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Abstract: The paper deals with an optimization of a magnetic circuit of the field exciter designed to
control magnetorheological fluid (MRF) in a hybrid soft–rigid jaw gripper. The case discussed includes
sealing of the MRF inside a cushion made of thermoplastic polyurethane (TPU). The shear stress
distributions in the MRF upon magnetic field excitation have been analyzed for various permanent
magnet, yoke, and air gap dimensions. In the developed numerical model of the magnetic field
exciter, the geometry of the considered domain was parameterized. As part of the simulation study,
more than 4600 variants of the magnetic circuit were analyzed, for which the shear stress distribution
in the MRF inside the cushion was determined. The numerical model has been implemented in the
Ansys Electronics Desktop 2020 finite element method (FEM) package. Research was focused on
finding dimensions of the magnetic circuit that ensure the desired distribution of the shear stress in
the MRF inside the cushion. The undeformed and deformed by axial plunging of the pin cushions
geometries have been analyzed. The evaluation criteria were the achievement of the highest possible
value of the shear stress and the uniformity of its distribution in the given cross-sectional area of
the MRF inside the cushion. The main objective of the analysis was to design the magnetic field
exciter for application in the jaw pads of a gripper using MRF cushions. Through research, a suitable
configuration tailored to the needs of the application was proposed.

Keywords: magnetorheological fluid (MRF); soft–rigid gripper; thermoplastic polyurethane (TPU);
magnetic field exciter; finite element method (FEM)

1. Introduction

The continued interest in new robotic gripper structures is generating further iter-
ations of new solutions based on pneumatics [1,2] and mechanically driven jaws [3,4].
Experimental studies comparing commercially available devices are also essential [5]. Soft
structures have become popular, allowing them to adapt to the surface and shape of the
gripped object. At the same time, they have limitations on the generated forces and the
lifting capacity compared to rigid structures with fewer degrees of freedom [6]. Therefore,
attention is currently focused on the development and implementation of hybrid structures
consisting of rigid and soft elements. They are designed to integrate the advantages of both
approaches into a single versatile device with enhanced structural adaptation properties
and the ability to manipulate a wide range of objects in terms of shape, size, and mass. One
approach is to use silicone soft pads in the classic hand prosthesis structure [7]. Another
solution studied is the use of air-filled membranes that provide softness to the jaw [8].
Particularly interesting is the study of the adaptation of their structure to the grasped object.
Compared to rigid jaws with defined geometry, they have added the ability to fill the free
space between structures and thus increase the contact area between the two components.
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In the design process, the authors of the mentioned research used FEM analysis. Another
solution is based on a gel–silicone structure placed on the jaws of the gripper in the form of
cushions [9,10]. The volume of gel inside the pad is adjustable and adaptable depending
on the structure of the gripped object. Jamming gripper-based structures [11,12] are among
these solutions at the same time. The subject of this article specifically covers the applica-
tion of magnetorheological fluids in the soft–rigid structures of robotic grippers [13]. An
extension taken from the jamming grippers is the use of magnetorheological fluid (MRF)
instead of granular [14,15]. The change in its viscosity depends on the supply current of an
electromagnet located at the base of the vessel [16]. An additional aspect tested was the
interference with the structure of the MRF itself through the addition of nonmagnetic parti-
cles that thicken the colloidal compound, intensifying its stiffening effect upon exposure
to a magnetic field. The next iteration was to reduce the dimensions of the cushion and
place them on parallel chuck jaws [17]. The insertion of the magnetic field into the volume
of the MRF vessel is performed through a belt-geared mechanism and a pull screw, and
the source is a permanent magnet with a yoke. In this case, the authors also used an MRF
enhanced with carbon microbeads. At the same time, it is worth noting that research is
being carried out on progressive magnetic field source designs for gripper applications
using MRFs [18]. Regarding the use of magnetorheology, it is also worth pointing out
studies of the use of magnetorheological elastomer (MRE) in grippers [19,20]. Since the
functional parameters of the gripper depend on its stiffness controlled by the change in the
MRF viscosity, precise methods for modelling magnetic field distribution, such as FEM, are
applied [21]. The article [22] presents the distribution of the magnetic field in a truncated
cone bladder filled with MR fluid, with a design based on a jamming gripper. In addition, a
study of the magnetic flux density along the axis of symmetry of the bladder above the face
of the electromagnet is provided. In the article [23], FEM was used to correlate simulation
data with experimental measurements of the real object to then perform a study of the
magnetic flux density inside the core of the coil containing the MRF. In the aforementioned
papers, FEM simulations have been used to represent the magnetic field distribution of the
proposed gripper solutions or to study the behaviour of the MRF. However, they include
a reflection of real conditions, which are difficult to measure with an apparatus. FEM is
also used in the analysis of dampers [24,25], valves [26], or brakes [27,28] with MRF. The
main consideration is the presence of a coil in most of these applications [22–29]. The
aforementioned approaches present solutions using MRF, to which FEM analysis has been
applied. However, it should be noted that the results presented cover only the final solution,
implemented as part of the research conducted. Discussion and justification of the reasons
for the implementation of certain device geometry and operating conditions are limited in
terms of additional FEM analysis.

