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Abstract

:

This paper presents a comparative study of the use of different fingertips in robotic gripper jaws with respect to measuring the pulling force of selected shaped objects from their grasp. The authors built a dedicated test stand and provided methodology to evaluate it. The authors’ innovative approach was to design accessory-controlled jaws for the base of the Robotiq 2F-140 gripper. For the study, rigid structures—flexible soft cushions filled with air and magnetorheological fluid (MRF)—were developed for the jaw. In this way, comparable measurement results were obtained in terms of the structure of the gripper set-up. The secondary purpose of the study was to demonstrate the potential of the soft cushions that are adaptable to the shape of a gripped object. As a result, an adaptive structure was obtained that allows object pulling forces that are comparable to rigid fingertips. In doing so, this does not damage the surface of any of the interacting components. The cushions were made of thermoplastic polyurethane (TPU) formed using 3D printing technology. The results obtained during the implementation of this research may be beneficial for comparing gripper capabilities; thus, they can contribute to advances in smart devices and many industrial fields, including robotics and bioengineering.
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1. Introduction


Soft gripping structures are a popular research topic due to the many technologies [1] in which they are used. Their structural compliance limits the precision of object manipulation and force exertion [2], which in turn, features rigid grippers. Because of their potential, scientists are conducting research to increase their gripping force in the first instance. This includes, for example, interference with the structure of silicone fingers [3,4], a topological optimization of the design of pneumatic bending actuators [5], experiments with the texture of gripping tips [6], or innovative control based on machine learning algorithms [7]. The application of a given gripper is also very important, which can limit its dimensions [8]. An effective way to combine the advantages of soft and rigid structures is to create a hybrid of both. Currently, the origami-based structure provides grip stability and dexterity, an improved lifting force of delicate objects, and soft bladder pressure-sensing, which is a popular topic [9]. Soft structures require soft materials such as silicone [4,5,6,7], latex (e.g., a balloon [9,10,11]), or polyurethane films [12]. Thermoplastic polyurethane (TPU), which can be 3D printed, is an excellent option [13,14]. It finds its application, for example, in functional clothing and technical textiles as additional protection for the important parts of the body that are prone to injury [15]. The use of 3D printing technology, in this case, makes it possible to create monolithic structures of varying thicknesses or heights, and this has a huge impact on the flexibility of, not so much the material itself, but the components that are made of it. A very good example is the anthropomorphic hand, which has a smaller cross-sectional area for bending spots [16]. Therefore, this is an interesting alternative to MRF reservoirs that are made of cast silicone [17] in the form of a nitrile rubber pouch [18,19,20]. The examples demonstrate the interest of the scientific community in the potential use of magnetorheology in robotic grippers [17,18,19,20,21,22,23,24,25,26,27]. To compare and test the applicability of solutions based on flexible magnetorheological fluid (MRF) cushions, the authors conducted an analysis of the ways in which the gripper force is often measured. In most cases, the authors of a given design or control solution rely on measurements using a force gauge. Sometimes, they perform experiments to lift objects of a known weight [4] or perform payload tests using weights [5]. For large diameter jamming grippers, a cylindrical indenter is used, which is pulled out in the opposite direction after a membrane is plunged [19,28]. In addition to real objects, such as fruits or bottles, researchers also use simple prisms, such as a column, sphere or cube [3,6,8,9,20]. The available articles accurately present the test stands on which pulling-out force measurements have been carried out. Most often, this is performed by connecting a grasped object to a force gauge. In this case, the axiality of the measurement is not retained. Additionally, the grippers are not rigidly fixed (for example, they are mounted on a robot), and this type of approach makes it difficult to later cross-reference the results. This is because the conditions are difficult to reproduce; however, the authors of this article identified an opportunity to introduce some systematization in the measurement methodology. For example, the potential possibility of comparing different variants of gripper components that can affect the gripping capabilities of a device was also noted. Therefore, considering the issues discussed, a test stand was proposed. The objects of the research covered in this article were the authors’ fingertips, as the jaws in the Robotiq 2F-140 gripper used in robots such as the UR3e (Figure 1). The proposed solutions, using cushions, fit in the definition of hybrid soft-rigid gripping devices. The Robotiq 2F-140 gripper under study was operated in the parallel jaw mode by placing locking pins as shown in Figure 1. Section 2 proposes the fingertip configurations and grasped object geometries for comparative studies. The test stand and survey methodology are also presented. Section 3 presents the research results obtained, which are then discussed in Section 4, while Section 5 contains the conclusions of the experiments performed.




