels and plate thicknesses were measured. Furthermore, the effect of the externally inserted plates between the chambers on the passive bending of the actuator was examined. The obtained results were evaluated and compared to determine how external chamber plates of given thicknesses affect the operational performance of a soft actuator.
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1. Introduction


Actuator technology has enabled robot systems to perform all assigned tasks accurately, precisely, quickly, and efficiently [1]. However, there has been a demand for collaborative, physically safe, and wearable applications that can work with humans [2,3]. Adaptability and flexibility are outstanding features of biological systems, and they tend to strive for simplicity and show reduced complexity in their interactions with the environment. Based on these biological systems, a new class of machines has been defined as soft actuators [4,5]. These systems contain soft elements instead of rigid structures, such as pneumatic artificial muscles (PAMs) [6,7], fluidic elastomer actuators (FEAs) [8] or dielectric elastomer actuators (DEAs) [9], allowing them to perform tasks that traditional robotic systems cannot. Soft robotics enable the design of systems that efficiently adapt to the environment and undefined events. These functions open new possibilities for designing soft machines that can be used in medical science [10,11], grasping techniques [12,13], designing biological-inspired robots [14], and human–machine collaboration. The latest developments are directed towards human–robot interaction [15,16], with special attention paid to wearable exoskeleton designs [17,18].



Despite the future-oriented research, there are still certain problems that need to be considered in the design of soft actuators. As soft actuators are made of elastic materials and typically operate using compressed air, they have many drawbacks, such as low repeatability and hysteresis error [19], complicated manufacturing processes [20], material vulnerability [21], and difficulty in controlling motion [22,23]. In addition, the energy efficiency of soft robots is relatively low, as most of the energy is lost due to unwanted deformations. Therefore, much of the research focuses on increasing the bending performance of these devices and the force generated by bending. There are various methods to achieve and improve the proper bending motion, force generation, and motion performance of soft actuators. By selecting the appropriate physical parameters of the actuator [24] and designing an origami-like outer shell [25], the desired motion, force, and performance can be achieved, even when the actuator is made from a single material. Much of the research aims to create desired movements by combining different materials, such as using various non-stretchable fibers or fabrics [26,27,28] to restrict expansion incorporated into the actuator body, combining materials with different levels of elasticity within a single actuator [29], or modifying or improving actuator properties using external, retrofittable elements [30,31,32].



This study has examined the physical performance of fully elastic soft actuators with externally attachable inter-chamber plates. In the case of soft actuators equipped with parallel chamber walls, the bending motion and exertion of force greatly depend on the interaction of the chamber walls [33]. In the current study, plates of various sizes are externally installed between the chambers of a fully elastic material soft actuator consisting of fifteen segments, whose role is to fill the gap between the chambers and thereby increase bending performance. In Section 2 of this study, a detailed description of the physical parameters, manufacturing process, and material properties of the actuator and inter-chamber plates are presented, along with an account of the measurement device and its design, using which the measurement and evaluation were carried out. Section 3 discusses the compilation, process, and results of the measurements. The discussion of the experimental results is contained in Section 4. Section 5 presents the conclusions and prospects for future work.




2. Materials and Methods


2.1. Structural Design and Fabrication of Soft Actuator


One of the major challenges with pneumatic multi-chambered soft actuators is to ensure that most of the invested energy is utilized for motion in the appropriate direction. This can be achieved by incorporating different non-elastic materials into the actuator body, but their application significantly complicates the production process. The most common form of production is casting, which involves using molds to produce the hollow chamber networks. Essentially, a two-step process is used to achieve this, where in the first process, the internal structure of the chambers is formed, and in the second step, the actuator is sealed with a closing layer. However, if new layers of materials are incorporated into the actuator body to reduce stretching, this process can increase by at least one, or possibly more steps, as the new material will need a closing layer to function as a part of the actuator. Actuators made of fully elastic materials exhibit lower bending performance than composite types, as unintended deformations can appear on the actuator. These deformations can be reduced by incorporating non-stretchable materials, but their integration into the actuator increases the production steps due to the application of additional sealing layers. A fully elastic material-made actuator was designed, whose exertion properties are modified with the help of plates discussed in later sections. The geometric parameters of the actuator are shown in Figure 1.