Figure 1 shows a classification of solutions using MRFs based on [6]. In addition
to the proposed criteria, the authors included an axis that defines the subjective level of
participation of the MRF in the grasping process. It can be partially identified with the
second group classified within [30]. The higher the level, the greater the impact in the
gripping process of changing the stiffness of the MR fluid on the gripper concerned. Due to
the various forms of MRF application in grippers, the authors of the paper also introduced a
form of classification of individual solutions due to the aspect of the design of the described
devices. Based on [6], it is possible to recognise three general groups in term of gripping
versatility and the ability to change the orientation of the object being held. These are
jaw grippers, grippers based on a tentacle structure, and grippers based on a jamming
gripper design. The fourth group that the authors of the article propose in this list is a set
of solutions based on enhanced adhesion [31,32]. These are concerned with soft grippers
(based on a tentacle structure) [33,34]. Among jaw grippers, an extreme division is evident
in terms of participation of the degree of MRF in the gripping process. The solutions
described in [35–40] have elements (such as clutches or pistons) in their construction. Due
to their indirect participation in grasping objects, they were classified as devices with a low
degree of participation of MRF in the grasping process. The other group are solutions based
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on jamming grippers [15,16,21,22,41]. Without the presence of the fluid, these solutions
would not make sense, since the gripping properties of these devices are fully dependent
on the phenomena that occurs when the stiffness of the MRF is increased by inserting a
magnetic field. Therefore, they were placed at the end of the scale in question. By subjecting
Figure 1 to further analysis, it is possible to recognise hybrid solutions. These are the ones
that are simultaneously in at least two groups. These include, in particular, the solutions
described in [14] and [17,21]. While [21] uses MR fluid indirectly through valves located
outside the gripper tentacles, in [14,17] the MR fluid plays a very crucial role. The design
of the jaws simultaneously allows for the action of pressure (actuation) on the object, and
the soft cushions limit the movement of the grasped object by changing their stiffness. This
area of Figure 1 is an embedded place in the classification of grippers, which is the focus of
research in this article.

Figure 1. Classification of grippers using MRF, based on [6]. The grey rectangle indicates the area
covered by the article. The Grippers’ images are from the following publications [6,14–17,21,22,30–41].

The Materials and Methods section presents the research object, which is the author’s
gripper jaw, along with a description of the operating principle. In addition, the geometric
parameters of the magnetic circuit discussed within the article are introduced as well as
MRF used in simulations and conditions under consideration. Section 3 describes the results of
the simulation studies, first introducing the results discussing, respectively, the influence of
magnet thickness, analysis of parameters, and assessment of the stress distribution. The Discussion
section then summarizes the presented research and selects magnetic circuit configurations
in accordance with the established criteria. The article closes with the conclusion section that
provides general observations on the work carried out. The objective approach resulted in
the presentation of critical comments and outlooks on the proposed solution and the use of
MR fluids in grippers.

Articles described in the Introduction inspired the authors of this article to conduct
optimisation studies and consider other design options for a permanent magnet and yoke-
based device as a source of controllable magnetic field in MRF based soft–rigid gripper.
Simplifying the mechanics of the solution [17] and thoroughly studying the magnetic field
exciter, which was still lacking, was the main goal of the authors of this article. A review
of the literature showed a particular potential for carrying out and presenting the design
calculations of a magnetic field exciter employing FEM. In particular, this concerns the
shear stresses that occur in the volume of the cushion filled with MRF, which is crucial for
this type of application [22,42–44]. More than 4600 variants of the magnetic circuit were
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analyzed for various configurations of permanent magnet, yoke, and air gap dimensions.
For the above, the shear stress distribution that occurs in the MRF was determined. The
research carried out on magnetic field exciter synthesis is applied with the Robotiq 2F-140
gripper design (Figure 2). The solution presented in this article is based on the design
described in Polish patent application P.438636.
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Figure 2. Research object, i.e., Robotiq 2F-140 gripper equipped with the cross section of a custom 
MRF cushion fingerpad. 

