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A novel design of a magnetorheological (MR) damper is developed, fabricated, modelled and tested. The design includes some features 

that enhance the magnetic characteristics of the damper. The iron-cobalt-vanadium “Vacoflux-50” alloy and the “AMT-Smartec+” MR 

fluid, whose magnetic characteristics have been predicted to enhance the performance of the damper, are employed in the new design. 

Moreover, the location of the MR fluid region in the piston construction has been chosen so that the magnetic field maximises. 

To evaluate the impact of the proposed design improvements, an approach to modelling the performance of a previously-tested MR 

damper of a different design, different magnetic material, and different MR fluid has been developed. The approach combines a Finite 

Element Analysis (FEA) of the magnetic circuit, and a nonlinear analytical model of fluid flow. The results of the FE/analytical approach 

have been validated using the available published results of the same damper. Hence, the approach has been used to predict the 

performance of the same damper due to the employment of the proposed design improvements. The FE/analytical approach accounts 

for the nonlinear characteristics caused by the magnetic saturation of materials and the effects of fluid compressibility and aeration in 

the damper.  It has been found that the implementation of the proposed design features leads to a remarkable increase in the magnetic 

field and the fluid yield stress. Also, the inclusion of the nonlinear magnetic and fluid flow characteristics have been found to affect the 

magnetic field distribution and the fluid yield stress greatly. 

 
Index Terms— Bulk modulus, compressibility, finite element analysis, magnetic circuit analysis, magnetorheological damper, 

magnetorheological fluid.  

 

I. INTRODUCTION 

AGNETORHEOLOGICAL (MR) fluids are smart materials, 

which are used in applications such as car shock absorbers 

[1-3], hydraulic valves [4], and journal bearings [5]. The 

massive increase of the viscosity of MR fluids in response to 

magnetic fields is the key factor of fluid smartness. Due to the 

magnetic characteristics of MR fluids, MR fluids manifest 

nonlinear behaviours in different applications, as the fluid is 

converted into a semi-solid state that has common properties of 

solids and non-Newtonian fluids under the effect of an external 

magnetic field [6]. The characteristics of magnetic materials are 

also nonlinear as they are affected by magnetic fields, which at 

extreme values result in magnetic saturation, and also manifest 

hysteresis when the magnetic field polarity is switched. This 

nonlinearity leads to additional difficulties in modelling and 

analysis of MR fluid devices. 

MR fluids are composed of micro-sized ferromagnetic 

particles, suspended in a non-conductive fluid [6]. Additives in 

the form of stabilisers and surfactants are employed in most MR 

fluids to secure the suspension of relatively denser 

ferromagnetic particles in carrier fluids [7]. 

Under the effect of a magnetic field, the ferromagnetic 

particles queue in a network of rigid chains [8]. The network 

gives the MR fluid a considerable yield stress, 𝜏𝑦, which causes 

the fluid to exhibit viscous and plastic characteristics during 

flow [9]. Therefore, the flow behaviour of MR fluids is mainly 

a non-Newtonian magnetic-field-dependent flow behaviour. 

The flow behaviour is categorised into different modes 

depending on the MR application, namely flow (valve) mode, 

shear mode, and squeeze model [10]. MR dampers are generally 

operated in the flow mode. The magnetic response of the MR 

fluid depends on the type and concentration of ferromagnetic 

particles, applied current, and type of the magnetic material of 

the piston-cylinder configuration [11]. 

Different viscoplastic models were developed to investigate 

the behaviour of MR dampers under different load conditions. 

The models can be grouped under two main branches, namely 

quasi-static and dynamic models [12]. The difference between 

the two groups is the ability of dynamic models to predict the 

hysteretic behaviour of MR dampers, which the quasi-static 

models cannot. Hysteresis originates due to the energy required 

to dislocate the queued particle chains in the fluid in response 

to applied shear forces. Other sources of are also reported to 

cause the hysteretic behaviour of MR dampers such as fluid 

inertia, compressibility, and presence of air bubbles [13].  

The quasi-static modelling of MR dampers can be performed 

by the analysis of the steady-state viscoplastic flow of MR 

fluids in annular ducts, which is basically a steady Poiseuille 

flow. The relation between the applied shear stress, 𝜏, and the 

fluid shear rate, 𝛾̇, is described based on one of the viscoplastic 

models. The most well-known viscoplastic models are the 

Bingham plastic model, Herschel-Bulkley model, and Casson 

model [14]. 

Dynamic models are categorised as parametric and non-

parametric dynamic models. Parametric models generally 

represent the dynamic system of a damper by the arrangement 

of springs and dashpots [15]. Other parametric models are 

obtained from quasi-static models by the inclusion of extra 

terms to account for nonlinearity such as compressibility or 

magnetic hysteresis [1, 16]. On the other hand, non-parametric 

models are obtained by experimental testing of MR dampers 

followed by the fitting of non-parametric models to the 

measured characteristics. In all cases, these parametric and non-
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parametric approaches are employed to account for the 

hysteretic behaviour of MR dampers [12, 17].  

In this paper, a novel design of an MR piston is developed, 

modelled, fabricated and tested. The new design incorporates 

some characteristics employed to enhance the magnetic 

characteristics of the MR piston. To evaluate the impact of the 

proposed design characteristics, a previously-tested damper that 

was developed by Chooi [17] and Chooi and Oyadiji [1, 14, 18] 

has been modelled by a novel Finite Element Analysis (FEA) 

and an analytical approach. Hence, the effects of the 

implementation of the proposed design improvements in the 

previously-tested damper have been predicted by the results of 

the current approach, which has been validated via the available 

measurements published in [1, 17, 18]. The flow of magnetic 

field in the magnetic circuit of the damper has been modelled 

by FEA, whereas, an analytical dynamic model of the damper 

has been developed to investigate the dynamic characteristics 

of the damper based on modelling of the fluid flow.  

The analytical dynamic model incorporates the same quasi-

static analysis of the flow of MR fluid in annular ducts, 

presented in many studies [1, 12, 14, 17]. However, the 

dynamic model accounts for the effects of fluid compressibility 

and aeration of the fluid in the damper. Also, the current FE 

model accounts for the nonlinear magnetic properties of 

magnetic materials due to magnetic saturation. 

The paper is organised as follows. The FE and the dynamic 

models of the previously-tested damper are presented in Section 

II, followed by the results of the models in Section III. Then, 

the design, FE modelling, and testing of the novel MR piston 

are presented in Section IV, where the enhanced magnetic 

features are shown. After that, the effects of the implementation 

of the enhanced magnetic characteristics in the previously-

tested damper are predicted in Section V via the FE and the 

analytical models. Then, the effects of employing different 

magnetic materials are presented in Section VI. Finally, 

conclusions are drawn in Section VI.     

II. FEA AND THE ANALYTICAL MODELLING OF THE 

PREVIOUSLY-TESTED MR DAMPER 

A. Construction of the previously-tested MR damper 

Schematic drawings of the MR damper developed in [1, 14, 

17, 18] are shown in Fig. 1 and Fig. 2. The damper has the form 

of a piston-cylinder arrangement, as shown in Fig. 1. It consists 

of two chambers, namely the compression and rebound 

chambers. The compression chamber extends to a coaxial 

annular chamber which contains some trapped gas under certain 

pressure. The fluid flow is permitted between the chambers via 

the annular throttling area in the piston. The piston is composed 

of two concentric parts, as shown in Fig. 2. The two parts are 

made from a low carbon steel alloy and fixed together by plastic 

end caps such that the annular gap is produced. The inner part 

of the piston provides the housing for two coils connected in 

parallel. The ends of these coils come out of the piston rod to 

be connected to an electric power supply. The MR fluid 

employed in [1, 14, 17, 18] is a silicone-oil-based fluid, which 

was prepared using Carbonyl Iron Powders (CIPs). The main 

dimensions of the previously-tested MR damper are shown in 

Table 1.  