The primary task of the actuator is to create a bending motion. Since the actuator has a homogeneous structure, the optimal selection of wall thicknesses determines the degree of motion generated during operation. To achieve motion with the appropriate directionality, the wall thickness of the lower portion of the actuator (5 mm) differs significantly from the thickness of the other walls (3 mm), thereby ensuring that the lower layer restricts stretching to a greater extent during operation.



The geometrical parameters of the actuator were determined to resemble actuators used in rehabilitation devices or exoskeletons. Therefore, the actuator has a length of 231 mm, a width of 20 mm, and consists of 15 chambers. Segments were designed at the front and rear of the actuator to facilitate the attachment of the device during the measurements, which is discussed in a later section.



The actuators were produced using a two-step casting process, which required the design of two casting molds: a main mold and a side mold. The main mold was responsible for designing the main external and internal geometry of the actuator, as shown in Figure 2. The main casting mold was responsible for designing the side walls of the chambers, the bottom of the actuator, one side wall, and the two attachment segments at either end (one of which also contained the power supply channel).



The side casting mold was responsible for closing off the actuator and designing the side of the device, as shown in Figure 2. The casting molds were produced using a CraftBot Plus FDM 3D printer with Herz brand 1.75 mm diameter PLA filament. The printing parameters both of the molds are shown in Table 1.



Mold Max 40 casting silicone was selected as the actuator material. This is a Shore A 40 hardness tin-catalyzed silicone rubber with an elongation at break of 250%, a tensile strength of 3.79 MPa, and an elastic modulus of 1.31 MPa.



A connector base unit must be placed inside the semi-finished actuator structure taken out of the main mold to ensure the connection to the air network. This is a drilled cylinder with an 8 mm diameter edge and an M5 metric thread, see Figure 2, which is placed inside the actuator during this phase of casting. The threaded section ensures that standard connectors can be attached to the actuator later. When pressurized, the completed actuator performs a bending motion at various pressure levels, as shown in Figure 3.




2.2. Structural Design and Fabrication of External Inter-Chamber Plates


According to the driving principle of soft actuators, the bending of the actuator is caused by uneven deformation between the walls and bottom of the chambers. The deformation of the air chamber is mainly due to the deformation of the side walls of the chambers, including expansion and stretching. In the case of soft actuators with parallel chamber walls, the distance between the walls and the interaction between the inflated chambers during actuation greatly affect the magnitude of the exerted force. As a result of the inflation of the chambers, their walls are pushed against each other and the force causing the segments of the chamber to bend. However, due to the design, there is a distance between the walls of the chambers, so the degree of inflation must be such that the distance between them is reduced to zero due to the deformation of the chambers. The walls of the chamber are elastic, so they deform upon contact, and some of the energy is spent on this process. Eliminating these gaps and filling them with solid units can greatly contribute to the bending performance of the actuator, which will be examined in the following section.



A solid plate was designed to fill the gap between the chambers, which can be retrofitted onto the soft actuator using a 30 mm diameter elastic strap (Figure 4).



The actuator contains 15 chambers; therefore, 14 plates are needed to fill all the places between every chamber. The distance between the chambers is 1.5 mm, which determines the thickness of the plates (lt). The plates were manufactured in various thicknesses: lt = 0.5 mm, 1 mm, 1.5 mm, and 2 mm (Figure 4). The effect of the plates on the initial state of the actuator is clearly visible in Figure 4c. The 0.5 mm and 1 mm plates have almost no effect on the curvature of the actuator, however, the 1.5 mm and 2 mm plates clearly influence it. During the measurements, these effects were not considered, therefore the effect of the plates could only be examined in the case of an actuator under pressure. The plates were produced using a Creality CR-20 FDM 3D printer and 1.75 mm diameter PLA filament from Herz. The printing parameters are shown in Table 2.




2.3. Experimental Setup


A platform was developed for the measurement of actuator properties, which can be seen in Figure 5. The design of the platform allows to investigate the movement and bending properties of the actuators.



