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Abstract

:

Magnetorheological (MR) dampers have a virtue over conventional dampers, where their damping properties can be adjusted using a magnetic field. However, MR dampers have been barely implemented in small vibratory systems, in which the modal mass and stiffness are relatively small. This is due to two major reasons, namely its high parasitic damping force and big moving mass. When such an MR damper is installed in a small vibratory system, the system‘s default damping ratio is increased and therefore its dynamic is reduced. Here, a new concept of an MR damper utilizing the porous medium and shear operating mode together with an external non-moving electromagnet is proposed. This combination results in an MR damper with a low parasitic damping force and a small moving mass. For comparison purposes, a benchmark MR damper with comparable geometry is constructed. The proposed MR damper possesses a passive friction force that is 8× smaller and OFF-state passive viscous damping that is 10–20× smaller than the benchmark MR damper. An investigation of the proposed MR damper performance in a test vibratory system shows almost no reduction of the system dynamic. Therefore, this proposed MR damper configuration can be suitable for applications in small vibratory systems.
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1. Introduction


Magnetorheological (MR) fluid-based dampers have adjustable damping properties due to changes in their fluidic behavior using a magnetic field [1,2]. The adjustability of the MR dampers is a virtue over conventional dampers, in which a vibratory system can be dampened optimally. Until now, MR dampers have been commercially used in several large-scale applications [3], such as in the automotive industry to increase ride comfort [4,5] and in civil engineering to make buildings or bridges able to withstand earthquakes and strong winds [6,7], replacing conventional hydraulic dampers. Despite its virtue in damping technology, the MR dampers have been barely implemented for small applications, for example for applications where the force operating range is smaller than 100 N. This is due to two major reasons:




	
Parasitic damping force. Parasitic damping force is the damping that cannot be eliminated. This damping is caused by the viscosity of the fluid and the damper sealing. Utilizing the MR fluid as the damper medium means that there will be an interaction between the fluid and the mechanical parts of the damper. Due to MR fluid viscosity, there is a considerable amount of damping force due to the viscous effect of the fluid, especially in the sufficiently high-velocity region. The MR fluid also needs to be contained in a fluid chamber, whereby sealings are required. The sealing rubs the moving part of the damper, causing an extra dissipation through the friction force. Moreover, for an MR damper operated in flow mode, the sealings should be able to withstand the operating pressure, which therefore increases the friction force even further [8]. In small-scale applications, both the viscous and friction forces are not negligible.



	
Damper mass. The MR fluid requires an electromagnet to generate the magnetic field. In most commercial products of MR dampers, the damper takes the shape of a cylinder tube with a piston in it [9]. To make a compact design, the electromagnet is integrated directly into the piston which increases the moving mass. For a large-scale application, this additional mass is negligible, since in most cases, the vibrating mass is much bigger than the mass of the piston damper. However, in small-scale applications, this additional mass will change the dynamics of the vibratory system significantly.








Addressing the two aforementioned problems for small-scale applications, several approaches have been proposed. In reducing the parasitic damping due to the friction force from the sealing, the shear operating mode is preferred instead of the flow mode. By using the shear mode, the sealing does not require withstanding high pressure. Therefore, the sealing can have less friction. As is reported in [10], the reduction of the friction force by using another sealing with less friction is proven to be advantageous in the application of a washing machine. Another approach is to use an elastic mechanism for the sealing, as is done in [11], (Figure 11) and [12]. This approach, however, limits the movement range of the damper, since the elastic mechanism possesses a small elongation range. Ref. [13] proposed similar ideas with a bellow mechanism, which results in a bigger movement range despite using the elastic mechanism. In reducing the parasitic damping due to the fluid viscous effect, a utilization of a porous medium was already proposed about two decades ago by different researchers. The idea of using a porous medium was proposed in [14,15], where polyurethane foam is saturated with the MR fluid and is attached to the piston. The principle sketch for this is depicted in Figure 1a. Using this principle, the MR fluid is contained by the porous medium and does not need to fill the entire fluid chamber. This results in a significant reduction of the MR fluid volume in the damper but did not eliminate the viscous effect.



To eliminate the viscous effect, the porous material should not have any contact with the moving part and should only act as a container for the MR fluid. Such an approach was done by [16] with a metal foam. It has been shown that in the presence of the magnetic field, the MR fluid is able to go out from the foam to make a contact with a surface that is placed not so far from the foam (up to 2 mm). Using this idea, an MR damper with a piston is proposed in [17,18,19], where the sponge is mounted at the housing wall over the circumference, and the electromagnet is attached to the moving piston. The principle sketch of this concept of MR damper is shown in Figure 1b. Using this principle, the MR fluid will only make a contact with the piston when the magnet is activated. However, due to gravitation, it is not clear how the MR fluid at the upper side of the damper could be absorbed back by the foam at the upper side of the housing after the magnetic field is deactivated. Therefore, the design of the MR damper in [20] would make more sense, where the metal foam is attached only to the lower part of the damper. The principle sketch of the MR damper is shown in Figure 1c, where in the absence of the magnetic field, the gravitation force will pull back the MR fluid to be contained back in the foam below the piston automatically. In summary, by using the foam as the container of the fluid and giving a small gap to the piston (moving part), the viscous effect during the OFF state can be eliminated. Thus, the MR effect is still able to be implemented, and therefore adjustable damping is still realizable. In reducing the damper’s moving mass, a simpler approach can be executed. Since the most weight was caused by the electromagnet at the piston, the mass and therefore its inertial effect can be significantly reduced by simply constructing the electromagnet at the outer side, as is done in [21], instead of directly at the piston (or the moving part). It has been shown in this work, that this approach results in a damper that can be implemented for small-scale applications in a form of a miniaturized landing gear. The drawback of this approach in general is that the electromagnet should be made big enough to cover the whole operating range of the damper.



In this paper, a new concept of an MR damper utilizing the porous medium and shear operating mode together with an external non-moving electromagnet is proposed. The porous medium will be placed only below the shearing plate with a certain gap to eliminate the viscous effect in the OFF state, similar to the concept in Figure 1c. The inertial effect of the shearing plate is minimized by constructing the electromagnet at the outer part of the fluid housing. Such a combination results in a damper with a low parasitic damping force and a small moving mass. The resulting force is measured for various applied current, velocity, and mechanical parameters to investigate the characteristic of the proposed MR damper. Additionally, to present the significance of the proposed concept, a shear mode-based MR damper with comparable geometry is constructed and used as the benchmark damper in this work. In comparison to the proposed MR damper configuration, the benchmark MR damper has no porous medium in its construction, representing the conventional MR damper. The characteristics and the performance of both dampers are tested in an experimental vibratory system. This investigation shows the importance of having a minimum parasitic damping force and small moving mass in small-scale applications. Therefore, the main contributions of this paper are:




	
An introduction of the novel MR damper concept including the investigation of its damping characteristic,



	
Damper characteristic comparison to a benchmark MR damper, representing a conventional MR damper with high parasitic damping, and



	
Performance comparison to the benchmark MR damper, showing the influences of parasitic damping and the inertial effect in a vibratory system, representing a small-scale application.








Theoretical background on the MR fluid, the shear operating mode, the electromagnets, and the influence of the damping in a vibratory system will be discussed in section two. This will give an overview of the working principle of the proposed MR damper and the understanding of the selection of mechanical parameters. The experimental setup for this work will be elaborated on in the third section. This consists of the design of the electromagnet, the structural configuration of both the benchmark MR damper and the new proposed foam MR damper, and the vibratory system used to test the performance of the MR dampers. Each measurement procedure together with its respective experimental results will be presented and discussed in the fourth section. This includes the identification of each MR damper and the performance comparison for both dampers in vibration damping of a vibratory system. In the fifth section, the whole work will be concluded and outlooks will be given.




2. Theoretical Background


In this section, a theoretical background of MR fluid, and the working principle of the shear operating mode are presented. The basic theory of the magnetic circuit is also included, whereby the magnetic field generation for the MR damper can be understood properly. In the last part of this section, the basic theory of vibration in a simple mass-spring-damper system is explained, which gives insight into how the damping influence the dynamics of a vibratory system.



2.1. Magnetorheological Fluid


MR fluids are substances whose rheological behavior can be changed by the influence of magnetic fields. The rheological behavior of fluid material is determined by two physical quantities, namely, shear stress  τ , and shear rate   γ ˙  . For the MR fluids, these two physical quantities have the following relation:


  τ =       η b   γ ˙  +  τ 0   ( B )   sgn  (  γ ˙  )  ,      if  | τ |  ≥  τ 0        G γ ,      if  | τ | <   τ 0        



(1)




that follows the classical BINGHAM model. In this relation,   η b   is the dynamic viscosity,   τ 0   is the yield stress due to the influence of the applied magnetic field B, G is the shear modulus, and  γ  is the shear. Figure 2 plots the shear stress-shear rate characteristic line of MR fluids.



The fluid that is used in this work is MR fluid    AMT-SMARTEC  +   from Arus MR Tech in Chennai, India, whose properties are enlisted in Table 1. The relation between the applied magnetic field density B in T and the generated MR fluid yield stress   τ 0   in kPa can be found in the datasheet of the fluid [22], where


   τ 0  = − 11.56  B 3  + 16.15  B 2  + 49.76 B  



(2)




the yield stress is a third-order polynomial function of the applied magnetic field.




2.2. MR Fluid in Shear Operating Mode


MR fluid can be operated in different operating modes [2,23]. In this work, the operating mode is most similar to the shear operating mode, in which the MR fluid is contained between two surfaces and sheared by the relative movement between those surfaces in the parallel direction. The sketch of the working principle for shear mode is displayed in Figure 3a.