B. The FE modelling of the damper magnetic circuit 

A two-dimensional axisymmetric FE model of the magnetic 

circuit of the previously-tested MR piston, shown in Fig. 2, has 

been developed via COMSOL/Multi-physics. Thus, a steady-

state solution of the magnetic field distribution has been 

determined. According to [19], the governing equations of the 

solver employed in COMSOL/Multi-physics are Maxwell’s 

equation and Ampere’s law, given, respectively, by: 

 𝛻. 𝐽 = 0, (1) 

𝛻 × 𝐻⃑⃑⃑ = 𝐽, (2) 

where 𝐽 is the electric current density, 𝐻⃑⃑⃑ is the magnetic field 

intensity. The external contribution of the electromagnetic coil 

to the ambient current density is represented by:  

𝐽 = 𝜎𝐸⃑⃑ + 𝐽𝑒
⃑⃑⃑ ⃑, (3) 

where 𝜎 is the electrical conductivity, 𝐸⃑⃑ is the generated electric 

field, and 𝐽𝑒
⃑⃑⃑ ⃑ is the eddy current density. 

The magnetic flux density, 𝐵, in the MR fluid region is 

determined from the current FE model. Then, the available 

experimental data in [17] is used to determine the 

corresponding average yield stress of the MR fluid. In these 

experiments, the yield stress of the MR fluid was measured at 

different magnetic field densities using a parallel-plate 

rheometer. Thus, curve fitting was applied to the experimental 

measurements to draw the relation between the magnetic flux 

density, 𝐵, and the fluid yield stress, 𝜏𝑦, via a logarithmic 

equation as: 

𝑙𝑛(𝜏𝑦) = {
1.88 𝑙𝑛(𝐵) + 5.2        𝑙𝑛(𝐵) ≤ −0.3 
1.5 𝑙𝑛(𝐵) + 5.1        𝑙𝑛(𝐵) > −0.3

, (4) 

where, 𝜏𝑦 is expressed in kPa, and 𝐵 is expressed in Tesla. 

Thus, through the current FE model, the magnetic field 

density in the MR fluid region is determined and used to define 

the corresponding yield stress of the fluid. 

C. The quasi-static analysis of the fluid flow in the MR 

damper 

The quasi-static Poiseuille flow of the MR fluid in the 

annular throttling area of the previously-tested MR damper is 

analysed based on the Herschel-Bulkley model. The Herschel-

Bulkley model imposes a non-linear function of the stress-strain 

relation, given as: 

𝜏 = 𝜏𝑦 + 𝜂𝐻𝐵𝛾̇𝑛, (5) 

where 𝜂𝐻𝐵 is the consistency index and 𝑛 is the flow index, 𝑛 <
1. 

In the previous studies on the MR damper presented in [1, 

14, 17, 18], it was shown that the Herschel-Bulkley model 

predicted the nonlinear characteristics of the fluid better than 

the Bingham plastic model. That was shown from the 

experimental measurements of the shear stress–shear rate 

diagrams of the MR fluid at different magnetic field densities. 

Hence, the model parameters, namely, the fluid yield stress and 

the consistency and flow indices were determined by curve 

fitting of the model function with the experimental shear stress–
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shear rate diagrams and used in the previous model. As the 

current study began with the analysis of the previous damper, 

the Herschel-Bulkley model, and the parameters used in the 

previous studies were adopted.  

The quasi-static modelling of MR dampers adopts the 

following assumptions [1, 12, 14, 17]: (i) incompressible 

steady-state flow, (ii) laminar fully developed flow, (iii) 

axisymmetric flow with no swirl in polar coordinates, 𝑢𝜃 = 0, 

(iv) unidirectional flow in the direction of piston motion (𝑥-

direction), 𝑢𝑟 = 0, where 𝑢𝑟 and 𝑢𝜃 are the radial and tangential 

components of fluid velocity, respectively. Also, (v) the 

pressure varies only with respect to 𝑥-direction, and (vi) the 

gravitational and inertial effects are neglected. Therefore, 

according to [12, 14], the quasi-static flow relation, 𝑄 = 𝑓(∆𝑝), 

can be written as: 

𝑄 = 2𝜋 [∫ 𝑢1(𝑟) 𝑟 𝑑𝑟
𝑎

𝑅1
+ ∫ 𝑢𝑝𝑙𝑢𝑔 𝑟 𝑑𝑟

𝑏

𝑎
+

∫ 𝑢2(𝑟) 𝑟 𝑑𝑟
𝑅2

𝑏
], 

(6) 

where 𝑎 and 𝑏, are the extents of the plug region, 𝑅1 and 𝑅2, 

are, the inner and the outer radii of the throttling area, 

respectively. 𝑢1(𝑟), 𝑢𝑝𝑙𝑢𝑔, and 𝑢2(𝑟) are defined according to 

the Herschel-Bulkley model as: 

𝑢1(𝑟) = (
1

𝜂𝐻𝐵
)

𝑛

∫ (
𝑑𝑝

𝑑𝑥

𝑟

2
−

𝐶1

𝑟
− 𝜏𝑌)

𝑛𝑟

𝑅1
𝑑𝑟, (7) 

𝑢2(𝑟) = (
−1

𝜂𝐻𝐵
)

𝑛

∫ (−
𝑑𝑝

𝑑𝑥

𝑟

2
+

𝐶1

𝑟
− 𝜏𝑌)

𝑛𝑅2

𝑟
𝑑𝑟, (8) 

𝑢𝑝𝑙𝑢𝑔 =
1

𝜂𝐻𝐵
∫ (

𝑑𝑝

𝑑𝑥

𝑟

2
−

𝐶1

𝑟
− 𝜏𝑌)

𝑛𝑎

𝑅1
𝑑𝑟, (9) 

∆𝑝 = −
𝑑𝑝

𝑑𝑥
 𝐿, (10) 

𝐶1 =
𝑎𝑏𝜏𝑦

𝑏−𝑎
=

∆𝑝 𝑎 𝑏

2 𝐿
, (11) 

Equations (6) to (11) are solved to determine the flow 

parameters of the current quasi-static model. To do so, a 

MATLAB script has been written, in which the fluid yield stress 

is defined according to the magnetic field density in the MR 

fluid region obtained from the current FEA. The model predicts 

the relation between the volumetric flow rate, and the pressure 

difference along the annulus, 𝑄 = 𝑓(∆𝑝), which is used 

subsequently to define the flow rate equation in the dynamic 

model. 

D. The overall dynamic model of the damper 

In this section, the dynamic model is illustrated. The results 

of the preceding quasi-static model are used in conjunction with 

the solution of the continuity equations of the fluid flow in the 

damper. The continuity equations of both chambers of the 

damper are determined based on Reynolds Transport Theorem 

by the assignment of each chamber as a control volume, as 

shown in Fig. 3. The general form of the continuity equation for 

a control volume can be written as [13]: 
𝑑𝑚𝑠𝑦𝑠

𝑑𝑡
=

𝑑

𝑑𝑡
∰ 𝜌𝑑𝑉 + (𝜌𝐴𝑣)𝑜𝑢𝑡 − (𝜌𝐴𝑣)𝑖𝑛 = 0, (12) 

where 
𝑑𝑚𝑠𝑦𝑠

𝑑𝑡
 is the rate of change of the mass of the system, 

which has the value of zero, 𝜌 is the fluid density, 𝑉 is the 

control volume, and (𝜌𝐴𝑣)𝑜𝑢𝑡 − (𝜌𝐴𝑣)𝑖𝑛 represents the net 

flux of mass through the control surface. Equation (12) can be 

written as: 

∰
𝑑𝜌/𝑑𝑡

𝜌
 𝑑𝑉 ± 𝑄 ∓ 𝐴 𝑥̇ = 0, (13) 

Substituting 
𝑑𝜌

𝑑𝑡
=

𝑑𝜌

𝑑𝑝
.

𝑑𝑝

𝑑𝑡
=

𝜌

𝐾
.