2. Materials and Methods 
2.1. Research Object 

The principle of operation of the proposed solution is illustrated in Figure 3. The 
change of the cushion stiffness (by means of the change of MRF fluid viscosity) is based 
on the use of magnetic field attraction and the spring reaction forces. Three phases of 
movement are specified (Figure 3). In Phase 1, the gripper jaws are directed at the object 
to be gripped. Closing the jaws reduces the distance between the pad and the edges of the 
object. The springs remain fixed, and the cushion is undeformed. Phase 2 involves plung-
ing the pin and deformation of the cushion. The depth of the plunge is determined by the 
force of the clamping jaws. Further plunging causes an increase in force, which the springs 
take over in Phase 3, reducing the distance from the magnetic field exciter. Phase 3 ends 
with the closing of the air gap between the bottom of the cushion and the face of the per-
manent magnet. The main advantages of this solution are simplicity of operation, low 
energy cost, lack of coil, stability of operating temperature conditions, and in particular, 
lack of an additional control system for the magnetic field excitation. At the same time, 
the main objective of the application of stiffening the cushion structure after grasping the 
object is preserved. The release of the grip is conducted in reverse order from Phase 3 to 
Phase 1. 

Figure 2. Research object, i.e., Robotiq 2F-140 gripper equipped with the cross section of a custom
MRF cushion fingerpad.

2. Materials and Methods
2.1. Research Object

The principle of operation of the proposed solution is illustrated in Figure 3. The
change of the cushion stiffness (by means of the change of MRF fluid viscosity) is based
on the use of magnetic field attraction and the spring reaction forces. Three phases of
movement are specified (Figure 3). In Phase 1, the gripper jaws are directed at the object
to be gripped. Closing the jaws reduces the distance between the pad and the edges of
the object. The springs remain fixed, and the cushion is undeformed. Phase 2 involves
plunging the pin and deformation of the cushion. The depth of the plunge is determined
by the force of the clamping jaws. Further plunging causes an increase in force, which the
springs take over in Phase 3, reducing the distance from the magnetic field exciter. Phase 3
ends with the closing of the air gap between the bottom of the cushion and the face of the
permanent magnet. The main advantages of this solution are simplicity of operation, low
energy cost, lack of coil, stability of operating temperature conditions, and in particular,
lack of an additional control system for the magnetic field excitation. At the same time, the
main objective of the application of stiffening the cushion structure after grasping the object
is preserved. The release of the grip is conducted in reverse order from Phase 3 to Phase 1.
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Figure 3. The principle of operation of the proposed magnetic spring solution in cross-sectional view
of the jaw.

2.2. FEM Model of the Magnetic Circuit

The magnetic circuit considered by the authors provides a magnetic field that can be
used to activate the MRF inside the cushion, as discussed in the paper [43,44]. It consists of
a permanent magnet (N38 grade NdFeB), an air gap, and a ferromagnetic yoke (steel 1010).
To determine the magnetic field distribution, a numerical model based on FEM has been
developed in an Ansys Maxwell environment; the axial symmetry of the magnetic circuit
has been assumed. The nonlinear magnetic properties of the MRF as well as ferromagnetic
yoke have been taken into account. In order to determine distribution of the shear stress
in MRF, the nonlinear rheological properties of the fluid have been implemented in the
developed FE model as a postprocessing quantity based on the determined distribution of
the magnetic field. The exemplary FE mesh plot, magnetic flux lines, and density plots, as
well as distribution of the determined stress in the MRF are shown in Figure 4.
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Figure 4. Simulation environment: (a) exemplary FE mesh; (b) magnetic flux and magnetic flux
density plots; (c) determined stress distribution in MRF.

In order to enable optimization of the magnetic circuit, its geometry was parameter-
ized. The introduced geometry parameters of the developed FE model are described in
Figures 5 and 6. They are defined as follows. The gm parameter is used to describe the
thickness of the magnet, assuming a design space if gm is 2–8 mm (1 mm step). It is also
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assumed that the yoke at the base has a constant thickness of 2 mm (Figure 5). Figure 5
shows the other two important parameters in the study. The first is the diameter of the
permanent magnet dpm, according to Formula (1), expressed by the kpm factor with values
between 0.7 and 0.9 (0.05 step) (Figure 6). It represents the percentage of the diameter of
the magnet in the diameter of the entire setup, which is 23.7 mm (the diameter 25 mm of
the cushion base minus twice its thickness).

dpm = 23.7·kpm (1)

From now on, kpm parameter will be used to describe the geometry of the studied
magnetic circuit. The second parameter in the geometry represents the width of the yoke wj
and thus the width of the air gap separating the yoke ring and the permanent magnet. It is
described by Formula (3), which uses the width wr as half of the residual from subtracting
the diameter of the whole setup and the diameter of the permanent magnet (described by
Formula (2)).