As can be seen in the figure, the MR fluid between the plates is sticking to the plate surfaces. The shear stress  τ  from the fluid


  τ =   F d   A op    



(3)




is related to the resulted force   F d   by the operating area   A op   of the shearing surface. The operating area is defined by the area of the shear plate, in which the magnetic field is applied. When an external force is applied, that is big enough to result in a shear rate


   γ ˙  =   x ˙   h op    



(4)




between the two plates, the resulted force   F d   due to the shearing can be derived from Equation (1), as in [24] (p. 191), [25].


   F d   ( B )  =      η  A op    h op    x ˙   ⏟   F η   +     τ 0   ( B )   A op   sgn  (  x ˙  )   ⏟   F r   .  



(5)




In this relation,   h op   is the gap between the shearing surfaces, and   x ˙   is the relative velocity between the shearing surfaces. As is shown in Equation (5), the resulted damping force consists of two parts, namely, the damping force   F η   due to the viscous effect and the damping force   F r   due to the MR effect. The viscous force   F η   behaves similarly to a viscous damper, whose relation to the velocity is proportional to the damping constant d as the proportional factor; meanwhile, the force   F r   behaves similarly to a friction force, whose friction constant    F 0   ( B )    depends on the applied field strength. This friction constant is called the blocking force   F 0   which is defined as the required force to block the plate movement. By using the following relations for the damping constant and the blocking force


  d =   η  A p    h op    and   F 0   ( B )  =  τ 0   ( B )   A op  ,  



(6)




the resulted force in Equation (5) can be written as


   F d   ( B )  = d   x ˙  +  F 0   ( B )   sgn  (  x ˙  )  ,  



(7)




whose characteristic line is depicted in Figure 3b. As can be seen in this figure, the form of the force-velocity characteristic line follows the form of the shear stress-shear rate characteristic of a BINGHAM fluid in Figure 2. It is to be noted from Equation (7), that despite the absence of the applied field (  B = 0  ), there still exists the aforementioned parasitic damping due to the viscous effect   F η  . The gap distance   h op   is inversely proportional to the resulted force. This means that by scaling down the gap distance   h op  , this viscous force   F η   will be drastically increased. It can be learned from this example, that scaling down the size to implement the MR damper for small-scale applications results in a bigger parasitic damping force due to the viscous effect.




2.3. Working Principle of the MR Dampers


The working principle of both the proposed and the benchmark MR damper is based on the aforementioned classical shear mode working principle. Depending on the material used in the damper, the configuration of the damper will be adjusted. The sketches of their working principle are depicted in Figure 4.



Figure 4a sketches the working principle of the proposed MR damper. The moving part of the damper and the MR fluid chamber are installed at the iron core gap, in which the magnetic field will be generated. The MR fluid is contained in the chamber, in which a porous medium, nickel foam, with a thickness   t f   is embedded. The chamber wall itself has a thickness of   h w  . The moving part of the damper is the shearing plate, which is shown in the figure using green color. The plate has a thickness of   t p   and is mounted on two linear guides, one on each end, allowing the plate to be moved only in the direction (x-direction) parallel to the foam surface. The linear guides are mounted at a certain height to position the plate to have an operating distance of   h op   to the foam surface, yet not touching the iron core of the electromagnet. In this way, the plate is separated by a distance   h ′   and does not have any contact with either the electromagnet or the foam during its operation. The OFF state figure presents the default state of the foam MR damper when there is no magnetic field is applied. In this state, the plate can be moved back and forth without rubbing the surface of the electromagnet or the foam. The only source of friction comes from the linear guides. As soon as the electromagnet is activated, a magnetic field is generated at the gap, symbolized ba he red arrows. The magnetic field pulled the MR fluid out from the foam, which created contact between the MR fluid and the lower surface of the shearing plate, as shown in the ON state figure. Depending on the magnitude of the applied magnetic field, the amount of the MR fluid pulled out from the foam and therefore the friction between the fluid and the shearing plate will vary. This is none other than the magnetorheological effect in shear mode, thus without the viscous effect of the fluid in its OFF state.



The working principle of the benchmark MR damper is depicted in Figure 4b. Similar to the proposed MR damper, the shearing plate and the MR fluid chamber are installed at the gap of the electromagnet. In comparison to the proposed foam MR damper, the fluid chamber is closed and filled with MR fluid. Therefore, sealings are required to contain the fluid inside the chamber. The shearing plate with a plate thickness   t p  , which is also shown in green, is inserted in the middle of the fluid chamber, resulting in two identical gap distance   h op   between the plate and the housing wall. In this way, the shearing plate has contact with the MR fluid on both the upper and the lower sides of the plate. The chamber wall of this damper has a thickness of   h w  . To ensure a parallel movement of the plate, the plates are also guided using two nonmagnetic linear guides, that are integrated directly at the fluid housing. In the OFF state figure, the movement of the plate in x-direction will shear the fluid on both sides of the shearing plate. As soon as the electromagnet is activated, a magnetic field is generated and the MR fluid particles possess stronger bonds, which will increase the force required to move the plate. This is the known rheological effect as explained in Section 2.2, which is presented by the ON state figure. Using this configuration, the benchmark MR damper can be used to represent the common MR damper, thus in a comparable size to the proposed MR damper.




2.4. Electromagnet and Its Magnetic Circuit


As can be learned from Equation (2), the yield strength   τ 0   of the MR Fluid and therefore the blocking force   F 0   depend on the magnetic flux density B. The bigger the magnetic flux density B, the bigger the blocking force   F 0  . Therefore, it is generally aimed to have an optimal design of the electromagnet to achieve the biggest B possible. In this way, the damper will possess a big dynamic range, which is defined as the ratio between the force    F d   ( B = max )    by the maximum applied field and the force    F d   ( B = 0 )    by the absence of the magnetic field for the same operating velocity.



Figure 5a shows a sketch of a simple electromagnet configuration. It consists of an iron core, coil, and a gap at the iron core. The electromagnet is divided into several sections, based on the cross-section area of each section, and numbered accordingly. The gap that exists at the iron core is commonly counted as a single section and named as the load, in which the MR fluid will be placed. When a current is applied to the coil, magnetic flux density will be created at both the iron core and the gap. Since the magnetic permeability at the gap is (normally) different than the iron core, the magnetic flux density at the iron core and the gap will have also different magnitudes. Therefore, the magnetic flux density B in this gap will be the design criteria of the electromagnet.



In order to calculate the value of the B flowing through the electromagnet, the electromagnet can be represented as an electric circuit [26] (Page 23), as presented in Figure 5b. In this figure, it can be seen that the magnetomotive force  Θ  is analogous to the electrical voltage as the source of the circuit. The value of the magnetomotive force


  Θ =  N c  I  



(8)




depends on the number of coil winding   N c   and the applied electrical current I at the coil. The magnetic circuit in Figure 5b consists of only one circuit loop for the magnetic flux  Φ . The resulting magnetic element law is:


  Θ = Φ   R m  , tot ,  



(9)




with the total magnetic resistance as:


   R  m , tot   =  ∑  j = 1   N s    R  m , j    .  



(10)




The total magnetic resistance follows from dividing the magnetic circuit into several sections. Each section is represented by one resistance symbol (see Figure 5b). They can be obtained by adding all the resistances, that are connected in series, with   N s   as the number of the sections in the magnetic circuit. Index   j = 6   is chosen to be the section number for the load (see Figure 5a). The magnetic resistance from each section


   R  m , j   =   l j    μ j   A  m , j      



(11)




depends on the section length l, the material permeability  μ  at the section, and the area of the respective cross-section   A m  . The total magnetic resistance together with the magnetomotive force in Equation (8) determines the magnetic flux


  Φ =  Θ  R  m , tot    ,  



(12)




that flows in the magnetic circuit, whose behavior is analogous to the electric current that flows through the electrical circuit. Based on the cross-section area (   A  m , 6   =  A  m , load    ) at the load, the magnetic flux density at the gap (load section) can be calculated by the following relation


   B 6  =  Φ  A  m , 6    =  Θ   R  m , tot    A  m , 6     .  



(13)




From the calculated value   B 6  , the yield stress   τ 0   and therefore the blocking force   F 0   can be estimated with the relation in Equations (2) and (6) respectively.




2.5. Damping in Vibratory System


Damping dissipates energy in a vibratory system. Therefore, it determines how fast vibration in the system can be decayed. The bigger the damping, the faster a vibration can be decayed in the vibratory system. However, too much damping in the system has also a drawback, where more actuation energy is required to generate a fast movement. In this sense, the concept of adaptable damping that is offered by MR dampers is advantageous, since the damping can be set to be minimal to allow a fast movement and can be set to be maximal to dissipate the vibration energy and therefore obtain the fastest decay time possible.



2.5.1. Damping of Viscous Damper


A simple vibratory system consisting of a mass, spring, and a viscous damper is depicted in Figure 6a.



In this system, m is the mass, k is the stiffness of the spring, and d is the damping constant of the viscous damper. When an external force   F a   is applied at the mass, the mass will move accordingly based on the dynamic of the system. The motion differential equation for this system can be written as follow


  m  x ¨  + d  x ˙  + k x =  F a   .  



(14)




This relation follows the standard form of second-order differential equation


   x ¨  + 2 D  ω 0   x ˙  +  ω 0 2  x =  ω 0 2   w  



(15)




of a spring-mass-damper system, with   ω 0   as the natural frequency and D as the dimensionless damping ratio of the system. By comparing both equations, the natural frequency   ω 0  , the dimensionless damping ratio D and the static displacement w can be expressed as:


   ω 0  =   k m    ,   D =  d  2   k m      ,  w =   F a  k  .  



(16)




This damping ratio D can be used to give an estimation of how big the damping is relative to the mass and the stiffness in the vibratory system.