𝑑𝑝

𝑑𝑡
, where 𝐾 = 𝜌

𝑑𝑝

𝑑𝜌
 is the fluid 

bulk modulus, thus, the continuity equations of the chambers of 

the damper are written in the differential form as: 

−𝑄 + 𝐴1 𝑥̇ = (
𝑉1𝑖−𝐴1 𝑥

𝐾1
)

𝑑𝑝1

𝑑𝑡
, (14) 

𝑄 − 𝐴2 𝑥̇ = (
𝑉2𝑖+𝐴2 𝑥

𝐾2
)

𝑑𝑝2

𝑑𝑡
, (15) 

where 𝐴1 and 𝐴2 are the corresponding piston area for each 

chamber, 𝑉1𝑖 and 𝑉2𝑖 are the initial volumes of fluid in each 

chamber, 𝑥 and 𝑥̇ are the displacement and velocity of the 

piston, respectively, 𝑝1 and 𝑝2 are the pressures in the rebound 

and the compression chambers, respectively, and 𝐾1 and 𝐾2 are 

the bulk moduli of fluid in each chamber. 

The advantage of performing this analysis based on the 

variation of the fluid bulk modulus is that the bulk modulus 

accounts for the effect of possible gas presence in the damper. 

Gas presence may be due to pre-charge, aeration, and cavitation 

in hydraulic cylinders. Aeration and cavitation in hydraulic 

cylinders are reported to affect the fluid bulk modulus greatly, 

especially at pressures lower than 100 bar [13, 20]. 

The gas content in the damper is represented by the existence 

of a gas pocket in the compression chamber, as shown in Fig. 

1, whereas the gas content in the rebound chamber is believed 

to be due to aeration caused by improper sealing due to the 

motion of the piston rod. Moreover, the dissolved air in the MR 

fluid contributes to the gas content. The variation of bulk 

modulus of the liquid-air mixture in each chamber can be 

written as [19]: 

𝐾1 = (
1

𝐾𝑓
+

𝜑1

𝐾𝑎𝑖𝑟
)

−1

, (16) 

𝐾2 = (
1

𝐾𝑓
+

𝜑2

𝐾𝑎𝑖𝑟
)

−1

, (17) 

where 𝐾𝑓 and 𝐾𝑎𝑖𝑟 are the bulk moduli for the fluid and air, 

respectively, taken as 𝐾𝑓 = 1 GPa and 𝐾𝑎𝑖𝑟= 142 kPa. The bulk 

modulus of the fluid is estimated based on the information 

supplied by Dow Corning Corporation, which is the supplier of 

the silicone oil used [21].  

The value of the bulk modulus is much higher in the rebound 

chamber, compared to that value in the compression chamber. 

This is due to the existence of a large gas pocket in the 

compression chamber, whose relative volume lowers the value 

of the bulk modulus significantly according to equation (17). 

The air content in the rebound chamber, which represents the 

dissolved air in the chamber, is assumed to have a constant 

volume fraction of 0.01% relative to the volume of the rebound 

chamber. This low volume fraction is assumed as the pressure 

in the rebound chamber is always higher than the atmospheric 

pressure due to the pre-charge pressure in the damper. 

E. Initial conditions and model parameters 

The piston displacement is assigned as a sinusoidal function, 

whose amplitude is taken as, 𝑋𝑎𝑚𝑝 = 6 mm from peak to peak, 

while the frequency is taken as, 𝑓 = 0.5 Hz. The solution is 

initialised at the beginning of the compression stroke at zero 
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piston velocity, and initial operating pressure of 5 bars. Thus, a 

complete cycle is fulfilled by the motion of the piston towards 

the compression chamber, then back to the rebound chamber. 

In equations (14) and (15), 𝑄, 𝑝1, and 𝑝2 are the unknown 

variables. Thus, equations (14) and (15) are solved with 

equation (6), obtained from the quasi-static analysis, to 

determine the three variables. To do so, another MATLAB code 

has been written in which the flow rate equation (6) has been 

defined in the code. Thus, the code solves the continuity 

equations and the equations of the bulk moduli described by 

equations (14) to (17) due to the sinusoidal motion of the piston. 

Then, the model predicts the damper force given by [1, 2, 14, 

17, 18]: 

𝐹 = 𝑝1𝐴1 − 𝑝2𝐴2 + 𝑓𝑟𝑖𝑐. 𝑠𝑔𝑛(𝑥̇) + 𝑚𝑝𝑥̈, (18) 

where 𝑓𝑟𝑖𝑐. 𝑠𝑔𝑛(𝑥̇) is the summation of all friction resistances 

multiplied by the velocity sign to interpret the direction as a 

resisting force, and 𝑚𝑝𝑥̈ represents the inertial force of the 

piston.  

III. RESULTS AND DISCUSSIONS 

A. Results of the FE model 

The contours of the magnetic flux density in the piston are 

shown in Fig. 4. The figure shows that the magnetic flux is 

denser in the coil core. Also, no magnetic flux is seen to flow 

in the piston rod, because it is made of a non-magnetic material. 

Moreover, the magnetic flux density in the MR fluid region, 

which has been used to define the fluid yield stress in the 

analytical model, is shown to be denser at the farthermost ends 

of the piston. 

1) Effect of direction of electric current 

Electric current is assumed to flow in both coils in the same 

direction. Therefore, the magnetic field mainly flows from the 

farthermost ends of the piston as shown in Fig. 2 and Fig. 4. 

This coil configuration, Configuration (A), is adopted, for 

example in [22]. However, it is different from the coil 

configuration presented in [16, 23], Configuration (B), in which 

the current in the coils flow in opposite direction. This causes 

the magnetic field to flow in the middle region of the piston, as 

shown in Fig. 5, which is better from magnetic saturation point 

of view. However, to achieve the same value of magnetic flux 

at all locations in (B) as in (A), it requires the piston to be 

operated at a higher electric current. In other words, this 

alternative configuration (B) leads to a better distribution of 

magnetic field in the MR fluid region at the expense of the value 

at the farthermost ends of the piston obtained in Configuration 

(A) shown in Fig. 2. Therefore, Configuration (B) is 

advantageous in terms of magnetic saturation problems as the 

magnetic flux is theoretically allowed to flow across the MR 

fluid region at four locations, rather than two locations in 

Configuration (A). However, a minimum value of the input 

current should be secured so that a reasonable magnetic effect 

is exhibited by the MR fluid. Configuration (B) is frequently 

adopted in multi-coil MR pistons, and it is also seen in a design 

of a single-coil MR piston developed recently by Idris et al. 

[24], in which they adopted a design of the piston that allows 

the magnetic flux to flow across the MR fluid region at four 

locations. 

To investigate the effect of both coil configurations, the 

direction of the input current has been reversed in one of the 

coils in the FE model. The distribution of magnetic field density 

at the centre of the annular MR fluid region due to both 

configurations is shown in Fig. 6(a), whereas the contours of 

the magnetic flux density in the piston due to Configuration (B) 

are shown in Fig. 6(b). The figures indicate that the magnetic 

flux flows in the middle of the MR fluid region when the 

directions of input current in both coils are reversed, whereas 

the flow in the middle region is suppressed when the current has 

the same direction in both coils, which allows the flow of 

magnetic flux with a higher density at the farthermost ends of 

the piston. It was also found that Configuration (A) shown in 

Fig. 2 leads to a slight increase of around 2 % in the average 

magnetic field in the MR fluid region. The results shown in Fig. 

6 represent the magnetic field density at 𝐼 = 1.0 A. The same 

percentage increase was found at different input currents. Since 

the average magnetic field density is seen to be nearly the same 

in both coil configurations showing a slight increase due to the 

coil configuration shown in Fig. 2, the subsequent results in the 

paper are based on this coil configuration. In fact, it is hard to 

assess which coil configuration leads to a higher pressure 

difference of the fluid along the annulus, a shorter region that is 

highly-affected by magnetic field or a wider region affected by 

less magnetic field. This parameter requires further 

investigation, and it is more likely to be effectively investigated 

by coupled numerical techniques, in which the effect of 

inhomogeneous distribution of magnetic field on the fluid flow 

parameters can be investigated. 

B. Results of the quasi-static model 

The variation of the volumetric flow rate at different values 

of pressure difference along the annulus according to the quasi-

static model is shown in Fig. 7. It is shown that a minimum 

pressure difference, ∆𝑝𝑚𝑖𝑛 of 2.05 bars, is required to start the 

fluid flow in the throttling area of the MR damper due to the 

fluid yield stress. The velocity profiles of the MR fluid in the 

throttling area at different values of the pressure difference are 

shown in Fig. 8. The figure shows that the plug region becomes 

narrower at higher pressure differences.  