2. Materials and Methods


2.1. Manipulated Objects and Fingertips Characteristics


A key element of the research carried out was fingertips, particularly those that have MRF in their structure. Figure 2 shows schematically the configurations used in the tests. Starting from the left, each fingertip was tested on three differently-shaped objects made of 3D printed TPU. All the objects had the same height of 35 mm. Object 1 in the cross-section was a circle with a diameter of 24 mm. The other two objects had in a cross-section a hexagon fitted in a 24 mm diameter circle. Object 2 faced the fingertip with the side wall, while Object 3 faced the edge. The 24 mm dimension that was taken was based on the diameter of the cushion base minus its thickness. The tested fingertips consisted of base designs with a fingertip type 1 being rigid flat pads, fingertip type 2 being rigid flat pads with a 0.6 mm TPU layer, fingertip type 3 being soft air pads, and fingertip type 4 being soft MR fluid pads. The components were made of polylactic acid (PLA) using 3D printing. In the case of fingertip type 1 and the objects, there was, thus, contact between elements made of the same material. Fingertip type 2 was enhanced with a TPU layer to indicate its advantages over fingertip type 1 and provide a comparability with the fingertip types 3 and 4. In the further sections of the article, the pads occurring in the fingertip types 3 and 4 will be referred to as cushions, which come in two geometric variants described in Section 2.2. The configurations of the individual pads are described in Section 2.3. Fingertip type 4 includes two MRFs from different manufacturers with the characteristic data shown in Table 1. The first was the LORD MRF-140CG [29], which was more than 10 years old. Its structure was much denser than the other as a result time. The second fluid was the ARUS MR TECH RHEOTEC+ with a high shear stress [30]. This fluid was more liquid-like (probably because of its age).




2.2. 3D printed Cushion


It should be noted that the initial use of TPU as an MR cushion was presented by the authors in article [13]. A new aspect is the presented manufacturing method, printing conditions and procedure for closing a cushion prepared for mounting in a gripper jaw. Additionally, in this article, the authors focused on the geometry of the semi-sphere by proposing the two cushions shown in Figure 2. Their common feature is a hole of 4 mm in diameter at the base. It was foreseen to insert MR fluids inside them using a syringe (Section 2.3). Both cushions also have the same height of 12.8 mm and a base diameter of 25 mm. Their tops are finished with an additional convexity allowing for a wider cross-section of the layer. This feature was implemented as a result of the analysis of model layers during the model cutting process in the PrusaSlicer 2.5.0 software [31]. The cushion found in the fingertip types 3A, 4A and 4C has a geometry that was developed based on the strategy of maintaining an equal wall thickness along the entire length of the vault arc. It is 0.64 mm. This cushion has greater elasticity compared to the other, mainly due to its thinner walls. At the same time, it is more difficult to manufacture. The fingertip types 3B, 4B and 4D use a cushion based on a fixed-layer geometry along the axis of rotation of the hemisphere. It is 1.3 mm wide and is formed over its entire height of 3 paths. This cushion is characterized by a greater stiffness, but at the same time guarantees a certain tightness of the cushion. The three-layer wall thickness provides for a minimum of two layers if one layer is discontinuous. It can be caused by the nozzle moving up a layer and is reduced using the option of an irregular seam position. Thus, the transition between the layers during printing takes place at random locations, avoiding the formation of a single seam on the wall. The print parameters and TPU material specifications are provided in Table 2. When working with TPU, it is necessary to properly prepare the filament prior to printing. This material is highly hygroscopic [32] and, therefore, prolonged exposure outside the sealed packaging affects the quality of the print. The authors dried the filament [15] at approximately 50 degrees Celsius for 30 min each time prior to the sample printing session. The reduction in print quality was caused by the evaporation of water from the moist filament during printing, making the flow of the melted polymer irregular [15]; thus, this caused a tendency for gaps and layer discontinuities to appear (Figure 3b,c).