Figure 7 plots the the relation between the damping constant d and the mass-stiffness   k m   from Equation (16) for various damping ratio D.



As can be seen from the figure, for a vibratory system to operate the same value of damping ratio D, the smaller the product of modal mass m and modal stiffness k of the system, the smaller the modal damping constant d should be. Based on this reason, when a small vibratory system (a system with small m and k) requires to be operated with a small damping ratio, the damping constant of the damper should also be smaller.




2.5.2. Damping of MR Damper


A vibratory system with an MR damper has a configuration as sketched in Figure 6b. In comparison to the vibratory system with a conventional viscous damper, there exists a friction element as part of the damper (see explanation in Section 2.2). This friction element makes the system nonlinear and the differential equation of the system becomes:


  m  x ¨  + d  x ˙  +  F 0   ( B )   sgn  (  x ˙  )  + k x =  F a   .  



(17)




As can be seen from this equation, the form does not correspond to a standard form of the second-order differential equation in (15). Based on this reason, for a system with an MR damper, the damping ratio D can not be directly derived from the analytical solution.




2.5.3. Estimation of Damping Ratio


For a linear vibratory system, there is a method to estimate the damping ratio based on the frequency response of the system, as done in [27] (p. 53). For the vibratory system with a viscous damper (see Figure 6a), the transfer function of the system can be obtained by using the Laplace transformation for the differential equation in (15). This gives a transfer function


  G  ( s )  =   x ( s )   w ( s )   =   ω 0 2    s 2  + 2 D  ω 0  s +  ω 0 2     



(18)




between the input w and displacement x of the mass as the output. The amplitude response of the transfer function in Equation (18) can be obtained by replacing the   s = j Ω  , resulting in:


  G  ( j Ω )  =    x ^   ( j Ω )     w ^   ( j Ω )    =  1  1 −  β 2  + j 2 D β    



(19)




with   β =  Ω  ω 0     as the ratio between the operating frequency and the natural frequency. The amplitude of the transfer function is:


   | G  ( j Ω )  |  =   x ^   w ^   =  V T   



(20)




with   V T   as the amplification factor


   V T  =  1     ( 1 −  β 2  )  2  +   ( 2 D β )  2     .  



(21)







By plotting the amplification factor   V T   over the frequency ratio  β , the frequency, in which the maximum amplitude of the amplification factor occurs, can be found. This is done by solving the frequency ratio from the condition where     d  V T    d β   = 0  , which results in


   β max  =   1 − 2  D 2    .  



(22)




Inserting this to the second derivation of the amplification factor   V T   in Equation (21)


     d 2   V T    d  β 2     ( β =  β max  )  =   1 − 2  D 2    2  D 2   (  D 2  − 1 )     D 2  −  D 4       



(23)




always results in a negative value for 0   ≤ D ≤   (  2  )   − 1    . This is an evidence that the solution in Equation (22) is the maximum value of the amplification factor function. The maximum amplification of the transfer function is defined to be the quality factor Q,


  Q =  V T   (  β max  )  =  1  2 D   1 − 2  D 2       



(24)




as done in [27] (p. 52), which can be calculated by inserting the maximum frequency ratio   β max   in the amplification factor function in Equation (21). Using this factor Q, the damping ratio D of the system can be roughly estimated. It is to be noted from this method, that Equation (24) is only valid for a damping ratio up to   D =  1  2   ≈ 0.707  . A greater value of the damping ratio will result in an amplitude response without any peak.



As mentioned before, since the damping ratio of the vibratory system with an MR damper can not be obtained analytically, the relation of the quality factor Q in Equation (24) will be used. When the friction constant (blocking force)   F 0   and the damping constant d are known, Equation (17) describing the vibratory system in Figure 6b can be numerically solved and the amplitude response of the system can be obtained. Using the maximum value of the amplitude response and inserting it to Equation (24), an equivalent damping ratio D can be calculated. In this way, the damping ratio in the vibratory system with an MR damper for various magnitudes of applied current will be evaluated.






3. Experimental Setup


In this section, the design and the structural configuration of the MR dampers including its utilized magnetic circuit will be discussed. As was mentioned before, there will be two MR dampers used in this work. The first one is the MR damper, used as a benchmark. The second one is the proposed foam MR damper with shear operating mode. Since both dampers are using the same magnetic circuit, the magnetic circuit design will be explained first. The description of both MR dampers will be explained afterward. In the last part of this section, the configuration of the vibratory system used to test the dampers’ performance is presented.



3.1. Design of the Magnetic Circuit


As was discussed before, the magnetic flux density   B 6   in Equation (13) depends on the amount of the magnetomotive force  Θ  that can be generated by the coil (see Equation (13)). The maximal amount of the allowable magnetomotive force given in (8) is calculated according to


   Θ max  =  J alw   k Cu   b c   h c   



(25)




and is limited by the size of the winding window of the coil    b c  ×  h c    in Figure 5a, where   J max   is the allowable current density and   k Cu   is the winding factor [26] (Page 302). When the generated magnetomotive force  Θ  exceeds the amount of the allowable magnetomotive force (  Θ >  Θ max   ), the temperature of the coil will increase rapidly and cause the coil to be damaged. Therefore, the winding window should be at least big enough to accommodate the desired magnetomotive force.



To determine the winding window, the design is conducted with the following steps:




	Step. 1

	
Determine the maximum blocking force   F 0  .



In an MR damper, the blocking force is the only variable whose magnitude is controllable by varying the magnetic flux density. Therefore, its maximum value is the main criteria in designing an MR damper.




	Step. 2

	
Determine the operating area   A op   (see Equation (3) and Figure 3a and Figure 5a).



In shear operating mode, the area of the plate can be used as another criteria in determining the size of the damper and the electromagnet. This operating area will be the area of the electromagnet cross-section at the load, where    A op  =  A  m , 6    . In order to achieve the desired results, saturation in any electromagnet section should be avoided. Therefore, the cross-section of all electromagnet sections is made equal in this work (   A  m , j   =  A op    for   j =   1 to 6). This is done by setting the height of each cross-section to be equal (   h j  =  h m    for   j =   1 to 6). Therefore,    A op  =  h m  ×  t m   .




	Step. 3

	
Calculate the required yield stress   τ 0  .



Based on the chosen blocking force and shearing plate area, the respective yield stress can be calculated with    τ 0  =  F 0  /  A op   .




	Step. 4

	
Calculate the required magnetic flux density   B 6   and its respective magnetic flux  Φ .



The magnetic flux density B can be obtained by inverting Equation (2). Using the calculated flux density   B 6  , the magnetic flux  Φ  can be found by using Equation (13).




	Step. 5

	
Define the magnetic permeability.



The magnetic permeability should be defined for each section based on the material used in the section so that the magnetic resistance value can be calculated (see Equation (11)).




	Step. 6

	
Calculate the required winding window    b c  ×  h c   .



The size of the winding window will determine how big the dimension of the electromagnet. Therefore, the mechanical geometry of the electromagnet should be the function of the winding window parameters. For the electromagnet configuration in Figure 5a), the relation between the mechanical geometries and the winding window parameters are:


     h j     =  h m  ,  for   j = 1  to  6     



(26)






     l 3     =  h c  +  h m  + 2   t ch  ,     



(27)






      l 2  =  l 4      =  b c  +  h m  +  t ch  +  b buff  ,     



(28)






     l 1     = 0.5   l 3  ,     



(29)






     l 5     = 0.5   l 3  −  l 6  ,     



(30)




where   t ch   the thickness of the coil’s housing, and   b buff   is a buffer distance. The buffer is added, so that there is still some space between the coil and the damper, which can be used to install the required electronics. The winding window is found by inserting the relation in Equations (10) and (25) in Equation (12). The relation in Equations (27)–(30) should be inserted (10) to have the total magnetic resistance as a function of the winding window. Equation (12) need to be solved for the winding window parameter, with a relation of    h c  = 1.5  b c   .




	Step. 7

	
Calculate the size of the magnetic circuit.



After the size of the winding window is found, the length of each section in Equations (27)–(30) and therefore the size of the electromagnet can be calculated.









The calculated parameters from the previous design steps (Step. 1–Step. 7) are used to calculate the diameter of the wire used at the coil. This is done by using the density   ρ warm   of the wire for a chosen maximum operating temperature   T max   and the mean wire length   l cm   of one coil winding, whose relations are as follow:


   ρ warm  =  ρ 20   1 + α (  T max  − 20 )   



(31)






   l cm  = 2  h m  + 2  t m  + 4  b c  + 8  t ch   



(32)




where   ρ 20   the wire density at temperature of 20    ∘  C and  α  the heat transfer coefficient. Using those two parameters together with the maximum operating voltage   U max   at the coil and the allowable magnetomotive force   Θ alw  , the diameter of the wire [26] (Page 303)


   d Dr  =    4  Θ alw   ρ warm   l cm    π  U max      



(33)




can be calculated. All the parameters used in this work are listed in the Table A1.



As can be observed from the design procedure of the electromagnet, several conclusions can be drawn regarding the scaling down of the size of the electromagnet.




	
The smaller the magnet, the smaller the winding window (   b c  ×  h c   ).



	
The smaller the cross-section of the iron core (   h m  ×  t m   ), the higher the magnetic resistance (see Equation (11)).








A smaller winding window and a higher magnetic resistance results in a smaller magnetomotive force, and therefore a smaller magnetic flux density that can be generated at the load section. Moreover, if the flux leakage is considered [26], the smaller the magnet, the bigger the flux leakage, and therefore the smaller the generated magnetic flux density B. Considering these aspects, implementing MR fluid in small-scale applications is considered to be challenging.