C. Results of the dynamic model 

The pressure in the rebound chamber predicted analytically 

using equations (5) to (17) is compared with the experimentally 

measured pressure in [17, 18], as shown in Fig. 9. The figure 

shows a close agreement between the predicted and the 

measured peak pressure values. The differences between the 

predicted and the measured results are thought to be due to the 

assumptions adopted in the analytical model. Also, the possible 

inflow and outflow of air to and from the rebound chamber 

during experiments due to improper sealing may cause some 

inaccuracies. The inflow and outflow of air are thought to shift 

the position of the maximum pressure points shown in the 

experiments. The points of the maximum pressure are 

theoretically located at the moments of maximum velocities of 

the sinusoidal motion of the piston, (𝑡 =  𝑇/4, 3𝑇/4), where 𝑇 

is period of oscillation.  

To describe the dynamic performance of an MR damper 

under sinusoidal excitations, two well-known curves, denoted 



 

 

5 

as “work diagram” and “characteristic diagram”, are used. The 

work diagram describes the variation of the damper force with 

piston displacement, 𝐹 − 𝑥, whereas the characteristic diagram 

describes the variation of the damper force with piston velocity, 

𝐹 − 𝑥̇. Both diagrams, which are obtained from the analytical 

model, are compared with the corresponding diagrams obtained 

from the experimental pressure curve in [17, 18], as shown in 

Fig. 10 and Fig. 11, respectively. A good agreement can be 

noted in both curves between the analytical and experimental 

results.  

According to the characteristic diagram shown in Fig. 11, it 

is seen that the dynamic analytical model predicts the hysteric 

behaviour of the MR damper to an acceptable degree of 

accuracy, in comparison with the results deduced from the 

experimental pressure curve. The characteristic diagram 

according to the quasi-static model is also shown in the figure 

to assert the inability of quasi-static models to predict the 

hysteric behaviour of MR dampers. Therefore, it can be 

deduced that the hysteretic behaviour of the damper is mainly 

due to the compressibility of the MR fluid and the existence of 

air bubbles that have been accounted for in the dynamic model. 

The work diagrams at different amplitudes of the piston motion 

are shown in Fig. 12. The measurements at these amplitudes 

were not provided in the previous studies in [1, 14, 17, 18] 

under the same operating conditions of frequency and input 

current. However, the diagrams have similar profiles to those 

presented in many studies [3, 25, 26]. 

IV. DESIGN AND TESTING OF AN MR PISTON WITH ENHANCED 

CHARACTERISTICS 

A novel design of an MR piston has been developed, 

fabricated, modelled and tested. The design incorporates some 

design characteristics which were employed to enhance the 

magnetic characteristics of the piston. It will be used to develop 

a large-scale MR damper suitable for relatively higher loads. 

The magnetic circuit contains four electromagnetic coils, with 

a higher number of turns compared to the proposed design in 

[1, 14, 17, 18]. The effects of the implementation of the 

suggested characteristics on the previously-tested damper in [1, 

14, 17, 18] are predicted by the presented FE and analytical 

models in Section II. 

The magnetic circuit of the new MR piston has been 

modelled by FEA following the same scenario presented in 

Section II-B. However, the effect of the nonlinear behaviour of 

magnetic materials has been included in the model. Moreover, 

the current FE model has been validated by the experimental 

measurements of the steady-state magnetic field density in the 

MR fluid region of the piston. 

The objective of the suggested design characteristics in the 

new design is to maximise the magnetic field density in the MR 

fluid region. This ensures the energising of the damper with 

minimum electric power. Thus, the proposed modifications aim 

to enhance the magnetic characteristics of the piston by the 

variation of three design parameters, namely, the construction 

of the piston (location of the MR fluid region), the type of the 

magnetic material of the piston, and the type of the MR fluid.  

The first modified feature in the new design is the 

construction of the piston. In common designs of MR pistons, 

the MR fluid region is located around the coil bobbin, as shown 

in Fig. 2, as can be seen in [3, 12, 17, 25, 26]. However, in the 

current design, the MR fluid region is located inside the bore of 

the coil bobbin. The reason for this suggested design is that the 

magnetic field is theoretically denser inside the coil bobbin. The 

motivation of this modification is the analysis of contours of 

magnetic field density presented in Fig. 4. The figure shows that 

the magnetic part of the piston below the coils is the region that 

is mostly affected by magnetic field. Therefore, the purpose of 

the insertion of the MR fluid region inside the coil bobbins is to 

bring the MR fluid region closer to that region. Therefore, the 

magnetic field will be slightly higher compared to the location 

of the region in the annular part around the coils. The higher 

magnetic field in an MR fluid region located inside the coil 

bobbin was seen in [26]. In that study, a different construction 

with both inner and outer MR fluid regions in the piston head 

was employed. The magnetic field density at the magnetic poles 

in the inner region was shown to be twice higher than that in the 

outer region. However, it should be noted that that high increase 

was achieved because the design presented in [26] employs two 

MR fluid regions. This means that the magnetic flux will be 

smaller in the outer region in comparison with common designs 

that employ a sole outer MR fluid region. Therefore, the 

employment of a sole inner MR fluid in this design may not 

achieve the same increase percentage of magnetic field.    

The second design feature investigated is the selection of the 

piston magnetic material. The magnetic material employed in 

the current design is the iron-cobalt-vanadium alloy, Vacoflux-

50, produced by Vacuumschmelze GmbH. This alloy is shown 

to have a very high relative permeability compared to ferritic 

and martensitic stainless steels, which are the common 

magnetic materials used with MR dampers [27, 28]. The 

detailed magnetic properties of this material are illustrated later 

in this section. 

The third investigated design feature that leads to maximise 

the magnetic effect is the selection of the MR fluid. The 

characteristics of different types of MR fluids are investigated 

in terms of relative permeability and yield stress. Four MR 

fluids are compared, namely the AMT-Smartec+ MR fluid 

produced by Arus MR Tech Company, MRF-140CG MR fluid 

produced by LORD Corporation, MRHCCS4-B MR fluid 

produced by Liquids Research Ltd., and the in-house produced 

MR fluid in [1, 14, 17, 18]. The MR fluid employed in the 

current study is AMT-Smartec+ MR fluid. The fluid is shown to 

have the best magnetic properties in terms of the yield stress 

and the relative permeability at low magnetic field strength. 

A. Design and fabrication of the novel MR piston 

The construction of the MR piston is shown in Fig. 13. The 

piston comprises four magnetic coils connected in parallel. The 

coils are enclosed by five magnetic spacers made of Vacoflux-

50. The coils are wound on non-magnetic bobbins made of 

nylon-66 and surrounded by isolators made of the same 

material. The coil assemblies and the magnetic spacers are 

fitted into an outer hollow cylinder made of Vacoflux-50. The 

magnetic spacers were press-fitted (interference fit) into the 
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outer housing cylinder using a cold-press machine to reduce the 

losses of magnetic flux at the interfaces. A magnetic core made 

also of Vacoflux-50 is fitted on the aluminium piston rod to 

allow the flow of magnetic flux inside the coil bobbins where 

the MR fluid region is located. Thus, the MR fluid region is 

represented by the 3-mm wide annulus between the outer 

surface of the magnetic core and the bore of the magnetic 

spacers.  

The piston is enclosed by two aluminium covers; each of 

them is provided with two openings, as shown in Fig. 14(a), to 

permit the flow of MR fluid. The magnetic spacers are provided 

with radial notches, as shown in Fig. 14(b), which are employed 

so that the free lengths of the wires at the ends of the coils pass 

through them, and through the holes provided in the right 

aluminium cover, out of the piston. Then, the free lengths of 

wires are fitted into the piston rod through two radial holes in 

the piston rod and they come out of the piston rod from an 

opening in its extreme end (not shown). The alignment of the 

coils and the spacers in the magnetic outer housing is shown in 

Fig. 14(c), which shows also the direction of coil windings. 