Suitable angle values can be set and fixed on the platform through a fixable joint point. Structural profiles and 3D printed consoles were mounted on both sides of the joint to make it easy to connect any sensor or measuring unit, as shown in Figure 5a. A protractor was also installed to provide the appropriate angle settings during measurements. The operating and data collection units were placed on the back of the platform. The compressed air system includes a METALWORK REG Syntesi®SY1 1/8” manual shut-off valve, a METALWORK DEP SY1 filter unit, a METALWORK EB 80 proportional pressure regulator that allows pressure to be adjusted with kPa accuracy, and finally a METALWORK PLT-10 3/2 electrically operated switching valve. The signals from the measuring cell are processed using an HBM ClipX measuring amplifier and the data is transmitted to the computer. The air system and the measuring amplifier are powered by a MEAN WELL NDR-240-24 type power supply with 24V DC voltage, as shown in Figure 5b.





3. Results


3.1. Force Measurement with Externally Attachable Inter-Chamber Plates


One of the main characteristics of soft actuators is the amount of force they can generate during their bending motion. The aim of the measurement is to investigate the effect of plates on the behavior of the actuator at different angle positions and pressure values. During the measurement, both sides of the actuator were fixed, thanks to the pre-designed units. In most wearable applications, both ends are also fixed for optimal efficiency, and hence this measurement method was chosen. A rotated right-handed coordinate system was assigned to the actuator, which enables the interpretation of the directionality of the results obtained from the measurements. Z-axis forces compressing the cell will have a positive sign, while tensile forces will have a negative sign. In this measurement phase, the magnitude of the force in the z-axis direction was examined. For the measurement, a SAUTER CP 10-3P1 force sensor cell with a maximum load capacity of 100 N was used, and its signal was processed and collected using an HBM ClipX signal amplifier.



Before the first measurements were taken, the influence of the actuator’s elasticity and the filling of the chambers with high-pressure air was examined. The actuator was subjected to different pressure values (maximum 300 kPa), and it was observed that at a certain pressure, the maximum force does not immediately occur (Figure 6).



The actuator responds immediately to the input pressure, however, the force varies as a function of time. The development of the appropriate force magnitude could take up to 30 s at low pressure (Figure 6a). At a higher operating pressure (300 kPa), the force that can be considered constant builds up faster, in about 10 s (Figure 6b). The aim of this study is to determine the magnitude of the force in a steady state by inserting plates of different sizes. Therefore, even at low pressure values, the maximum force must be allowed to build up. Each measurement result was therefore recorded 30 s after the pressure signal was issued in order to always achieve a steady state for data acquisition.



Placing plates between the chambers modifies the resting state shape of the actuator, as shown in Figure 4. Plates with thicknesses of 0.5 mm and 1 mm cause only a small deformation, while the plate with the precise size of 1.5 mm and the oversized 2 mm plate significantly affect the resting deflection of the actuator. During the measurement, the forces resulting from these shape changes was not considered, as the measurements only investigated the effects caused by compressed air.



The actuator was measured at various fixed angular positions, from 0° to 120° with 30° increments; 120° is already a significant value in terms of displacement for most wearable applications, which is why it was determined as the extreme value. The necessary data for proper positioning of the actuator was determined using the Flex feature of the SOLIDWORKS 2016 3D design program, as shown in Figure 7.



The neutral plane is determined via the program according to the bending plane, using the 3D model of the actuator, taking into account the geometry of the actuator. The height of this neutral plane was determined to be 13.36 mm from the bottom of the actuator. The actuator was clamped on both sides during the measurement, therefore, trim planes also had to be determined for accurate results (Figure 7a). These were located 30 mm from the end of the actuator, so the size of the bending section was 171 mm. The additional units on the measurement platform, on which the actuator and the measuring cell are fixed, have a height of 90 mm. With this data, the distances from the pivot point can be determined (Figure 7b) which is necessary to measure the actuator in its ideal bending state for every angular position and thus make the measurement process repeatable (Figure 7c). The method presented in Figure 7b determined the distance of trimming plane (the plane where the chambers of the actuator begin) from the hinge point for every measuring angle. The results are presented in Table 3.