3.2. MR Damper Foam


A prototype to realize the concept of the proposed foam MR damper utilizing the porous medium and shear operating mode is constructed in this work. In the load section of the electromagnet (see Figure 5a), the shearing mechanism is installed. Figure 4a depicts the CAD of the damper’s complete construction including the supporting figures to give an understanding of the working principle and construction details. The design is made to realize the in Figure 4a presented working principle.



The complete view of the structure is presented in Figure 8a. A spatially fixed   x y z  -Cartesian coordinate system is added to the figure to show the figure orientations. As can be seen in this figure, the electromagnet dominates the construction volume of the foam MR damper. The iron core consists of three parts, namely the top, side, and bottom iron core. The side iron core is made to be long enough so that the position of the top iron core and therefore the length of the load section is adjustable. To fix the length of the load section, a mechanical jig is plugged on the top of the side iron core. This jig serves as a stopper to fix the mounting position of the top iron core. In the load section of the electromagnet, a fluid chamber and the shearing plate are installed. The fluid chamber is mounted directly on the bottom iron core, meanwhile, the shearing plate is mounted to two linear guides. The linear guides will be guided by linear rails that are mounted to a single 3D-printed ground mount, which is fixed to the ground. In this way, the rails at both ends of the shearing plate can be set to be aligned, and therefore, the movement of the shearing plate can be guaranteed to exist in one direction only. The 3D printer used in this work is the Twotrees Saphire Plus, Shenzen, China, where polylactic acid (PLA) is used as material for the 3D-printed parts.



Figure 8b shows the cut section of the MR damper’s construction in the   x z  -plane at the middle of the magnetic circuit’s load section. The section lines are purposely removed to give a better presentation view. A 3D-printed fluid chamber is plugged into the lower part of the electromagnet. In this chamber, the nickel foam is fixed. The utilization of the nickel foam is inspired by [17], where a PPI (pores-per-inch) of 110 is chosen for this work. Between the nickel foam and the bottom iron core, a Hall sensor HE144T to measure the generated magnetic flux density is installed. This sensor is able to read a magnetic flux density of up to 1T. A 3D-printed shearing plate (shown in green) for the shear mode of the MR damper is made thin (   t p  = 0.8   mm), so that the length of the load section can be minimized. However, since it is difficult to guide a thin plate due to the lack of stiffness, the plate is supported by a thick-bridge-like structure, which is 3D-printed together. Through this bridge-like structure, the damper is mounted to the linear guides. The linear guides consist of three parts, namely the guide mount, the guide carriage, and the rail. The guide mount is 3D-printed and serves as an adapter for the bridge-like structure to be attached to the guide carriage. The guide carriage and the rail are the drylin® N-carriage and the drylin® N-guide rail from IGUS GmbH in Cologne, Germany, respectively. They were chosen due to the low mass and friction. With this configuration, the moving part has enough stiffness to withstand the shearing forces during the operation. Figure 8c shows the cut section from another view (in   y z  -plane). Together with the view in Figure 8b, it can be seen that the moving part takes the shape of a box with one open side (top side). From this side, the top iron core is inserted and fixed to the side iron core after pushing it against the jig. The length   l op   of the moving part box and the fluid chamber limit the movement range of the MR damper. This design configuration allows the proposed foam MR-damper to have a travel distance of ±9 mm, which can be increased by using a longer housing and shearing plate. Additionally, Figure 8c shows the length   l 6   of the load section for the electromagnet. For this proposed foam MR damper, the load section length will be (see Figure 4a for a better presentation):


   l  6 , foam   =  h w  +  t f  +  h op  +  t p  +  h ′  .  



(34)




The calculated and chosen geometrical parameters of this proposed foam MR damper are listed in Table A2.




3.3. Benchmark MR Damper


The performance of the proposed MR damper needs to be compared with another MR damper, representing the conventional MR damper, but no metal foam is utilized. Therefore, a benchmark MR damper is built in this work to fulfill this purpose, whose dimension is about the same size as the proposed MR damper. In this way, the benchmark MR damper can be triggered using the same electromagnet. Not only the size of the damper, but also the operating area   A op   of the shearing plates of both dampers are made equal (see Table A2 and Table A3). A CAD of the benchmark damper’s complete construction including the supporting figures to give an understanding of the working principle and construction details is presented in Figure 9. The design is made to realize the working principle presented in Figure 4b. A spatially fixed   x y z  -Cartesian coordinate system is added to the figures to show the figure orientations. The presentation in this figure is made similar to the presentation of the foam MR damper (see Figure 8) so that the design and construction can be directly compared.



Figure 9a presents a complete view of the benchmark MR damper structure. As mentioned before, the same electromagnet as the one used in the proposed MR damper is used in the benchmark damper. For this damper, the fluid chamber is a closed chamber, in which the MR fluid is contained. The housing of the damper is 3D-printed. It is so constructed that the top and the bottom iron core can be directly plugged into the damper housing. In this way, the position of the damper is fixed relative to the electromagnet and no additional mount is needed. Based on this reason, the jig on the top part of the side iron core is not required. In this damper, non-magnetic rods made of brass are used as the connector between the damper and the vibratory system. In the fluid chamber, a shearing plate is inserted and attached to these rods. The movement of the rod will move the plate which makes the benchmark MR damper also be operated in shear operating mode.



Figure 9b shows the cut section of the construction of the aforementioned working principle in the   x z  -plane. This view gives the details of how the rod is mounted to the fluid chamber. As is shown in this figure, the shearing plate (shown in green) is connected to the connecting rods, one on each side. Each connecting rod is guided by a brass linear guide on each side, which is installed in the guide cap. These guides limit the shearing plate to be moved only along x-direction. On both sides of the fluid chamber, a sealing (shown in red) is installed. The guide cap is mounted via bolts to the housing, which indirectly presses the sealing to be fixed at the fluid chamber. Using this configuration, the sealing will not move during the damper operation. Figure 9c presents the cut section from the other perspective. It can be seen from this view that in the benchmark damper, a Hall sensor with the same specification as the foam MR damper is also installed. It can also be seen that both the fluid chamber and the shearing plate have a triangular edge on one of their sides. This is used as the plate guide, whereby the plate can be held parallel during the movement. In comparison to the proposed foam MR damper, the load section of this benchmark MR damper is defined to be (see Figure 4b for a better presentation):


   l  6 , benchmark   = 2  h w  + 2  h op  +  t p  .  



(35)




The geometrical parameters of this damper are listed in Table A3.




3.4. Complete Experimental Setup with Vibratory System


Both the proposed and the benchmark MR damper will be tested using a common experimental setup. The complete experimental setup is shown in Figure 10. The experimental setup is constructed such that parameter changes in the system can be done easily.



Figure 10a shows the setup configuration used to investigate the characteristic of the MR damper. It can be seen in this figure that all the components are mounted on one big T-slot plate, which allows an easy alignment. The damper plate is connected to a force sensor KAP-S from Angewandte System Technik GmbH, with a maximum measuring force of 100N via a ball joint. The ball joint is added to compensate for any misalignment between the damper and the force sensor and to ensure that the measured force is the force generated in the moving direction (x-direction). The force sensor is mounted to an aluminum block. This aluminum block acts as the moving mass and the platform to attach both the actuator and the sensors. The moving mass is guided by two linear guides to ensure that the movement exists only in one direction (x-direction). On the other side of the mass, a 3D-printed laser reflector is attached, whose surface is used as the measurement point for the movement of the mass. In the figure, a dashed red line is drawn to show the operating laser from the sensor is aligned with the reflector. Since the stiffness of the force sensor is high, the movement of the mass is assumed to be the movement of the MR damper. On the same side of the block, a stepper motor ECOSTEP 23S31-0650 from Jenaer Antriebstechnik GmbH in Jena, Germany, is attached. The stepper motor is connected to a bolt via a coupling, whereby its rotational movement can be used to drive the mass to move translationally. All the sensors, the MR damper, and the actuator (stepper motor) are connected to a data acquisition system, ADwin-Pro II made by Jäger Computergesteuerte Messtechnik GmbH in Lorsch, Germany, whereby both the measurement and the actuation can be synchronized. The ADwin-Pro II has 16 bit ADC/DAC channels and is operated with a sampling time of 300 ns in this work. Due to the large current requirement, the coil of the electromagnet is connected to a current source, whose current adjustment can be controlled via the ADwin-system as well. It is to be noted that this figure represents the case where the proposed foam MR damper is measured. The proposed foam MR damper can be easily replaced by the benchmark MR damper (as shown in Figure 10b); thus, the same setup configuration can be used to conduct the same experiment.



Figure 10b presents another setup configuration, in which the investigated MR damper is connected to a vibratory system. The configuration can be changed easily by removing the stepper motor and adding springs on both sides of the aluminum block. In changing the configuration, the force sensor, the ball joint, and the laser vibrometer do not require extra adjustment. As is also shown in this figure, an extra additional mass can be easily added to the aluminum block to vary the parameter of the vibratory system. By adding the additional mass, the total mass of the additional mass and the aluminum block will be the new mass for the vibratory system. For this configuration, an additional electromagnet is added to the system to generate an initial displacement of the moving mass. This electromagnet will be named EM2 from this point onward, to differentiate this electromagnet from the electromagnet used in the MR damper. In order to allow EM2 to pull the mass, an additional iron block is attached to the aluminum block (see Figure 10a). Upon deactivation of EM2, the mass is released from the predetermined initial displacement and vibrates freely until the vibration completely decays. It is to be noted, that this figure shows the case where the benchmark MR damper is installed. Nevertheless, the same configuration can be used to investigate the performance of the foam MR damper by swapping only the damper. It can also be seen through this figure that by the swapping of both dampers, the ground mount of the proposed foam MR damper did not need to be detached. This allows the experiment to be conducted under similar conditions that generate comparable experimental results. The parameters of the vibratory system are listed in Table A4.