wr = (23.7 − dpm)/2 (2)

wj = wr·kj (3)

Due to the variability of dpm as a result of kpm, each time, the kj factor introduces
an individual wj value within the configuration. The analyzed values of the kj factor
according to Figure 6 are between 0.35 and 0.90 (0.05 step). The dpm and wj dimensions
for each kj/kpm configuration are shown in Figure 6.
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2.3. MRF Used in Simulations

To carry out the study, it was necessary to implement the properties of the MR fluid
in the developed FEM model. The authors chose LORD MRF-140CG fluid [45] due to
their experience in research and design of MRF-based devices [43,44,46]. The nonlinear
relationship of shear stress and magnetic flux density for MRF-140CG based on data
from [47] is shown in Figure 7a, while nonlinear magnetic properties of the selected MRF
have been described by the BH curve [45] shown in Figure 7b.
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2.4. Conditions under Consideration

The stresses in MRF were analyzed along the length of the segment indicated by r
in red in Figure 8 in three cases. For Instance 1, the section of the undeformed cushion is
2 mm from the bottom of the cushion. For Instance 2, the section of the deformed cushion
is 2 mm from the bottom of the cushion. For Instance 3, the section of the deformed cushion
is 6.4 mm from the bottom of the cushion. It should be noted that r = 0 determines the
symmetry axis of the MR cushion and the entire permanent magnet and yoke setup. Stress
analysis was performed at different distances from the magnetic field exciter to the bottom
of the MR cushion (Figures 5 and 8). The value z = 0 defines the situation in which the
front of the permanent magnet rests against the base of the MR cushion. The purpose
of the study was to determine the distribution of shear stress within the MR cushion for
different configurations of the magnetic field source system geometry and the distance z of
the exciter from the cushion.
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3. Results
3.1. Influence of Magnet Thickness gm

Figure 9 shows the average values of stresses occurring in the cross section of the
cushion at a height of 2 mm from its base for different values of gm. The first observation is
that the value of shear stresses increases with an increase in the gm dimension. It determines
the geometry of the permanent magnet and, therefore, the source of the magnetic field.
In doing so, it is important to note the differences between smaller gm values, such as
2, 3, and 4 mm, which bring a significant change to the setup performance. For larger
values, such as 6, 7, and 8 mm, the changes are smaller and mainly include an increase in
average shear stress values for configurations with kpm equal to 0.9. The highest value
of the mean shear stress for gm = 6 mm was achieved with a configuration of kpm = 0.8
and kj = 0.65; for gm = 7 mm; it was kpm = 0.8 and kj = 0.6, while for gm = 8 mm; the
configuration was kpm = 0.8 and kj = 0.6.
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3.2. Analysis of Parameters kpm and kj

The initial assumption is that higher shear stresses are expected to be obtained for
higher values of kpm and gm. These affect the geometry of the permanent magnet. As
studies discussed in the framework of this article have shown, the air gap and yoke
geometry also have a significant impact on the distribution of the shear stress in MRF. Stress
distributions along the length of the section r at a height of 2 mm from the bottom of the
cushion are shown in Figures 10–12. Analyzing the configurations for z = 1 (Figure 10), it
is clear that there is a simple relationship between increased stress and a decrease in the
kj factor for kpm = 0.7 (Figure 10a). On the other hand, an increase in the value of the kj
coefficient for configurations with kpm equal to 0.85 and 0.9 results in an increase in stress
values along the entire length of the cushion cross section (Figure 10d,e). Configurations
with kpm equal to 0.75 and 0.8 seem to integrate both trends discussed. For kpm = 0.75 and
a factor kj with values up to 0.6, it increases the stresses acting as configurations with kpm
of 0.85 and 0.9. After that, it reduces the stress values for the extreme points farthest from
the cushion axis of symmetry (r > 6), thus exhibiting the configurations with kpm = 0.7.
With kpm = 0.8 and a factor kj with values up to 0.6, it increases stress values behaving like
configurations with kpm of 0.85 and 0.9. Then, it maintains the stress level built thereby to
kj = 0.8 and reduces the stress values for the extreme points farthest from the cushion’s axis
of symmetry (r > 6). Figure 10 shows very well the consequences of higher stress values
near the axis of symmetry of the cushion for smaller kpm parameters. Looking at the stress
values for r equal to 8 mm (2/3 of the cushion base radius distance), it can be observed that
for kpm equal to 0.7 and 0.75 they do not exceed 28 kPa. For kpm of 0.8 and 0.9 the stress
values are concentrated around 28 kPa. On the other hand, for kpm equal to 0.85, all kj
configurations provide stress values greater than 28 kPa. Thus, it is worth noting the stress
values close to the axis of symmetry. For kpm equal to 0.7 and 0.75, they oscillate around
36 kPa; for kpm equal to 0.8 and 0.85, they oscillate below the value of 36 kPa, and for kpm
equal to 0.9, they oscillate around 32 kPa. It follows that for magnet thickness gm = 6 mm
and distance z = 1 mm, the configuration with kpm = 0.8 and kj = 0.65 presents the most
favorable in terms of uniformity of distribution of shear stress values in the cross section of
the cushion. In the following section, a similar analysis is described for permanent magnet
distances z equal to 5 and 10 mm.