The use of the nonmagnetic aluminium piston rod was 

mandatory in the current design, although it was expected to 

reduce the magnetic flux density in the MR fluid region. The 

reason for the use of aluminium is the insufficiency of the 

Vacoflux-50 material acquired to manufacture the piston as 

well as the piston rod. Also, there were limitations in the 

machining capabilities of the workshop where the components 

of the damper were manufactured. To allow fitting of the free 

lengths of wires, it was necessary to drill a very long axial hole 

through the centre of the piston rod. However, if the piston 

material is relatively hard, it was hard to drill the hole. Hence, 

an available hollow aluminium alloy tube of the right 

dimensions was used. 

B. Magnetic properties of Vacoflux-50 

Vacoflux-50 is an iron-cobalt-vanadium alloy produced by 

Vacuumschmelze GmbH, Germany. Iron-cobalt 50/50 alloys 

are high-permeability soft magnetic alloys that were invented 

in the United States since 1920 under the name of “Permendur” 

[29]. Then, similar alloys such as Permendur 2V and 

Supermendur were invented in which Vanadium was included 

as it led to improve machinability and mechanical properties of 

materials. 

In comparison with different magnetic carbon steels, 

Vacoflux-50 shows a very high saturation limit of 2.35 T, as 

can be shown from the 𝐵 – 𝐻 curves of different magnetic 

carbon steel materials in comparison with Vacoflux-50 

presented in Fig. 15 and Fig. 16. The data is adapted from the 

available information in [30-33]. The 𝐵 – 𝐻 curve defines the 

relative permeability of material, 𝜇𝑟, according to magnetic flux 

density, 𝐵 and magnetic field strength, 𝐻, based on the 

following equation: 

𝐵 = 𝜇𝑟  𝜇0 𝐻. (19) 

where 𝜇0 = 4  107 H/m, and it represents the permeability of 

vacuum.  

The maximum values of relative permeability of different 

materials are shown in Fig. 17, whereas the field-dependent 

magnetic permeability of Vacoflux-50 is shown in Fig. 18. Both 

figures show that the value of the relative permeability of 

Vacoflux-50 is 7693, which tends to the permeability of pure 

iron. Moreover, the effect of temperature on the relative 

permeability of Vacoflux-50 is reported to be minor [30]. The 

enhanced properties of Vacoflux-50 are also indicated by their 

low electrical resistivity, better machinability, and corrosion 

resistance [34]. 

Vacoflux-50 shows also better magnetic characteristics, even 

when compared with other iron-cobalt-vanadium alloys, as can 

be shown from Fig. 19. The figure shows the 𝐵 – 𝐻 curve of 

Vacoflux-50 in comparison with other well-known iron-cobalt-

vanadium alloys. The data is adapted from [30, 33, 35]. The 

curves are plotted on a logarithmic scale of magnetic field 

strength, 𝐻, in order to show the variation of 𝐵 at very low 

values of 𝐻. It can be shown that Vacoflux-50 exhibits very 

good magnetic properties as it has a higher saturation limit 

compared to Vacoflux-17 and Vacoflux-18 HR. The figure also 

shows that the saturation limits of Permendur 2V and Vacoflux-

27 are slightly higher compared to Vacoflux-50. However, it is 

shown that the magnetic field densities of both alloys are low at 

low values of field strengths compared to Vacoflux-50. 

Supermendur is shown to have the best magnetic properties, 

especially at very low values of field strengths. However, it is 

thought that Supermendur is only available in the form of very 

thin strips. Therefore, Vacoflux-50 is thought to be the highest 

magnetic permeability material available in solid form. The 

employment of the materials shown in Fig. 16 and Fig. 19 in the 

current design is investigated later in Section VI based on the 

FE model presented.   

Employment of Vacoflux-50 is not frequently reported in the 

literature with MR devices, compared to use of carbon steel 

alloys with different grades. An iron-cobalt-vanadium alloy 

was patented in [36] in order to be employed as a core of an MR 

piston. Macháček [28] used Vacoflux-50 to design an MR strut 

employed with a space launcher. Kubík [37] employed 

Vacoflux-27 and Vacoflux-18 HR to design an MR damper. 

However, the effect of the enhanced magnetic materials was not 

evaluated. Vacoflux-18 HR was employed to implement a 

nonlinear FE model of magnetic circuit of an MR piston 

presented in [38]. The model shows the effect of the nonlinear 

distribution of magnetic field density in the MR fluid region in 

the steady and harmonic-varying magnetic fields.   

Vacoflux-50 was obtained from Vacuumschmelze GmbH in 

the form of short rods, from which the magnetic components of 

the piston were machined. Then, a heat treatment annealing 

process was applied on the final products to retain the magnetic 

properties. The annealing was performed by the company under 

pure dry hydrogen ovens. Hydrogen reduces material exposure 

to the atmosphere; therefore, it prevents oxidation, and also 

removes impurities in the material. The material was heated 

until 820˚C, then the temperature was held for 10 hours, and 

finally the cooling process was performed at the rate of 100 

˚C/hour to 300 ˚C/hour [34]. 
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C. Magnetic properties of AMT-Smartec+ MR fluid 

The curves of 𝜏𝑦 – 𝐻, 𝐵 – 𝐻, and 𝜇𝑟 – 𝐻 for the investigated 

MR fluids are plotted as shown in Fig. 20 to Fig. 22, 

respectively. Fig. 20 shows the fluid yield stress, 𝜏𝑦, against the 

magnetic field strength, 𝐻, as adapted from [17, 39, 40]. The 

figure shows that the AMT-Smartec+ MR fluid has the highest 

yield stress at most magnetic field strengths, although the 

silicone oil-based MR fluid developed by Chooi [17] has a 

higher yield stress at higher magnetic field strengths. This 

shows the significance of the MR fluid developed by Chooi 

[17], as the fluid characteristics are comparable with those of 

other fluids developed by such well-known companies. 

However, MR dampers generally incorporate low magnetic 

fields [41]. Thus, higher yield stress at lower magnetic fields is 

thought to be preferable. 

Fig. 21 shows the magnetic field density, 𝐵, against the 

magnetic field strength, 𝐻, as adapted from [39, 40, 42]. The 𝐵 

– 𝐻 curve was not measured in Chooi’s work [17]. The figure 

shows that the AMT-Smartec+ MR fluid has also higher 

magnetic field density at low magnetic fields, compared to the 

other fluids, except at very low magnetic fields (approximately 

below 4000A/m), where the MRF-140CG MR fluid shows a 

higher magnetic field density. 

Fig. 22 shows the relative permeability, 𝜇𝑟, against the 

magnetic field strength, 𝐻, as adapted from the 𝐵 – 𝐻 curves 

presented in Fig. 21. The relative permeability has been 

determined by the determination of the gradient of the 𝐵 – 𝐻 

curves divided by permeability of vacuum, according to 

equation (19). The figure shows that the AMT-Smartec+ MR 

fluid shows a high and consistent value of the relative 

permeability, compared to the other fluids, although the MRF-

140CG MR fluid shows higher relative permeability at very low 

magnetic field strength. However, the value decays rapidly at 

higher magnetic field strengths. The relative permeability was 

assumed as a constant value of 4 in [17], and it is usually 

assumed in the available literature as constant values between 3 

and 10 [17, 43-45]. However, this assumption does not account 

for magnetic saturation of the fluid. It is worth noting that as 

some MR dampers operate under low magnetic field strength 

[41], therefore the MRF-140CG MR fluid may give better 

results in some constructions. 

It should be also noted that the viscosity of the AMT-

Smartec+ MR fluid in the absence of magnetic field is 

considerably higher than that in the MRF-140CG MR and the 

in-house made MR fluid in [17]. The assessment of the fluid 

viscosity has been performed by the current authors by eye 

inspection of three samples of the fluids. The high viscosity of 

the fluid in the off-state may reduce the dynamic range in which 

MR damper are operated, especially because MR dampers are 

often employed with luxury cars as they conduce a better 

response to road conditions. That better response may not be 

achieved if the off-state viscosity of the MR fluid employed in 

the damper is high. Also, the high viscosity of MR fluids 

increase the possibility of the In-Use Thickening (IUT) 

problem, in which an MR fluid is transformed into a paste due 

to the long exposure of magnetic field [46]. It has been analysed 

that the AMT-Smartec+ MR fluid has more iron particles than 

the MRF-140CG and the in-house made MR fluid in [17]. The 

use of the AMT-Smartec+ MR fluid is thought to be not reported 

in the literature, as the producing company of the fluid is 

recently established since 2015. A similar fluid produced by the 

same company was reported to be used in the purpose of MR-

fluid-based finishing process to enhance material surface 

roughness [47].     