4. Experimental Results


In this section, the results from the experiments will be presented. As mentioned before, there are two configurations of the experimental setup used for different investigation purposes (see Figure 10). The first results describe the characteristic of each MR damper. The experiment is conducted using the experiment configuration, shown in Figure 10a. The second part is the result from the experiment in a vibratory system. The experiment is conducted using the experiment configuration, shown in Figure 10b. The results of both configurations will be explained and discussed in this section to show the performance of both MR dampers.



4.1. Benchmark MR Damper


First, the measurement results displaying the characteristic of the benchmark MR damper are presented. In the experiments, the stepper motor is used to actuate the movement of the damper. The movement including the velocity of the damper will be measured by the vibrometer; meanwhile, the resulting force is measured by the attached force sensor. The generated movement is controlled so that the same movement can be repeated in the experiments. The measured forces are then plotted to their respective velocities. The measurement results including the comparison to the mathematical model are presented in Figure 11.



There are three group plots presented in Figure 11. The first one is the measurement results, which are plotted using the marks. The second one is the ideal mathematical model, which is plotted using dashed lines. The third one is the modified mathematical model, which is plotted using continuous solid lines. The same color is used for the plots with the same amount of applied current I. The ideal mathematical model is derived from Equation (7):


   F d   ( I )  = d   x ˙  +   F 0   ( I )  +  F R    sgn  (  x ˙  )  ,  



(36)




with   F R   being the friction constant for the friction due to the sealing, and d and   F 0   are the theoretical damping constant and blocking force, respectively, whose values can be calculated using Equation (6). The theoretical damping constant should not vary since the operating area   A op  , operating gap distance   h op   and the viscosity  η  are constant parameters, as listed in Table A3. The theoretical blocking force   F 0   varies, dependent on the magnetic field density yield stress   B =  B 6    at the load section. The magnetic field is inserted in Equation (2) to obtain the yield stress   τ 0   and therefore the blocking force by multiplying it with the operating area   A op  . The magnetic field density B is the one measured by the integrated Hall sensor (see Figure 9c), whose measurement results are listed in Table 2.



The modified mathematical model


   F d   ( I )  = d  ( I )    x ˙  +   F 0   ( I )  +  F R    sgn  (  x ˙  )  ,  



(37)




is an extension of Equation (36), where the damping constant   d ( I )   has a dependency on the applied current. For both mathematical models, the damper parameters are written as a function of applied current I instead of the magnetic field density B. This is done to give a proper comparison between the benchmark MR damper and the proposed foam MR dampers, since those dampers will have different operating magnetic field densities due to their different configurations.



As can be seen in Figure 11, the measurement results and the results from the ideal mathematical model (36) with calculated parameters do not fit together. For the condition when no magnetic field is applied (  I = 0  ), there exists no blocking force (   F 0  = 0  ). Therefore, the existing offset is the friction force   F R   from the sealing. As the velocity exists (   x ˙  ≠ 0  ), the measurement results show bigger forces   F d   than the one calculated from the ideal mathematical model. This shows that the damper has a higher damping constant d. When the magnetic field is applied (  I > 0  ), the blocking force   F 0   is increasing as the current increases. It is, however, to be observed that as the current is applied, not only the damping constant d but also the blocking force   F 0   from the measurement has higher values than the one calculated from the ideal mathematical model. The difference is suspected to be caused by the operating mode of the damper itself. First, even though the damper is planned to be operated in the shear mode, the damper structure is not exactly the one used in conventional shear mode. The shearing plate is not covering the whole operating area (Figure 3a), but it is shorter than the operating area of the magnetic field Figure 4b. Therefore, during its movement, the shearing plate not only shears the fluid between the plate and the housing but needs to oppose the solidified MRF along its path. Second, the side of the shearing plate has a flat surface, which causes an additional drag force when it is moving through the fluid. Since the damper is used only as a benchmark, the influences from those two effects on the measured results are not investigated further. Because of the discrepancies between the ideal mathematical model and the measurement results caused by the mentioned reasons, the benchmark MR damper characteristic is described using the modified mathematical model (37). For this mathematical model, the dampers parameters are fitted to the measurement results and the fitted parameters (d and   F 0  ) are listed in Table 2. The parameters are fitted using the least mean square method, where the fitted lines should deliver the least difference to each respective set of experimental result. As can be seen in Figure 11, the modified mathematical model and the measurement results are in good agreement.



There are three things that need to be highlighted from the investigation. First, this benchmark MR damper was designed to operate using shear mode and have a comparable operating size to the proposed foam MR damper. As can be seen in the Table A2 and Table A3, this benchmark MR damper has an equal operating area with the proposed foam MR damper (  A op   = 1500 mm   2  ) and similar operating gap   h op  . Therefore, the two MR dampers can be assumed to be comparable. Second, the shear operating mode is chosen for the benchmark MR damper to achieve the lowest parasitic force due to sealing possible. Since the sealing should not withstand any pressure in the fluid chamber, the sealing may have low friction constant, and therefore, the parasitic damping due to the sealing friction can be minimized. The smallest friction force achieved using this setup is measured to be 4 N (see Table 2). Third, some unknown effects caused the error between the mathematical model and the measurement results. It is also to be observed, that for higher applied current (  I ≥ 3  A), the force shows a shear thinning characteristic, which causes an increasing discrepancy between the mathematical model and the measurement results as the velocity is increased. However, these differences are not further investigated, since this MR damper is not the main focus of the work and will only be used as a benchmark in this work to give an estimation of how big the operating force can be generated for the chosen damper geometry. Therefore, the fitting of the model parameters is assumed to be sufficient to describe the characteristic of this benchmark MR damper.




4.2. Foam MR Damper


In this work, some damper parameters are varied in order to find the best design approach for the damper. For this purpose, the MR fluid filling ratio   V FR   and the operating gap   h op   of the proposed MR damper are varied. The MR fluid filling ratio   V FR  


   V FR  =   V MRF   V f    



(38)




is defined to be the volume ratio of the MR fluid   V MRF   to the volume of the nickel foam   V f   (listed in Table A2). In this work, the tested MR filling ratio   V FR   will be 60%, 75%, and 90%. The filling ratio of 100% was not tested because the same volume of the MR fluid will not fit in the metal foam to be contained. The second varied mechanical parameter is the operating gap   h op  . The investigation is conducted to find the limiting air gap of the foam MR damper, which is defined by the gap in which the MR effect is still applicable. On one hand, if the gap is too small, there will be a possibility that the carrier fluid of the MR fluid will stay in contact with the shearing plate, even though no magnetic field is applied. This could happen especially for the 90% MR filling ratio due to the wetting effect of the fluid on the foam surface. This will increase the parasitic damping force due to the viscous effect, whose effect should be eliminated by the proposed structure. On the other hand, when the gap is too large, the MR fluid particles will not reach the shearing plate in its ON state. In this work, the investigated operating gaps are 0.5 mm, 1.0 mm, and 1.5 mm.



To perform this investigation, both the fluid chamber and the shearing plate are made multiple. Figure 12 depicts the multiple chamber-plate set, each for one investigated parameter set. Since both the chamber and the plate are 3D-printed, they can be manufactured equally despite having a complex structure. The measurement results to describe the characteristic of the proposed foam MR-dampers are presented in Figure 13.



The measurement procedures are identical to the one conducted for the benchmark MR damper. It can be seen from the results that even though there is no contact between the shearing plate and the MR fluid in its OFF state, there still exists an offset in the force. This is caused by mechanical contact from the guides in the system. Moreover, it is to be expected that more MR particles are drawn out from the metal foam as the current increases. This might vary the damping constant d of the damper as well. Therefore, Equation (37) will be the suitable model for describing the damper characteristic. It is to be noted that no mathematical model describing the MR damper with foam structure has been proposed in the previous work [16,17,18]. In the same manner, as in the previous result presentation, the measurement results and the mathematical model are plotted using the marks and the continuous lines, respectively. The same color represents the same excitation current during the measurement. The mathematical model is the one from Equation (36), whose parameters are obtained by fitting them to the measurement results. All the fitted parameters are listed in Table 2. As can be seen in all four plots, the measurement and the mathematical model are in good agreement.



Figure 13a–c present the results for the investigated foam MR damper with operating gap   h op   of 0.5 mm, with MR filling ratio   V FR   of 60%, 75%, and 90% respectively. As can be seen from those three figures, the resulting force is approximately 10× smaller in comparison to the benchmark MR damper. This is despite the fact of having the same shear operating area and similar magnetic flux density for various applied currents (see Table 2). This is due to the reason that using this foam configuration in the MR damper, there will be fewer MR particles in the ON state, that have contact with the shearing plate during its operation. Therefore, the resulting force will be smaller as well. It can also be observed from these results that for an operating gap of 0.5 mm, the MR filling ratio has almost no influence on the force-velocity characteristic of the damper. A small increment of both damping constant and blocking force for various applied currents can be seen in Table 2 as the MR filling ratio is increased. Thus, the increment is considered to be insignificant. Another point to be observed is the parasitic damping due to the friction from the guides. Since there is no sealing mechanism required, the guides are the only friction source in the system. As listed in Table 2, the friction from the guides is small. For the three MR filling ratios, a friction constant of less than 0.5 N can be achieved. This is a big improvement in comparison to the sealing friction in the benchmark MR damper, which is 4 N. The other parasitic damping, which is caused by the viscous effect of the fluid in its OFF state is 10–20× smaller in comparison to the benchmark MR damper. This is due to the reason that the MR damper is designed to have no contact with both the metal foam and the MR fluid. However, by the MR filling ratio of 90%, it can be observed that there is an increment of the damping constant during its OFF state. This is suspected to be caused by the wetting effect of the fluid, which can not be absorbed fully by the metal foam.