The measurement of the actuator was carried out at five different angular positions ranging from 0° to 120° with 30° increments, as well as at different input pressures ranging from 0 kPa up to the maximum of 300 kPa with 30 kPa increments. At each angular position, the measurements were performed with the external placement of the different thickness inter-chamber plates. Each measurement was repeated five times and the average of the obtained results is illustrated in Figure 8.



As can be seen in Figure 8a, there is no significant difference in the actuator force exertion between the different-sized plates when positioned at a 0° angle. Without a plate and with the thickest 2 mm plate, the actuator was able to exert approximately 1.5 N of force on the load cell.



As the angle value increased (Figure 8b), the plates placed between the chambers increases bending performance, as the actuator is able to exert greater force at lower pressure levels as compared to the absence of plates. From a 60° angle position (Figure 8c), it can be observed that the curves are clearly separated from each other and the force exertion increases with increasing plate thickness at a given pressure. The measurements taken at a 90° angle position (Figure 8d) showed the largest differences in force exertion. In this position, the plate-less actuator was capable of exerting 0.57 N of force, while the one equipped with a 0.5 mm plate produced 0.82 N, 1 mm plate produced 1.14 N, 1.5 mm plate produced 1.17 N, and the one with a 2 mm plate produced 1.77 N of force. The actuator was able to exert three times the force with the help of the 2 mm plates compared to the plate-less one. Even at the largest tested bending angle (120°), significant differences were observed in the force exerted by the actuators equipped with different plates (Figure 8e). In this position, the plate-less actuator was capable of exerting 0.53 N of force, while the one equipped with a 0.5 mm plate produced 0.68 N, 1 mm plate produced 0.91 N, 1.5 mm plate produced 1.09 N, and the one with a 2 mm plate produced 1.43 N of force. The results show that even the thinnest plate could produce a significant increase in force, but the best performance was achieved with the 2 mm thick plate, which showed more than a two-and-a-half times increase in force compared to the plate-less version.



As shown in Figure 4c, even the accurately sized 1.5 mm thick plates cause significant resting deformation in the actuator. This may be due to manufacturing inaccuracies and shrinkage during the solidification of the silicone rubber. However, the smallest 0.5 mm thick plate does not significantly affect resting deformation. Measurements have shown that even with this plate size, the magnitude of the exerted force can be increased. At a 90° angle of deflection (Figure 8d), the actuator equipped with the plate was able to exert 0.83 N of force on the load cell, compared to only 0.57 N without it. This represents an increase of 145%.



Compared to the results measured at a maximum pressure of 300 kPa, it can be seen on Figure 9 that the force exerted is nearly the same for each plate thickness at 0° and 30° angles.



As the angle increases to 60°, 90°, and 120°, the force value continuously decreases. For the actuator without plates, this represents a 65% decrease, while for 0.5 mm, 1 mm, and 1.5 mm plates, it represents a decrease of 55%, 43%, and 35%, respectively, compared to the initial force. The 2 mm plate produced nearly the same force at every angle and only showed a 5% decrease in force at the 120°measurement.




3.2. External Inter-Chamber Plates Effect on Passive Lateral Bending


The insertion of plates between the chambers is not only influenced by the active deflection of the actuator, as the elimination of gaps also limits the flexibility of the device. An important feature of wearable applications is that the actuators are flexible and bendable in inactive status. The insertion of solid elements between the chambers affects this property, so the force determined was required to bend the device along the x-axis of a rotated right-handed coordinate system attached to the end of the actuator for plates of different thicknesses. For the measurement, an HBM S9M-type load cell was used with a capacity of 2 kN and an HBM ClipX measuring amplifier. The compressive forces applied to the measuring cell are assigned a positive sign, while the tensile forces are assigned a negative sign during the measurement process.



During the measurement, the bending angle varied from 0° to 50° in 10° increments, as a 50° sideways deflection is considered significant for wearable applications. The necessary data for proper positioning of the actuator was determined using the Flex feature of the SOLIDWORKS 2016 3D design program (Figure 10a).