2.3. Cushion Prototypes


In accordance with Figure 2, the authors carried out experiments on the eight cushion configurations shown in Table 3. The authors’ aim was to demonstrate the differences in the properties of the cushions by comparing them in terms of the geometry and infill suggested in Section 2.2. Cushions no. 1 and 2 were air-filled. The remaining ones were manufactured according to the seven-step procedure shown in Figure 4. They were checked for tightness. In the first step, an appropriate volume of MRF was measured. For Cushions no. 7 and 8, a volume of 1 mL of glass microbeads with a diameter of 200–300 µm was prepared. This corresponded to 1.6 g. The idea of using microbeads was taken from the literature of [19,20]. Then, in Step 2, the syringe was inserted into the hole at the base of the cushion. By depressing the piston, the fluid flowed into the cushion. For Cushions o. 7 and 8, the microbeads were dropped first, using the syringe as a funnel. The cushion was thus prepared as is shown in Step 3 in Figure 4, where the syringe was gently removed. Step 4 was the preparation for closing and sealing the cushion. This was a combined process with Stage 5. It started by releasing the air trapped inside the cushion. By compressing the outer edges of the cushion, the liquid appeared in the 4 mm opening of the base. In Step 5, cyanoacrylate glue was spread around the perimeter of the hole as shown in Figure 4. To close the cushion, an 8 mm diameter disc was placed in the area of the hole. The entire procedure was carried out with a continuous cushion compression according to Step 4. As a result, once the glue had dried, the cushion shown in Step 6 was formed. Due to the release of air during the closing and sealing process, the cushions had a concave tip. In Step 7, the cushions were glued to the base with cyanoacrylate glue. Air removal had a positive effect on the cushioning behavior, as demonstrated by the research presented in article [13].




2.4. Test Stand


To carry out the research, a dedicated test stand was built (Figure 5). The components were arranged on a levelled aluminum profile frame. As described in Figure 5a, the stand consisted of a linear drive that included a stepper motor, a leadscrew coupled to the motor and a HBM U9C-50N force sensor carriage. The test objects moved on a linear guide placed on a frame on a ball carriage. The carriage was connected to the force sensor via an inextensible wire. The authors experimented with a rigid connection using a threaded rod, but this type of solution brought a variable load into the measurements. In turn, all types of fishing line were too elastic and expanded their length when stretched. The second measuring device in the setup was a Panasonic HL-G112 laser distance sensor located on the side of the linear drive. The sensors and stepper motor were connected to the corresponding inputs of the PLC. The authors prepared their own program to operate the devices and collected measurement data using an interface in the B&R VNC Viewer [33]. Data were collected at a frequency of 1 kHz. The final key component of the test stand was the Robotiq 2F-140 gripper controlled by the UR3e Teach pendant with dedicated software. The fingertips discussed in Section 2.1 were replaced with the original jaws. The measurement procedure is discussed in Section 2.5.




2.5. Methodology


The aim of the tests carried out in this paper was to verify the force required to pull objects of defined shapes from the gripper fingertips by acting along one selected axis. An example of the measurement procedure and methodology is shown in Figure 6 for Cushion 1 (Table 3). It was started by placing the object in the area of the fingertip. This distance was taken as 90 mm from the face of the laser sensor (Figure 6). This corresponded to the position of the object close to the center of the fingertip. This approach ensured that the position of the object was repeatable in all fingertips and measurements. At this stage, the force sensor carriage was moved towards the gripper so that the inextensible wire remained freely loose. Once the gripper jaws were closed, the measurement procedure started, and the object was pulled out at the constant speed of the linear drive. In Stage 2, the inextensible wire was strained to remove the slack that allowed the value of the force indicated by the sensor to be tare. In Stage 3, the wire was stretched, and the force began to rise. In Figure 6, the green line shows the course of the graph up to which the maximum force was reached. Pulling the object from the jaws continued up to the point indicated by the red line, which was completed in Step 4. Between the red line and the yellow line, the object lost contact with the fingertips and its release occurred. If the clamping force of the jaws was greater than zero, the object was pushed out by the pressing jaws caused by the removal of the obstacle from their area. Behind the yellow line, there was an increase in force of around 2.1 N. This value corresponded to the force that occurred when the carriage itself was pulled with the object and was the result of the friction of the carriage components along the linear guide. Typically, when the guide was cleaned, it was in the range of less than 4 N (see, e.g., Figure 7). In the case shown, this value was not reached due to an early termination of the movement. The final 6th stage was the opening of the jaws.