Combining the combination of the investigated MR filling ratio and the operating gap, there are nine foam MR dampers in total to be investigated. Nevertheless, as can be seen in Figure 13, only the results of four representative foam MR dampers are presented. When the operating gap is increased to 1.0 mm, the parasitic damping effect due to the viscous effect (due to the wetting of the fluid) is decreased. However, the controllable blocking force due to the magnetorheological effect is drastically reduced as the consequence. This is shown in Figure 13d, where the total force is approximately reduced by half. It is obvious from the four presented results, that either a bigger operating gap (   h op  > 0.5   mm) or less MR filling ratio will result in an even smaller force. This is the reason that the results of the foam MR damper with an operating gap of 1.5 mm and the foam MR damper with an operating gap of 1.0 mm with less MR filling ratio are not presented.



Despite having a small resulting force, the foam MR damper with 1.5 mm can be used to visualize the ON state of the proposed foam MR damper. By replacing one chamber wall with plexiglass and using a daily camera from a smartphone, the structure of the drawn-out MR particles can be seen. Figure 14 shows the picture of the ON state for different MR filling ratios with an operating gap of 1.5 mm.



The figures show how the MR particles are being drawn out from the foam when the magnetic field is applied. The particles built pillar-like structures between the shearing plate and the fluid chamber, parallel to the magnetic field direction. It is also to be observed, that more particles can be seen at a higher MR filling ratio.




4.3. MR Damper in Vibratory System


After investigating the characteristic of each MR damper, the MR dampers are tested in a vibratory system. The experiment is conducted using the experiment configuration, shown in Figure 10b. Based on the results obtained in the previous section, both the MR dampers have varying damping constant as the applied current varies. Moreover, there is additional friction from the linear guide of the vibrating mass itself. Therefore, the mechanical representation in Figure 6b does not represent the working principle of both MR dampers in the vibratory system. Figure 15 depicts the correct representation of the vibratory system, adapting the air damping   d air   and additional friction   F G   from the guides of the vibrating mass.



The vibratory system consists of a mass m and springs, with a total stiffness of k. The mass is guided to allow the resulting vibration to occur only along one axis. The friction from the guides of the vibrating mass has friction with friction constant of   F G  . Together with the springs, the MR damper will be attached to the mass, so that the damper and the spring have a parallel arrangement. The MR damper is represented as a parallel arrangement of a viscous damper element with a varying (symbolized by the diagonal arrow) damping constant   d ( I )  , a friction element with varying friction constant    F 0   ( I )   , and a friction element with fixed friction constant   F R  . This represents the damper mathematical model in Equation (37). Using this configuration, the whole vibratory system possesses the following differential equation:


     m   x ¨  +  d tot    x ˙      +  F  f , tot    sgn  (  x ˙  )  + k x =  F a  ,     



(39)






     d tot     = d  ( I )  +  d air  ,     



(40)






     F  f , tot      =  F 0   ( I )  +  F R  +  F G  ,     



(41)




where all the damping and friction constant can be added together. The parameter of the proposed foam- and benchmark MR dampers have been identified in Section 4.1 and Section 4.2 give the value of the friction force   F R   due to the sealing or guide of the damper, viscous damping constant,   d ( i )   and the blocking force    F 0   ( i )    for different applied current conditions. The obtained parameters can be found in the Table 2. For the complete vibratory system, the other two parameters, namely, the friction constant   F G   from the guides of the moving mass and the damping constant   d air   from air need to be identified. This is done by fitting those parameters to the free vibration response of the vibrating mass when there is no damper is attached. Figure 16 depicts the comparison of the measured and simulated response, where SIMULINK from MATLAB2019b is used to solve the equations for non-linear system numerically.



The results in the figure are assumed to be in good agreement, with    F G  = 0.5   N and    d air  = 25.25   Ns/m. The fitted values of the friction constant   F G   and the damping constant   d air   are used to simulate the vibratory system with the configuration shown in Figure 15.



4.3.1. Free Vibration Behavior


In this part of the investigation, the electromagnet EM2 is placed at a specified distance to the initial position of the mass. The mass is then pulled and the EM2 is activated, holding the mass using the magnetic force. The electromagnet of the MR damper is activated and the state of the MR fluid in the chamber is initialized. After the initialization process is done, the EM2 is deactivated. The mass vibrates freely due to the stiffness of the springs. The vibration of the mass is measured by the vibrometer. Based on the measurement results, the damping from the damper is then examined. The measurement results are presented in Figure 17 and Figure 18.



The results in Figure 17 show the comparison of the free vibration of the mass with and without the MR damper. As is shown in this figure, when there is no MR damper attached, the vibration decays after approximately 260 ms (after 5 periods of vibration), starting from the time when electromagnet B is deactivated. The damping in this state comes from the air and friction from the guides. As soon as the benchmark damper is attached, the decay time of the vibration reduced significantly to about 85ms, even without applying any current at the coil. This shows that the passive damping from the benchmark MR damper has added considerable damping in the system. In comparison to this, when the proposed foam MR damper is connected to the vibratory system, the decay time stays almost unchanged (about 260 ms). It can be concluded from this experiment that the proposed MR damper has a small amount of parasitic damping. In contrary, by only integrating the benchmark MR damper in the system, the damping has been increased by a significant amount.



The results in Figure 18 show the results when both the benchmark damper and the foam damper are activated with an applied current of 5 A.



As can be seen in this figure, for the ON state of the foam MR damper with 5 A, the damping in the system is increased and therefore, the settling time of the free vibration is reduced from 260 ms to 110 ms. The settling time of the mass with the foam MR damper with 5 A applied current is almost the same settling time achieved by inserting the benchmark MR damper in the vibratory system without activating it. For the case when 5 A is applied for the benchmark MR damper, the settling time is further reduced to 40 ms. It is also to be observed for this case that since the yield force of the benchmark MR damper with 5A is high, the vibrating mass has another settling position.




4.3.2. Equivalent Damping Ratio


The results in Figure 17 and Figure 18 verify the influence of the parasitic damping force in a vibratory system. By having a high parasitic damping in the system, a significant amount of damping is added with it to the system. This results in a reduction of the system dynamic. In order to quantify the damping in the vibratory system, the method in Section 2.5.3 is used. This method allow an estimation of the damping ratio D of the system based on the peak of the amplitude response of the vibratory system. In this way, an equivalent damping ratio can be obtained despite the system being nonlinear.



In order to obtain the equivalent damping ratio, a simulation using the identified parameters of both dampers and the vibratory system is conducted. The damper identifications in Section 4.1 and Section 4.2 give the value of the friction force   F R   due to the sealing or guide of the damper, viscous damping constant,   d ( I )   and the blocking force    F 0   ( I )    for different applied current conditions. The obtained parameters can be found in the Table 2. The other two parameters, namely, the friction constant   F G   from the guides of the moving mass and the damping constant   d air   from air were identified in Section 4.3 and listed in Table A4. The simulation is conducted using SIMULINK 10.0 from MATLAB2019b. All the known parameters are inserted in the simulation and a chirp signal


   F a   ( t )  = k  sin  2 π  c 2    t 2    



(42)




is used as the input, with k as the vibratory system stiffness and   c = 0.42   as the rate of change of the frequency over time. c is chosen so that the chirp rate is slow enough to build the figure. Figure 19 shows the amplitude response of the vibratory system for different damper conditions.



In this figure, the peaks of the system response are enveloped and plotted over the frequency. The investigation is conducted up to the frequency twice the natural frequency of the vibratory system. The maximum point of each amplitude response is taken as the quality factor Q. By inserting the peak value Q in Equation (24), the damping ratio D can be estimated. The calculated equivalent damping ratio is listed in Table 3.



The results show that the utilization of the benchmark MR damper in the vibratory system increased the default damping ratio D from 0.067 to 0.323 just by attaching it to the vibratory system. By increasing the applied current to the maximal amount of 5 A, the vibratory system possesses an equivalent damping ratio that might be bigger than 0.707 (see Section 2.5.3). That means that by using the benchmark MR damper, the damping of the system can be operated with a damping ratio range from 0.323 to a damping ratio that could be bigger than 0.707. In small-scale applications, the damping ratio of 0.323 is considered to be big. As can be seen in Figure 17, the system response becomes slower just by attaching it to the system. In comparison to that, the utilization of the foam MR damper changed the default damping ratio D from 0.067 to 0.078. It can be said that the dynamic of the system is almost unchanged. However, due to less interaction between activated MR particles and the shear surface, the generated damping force is also less in comparison to the benchmark MR damper. With an applied current of 5 A, the equivalent damping ratio of the system becomes 0.246, which is still smaller than the damping ratio of the benchmark MR damper in its OFF state. Nevertheless, as explained in the design procedure, the upper limit of the proposed MR damper can be increased easily without changing the dynamic of the system.






5. Conclusions


In this work, a foam MR damper design concept to be used in small applications is proposed. The proposed MR damper design addresses the two issues that hold the MR damper to be applied in small-scale applications, namely, the parasitic damping force and the additional mass. The parasitic damping force is minimized by using the nickel foam in the fluid chamber, eliminating the contact with the shearing plate in its OFF state. The additional mass due to the electromagnet is solved by building the electromagnet on the outer side of the moving part. This results in an MR damper with low parasitic damping force in its OFF state and low moving mass, which make the concept suitable to be implemented in the small-scale application. A prototype of the proposed foam MR damper was built and its characteristic was investigated. In verifying its performance, a benchmark MR damper is built. The benchmark MR damper is constructed to have comparable operating conditions. This benchmark MR damper represents the MR dampers in general, where parasitic damping has a significant influence on the dynamic of the vibratory system. The characteristic of the benchmark MR damper was also investigated using the same investigation procedure. From the investigation of the MR dampers characteristic, it was shown that the parasitic damping can be minimized using the proposed foam MR damper. The proposed foam MR damper possesses a passive friction force that is 8× smaller and OFF state passive viscous damping that is 10–20× smaller than the benchmark MR damper.