D. Modelling and simulation of the developed magnetic 

circuit 

The magnetic circuit analysis of the novel MR piston has 

been performed by a steady state FEA, using the AC/DC 

module in COMSOL/Multi-physics, following the same 

modelling strategy presented in Section II-B for the previously-

tested damper in [17, 18]. To account for the effect of nonlinear 

magnetic behaviour in the current FE model, the magnetic 

properties of materials have been defined by the inclusion of the 

corresponding 𝐵 – 𝐻 curves.  

The investigated computational domain is the whole piston 

head, including the aluminium covers, as shown in Fig. 23. The 

reason for the inclusion of the aluminium covers in the 

computational domain is to depict the decay of the magnetic 

field density in the MR fluid regions adjacent to the aluminium 

covers. The magnetic properties of Vacoflux-50 are defined 

according to the built-in library nonlinear magnetic materials in 

COMSOL/Multi-physics [33]. The 𝐵– 𝐻 curve is based on 

experimental measurements performed by Vacuumschmelze 

GmbH and provided to the authors [30, 33, 48], and it also 

matches the built-in 𝐵– 𝐻 curve defined in COMSOL/Multi-

physics [33]. Similarly, the relative permeability of the AMT-

Smartec+ MR fluid is defined in COMSOL/Multi-physics 

according to the 𝐵 – 𝐻 curve shown in Fig. 21. The parameters 

of the FE model are defined in Table 2. 

The governing equations are the same shown by (1) to (3), 

presented in Section II-B. The coils are defined to be parallel 

connected in COMSOL/Multi-physics. Magnetic insulation is 

assumed at the boundaries of the FE domain. An FE mesh using 

triangular elements has been established with a total number of 

25,233 elements, which includes 2012 edge elements, and 70 

vertex elements. The mesh is extremely refined in the MR fluid 

region as shown in Fig. 23. A grid-independent solution has 

been achieved. 

E. Results of the FE model of the new design 

The steady state magnetic field parameters in the MR piston 

have been determined by the current FE simulation. The 

magnetic field densities in the centre of the annular MR fluid 

region at different input currents are plotted as shown in Fig. 

24. It is shown that the magnetic field density increases at the 

MR fluid regions adjacent to the farthermost Vacoflux-50 

spacers. However, the magnetic field density is less at the 

regions adjacent to the intermediate spacers. This is because 

that the thickness of the intermediate Vacoflux-50 spacers is 

smaller than the farthermost ones. The magnetic field is further 

decreased in the MR fluid regions adjacent to the coils. The 

figure also shows the construction of the MR piston and the 
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effect of magnetic saturation on the distribution of magnetic 

field density with the increase of input current. It is seen that 

the magnetic flux density at the inner Vacoflux-50 spacers 

reduces due to the effect of magnetic saturation. The 

distribution of the steady-state magnetic field strength along the 

MR fluid region with the input current is shown in Fig. 25.  

The variation of the distribution of the magnetic field density 

in the radial direction across the MR fluid region was found to 

be negligible, as shown by the surface plots in Fig. 26, except 

for very small areas of the fluid at the corners of the coils where 

the magnetic flux is concentrated. Thus, the assessment of the 

magnetic field distribution in the MR fluid region at the centre 

of the annular fluid region is an acceptable simplification, as 

also reported in [23, 26].  

F. Experimental measurements and validation of the 

current FE model 

The magnetic field density in the current MR piston was 

measured at different locations in order to validate the FE 

model. The steady-state measurements have been performed 

using a magnetic field meter, model Extech-MF100, which 

employs a Hall-effect sensor and a temperature compensation 

unit. The magnetic field meter has a built-in microprocessor 

which processes the signal of the Hall-effect sensor and shows 

it digitally on an LCD screen. The setup of the experiment is 

shown by the well-labelled photograph in Fig. 27. The magnetic 

field meter and the MR piston are fixed on a vertical holder with 

the aid of a counterweight and a wooden block. The piston has 

been located in a manner that the Hall-effect probe can be 

traversed to different vertical locations relative to the piston 

through the MR fluid region. The magnetic circuit of the MR 

piston has been energised using an electric power supply with 

DC. At each vertical location of the sensor, the corresponding 

magnetic field indicated on the magnetic meter was recorded. 

Thus, the steady state magnetic field density has been recorded 

at different locations and different input currents to the coils.  

The measurements cannot be performed while the MR fluid 

exists in the MR piston, as also reported in [49]. The reason is 

that the relative permeability of the MR fluid is higher than that 

of the Hall-effect sensor. Thus, the magnetic flux will flow 

around the sensor instead of flow through the sensor. Generally, 

Hall-effect sensors are suitable for magnetic measurements in 

air and water, as the values of the relative permeability of both 

materials are 𝜇𝑟 = 1, which is the same as the material of the 

Hall-effect sensor. 

In order to validate the current FE model, the MR fluid in the 

MR piston was replaced by air in the current measurements and 

also in the FE modelling. Hence, the experimental 

measurements of the steady state magnetic field density, at 

different locations and input currents, were compared with the 

theoretical magnetic field density, obtained from the FE solver, 

as shown in Fig. 28. The lower magnetic field density due to the 

replacement of the MR fluid by air can be seen by comparing 

Fig. 24 and Fig. 28. In Fig. 24, which involves the MR fluid, 

the maximum flux density is about 0.83 T. However, in Fig. 28, 

in which the MR fluid was replaced by air, the maximum flux 

density is only about 0.12 T. Also, the directly proportional 

increase of the magnetic field density with the applied current 

can be noted in Fig. 28, unlike the nonlinear increase shown in 

Fig. 24. That is due to the effect of magnetic saturation in Fig. 

24, which involves the MR fluid. It is also shown in Fig. 28 that 

the maximum magnetic field density increases mainly at the 

regions adjacent to the Vacoflux-50 spacers. 

V. PREDICTIONS OF THE EFFECTS OF THE ENHANCED 

MAGNETIC CHARACTERISTICS IN THE TRADITIONAL MR PISTON 

The impacts of the implementation of the suggested design 

modifications and the new magnetic materials in the 

previously-tested MR piston developed in [1, 14, 17] have been 

investigated by the models presented in the current paper. The 

effects of employing the Vacoflux-50 and the AMT-Smartec+ 

MR fluid have been investigated by updating the material 

properties and the inclusion of the nonlinear magnetic 

properties in the FE model developed in Section II-B. 

Moreover, to evaluate the effect of the insertion of the MR fluid 

region inside the coil bobbin rather than being around the 

bobbin, a minor modification to the MR piston has been 

proposed. The effect of each of the design and material changes 

has been evaluated solely based on the nonlinear FE model, as 

presented in Sections V-A to V-C. Then, the combined effect 

of all the improved parameters is presented in Section V-D 

based on the nonlinear FE and the analytical dynamic models. 

The results are investigated at the input current of I = 1 (A). 

However, the results obtained at different currents are presented 

and compared to their counterparts of the original design as 

shown in Table 3. 