3. Results


The authors performed tests under different fingertip configurations as shown in Figure 2 for the two cases of actuation jaw force as shown in Table 4.



3.1. Fingertip Types 1 and 2


As the study showed, the use of a thin 0.6 mm TPU layer significantly affected the force achieved to pull objects from the jaws. In Fingertip type 1, the friction pair was PLA–PLA and the maximum forces achieved barely exceeded 10 N (Figure 7). For Fingertip type 2, the friction pair was PLA–TPU and the maximum forces observed were in the region of 38–39 N (Figure 7c). The consequence of the layer-by-layer printed wavy surface in Fingertip 1 was the large amplitudes of the force measurement in Figure 7. Regardless of the shape of the object being grasped, the same waveform characteristics were observed for this fingertip. The waveforms started with an overcoming of the static friction force, where a sudden increase and subsequent decrease in its value with the occurrence of kinetic friction were clearly visible. The difference was the cut-off point on the x-axis determined by the geometry of the object, and thus the length of its contact length with the fingertip. This was characterized by a sharp drop in force to 0 N. The measurements for Fingertip type 2 were affected by fewer oscillations. The first observation was the effect of an increase in the actuation force of the jaws on the objects, which with Objects no. 1 and 2 was expressed by an increase in the pull-out force. Due to the circle in the cross-section of Object no. 1, the fingertips slid along the curve (Figure 7a from an x-value of 16.5 mm). Object no. 2, because of its shape, offered the potential for a larger contact area than Objects no. 1 and no. 3. In this case, we observed a negligible effect of increasing the jaw actuation force on the pull-out force. The authors observed a certain tendency for the surface of the Fingertip types 1 and 2 to rest against the inwardly extending edge that extended inwards of Object 2. This tended to detach the surface of Fingertip 2 from the side wall of Object 2, so that they were not parallel to each other. This reduced the contact area, and the characteristics obtained corresponded to those received for Objects no. 1 and 3 where the contact occurred at the edge. Due to the flat wall surface of Object 2, contact was maintained over a longer distance compared to Objects 1 and 3. Object no. 3 obtained the highest values of pulling force, and the waveforms were similar to Object no. 1 in their shape. During movement, it was in contact with the edge of the hexagon occurring in the cross section. As discussed above, decreases in the force values for Fingertip types 1 and 2 with an object displacement was caused by the presence of static and kinetic friction; however, it is also worth noting that the authors proposed circular overlays corresponding to a cushion base with a diameter of 25 mm. Due to this shape, the displacement along the axis perpendicular to the surface of the overlay successively reduced its contact area with the object. From a position of length equal to the diameter of the circle, this segment changed to a chord. Its length, in turn, depended on the offset from the center of this circle. In the case of classic, rigid fingertips, the contact of their surface with a grasped object is made along its edge or sidewall, and design considerations of the gripper can cause an expected parallelism of the fingertips to the object not to be met as was the case with Object no. 2. This is worth considering when analyzing soft fingertips. Adaptive soft structures will adapt to the shape of an object being grasped, and in the case of rigid structures, a translation or rotation of the object can positively or negatively affect the stability of the grasp. Here, the last important observation was the visible scratch on Fingertip 2 caused by contact of the friction pair.