Figure 11 shows, analogously to Figure 10, the stress values for various configurations
kpm/kj at gm = 6 mm, this time for distance z = 5 mm. It should be noted that there
is a common trend among the different configurations of kpm, suggesting the highest
stress values in the configurations kj = 0.35. The conclusion in this case is that the air
gap has a positive impact on the magnetic field excitation depth into the cushion. The
second observation is the leveling of disproportions between configurations with individual
kj with an increase in the value of the kpm coefficient, which shows a reduction in the
separation between the characteristics. Similarly, for the analysis for z = 1 mm, it is worth
noting the stress values further away from the axis of the symmetry. Looking at the stress
values for r equal to 8 mm (2/3 of the distance of the cushion base radius), we can observe
that for kpm equal to 0.7, they exceed 9 kPa. For kpm = 0.75, they are in the range of
8–10 kPa; for kpm = 0.8, the range is approximately 9–10.5 kPa. For kpm = 0.85, the range
is between 10 and 11 kPa, and for kpm = 0.9, the stress values are greater than 11 kPa.
It follows that for magnet thickness gm = 6 mm and permanent magnet face distance
z = 5 mm, the configuration with kpm = 0.9 and kj = 0.35 presents the most favorable in
terms of uniformity of distribution of shear stress values in the cross section of the cushion.
Interestingly, compared to the graphs in Figure 10, this configuration provides the highest
values of shear stress on the axis of cross-section symmetry. For illustrative purposes,
Figure 12 presents the stress distributions in the cushion section at a distance of z = 10.
They demonstrate the impact of the various configurations, and thus the justification of the
thesis proposed in the analysis for z = 5.
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Figure 10. Shear stress distribution τB for Instance 1—distance z = 1 mm and thickness gm = 6 mm 
with different configurations of the kj factor for kpm equal to: (a) 0.7; (b) 0.75; (c) 0.8; (d) 0.85; (e) 0.9; 
(f) legend. 

Figure 10. Shear stress distribution τB for Instance 1—distance z = 1 mm and thickness gm = 6 mm
with different configurations of the kj factor for kpm equal to: (a) 0.7; (b) 0.75; (c) 0.8; (d) 0.85; (e) 0.9;
(f) legend.
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Figure 11. Shear stress τB distribution for Instance 1—distance z = 5 mm and thickness gm = 6 mm
using different configurations of the kj factor for kpm equal to: (a) 0.7; (b) 0.75; (c) 0.8; (d) 0.85; (e) 0.9;
(f) legend.
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using different configurations of the kj coefficient for kpm equal to: (a) 0.7; (b) 0.8; (c) 0.9; (d) legend.

3.3. Assessment of the Average Stress Distribution

Due to the large range of data, it is difficult to evaluate and compare individual
configurations. For this reason, the author’s method of comparing average values on the
measurement section r was proposed. This method also allows us to identify configurations
with the desired uniform distribution of shear stresses inside the cushion.