The program determines the neutral plane based on the bending plane using the 3D model of the actuator, considering the geometry of the actuator. The height of this neutral plane was found to be 10 mm from the bottom of the actuator. The actuator was clamped on both sides during the measurement, therefore trim planes also had to be determined for accurate results (Figure 10a). These were located 30 mm from the end of the actuator, so the size of the bending section was 171 mm. The additional units have a height of 152 mm. Based on this information, the distances can be determined from the pivot point (Figure 10b) that are necessary to measure the actuator in its ideal deflection state at every angle (Figure 10c), and thus make the results repeatable. This method was used to determine the distances of the trimming planes from the pivot point for every angle, and the results are shown in Table 4.



Each angular position was measured with the placement of plates of varying thicknesses, and each measurement was performed five times. The average of the results obtained is shown in Figure 11.



The initial values show a positive force direction, as in this position, the force cell was subjected to a compressive force due to the deformation caused by the gravitational force of the actuator. This compressive force gradually decreased with increasing angle, as the actuator can only perform limited deformation in this direction due to its elasticity. It is evident that the measurement results without the plate and the measurements with the 0.5 mm plate closely follow each other, with the required force for deformation being almost identical in both cases. Therefore, the thinnest plate has little effect on lateral bending.



For other plates, it is apparent that greater force was required at the given angular positions. However, the deformation for these plates did not reach 50°, as certain deformations occurred during bending that were not in the intended bending direction. Deformations occur on the actuator because at larger angular positions, the walls of the chambers come into contact, leaving no room for undisturbed lateral bending. Inserting plates allows this state to be achieved at smaller angular positions due to the limitation of the distance between the chambers. If the actuator is forced into an angular position that the given plate thickness cannot handle, bending in directions other than lateral occurs. This leads to the actuator’s torsion (Figure 12).



For the larger plate thicknesses, the measurement continued until the appearance of these deformations, up to 40° for 1 mm, 30° for 1.5 mm, and 20° for 2 mm. As the plate thickness increased, the passive lateral bending capability of the actuator decreased significantly.





4. Discussion


The experiments conducted in this study demonstrated that the exerted force of soft actuators made entirely of elastic material can be increased by retroactively attaching external solid elements. By placing 3D-printed plates to fill the space between the chambers, the actuator produced higher forces in every angular position and pressure level during measurements. The greatest increase was achieved with the 2 mm thick plate. At a maximum pressure of 300 kPa and a 90-degree angle, a 310% force increase was achieved. The measurement results indicate that the 2 mm thick inter-chamber plate improved the actuator’s force output performance at almost every angular position and pressure level.



However, it is also evident that even the thinnest plate has a positive effect on the actuator’s performance. At a 90-degree angle of bending, it increased force by 145%.



Further research is required to investigate how changes in angle affect the actuator’s force output at maximum input pressure. As the actuator bends at a greater angle, it can exert less force because its internal stress increases. The measurement results show that while the force reduction is continuous for thinner plates, it is relatively small for the 2 mm plate. At a pressure of 300 kPa, the actuator without plates could only produce 45% of the force exerted at 0 degrees when it was bent to 120 degrees. In contrast, the version equipped with the 2 mm plate still achieved 95% of the force.



The external Inter-chamber plates can significantly affect the actuator’s lateral movement since they eliminate the gap between the chambers, which is mostly due to their flexibility. The measurement results showed that while the thinnest 0.5 mm plate had minimal impact on these movements, the thicker ones significantly restricted them. While the plate-less actuator could produce a 50-degree bend, the thickest plate-equipped actuator could only bend up to 20 degrees without any unexpected deformation occurring.



The data clearly show that there is no significant difference between the results of the side bending measurements of the actuator with no plate and the one equipped with a 0.5 mm thick plate. This suggests that if significant passive lateral movements can be expected during use, it is advisable to use thinner inter-chamber plates.




5. Conclusions


The possibility of increasing the output force of a soft actuator made entirely of elastic material was investigated in this study, by using external, retrofittable inter-chamber plates that could be applied to any similar actuator design. The application of the external plates had a positive effect on the output force, and even with the thinnest plate, a significant difference was observed.