A. Effect of changing the magnetic material 

The effect of changing the magnetic material of the 

developed MR piston in [1, 14, 17] with the Vacoflux-50 is 

investigated. The magnetic material used in [1, 14, 17] was 

magnetic stainless steel, in which the relative permeability was 

assumed to have a constant value of 2000 [16]. The distribution 

of the magnetic field density along the MR fluid region of the 

previously-tested MR piston for both design configurations is 

shown in Fig. 29. It is shown that the magnetic field density is 

increased at the locations of the extreme ends of the piston by 

approximately 17.8 %, compared to the corresponding value in 

the traditional construction. However, the difference is 

negligible in the intermediate region. This leads to an increase 

of the fluid yield stress at the extreme locations of the piston by 

36.1 %. The average magnetic field in the MR fluid region is 

increased by 16.8 % in the new configuration, according to 

equation (4). Table 3 shows that the percentage of the increase 

of magnetic field density at the locations of piston shoulder are 

around the value of 17 %, except for at 𝐼 = 2.0 A where the 

value is shown to be 7.6 %. That reduction in the gain is due to 

magnetic saturation which is accounted for in the current 

nonlinear FE model, whereas it was neglected in the model 

developed for the original design. It is worth to say that the 

percentage increase in the magnetic field in this investigation is 

higher than the 10 % increase achieved in [36], in which an 

iron-cobalt-vanadium alloy was employed as a core of an MR 

piston.  
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B. Effect of changing the MR fluid 

The effect of replacing the MR fluid used in [1, 14, 17] with 

the AMT-Smartec+ MR fluid is investigated. The 𝐵 – 𝐻 curve 

of the AMT-Smartec+ MR fluid, shown in Fig. 21, was defined 

in the current FE model, and the steady state magnetic field 

distribution has been determined. The significant increase of the 

magnetic field density in the MR fluid region due to the 

employing of the AMT-Smartec+ MR fluid is shown in Fig. 30. 

It is shown that the magnetic field density increases by about 

160 % at the extreme ends of the piston, and the average 

magnetic field in the MR fluid region is increased by 155 %. 

This increase leads to the increasing of fluid yield stress at the 

extreme ends of the piston by 490 %.  The yield stress of the 

AMT-Smartec+ MR fluid is obtained  according to the available 

information in the fluid data sheet [40], by substitution with 

magnetic field strength. Indeed, this massive increase in the 

magnetic field density at lower magnetic fields is due to both 

the higher relative permeability and the fluid yield stress of the 

AMT-Smartec+ MR fluid compared to the in-house produced 

MR fluid in [1, 14, 17, 18], as discussed in Section IV-C. The 

fluid yield stress is shown to be increased with different 

percentages according to the input current, as shown in Table 3. 

It is shown that the yield stress increases by 1035 % at 𝐼 = 0.5 

A, 297 % at 𝐼 = 1.5 A, and 200 % at 𝐼 = 2.0 A. 

C. Effect of employing the MR fluid region inside the coil 

bobbin 

The effect of employing the MR fluid region inside the coil 

bobbin is investigated by implementing a minor modification in 

the MR piston design shown in Fig. 2. The location of the MR 

fluid region has been changed to be inside the coil bobbin, as 

shown in Fig. 31. Thus, the MR piston comprises two parts as 

proposed in [1, 14, 17]. However, the coils are assembled in the 

outer part instead of the inner part. In addition, the same 

thickness of the aluminium core employed in [1, 14, 17] has 

been employed in the model. Therefore, the inner part of the 

piston comprises the aluminium core and the magnetic stainless 

steel core. If the whole core is made of magnetic material, that 

will lead to a higher magnetic field density. However, the 

modified construction has been assumed in that way in order to 

solely investigate the effect of the insertion of MR fluid region 

inside the coil bobbins. All the main dimensions of the piston 

have the same values as in [1, 14, 17], namely the outer radius, 

the widths of the magnetic poles, the dimensions of the coils, 

and the total length of the piston. 

The effect of modifying the MR piston design by the 

suggested scenario on the magnetic field density is shown in 

Fig. 31. The modification has been predicted to lead to a minor 

increase in the magnetic field compared to the original design 

in [1, 14, 17]. The magnetic field density is predicted to increase 

at the extreme ends of the piston by 2.8 % compared to the 

original design. Therefore, the corresponding increase in the 

MR fluid yield stress at shoulders locations is shown to be 5.3 

% according to equation (4). The average magnetic field in the 

MR fluid region is predicted to increase by around 12 %. The 

little gain in magnetic field compared to the design presented in 

[26] is due to the different constructions of both pistons. In [26], 

the damper has two MR fluid regions; one is located inside the 

coil bobbin, whereas the other is around the coils. The 

variations of parameters at different input currents are shown in 

Table 4.  

D. Combined effect of all design and material changes 

The effect of combining all the preceding design 

improvement and material changes, namely Vacoflux-50, 

AMT-Smartec+ MR fluid, and the insertion of the MR fluid 

region inside the coil bobbin on the increase of magnetic field 

in the MR region of the damper developed in [1, 14, 17] is 

shown in Fig. 32. It is seen that the magnetic field density 

increases by 220 %, at the locations of the extreme ends of the 

piston, which leads to a corresponding increase in the fluid yield 

stress, 𝜏𝑦, by 634 % relative to the original design in [1, 14, 17]. 

The average magnetic field in the MR fluid region, 𝐵, is 

increased by 247 % in the new configuration.  

The variations of parameters at different input currents are 

shown in Table 4. The table shows that the increase in the 

magnetic field and the fluid yield stress due to combining all 

the design enhancements and material changes is less than those 

increases due to the employment of the AMT-Smartec+ MR 

fluid only at input currents 𝐼 = 1.5 A and 𝐼 = 2.0 A. This is 

because that the model developed for the investigation of the 

employment of the AMT-Smartec+ MR fluid only assumes a 

constant magnetic permeability of steel whose value was 

defined as 2000 according to [17]. On the other hand, the model 

developed for the investigation of the effect of the combined 

parameters is nonlinear, in which the magnetic permeability is 

defined according to the 𝐵 – 𝐻 curves of materials. This 

indicates the importance of considering the nonlinear material 

properties in the model, as it can be deduced that the model 

results may be overestimated, especially at high input currents, 

when constant values of magnetic permeability are used.  

It can be deduced that the massive increase of parameters 

compared to the original design is mainly due to the high 

magnetic permeability and yield stress of the AMT-Smartec+ 

MR fluid. The fluid characteristics exhibit very high yield stress 

at very low magnetic fields, as shown in Fig. 20, which may be 

useful in different MR applications such as MR gun recoil 

dampers. However, it may be also a limitation in some other 

devices where a low yield stress and a low fluid viscosity are 

required at low magnetic fields, whereas a relatively higher 

yield stress is required at higher magnetic fields. 

Moreover, the effect of combining all the preceding 

parameters that led to maximise the magnetic effect on the 

performance of the MR damper presented in [1, 14, 17] is 

investigated by the current analytical dynamic model, as shown 

in Fig. 33 and Fig. 34. Fig. 33 shows the work diagram which 

depicts the increase of the damper force against piston 

displacement due to the implementation of the suggested design 

and material changes, whereas Fig. 34 shows the characteristic 

diagrams. The same excitation frequency and operating current 

employed in [1, 14, 17] were employed in the current 

investigation. Both diagrams show an increase in the maximum 

force of the damper by around 550% in the enhanced design 

relative to the corresponding value of the original design. 
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VI. EFFECT OF EMPLOYING DIFFERENT MAGNETIC MATERIALS 

IN THE NEW MR PISTON DESIGN 

This section is dedicated to discussing the effects of 

employing different magnetic materials in the new MR piston 

design. This shows the reasons for employing the new materials 

in the current study, namely, the Vacoflux-50 and the AMT-

Smartec+ MR fluid. The damper performance is evaluated 

based on the current FEA of the damper due to the employment 

of different materials and MR fluids. The available 𝐵 – 𝐻 

curves of the materials and MR fluids presented in Fig. 16, Fig. 

19, and Fig. 21 were used to define the nonlinear magnetic 

properties in the materials and fluids investigated. The 

comparisons have been performed for two types of MR fluids, 

namely the MRF-140CG MR fluid and the MRHCCS4-B MR 

fluid, and different magnetic alloys that include magnetic 

stainless steel and iron-cobalt alloys. The study has been 

performed at different input currents in order to show the 

nonlinear effects of each design parameter. 