The effect of the configuration of the geometry of the magnetic field exciter setup on
the distribution of the average shear stress along the measurement section was analyzed.
Figure 13 shows the average values of shear stresses occurring along length r for permanent
magnet configurations with thickness gm = 6 mm and the distance of the magnetic field
source z equal to 0, 1, 5, and 10 mm. For the first case, in which we assume perfect overlap
between the permanent magnet face and the cushion base (z = 0, Figure 13a), the highest
average shear stress value of 40.69 kPa is observed for kpm = 0.8 and kj = 0.75. On the
other hand, as discussed in Sections 3.2 and 3.3, the lowest value of average shear stress of
34.416 kPa is obtained for configurations kpm = 0.9 and kj = 0.35. The case in Figure 13b
(z = 1) represents a situation in which there is a certain air space of 1 mm between the
bottom of the MRF cushion and the face of the permanent magnet. The shape of the surface
plot does not differ much from that obtained at z = 0. It is worth noting the reduction in
shear stress values and the lowering of the hooked apex in the border configuration for
kpm = 0.7 and kj = 0.9, confirming the observations in Figure 10a. The highest value of the
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mean shear stress in this case is 30.49 kPa for kpm = 0.8 and kj = 0.65. Observation of the
surface plots for z = 5 (Figure 13c) and z = 10 (Figure 13d) leads to an identical conclusion.
Taking into account the goal of obtaining the highest values of shear stress when moving
the magnetic field exciter away, the most favourable geometry configuration is to use as
large a permanent magnet diameter as possible (large kpm) and as small a yoke width
as possible (small kj). However, because of the application of the system in question, it
is advantageous to obtain high values of shear stress in close proximity to the magnetic
field source and low values when moving away. This will make it possible to obtain the
appropriate softness of the cushion when the object appears in its area and adapts to its
shape. When the jaws are further, in turn, the insertion of a magnetic field into the volume
of the cushion stiffens the structure, providing a more stable grip.
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The authors carried out an analogous analysis of the values of average stresses along 
the length of the measuring section r, also for the case with a plunged pin noted as In-
stance 2 (Figure 14). Although the shape of the surface plots is the same as in Figure 13, 
the indications of the shear stress magnitudes are slightly different. Instance 2 tends to 
achieve slightly lower stress values compared to Instance 1. This difference reduces as the 
distance z increases. 

Figure 13. Average values of shear stress τB along the measurement section of the MR cushion cross
section (Instance 1) for all configurations kpm/kj. Analysis was performed for the value gm = 6 mm
and the magnetic field exciter distance z equal to: (a) 0 mm; (b) 1 mm; (c) 5 mm; (d) 10 mm; (e) color
scale indicating shear stress value.

The authors carried out an analogous analysis of the values of average stresses along
the length of the measuring section r, also for the case with a plunged pin noted as
Instance 2 (Figure 14). Although the shape of the surface plots is the same as in Figure 13,
the indications of the shear stress magnitudes are slightly different. Instance 2 tends to
achieve slightly lower stress values compared to Instance 1. This difference reduces as the
distance z increases.
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Analysis of the difference in the average shear stress values for Instances 1 and 2 led 
the authors to check the distribution of the average stress values at the height of the 
plunged pin (Instance 3). The results are shown in Figure 15. This area is extremely im-
portant from the point of view of the application and the expected effects of inserting a 
magnetic field into the cushion. The occurrence of high shear stresses promotes a reduc-
tion in the ability of the held object to move, due to the hardening of the cushion structure. 
As can be seen in this area, the highest values of average stresses are achieved for config-
urations with kpm equal to 0.9, regardless of the distance z. The lowest values, on the 
other hand, are achieved for kpm = 0.7 and kj = 0.9. A particularly important area are 
configurations with kpm 0.8 and 0.85, which for a low distance z reach comparable values 
with kpm = 0.9. In turn, as the distance z increases, they decrease much more. 

Figure 14. Average values of shear stress τB along the measurement section of the MR cushion cross
section (Instance 2) for all configurations kpm/kj. Analysis was performed for the value gm = 6 mm
and the magnetic field exciter distance z equal to: (a) 0; (b); (c) 5; (d) 10 mm; (e) color scale indicating
shear stress value.

Analysis of the difference in the average shear stress values for Instances 1 and 2 led
the authors to check the distribution of the average stress values at the height of the plunged
pin (Instance 3). The results are shown in Figure 15. This area is extremely important from
the point of view of the application and the expected effects of inserting a magnetic field
into the cushion. The occurrence of high shear stresses promotes a reduction in the ability
of the held object to move, due to the hardening of the cushion structure. As can be seen
in this area, the highest values of average stresses are achieved for configurations with
kpm equal to 0.9, regardless of the distance z. The lowest values, on the other hand, are
achieved for kpm = 0.7 and kj = 0.9. A particularly important area are configurations with
kpm 0.8 and 0.85, which for a low distance z reach comparable values with kpm = 0.9. In
turn, as the distance z increases, they decrease much more.
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creased, there was a significant reduction relative to the other configurations. This re-
sulted in the lowest average shear stress values in both Instances 1 (Figure 13) and 3 (Fig-
ure 15) analyzed. The configuration in Figure 16d is a variant with kpm = 0.9 and kj = 0.35, 
which also represents an edge case. It is worth noting that the distributions for Instance 1 
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they allow the highest values with increasing distance z. The two middle configurations 
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both in the area near the bottom of the cushion and around the plunged object. Moreover, 
they allow one to achieve the expected effect of high stresses for small values of z and low 
ones while increasing it. 