Together with the benchmark MR damper, the performances of the proposed MR damper are investigated using the same procedure in a constructed test rig. The damping is then quantified using the quality factor Q, where an equivalent damping ratio D can be calculated. From the performance comparison, it is shown that the utilization of the proposed MR damper with a low parasitic damping does not change the vibratory system dynamic during its OFF state. To the contrary, the installation of the benchmark MR damper in the vibratory system alone adds a significant amount of damping to the system. Despite being operated in the OFF state, the parasitic damping from the benchmark MR damper changes the vibratory system dynamic. It is to be noted, that the electromagnet benchmark MR damper in this work was not integrated at the moving part, which could lead to a further reduction in the system dynamics. The comparisons show the importance of minimizing the parasitic damping. The only drawback of the proposed foam MR damper is its low dynamic operating range.



It can be concluded from the investigation and experimental results, that the design configuration of the proposed MR damper results in a low parasitic damping force and a low moving mass of the damper. This results in a preservation of the vibratory system dynamics. Based on the results, the proposed MR damper is suitable to be implemented in small-scale applications. An example for such application is a prototype or miniature of a large-scale system. For future works, experimental uncertainty studies should be performed. Moreover, a mathematical model to describe the characteristic of the proposed MR damper configuration should be investigated. Additionally, it is also an interesting aspect to study the magneto-thermal importance, as in [28,29], for the proposed MR damper configuration, above all in the first design phase via software. This is because of the properties and the dynamics of the electromagnet; therefore, the MR damper can depend on the thermal influence of the environment or the system itself.
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Table A1. Design parameters of the utilized electromagnet shown in Figure 5a.
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	Physical Property
	Value
	Unit





	Allowable current density   J alw  
	4
	A/mm   2  



	Blocking force   F 0   (s.1)
	10
	N



	Operating area   A op   (s.2)
	15 ×   10  − 4   
	   m 2   



	   - cross-section thickness   t m  
	0.050
	m



	   - cross-section height   h m  
	0.030
	m



	Design yield stress   τ 0   (s.3)
	40
	kPa



	Required flux density B (s.4)
	0.7
	T



	Required flux  Φ  (s.4)
	0.0011
	Wb



	Relative permeabilities(s.5)
	
	



	   - air   μ  r , air   
	1
	-



	   - foam   μ  r , Ni - foam   
	12
	-



	   - iron   μ  r , Fe   
	2000
	-



	Geometry parameters (s.5)
	
	



	   - coil housing thickness   t hc  
	2.5
	mm



	   - buffer   b buff  
	5.5
	mm



	Copper density   ρ 20  
	1.7 ×   10  − 8   
	 Ω ·m



	Max. op. temperature   T max  
	70
	   ∘  C



	Heat transfer coef.  α 
	0.004
	1/K



	Wire diameter   d Dr  
	0.0015
	m



	Max. op. voltage   U max  
	10
	V
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Table A2. Design parameters of the proposed foam MR damper in Section 3.2.
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	Physical Property
	Value
	Unit





	Metal foam dimension
	
	



	   - length   l f  
	92
	mm



	   - width   b f  
	31
	mm



	   - thickness   t f  
	3
	mm



	   - volume   V f  
	8.6 ×   10  − 6   
	mm   3  



	Plate thickness   t p  
	0.8
	mm



	Plate length   l op  
	18
	mm



	Shear operating dimension
	
	



	   - length   l p  
	50
	mm



	   - width   b p  
	30
	mm



	   - gap   h op  
	{0.5, 1.0, 1.5}
	mm



	Operating area   A op  
	1500
	mm   2  
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Table A3. Design parameters of the benchmark MR damper in Section 3.3.
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	Physical Property
	Value
	Unit





	Shearing plate dimension
	
	



	   - length   l p  
	25
	mm



	   - width   b p  
	31
	mm



	   - thickness   t p  
	3.2
	mm



	Plate length   l op  
	18
	mm



	Shear operating dimension
	
	



	   - length   l p  
	25
	mm



	   - width   b p  
	30
	mm



	   - gap   h op  
	1
	mm



	Operating area   A op  
	1500
	mm   2  
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Table A4. Parameters of the vibratory system in Section 3.4.






Table A4. Parameters of the vibratory system in Section 3.4.





	Physical Property
	Value
	Unit





	moving mass m
	1.7
	kg



	spring stiffness k
	25
	kN/m



	natural frequency   ω 0  
	133.63
	rad/s



	natural frequency   f 0  
	21.26
	Hz



	default damping   d air  
	25.25
	Ns/m



	default friction   F G  
	0.5
	N
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Figure 1. Sketches of known MR damper configurations with foam, where (a) the foam is attaced to the moving piston, (b) the foam is attached to the damper housing wall over the circumference, and (c) the foam is only attached to the lower part of the housing. 
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Figure 2. Shear stress  τ -shear rate   γ ˙   characteristic line of a magnetorheological fluid. 
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Figure 3. (a) Sketch of the MR fluid working principle where the shearing exists along the x-axis and (b) the generated force   F d  -velocity   x ˙   characteristic line of a MR fluid operated in shear mode. 
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Figure 4. The sketch of the working principle of (a) the proposed MR damper with porous medium and (b) the in-this-work benchmark MR damper, with green block representing the moving plate and red arrows representing the magnetic field direction. 
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Figure 5. (a) Sketch of a magnetic circuit of a simple electromagnet and (b) its equivalent circuit of the magnetic circuit, with gray representing the iron block, yellow representing the coil housing and orange representing the coil. 






Figure 5. (a) Sketch of a magnetic circuit of a simple electromagnet and (b) its equivalent circuit of the magnetic circuit, with gray representing the iron block, yellow representing the coil housing and orange representing the coil.



[image: Fluids 08 00203 g005]







[image: Fluids 08 00203 g006 550] 





Figure 6. Configuration of a 1-DOF vibratory system with (a) conventional viscous damper and (b) MR damper. 
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Figure 7. Logarithmic plot of the relation between the damping constant d and the mass-stiffness   k m   from Equation (16) for various damping ratio D. 
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Figure 8. The design and construction of the proposed foam MR-damper, where (a) shows the CAD of the whole damper construction, (b) the cut-section in   x z  -plane at the middle of the shearing plate, and (c) the cut section in   y z  -plane at the middle of the shearing plate to show the details of the damper construction. 
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Figure 9. The design and construction of the benchmark MR-damper, where (a) shows the CAD of the whole damper construction, (b) the cut-section in   x z  -plane at the middle of the connecting rod, and (c) the cut section in   y z  -plane at the middle of the shearing plate to show the details of the damper construction. 
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Figure 10. Photos of the complete experimental setup with (a) configuration used to investigate the characteristic of the MR dampers and (b) configuration used to investigate the performance of the MR dampers in a vibratory system. 
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Figure 11. Comparison between experimental results (marks), theoretical damping force from Equation (36) with calculated parameters (dashed lines), and the theoretical damping force from Equation (37) with fitted parameters (continuous solid lines). 
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Figure 12. Photo of the 3D-printed duplicated parts for different operating gap   h op   of the proposed foam MR damper. 
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Figure 13. Measurement results for the investigation of the damping force-velocity characteristic of the proposed foam MR damper, with various MR filling ratio   V FR   and operating gap distance   h op  , including its comparison with the mathematical model in Equation (37). 
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Figure 14. Photos of the foam MR damper with 1.5 mm gap in its ON-state, showing the drawn-out MR particles creating a contact with the surface of the shearing plate. 
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Figure 15. Principle sketch of the vibratory system configuration used in this work. 
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Figure 16. Comparison of the free vibrations behavior of the vibratory system without MR damper to investigate the friction constant   F G   and the damping constant   d air  . 
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Figure 17. Comparison of the free vibrations behavior of the vibratory system, to investigate the influence of the parasitic damping from both MR dampers. 
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Figure 18. Comparison of the free vibrations behavior of the vibratory system, to investigate the increment of the damping from both MR dampers at its maximum applied current   I = 5   A. 
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Figure 19. Comparison between the frequency response of the vibratory system for different MR damper type and applied current. 
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Table 1. Physical properties of the MR fluid    AMT-SMARTEC  +  .
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	Physical Property
	Value
	Unit





	Dynamic viscosity  η 
	0.37
	Pa·s



	Relative permeability   μ r  
	12
	-



	Density  ρ 
	2.9
	kg/L



	Operating temperature T
	   − 20  to  150   
	   ∘  C



	Yield stress   τ 0   at B = 1.38 T
	69
	kPa
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Table 2. List of parameters used to model the shear operating mode of both the benchmark and the proposed foam MR damper.
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Damper Parameter

	
I = 0 A

	
I = 1 A

	
I = 2 A

	
I = 3 A

	
I = 4 A

	
I = 5 A






	
Damping constant in Ns/m




	
d—benchmark (math. model)

	
0.56




	
d—benchmark (fitted)

	
100

	
200

	
250

	
300

	
350

	
400




	
d—60%,   h op   = 0.5 mm

	
5

	
20

	
50

	
55

	
70

	
70




	
d—75%,   h op   = 0.5 mm

	
5

	
20

	
50

	
55

	
70

	
75




	
d—90%,   h op   = 0.5 mm

	
10

	
20

	
50

	
60

	
80

	
85




	
d—90%,   h op   = 1.0 mm

	
10

	
10

	
25

	
30

	
30

	
30




	
Blocking force in N




	
  F τ  —benchmark (math. model)