3.2. Fingertip Type 3


The characteristics of the soft cushions differed in terms of their shape and the values obtained from the pull-out forces of the objects with the fingertips, which were smaller. The phenomenon described in Section 2.5 and shown in Figure 6 in Stage 2–fixing and Stage 3–pulling-out was seen. In most cases, the characteristics began with an increase in force that gently progressed to a peak along an arc (Figure 8). This was due to the need for movement to fix the slack created when the jaws were tightened. The exception was Object no. 3 for Fingertip type 3A where the movement at the top was jerked along the length of its pull-out. The geometry of the cushions found in Fingertip type 3A was characterized by thinner walls compared to Fingertip type 3B. Thinner cushions exhibited a greater flexibility expressed by less force required to deform them; however, the authors observed their tendency to ripple in the apex region. A spiral formation using 3D printing stiffened the structure at the tip because of the decreasing radius of the layer as the vault of the hemisphere closed. This phenomenon was not observed for the fingertips with MRFs using this geometry (i.e., Fingertip types 4A and 4C). In the process of closing and releasing air from them according to Figure 4, the tip was sucked inside the cushion. For Object no. 1, higher force values were observed for Fingertip type 3B. A large influence in this case was the increasing cross-section of the cushion walls at its base. This was especially effective for jaw clamping and the first stages of movement; however, it is worth noting Fingertip type 3A, due to its flexibility, was capable of achieving higher force values when moving the object further. For example, for a displacement distance of Object no. 1 equal to 10 mm, the Fingertip type 3A reached values around 9 N and the Fingertip type 3B around 7 N. The benefits of a flexible structure were even more apparent in the case of Object no. 2. The ability to maintain higher force values over a longer displacement was exhibited by the Fingertip type 3A. As was seen, passive cushion structures, capable of adapting to the shape of an object being grasped, tend to offer gentle resistance to pull the element out of its compression. Removing the rigid jaw structure in the process results in a reduction in the maximum force values achieved during movement.




3.3. Fingertip Type 4


Due to the apparent potential in the application of MRF, the authors decided to compare cushions in several configurations in terms of filling. These were discussed in Section 2.3. The studies for individual MR cushions were realized for the case of an insertion of a magnetic field and its absence. This made it possible to evaluate the effect of using a smart fluid. The penetration of the cushion into the object was carried out each time in the absence of a magnetic field. Figure 9 shows the percentage increase in the maximum pulling force after insertion of the magnetic field for the individual cushions. The source of the magnetic field in each case was a Ø29 × 8 mm magnetic holder (with a Ø24 × 4 magnet). Among those with MRF, Cushions no. 5 and 6 were the least responsive, with both using the same RHEOTEC+ fluid; however, based on the test, the authors selected Cushions no. 3 and 8 with fluid from the LORD company [29]. In their case, it was observed that the value of the force required to pull the objects was even doubled. With holding the first, Cushion no. 8 minimally performed better. With the second, Cushion no. 3 dominated. Object no. 3 was satisfactory for both cushions, which adapted very well to its shape, as intended. It should be clearly mentioned that Cushion no. 7 with the RHEOTEC+ fluid also performed relatively well. While the percentage change due to the insertion of the magnetic field was comparable, it is worth noting the difference in the maximum pull-out forces that were obtained. This aspect will be discussed in the following discussion.



Given the insights from the data in Figure 9., the waveforms for the selected cushions that performed best in the conducted tests are shown in Figure 10. This is a summary of the cushions with MRFs measurements, which were based on geometries with thinner walls and a rigid fingertip (i.e., type 2). In most cases, Cushion no. 8 achieved the highest values of object pulling force of all the fingertips. The exception was Object no. 2 for force F1 (Figure 10b). It is worth noting that it is not always the case that increasing the jaw force increases the pulling force of objects, and information on the ability of jaws to hold specific shapes at different actuation force parameters allows for the selection of a variable gripping strategy, adapted to the geometry of the object to be gripped. Here, the cushions with MRF performed best with Object no. 3. The triangular prism penetrated deep into the cushion and adapted to its shape. This stiffened the filling by inserting a magnetic field to effectively hold this object. Object no. 1 appeared to have a too-large cross-sectional diameter to use for a small cushion. By comparing the results, therefore, it can be concluded that the soft fingertips can perform on the same level as the rigid ones under the same conditions.





4. Discussion


The advantage of the MRF cushion is its ability to adapt to the shape of the grasped object. Figure 11 summarizes the research and introduces an indicator of the object’s pull-out force along the length of its displacement.



The authors proposed a factor fg:


   f g  =   ∑   i = 0    F i  ·  l i   



(1)




that is the sum of the product of the gripper force Fi and the distance of the prism displacement li (Figure 11). Thus, its result considers not only the maximum value of the force but also the extent of the surface area on which it was acting, especially the appearance of a large force while moving the object (i.e., increasing the object displacement l). This would not happen if one counted the integral as a field under the graph. Figure 11 shows its value for each fingertip with an indication of the maximum pull-out force obtained and the results should be compared within each object. For example, in Figure 10, each object is characterized by different contact lengths of the fingertips.