Figure 15. Average values of τB shear stress along the measurement section of the MR cushion
section of the Instance 3 variant for all configurations kpm/kj. Analysis was performed for the value
gm = 6 mm and the distance of the magnetic field exciter z equal to: (a) 0; (b) 1; (c) 5; (d) 10 mm;
(e) color scale indicating shear stress value.

4. Discussion

As a result of the analysis, four kpm/kj configurations were selected for gm = 6 mm,
as shown in Figure 16. The first is a variant with kpm = 0.7 and kj = 0.9 (Figure 16a),
where high stress values could be observed near the axis of symmetry. As the distance
r increased, there was a significant reduction relative to the other configurations. This
resulted in the lowest average shear stress values in both Instances 1 (Figure 13) and 3
(Figure 15) analyzed. The configuration in Figure 16d is a variant with kpm = 0.9 and
kj = 0.35, which also represents an edge case. It is worth noting that the distributions for
Instance 1 (Figure 13) represent the lowest values of average stresses, so for Instance 3
(Figure 15), they allow the highest values with increasing distance z. The two middle
configurations in Figure 16b,c are the favorites of the analysis, characterized by high shear
stresses both in the area near the bottom of the cushion and around the plunged object.
Moreover, they allow one to achieve the expected effect of high stresses for small values of
z and low ones while increasing it.
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distance z. This response is linear and depends on the spring deflection. For design rea-
sons, a spring deflection of 8.8 mm was assumed. The second force comes from the attrac-
tion of the permanent magnet FM, which increases as the air gap z decreases. It is expo-
nential in nature and for the given configurations reaches values above 25 N. However, it 
should be borne in mind that there is one plate between the face of the permanent magnet 
and the MR fluid, and the thickness of its bottom. On the basis of experience with proto-
types, this size was taken as 1.8 mm. In order to ensure correct operation at the z-point 
equal to 0, the two forces must at least align with each other. The minimum difference in 
favor of springs is necessary to move the cushion away from the permanent magnet while 
removing the pressure from the jaws (releasing the grasped object). However, it is not 
recommended to insert hard springs, which will significantly exceed the value of the force 
at the z-point equal to 0. This is due to the biggest limitation of the proposed solution, 
which is the force required to plunge the object into the cushion. The higher the reaction 
force of the springs, the more force must be applied on the jaw side to plunge the object 
into the cushion and bring it closer to the source of the magnetic field. Thus, this disqual-
ifies the use of the cushion for brittle active grasping of fragile objects. Grasping in this 
case can only be passive without the involvement of a magnetic field, taking advantage of 
the soft structure of the cushion. 

Figure 16. Shear stress distribution in the cushion cross section at gm = 6 mm for configurations:
(a) kpm = 0.7 and kj = 0.35; (b) kpm = 0.8 and kj = 0.7; (c) kpm = 0.85 and kj = 0.65; (d) kpm = 0.9 and
kj = 0.35; (e) color scale indicating shear stress value.

Figure 17a shows the principle of operation of the spring-permanent magnet mech-
anism introduced in Section 1 (Figures 2 and 3). Figure 17b shows plots of the magnetic
field exciter’s attraction force as a function of the size of the air gap between the cushion
(determined by the height z). They are shown for the configurations selected in Figure 16.
These data are the culmination of the analysis performed and are helpful in the selection
of counter springs for the proposed mechanism. According to Figure 17a, there are two
opposite facing forces. The first comes from the springs FS, which react to a change in
distance z. This response is linear and depends on the spring deflection. For design reasons,
a spring deflection of 8.8 mm was assumed. The second force comes from the attraction of
the permanent magnet FM, which increases as the air gap z decreases. It is exponential in
nature and for the given configurations reaches values above 25 N. However, it should be
borne in mind that there is one plate between the face of the permanent magnet and the
MR fluid, and the thickness of its bottom. On the basis of experience with prototypes, this
size was taken as 1.8 mm. In order to ensure correct operation at the z-point equal to 0, the
two forces must at least align with each other. The minimum difference in favor of springs
is necessary to move the cushion away from the permanent magnet while removing the
pressure from the jaws (releasing the grasped object). However, it is not recommended
to insert hard springs, which will significantly exceed the value of the force at the z-point
equal to 0. This is due to the biggest limitation of the proposed solution, which is the force
required to plunge the object into the cushion. The higher the reaction force of the springs,
the more force must be applied on the jaw side to plunge the object into the cushion and
bring it closer to the source of the magnetic field. Thus, this disqualifies the use of the
cushion for brittle active grasping of fragile objects. Grasping in this case can only be
passive without the involvement of a magnetic field, taking advantage of the soft structure
of the cushion.
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Figure 17. The value of the attraction force of the exciter as a function of the change in the distance of
the magnetic field source z for selected geometry configurations in conjunction with spring reaction:
(a) graphical explanation; (b) chart.