The measurements also examined how the plates influence the passive behavior of the actuator, as elasticity is a very important property of soft actuators, especially in wearable applications. The measurements showed that the insertion of the plates between the chambers significantly affects their lateral bending ability.



In the future, an interesting topic could be how these plates work in actuators that contain non-extensible materials in their layers for better performance.



Some aspects of this research need further development or additions, such as optimizing the applied actuator structure, performing simulation measurements, and verifying the effects of the elements securing the plates.



The application of external inter-chamber plates used in this study provides a new concept for pneumatic actuators, where the output force of easily manufactured fully elastic actuators can be increased without any internal intervention or modification.
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Figure 1. Structure of the soft pneumatic actuator. The values shown in the figure are given in [mm]. The material of the actuator is Mold Max 40 casting silicone. 
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Figure 2. Manufacturing process of the soft actuator. 
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Figure 3. Bending motion sequence under pressurized air: (a) 0 kPa, (b) 50 kPa, (c) 100 kPa, (d) 150 kPa, (e) 200 kPa, (f) 300 kPa. 
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Figure 4. Externally attachable inter-chamber plates: (a) Structure of inter-chamber plates. The values shown in the figure are given in [mm], (b) Fabrication of the plates with 3D printer, (c) 0.5 mm thick plates placed on the actuator, (d) 1 mm thick plates placed on the actuator, (e) 1.5 mm thick plates placed on the actuator, (f) 2 mm thick plates placed on the actuator. 
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Figure 5. The test platform and experimental setting: (a) The front of the testing device with an adjustable and lockable hinge, (b) operating and data collection units. 
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Figure 6. The influence of the elasticity of a soft actuator on force generation without plates: (a) The magnitude of the exerted force over time at 150 kPa input pressure, (b) The magnitude of the exerted force over time at 300 kPa input pressure. 
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Figure 7. Determination of the data required to create an ideal bending curve for measurements: (a) 90 ° bending curve modeling on the soft actuator in SOLIDWORKS 2016, (b) Determining the distance from the hinge point required to create an ideal bending curve, (c) Comparison of modeled bending and actual bending. 
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Figure 8. Actuator force measurement data result: (a) Measurement results at 0° angle position, (b) Measurement results at 30° angle position, (c) Measurement results at 60° angle position, (d) Measurement results at 90° angle position, (e) Measurement results at 120° angle position. 
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Figure 9. Actuator force measurement data results for each angle examined. 
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Figure 10. Determination of the data required to create an ideal bending curve for passive bending measurements: (a) 30 ° side bending curve modeling on the soft actuator in SOLIDWORKS 2016, (b) Determining the distance from the hinge point required to create an ideal side bending curve, (c) Comparison of modeled side bending and actual bending. 
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Figure 11. Force effects arising from lateral bending as a function of angular values. 
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Figure 12. Non-intended deformation with 2 mm plates at 30°bending angle. 
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Table 1. Main 3D printing values of the main and side molds.
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	3D Printer Manufacturing Features
	Values





	Nozzle diameter
	0.4 mm



	Nozzle temperature
	210 °C



	Object table temperature
	60 °C



	Printing speed
	50 mm/s



	Layer height
	0.2 mm



	Outer layer number
	3



	Infill density
	30%
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Table 2. Main 3D printing values of inter-chamber plates.
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	3D Printer Manufacturing Features
	Values





	Nozzle diameter
	0.4 mm



	Nozzle temperature
	210 °C



	Object table temperature
	60 °C



	Printing speed
	0 mm/s



	Layer height
	0.1 mm



	Outer layer number
	2



	Infill density
	100%
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Table 3. Data required for an ideal bending curve.






Table 3. Data required for an ideal bending curve.





	Measuring Angle [°]
	Trimming Pane Distance from Hinge Point [mm]





	30
	59.81



	60
	34.6



	90
	5.52



	120
	−37.61
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Table 4. Data required for an ideal side bending curve.






Table 4. Data required for an ideal side bending curve.





	Measuring Angle [°]
	Trimming Pane Distance from Hinge Point [mm]





	10
	71.54



	20
	57.81



	30
	44.1



	40
	30.19



	50
	15.83
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