	
0

	
5.78

	
12.6

	
19.25

	
25.31

	
30.6




	
  F τ  —benchmark (fitted)

	
0

	
4

	
15

	
27

	
37

	
46




	
  F τ  —60%,   h op   = 0.5 mm

	
0

	
1.15

	
2.6

	
4.05

	
4.65

	
5.25




	
  F τ  —75%,   h op   = 0.5 mm

	
0

	
1.2

	
2.65

	
4.05

	
4.65

	
5.25




	
  F τ  —90%,   h op   = 0.5 mm

	
0

	
1.5

	
3.2

	
4.3

	
4.9

	
5.5




	
  F τ  —90%,   h op   = 1.0 mm

	
0

	
0.5

	
1.0

	
1.5

	
1.8

	
2.1




	
Friction force in N




	
  F R  —benchmark (math. model)

	
4




	
  F R  —benchmark (fitted)

	
4




	
  F R  —60%,   h op   = 0.5 mm

	
0.15




	
  F R  —75%,   h op   = 0.5 mm

	
0.15




	
  F R  —90%,   h op   = 0.5 mm

	
0.5




	
  F R  —90%,   h op   = 1.0 mm

	
0.3




	
Measured magnetic flux density in mT




	
B—benchmark

	
0

	
84.3

	
175.2

	
256.2

	
327.3

	
387.6




	
B—60%,   h op   = 0.5 mm

	
−4.3

	
78.5

	
163.9

	
241.4

	
312.5

	
379.4




	
B—75%,   h op   = 0.5 mm

	
−3.5

	
81.5

	
170.2

	
248.7

	
321.0

	
388.3




	
B—90%,   h op   = 0.5 mm

	
−3.5

	
82.0

	
172.9

	
253.1

	
326.9

	
395.4
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Table 3. Equivalent damping ratio of the vibratory system, for the cases where no MR damper, benchmark MR damper and proposed foam MR damper is integrated.
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No MRD

	
Benchmark MRD

	
Foam MRD




	

	
0 A

	
5 A

	
0 A

	
5 A






	
D

	
0.067

	
0.323

	
≥0.707

	
0.078

	
0.246

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
— math. modelfor
— math. mode for
— math. mode for
| mmath. model for

~ measurement for
o measurement for 1
+ messurement for 127
« messurement for 1= 3A
© messurcment for 1< 1A
- messurement for |

Damping force £ in N

0 -0 0 2
Velocity in mm/s

6160 ling i, iy =050

Damping force Fy in N

ST T
Velocity in mm/s

©)75%fling i,y = 05

Damping force Fy inN.

Damping force Fyin N

R T
Velociy +inmm/s

Q90% ling ratio, i =05vm

T T
Velocity in /s

(@ %0% ilin rato, hp = 10





media/file8.jpg





media/file27.png
—— math. model for I = 0A * measurement for I = 0A
—— math. model for I = 1A o measurement for [ = 1A
—— math. model for I = 2A * measurement for I = 2A
—— math. model for I = 3A * measurement for I = 3A
—— math. model for I = 4A * measurement for I = 4A
—— math. model for I = 5A x measurement for [ = 5A

2

%

Damping force Fy in N
-]
Damping force F4 in N
-]
\

—5 - - =5 2
—40 —|20 (|) 2|O 40 —40 —|20 (3 2|0
Velocity x in mm/s Velocity ¥ in mm/s
(a) 60% filling ratio, hop = 0.5mm (b) 75% filling ratio, hop = 0.5mm

| [ |

{

v
L2 % *

55k

G

Z 51 a Z 51
5 5
5 o000 5
: : :
g 0 2
50 60
E N QO ..O¢\“’\:‘ 5
Q. - Q.
: 13555 :
O 5| gt & a
= | | | | |
—40  —20 0 20 40 —40  —20 0 20
Velocity x in mm/s Velocity ¥ in mm/s

(c) 90% filling ratio, /15, = 0.5mm (d) 90% filling ratio, hop = 1.0mm





media/file34.jpg
Displacement x in mm

=== without MR Damper
— benchmark MR damper — I = 0A
— foam MR damper — 60%, I
— foam MR damper —75%, I
—— foam MR damper —90%, I =

105

[ERRE
Time tins

12

125






media/file13.png
oy
Sl
oy
i

NNANNNNNNN

(b)

(a)





media/file31.png
MR damper

AN\ -

NSANANNNNNNNANN






media/file39.png
Amplification factor Vy

= without MR Damper

- benchmark MR damper - [ = 0A
- | === benchmark MR damper - I = 5A
= foam MR damper - 60%, I = 0A
= == foam MR damper - 60%, I = 5A

I | | |

10 20 30 40
Frequency f in Hz





media/file12.jpg
®)

(a)





media/file18.jpg
30 pricd
ey ke

£
bras
connecing
fod

Mt

‘top iron core

connecting
rod

bottom iron core

@)

fhop - Bt =

g Shearing pate
y_lz

(©)





media/file9.png
OFF state % OFF state
top iron core /
_— t

ON state ON state
Op 1IT0N Ccore

(a)

top iron core

bottom iron core

top iron core

]
“ %

11
VST

bottom iron core

(b)






media/file14.jpg





media/file35.png
Displacement x in mm

| | |
1.06 11 115 1.2 1.25

Time tin s

- = = without MR Damper

— benchmark MR damper — I = 0A
= foam MR damper — 60%, I = 0A
—— foam MR damper — 75%, [ = 0A
—— foam MR damper — 90%, I = 0A






media/file20.jpg
dtromagaet or —— nser vibrometer
NIR damper

= fore snsor

MR dagper ) / ’mu ot !/

MBI e rector ser vibromeer

benchmarc dunper

N e fore sensor

L






media/file23.png
Damping force Fy in N

60 [ -
40 | :
20| ]
of ]

—20 :

ol ::::::"':: _

0| | | | -
40 —20 0 20

Velocity X in mm/s

40

— [ =0 A
—=1A
—_— [ =2A
—] =3 A
—] =4 A
— [ =5 A






media/file5.png
AT
T0 /477/ IB

,37'7 Y

BI / 0






media/file36.jpg
Displacement x in mm

without MR Damper
benchmark MR damper — I = 0A
— benchmark MR damper — [ = 5A
— foam MR damper — 60%, [ = 5A
—— foam MR damper —75%, I = 5A
— foam MR damper — 90%, I = 5A






media/file15.png
Ll

L gl

Lo L 1ol

Lo

1073

102

101

Vkm

109

10!





media/file19.png
top iron core

~ side
Iron core -
connecting

rod

fluid chamber

Yy
i
bottom iron core
3D printed (a) 3
lat m .
shearing plate ~ brass Pop gu? d?e connecting

connecting
rod

/ rod

brass
linear guide

bottom
iron core

Z z Hall sensor shearing plate
l,_> ) k Y | T
J ‘h

(b) (c)






media/file28.jpg
() 90% MR filling ratio





media/file2.jpg
porous medium coil
mmm ferromagnetic material magnetic field

B = =
_H_H





media/file32.jpg
Displacement x in mm

— simulation
—— measurement

1.05 11 115 12 1.25
Time tin's






nav.xhtml


  fluids-08-00203


  
    		
      fluids-08-00203
    


  




  





media/file11.png
Section A-A
(a) (b)





media/file6.jpg





media/file24.jpg





media/file29.png
(a) 60% MR filling ratlo
' __rmg plate

7.
F
- awa i

(c) 90% MR filling ratio





media/file37.png
Displacement x in mm

- = = without MR Damper

- == benchmark MR damper — I = 0A
— benchmark MR damper — [ = 5A
= foam MR damper — 60%, I = 5A
—— foam MR damper — 75%, [ = 5A
—— foam MR damper — 90%, I = 5A

|
1.05

|
1.1 1.15

Timetins

1.2






media/file10.jpg





media/file7.png
(b)

(a)





media/file33.png
Displacement x in mm

— simulation
—-— Ineasurement

I I I

2 I I
1 1.05 1.1 1.15 1.2 1.25
Timefins





media/file16.jpg
top iron core.

moving plate
side

e lincas guide

battoi iron core

@

Miiia

e

' udecumage O chmber
Yoo

(b)






media/file38.jpg
Amplification factor Vi

10 20 30
Frequency f in Hz

10

— without MR Damper
— benchmark MR damper - I = 0A
=== benchmark MR damper - I = 5A
— foam MR damper - 60%, I = 0A
-~ foam MR damper - 60%, I






media/file3.png
porous medium mm coil
mm ferromagnetic material —<&— magnetic field

T T
(b) (c)





media/file0.png





media/file22.jpg
Damping force Fy in N

S
S

=
S

N
S

—20
—40

—60
—40 -20 0 20 40
Velocity ¥ in mm/s






media/file17.png
~_  top iron core
\\\

jig pr .
’ = moving plate
side : .
iron core linear guide
fluid chamber
<
Y T bottom iron core
ground mount
, (a) h
i N moving -
part
bridge-like
support

top
1ron core
N — |

_—' —H top iron core metal
bottom a " B foamﬂ+
iron core = 5 MR fluid

ground mount | /

Hall sensor bottom iron core

guide carriage
fluid chamber

fluid chamber
Yy T

(b) (c)





media/file4.jpg





media/file30.jpg
m i

2=






media/file25.png





media/file21.png
laser vibrometer

electromagnet for laser reflector \

MR damper

proposed
foam

MR damper / force sensor

iron block

(a)
electromagnet for additional
benchmark MR damper mass
MR damper =

" ball joint :

laser reflector laser vibrometer

force sensor [

- -

G- imumu’5

_ﬂett\t {l 4 ,‘5@3