5. Conclusions

The study analyzed the results of a simulation study of a magnetic setup inserting a
magnetic field into a cushion filled with magnetorheological fluid. The measured quantities
were the shear stresses occurring in the MRF, considered for different configurations of the
dimensions of the permanent magnet, yoke, and air gap. These quantities were defined as
factors, and the article discusses their influence on the stress distribution.

After the analysis, the following observations were developed. The factors kpm and
gm affect mainly the value of shear stresses in the cushion as the air gap between the exciter
increases (increasing the distance z). This is because they determine the most important
element of the magnetic field exciter, namely the geometry of the permanent magnet. The
highest kpm value of 0.9 allows for the highest values of shear stress to be obtained in
the measurement section as the distance z increases. This is true for the axis of rotation
of the cushion, as well as for points r away from it, compared to the other configurations.
Marginally influential in this case is also the chosen value of kj (Figures 11e and 12c). A
levelling-down the disparity between configurations with individual kj is observed as the
value of the kpm factor increases. This shows a decrease in the separation between the
characteristic waveforms. However, because of the nature of the application, it is expected
to obtain a stress as high as possible for small values of distance z, with simultaneously
low stresses as this distance increases. This will allow the cushion to become sufficiently
soft as the object enters its area and conform to its shape. In turn, when the jaws extend
further, the introduction of a magnetic field into the volume of the cushion will allow the
structure to stiffen, providing a more stable grip. Therefore, the criterion for selecting the
geometry of the setup should be determined by analysis for low values of distance z, such
as 0, 1, and 2 mm. The goal is to obtain the highest possible values of shear stress on the
entire length of r. For this reason, the following analysis details the average stress value
for each configuration. For z = 0 and z = 1, the highest average value was obtained for
configurations with kpm = 0.8 and kj = 0.75, and kj = 0.65, respectively. Similar conclusions
were also observed when stresses in the air gap region between the permanent magnet and
the yoke were analyzed. The analysis of the cushion model with a plunged pin allowed
us to show differences in the values of average stresses values, which are higher at small
values of z and decrease with the distance of the permanent magnet from the cushion.
The authors decided to perform an analysis of the average shear stress at the height of the



Energies 2023, 16, 2299 19 of 21

plunged pin model, which confirmed the previous observations and conclusions. Therefore,
in the system application, they recommend configurations with kpm equal to 0.8 and 0.85
and kj oscillating around 0.7.

Summarizing the simulation analysis aspects, one should keep in mind their coverage
in real (experimental) conditions. The situations considered include the full filling of the
tank with MR fluid, which with the proposed geometry is about 3.2 ml. Thus, the simulation
takes into account the same conditions occurring throughout its volume. In practise, the
gripper operates at different orientations; therefore, there may be a local accumulation of
ferromagnetic particles. This will affect a different distribution of shear stress and magnetic
field induction in the volume of the cushion. Another issue is the limitation in the ability
to fully fill the tank with MR fluid. Experiments show that partial filling of jamming
gripper solutions positively affects the performance of the gripper [15,16,22]. Additionally,
such conditions make it difficult to model the actual operating conditions of the proposed
solutions.

The suggested approach is characterised by an innovative design considering the
proposed solutions presented in the literature review (Section 1). It is featured by the
absence of the need to provide a control module, and the gripper itself can operate with the
manufacturer’s software. The proposed jaw solution will find its application in the design
of almost any jaw gripper. Modernisation itself is not expensive, taking into account the
materials and technology used. An important aspect in this case is also the low weight of
the device. The original Robotiq 2F-140 gripper jaw weighs approximately 32.2 g, while the
proposed one weighs 58.5 g. At the same time, the ∅25 × 20 electromagnet itself weighs
about 50 g. This is especially important for small manipulators with a low lifting capacity.
Among the disadvantages of the proposed solution will be, in particular, the plate under
the cushion, which increases the distance between the magnetic field source and the MR
fluid inside the cushion. The low magnetic permeability of the TPU does not help either.
Among the challenges is the potential to develop a built-in version to prevent clogging of
the mechanism (for example, the appearance of third-party objects between the face of the
magnet and the bottom of the cushion). Further analysis is possible for other materials for
structural components. The use of MR liquids in this type of gripper solution always carries
the risk of leakage during operation. The authors’ further plans include experimental
studies of the proposed setup for inserting a magnetic field into an MR fluid-filled cushion
and tests on the robotic manipulator.
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