Figure 10 shows the particular advantage of the MRF-140CG fluid cushions. As studies have shown, the use of the same magnetic field source does not guarantee the same effects for different fluids and fillings, and as mentioned earlier, the highest values among the soft samples here were achieved by Cushion 8. The use of microbeads is a significant improvement in this application. As shown in Figure 9, this is a modification achieved with a notable difference considering the behavior of the cushion in the absence and presence of a magnetic field. Thus, it should be borne in mind that the use of MRFs in grippers involves modifications to improve their properties. This application is quite different from the original use of MRF in clutches, shock absorbers, or brakes, for example. The liquid supplied by manufacturers is not suitable for application in a gripper and must, therefore, be modified. This is evidenced in Figure 9, which summarizes the effect of inserting a magnetic field inside the cushion. For Cushions 5 and 6, the difference was negligible considering the error bars.



It is worth noting that all the cushions were characterized by a smooth transition to the value of a maximum pull-out force. This also demonstrated the gentle displacement of the object in the jaws. On the one hand, this is a desirable effect, which makes it possible to perform small displacements, that are crucial in terms of the task at hand. In the case of rigid jaws, there is friction, which blocks the possibility of such movements and changing the orientation inside the grip can damage the surface of the jaws and the object being held; however, the possibility of movement inside the cushioned jaws can be a negative feature. This will especially be the case when the object being held cooperates with another one. An example is inserting a screw held in the pressure of jaws into a hole and it may be that the screw will turn in the gripper cushions. The human hand is not perfect and behaves in the same way; therefore, tools such as screwdrivers or wrenches are used. The same applies, for example, to opening jars.




5. Conclusions


The work proposed jaws using MR fluid and described the process of their preparation and the research presented the authors’ stand and methodology for measuring gripping force. In their opinion, the presented measurement method is reproducible, and thus, is effective in comparative studies. Accordingly, rigid and soft fingertips have been prepared. The study was carried out on three objects characterized by a different shape and the results of each measurement were presented and discussed. Rigid fingertips use only a frictional force that affects the surface of the interacting parts. Cushions, on the other hand, provide resistance to moving the component using their geometry, stiffness and filling. Passive cushion structures, capable of adapting to the shape of the object being grasped, tend to offer gentle resistance to pull the element out of their compression and the proposed fg factor promotes jaws that maintain a high pull-out force when moving an object inside them. The use of small-sized cushions made it possible to use a small amount of fluid, and thus, the possibility of control with a smaller magnetic field source. Modifying the fluid by increasing its density or mixing it with microbeads allows for obtaining significantly better results. Cushions with MRF work best with Object no. 3, which is the triangular prism. As shown, MRF cushions can compete with rigid jaws considering the payload gained. Moreover, consider their adaptability, examples of their applications include handling elements made of glass with small dimensions and various shapes on production lines, transporting electronic components and modules, and picking fruit in the agricultural industry.



The solutions proposed in the article will be developed to grip and move fragile objects that could easily be damaged. In the next steps, the authors will conduct research related to control and object relocation with the solution proposed here.
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Figure 1. The research object: fingertips attached to the Robotiq 2F-140 gripper and an example of an application in the UR3e robot. 
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Figure 2. Chart illustrating the measurement array of grasped objects and designed fingertip configurations. 






Figure 2. Chart illustrating the measurement array of grasped objects and designed fingertip configurations.



[image: Applsci 13 01247 g002]







[image: Applsci 13 01247 g003 550] 





Figure 3. Three-dimensional printed TPU cushions: (a) correct—tight cushion with uniform layers, (b) faulty—untight cushion with a single gap at the top, and (c) faulty—leaky cushion with gaps and non-uniform layers. 
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Figure 4. Scheme illustrating the seven-stage procedure of MRF cushion manufacturing. 






Figure 4. Scheme illustrating the seven-stage procedure of MRF cushion manufacturing.



[image: Applsci 13 01247 g004]







[image: Applsci 13 01247 g005 550] 





Figure 5. Scheme of the test stand: (a) top view with key components highlighted; (b) top view with the distance measured using the laser sensor and the displacement axis of the linear drive carriage indicated; (c) side view with the force measurement vector noted, with the top view of the gripper and the distance of 16.6 mm entered in the gripper settings. 
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Figure 6. Chart illustrating a methodology of force measurement as a function of displacement for Fingertip type 3A and Object no. 3, along with individual stages of movement. 
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Figure 7. Measurement of the pulling force of an object from the fingertip types 1 and 2 as a function of its displacement for: (a) Object no. 1; (b) Object no. 2; (c) Object no. 3. 
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Figure 8. Measurement of the pulling force of an object from Cushions no. 1 (Fingertip type 3A) and 2 (Fingertip type 3B) as a function of its displacement for: (a) Object no. 1; (b) Object no. 2; (c) Object no. 3. 
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Figure 9. Increase in the maximum pulling force after insertion of the magnetic field (%): (a) force F1; (b) force F2. 
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Figure 10. Comparison of measurements of the pulling force of an object from Cushions no. 3, 5, 7 and 8 when a magnetic field is applied and Fingertip type 2 as a function of its displacement for: (a) Object no. 1, with jaw force F1; (b) Object no. 2, with jaw force F1; (c) Object no. 3, with jaw force F1; (d) Object no. 1, with jaw force F2; (e) Object no. 2, with jaw force F2; (f) Object no. 3, with jaw force F2. 
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Figure 11. Maximum gripper force-displacement factor for each cushion with a maximum gripper force: (a) force F1; (b) force F2. 
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Table 1. Technical data for the lord MRF-140CG [29] and Arus MR Tech REOTEC+ [30] MRFs.






Table 1. Technical data for the lord MRF-140CG [29] and Arus MR Tech REOTEC+ [30] MRFs.





	MR FLUID
	LORD MRF-140CG
	ARUS MR TECH RHEOTEC+





	Viscosity, [Pa-s] (at 40 °C)
	0.280 ± 0.070
	0.240 ± 0.027



	Density [g/cm3]
	3.54–3.74
	3.1–3.3



	Solids Content by Weight [%]
	85.44
	84



	Maximum Yield Stress [kPa] at 180 kA/m
	69 ± 5
	~57



	Age
	~10 years
	Factory new



	Visible remarks
	Dense, low oil content due to sedimentation
	Liquid-like
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Table 2. Three-dimensional printing parameters.
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Printer

	
Model

	
Prusa i3 MK3S+




	
Nozzle

	
0.4 mm




	
Slicer

	
PrusaSlicer




	
Print Settings

	
Layer height

	
0.1 mm




	
Layers speed

	
20 mm/s




	
Flowrate

	
130%




	
Support material

	
No




	
Fan

	
Always on




	
Seam position

	
Random




	
Filament

	
manufacturer

	
print-me.pl




	
Product name

	
PrintMe Flex




	
Shore hardness

	
20D




	
Density

	
1.15 g/cm3




	
Time of printing

	
Time of printing

	
1 h 22 m
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Table 3. Cushion prototypes.
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	Cushion Model
	Fingertip Model
	Infill
	Infill Volume
	Visible Remarks





	Cushion 1
	Fingertip 3A
	AIR
	-
	hemisphere



	Cushion 2
	Fingertip 3B
	AIR
	-
	hemisphere



	Cushion 3
	Fingertip 4A
	MRF-140 CG
	MRF: 2.6 mL
	concave hemisphere



	Cushion 4
	Fingertip 4B
	MRF-140 CG
	MRF: 2.6 mL
	concave hemisphere



	Cushion 5
	Fingertip 4C
	RHEOTEC+
	MRF: 2.6 mL
	concave hemisphere



	Cushion 6
	Fingertip 4D
	RHEOTEC+
	MRF: 2.6 mL
	concave hemisphere



	Cushion 7
	Fingertip 4C
	RHEOTEC+ & microbeads
	MRF: 1.6 mL

Beads: 1 mL (1.6 g)
	concave hemisphere



	Cushion 8
	Fingertip 4A
	MRF-140 CG & microbeads
	MRF: 1.6 mL

Beads: 1 mL (1.6 g)
	concave hemisphere
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Table 4. Jaw force values applied during studies.






Table 4. Jaw force values applied during studies.





	Force Description
	UR3e Teach Pendant Designation
	Actuation Force Value
	Remarks





	Force F1
	0%
	~15 N
	Regrasp off: When an object is pulled out, the jaws remain in their position



	Force F2
	10%
	~15 N
	Regrasp on: When an object is pulled out, the jaws close
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