The results of these investigations are presented by Table 4 

to Table 6. The tables show the variations of different design 

parameters at input currents 𝐼 = 0.5 A, 𝐼 = 1.0 A, and 𝐼 = 2.0 A, 

respectively. The design parameters investigated are the 

magnetic field density at the farthermost locations of the piston, 

the corresponding variation in fluid yield stress, and the average 

magnetic field density in the MR fluid region. The field-

dependent yield stress data of the MRHCCS4-B MR fluid was 

not available to the authors. However, it is thought that the yield 

stress is considerably lower than the MRF-140CG MR fluid. 

The effects of employing the aforementioned two types of 

MR fluids in comparison with the AMT-Smartec+ MR fluid are 

shown in Fig. 35. Fig. 35 (a) shows the distributions of 

magnetic field in the MR fluid region for the three MR fluids at 

input current 𝐼 = 0.4 A, whereas Fig. 35 (b) shows those 

distributions at 𝐼 = 2.0 A. It can be shown that the AMT-

Smartec+ MR fluid exhibits higher field densities compared to 

the other fluids. The nonlinear variation of the distribution of 

magnetic field with the increase of input current can be shown 

by the comparison of both figures. The AMT-Smartec+ MR 

fluid is shown to be more affected by magnetic saturation 

compared to the other fluids as can be shown from the magnetic 

field distribution in the middle region in both figures. This 

shows the importance of defining the nonlinear magnetic 

properties of MR fluids via the 𝐵 – 𝐻 curves available for MR 

fluids, as it is thought that the definition of a fixed value of the 

magnetic relative permeability of MR fluids in similar models 

may affect the distribution of magnetic field in the MR piston.  

The effects of employing different magnetic materials in the 

piston head are shown in Fig. 36. Fig. 36(a) shows the 

distributions of magnetic field in the MR fluid region for three 

alloys of magnetic stainless steel in comparison with Vacoflux-

50, whereas Fig. 36(b) shows that comparison between 

Vacoflux-50 and four different iron-cobalt alloys. The 𝐵 – 𝐻 

curves available for the different magnetic materials presented 

in Fig. 16, Fig. 19 have been used to define the material 

properties in the current FE model. The comparisons are 

implemented at input current 𝐼 = 2.0 A. However, the 

investigations at different input currents are presented in Table 

4 to Table 6.  

Moreover, the effect of replacing the aluminium inner part in 

the piston with Vacoflux-50, which was not possible in the 

current study due to the limitation of machining capabilities, 

has been investigated and the results are also shown in Table 4 

to Table 6. As expected, the employment of a Vacoflux-50 

magnetic core increases the magnetic field in the MR fluid 

region considerably, compared to the original design. The 

magnetic field density at the locations of piston shoulders is 

predicted to increase by 2.5 % at 𝐼 = 0.5 A, 14.6 % at 𝐼 = 1.0 A, 

and 13.7 % at 𝐼 = 2.0 A. That increase leads to a corresponding 

increase of fluid yield stress at the same locations by 3.34 %, 

15.1 %, and 15.8 %, respectively. 

It can be seen from this analysis that the employment of all 

materials and MR fluids investigated in this section lead to 

reduce the magnetic field density, and consequently the fluid 

yield stress, compared to the original design that employs the 

Vacoflux-50 and the AMT-Smartec+ MR fluid. The only 

increase in magnetic field has been achieved when the whole 

piston core has been made of Vacoflux-50, which was not 

possible in this study. Also, the variations of magnetic 

properties are also shown to be nonlinear due to the different 𝐵 

– 𝐻 curves for the materials.  

VII. CONCLUSIONS 

In the presented paper, the roles of different magnetic 

characteristics of materials and piston design in improving the 

performance of MR dampers are analysed based on theoretical 

predictions and experimental measurements. The importance of 

the nonlinear modelling and simulation of magnetic materials 

for MR dampers is highlighted in the current FE model. On the 

other hand, the presented analytical dynamic model shows that 

the behaviour of MR dampers under cyclic excitations is 

affected by the fluid compressibility and existence of air pocket 

and air bubbles. Moreover, and a novel design of an MR piston 

that incorporates some enhanced magnetic characteristics has 

been developed and tested. 

The current FE model presented for the new MR piston 

accounts for the inclusion of the nonlinear magnetic properties 

of the different materials. The 𝐵 – 𝐻 curves available for the 

magnetic material and the MR fluid were used to define the 

material properties. The fixed values of magnetic permeability 

of different magnetic materials defined in some studies such as 

[17, 43-45, 50, 51] are thought to affect the magnetic field 

distribution in MR devices even at low DC currents. Therefore, 

the inclusion of nonlinear magnetic characteristics in numerical 

modelling and analyses of magnetic circuits of MR devices is 

thought to be necessary. 

The suggested modifications in the new design are: the usage 

of the high permeability Vacoflux-50 magnetic material, the 

usage of the AMT-Smartec+ MR fluid, and the configuration of 

the MR fluid through the coil bobbin. The advantages of each 

of these design and material changes, in terms of the magnetic 

characteristics, have been shown. The employment of the 

Vacoflux-50 magnetic material and the AMT-Smartec+ MR 
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fluid is not frequently reported in the literature for MR 

applications.  

It was found that the employment of the different design 

modifications affects the magnetic field distribution in the 

previously-tested MR damper in [1, 14, 17] by different values, 

as presented in Table 3. The employment of all the suggested 

modifications is shown to increase the magnetic field density at 

the extreme locations of the MR fluid region of the previously-

tested MR damper by 220 %, compared to the original design 

presented in [1, 14, 17]. Therefore, the maximum force of the 

damper has been predicted to increase by 550 %, under the same 

excitation frequency of 𝑓 = 0.5 Hz, and the applied current of 𝐼 

= 1.0 A reported in [1, 14, 17]. This massive increase is mainly 

due to the replacement of the MR fluid made in-house in [1, 14, 

17], with the AMT-Smartec+ MR fluid, as the latter exhibits 

very high permeability and fluid yield stress at very low input 

currents. The percentage increase in fluid yield stress has been 

found to be further higher at lower input currents.  

The flow of the MR fluid in the MR damper under cyclic load 

has been investigated by a one-dimensional parametric dynamic 

model. It is shown that the model predicts the damper behaviour 

to an acceptable degree of accuracy, in comparison with the 

available experimental data in [17, 18]. It can be concluded that 

the compressibility effects due to gas existence in the form of 

an air pocket in the compression chamber and air bubbles in the 

rebound chamber mainly form the hysteretic behaviour of the 

MR damper.  Most models presented in the available literature 

simplify the determination of 𝑄 from the kinematics of the 

piston head assuming incompressible flow, 𝑄 = 𝐴𝑥̇. However, 

the current model predicts the actual volumetric flow rate based 

on the pressure difference between the chambers and the effect 

of fluid compressibility.  

It has been shown that the proposed design of the new MR 

piston exhibits high magnetic field at low input currents. That 

is due to the high permeability of the magnetic material and the 

fluid employed, as can be seen from the comparisons with other 

materials presented in Table 4 to 6. Therefore, the current 

design is thought to be more suitable for relatively higher loads.  

Finally, it is believed that the presented FE/analytical 

approach extends some understanding to the nonlinear 

behaviour of MR dampers under cyclic loads. This nonlinear 

behaviour is due to the nonlinear magnetic properties of MR 

piston which has been predicted by the current FE model, and 

also due to the effects of fluid compressibility and existence of 

air in some designs of MR dampers that have been predicted by 

the current analytical model of fluid flow in the damper. 

Moreover, the analyses of the suggested design and material 

changes highlight the role of the magnetic characteristics of 

different materials used in MR dampers. Future work may 

investigate a fully-coupled numerical analysis of MR dampers 

to account for the effect of the variable magnetic field density 

in the MR fluid region. Also, an optimisation study, whose 

objective is to analyse the optimum dimensions of the piston 

which lead to the maximum output force is planned as a future 

work of the current study. Several design parameters may affect 

the output force, namely the width of magnetic poles, thickness 

and length of the throttling area, number of active coils, and coil 

wire diameter, whose minimum value is one of the design 

constraints in order to achieve the required number of coil turns 

within the dimensions of the piston. Moreover, experimental 

analysis of the behaviour of the novel damper under different 

load and motion conditions is required and also planned as a 

future work of the current study. 
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TABLE 1 

MAIN DIMENSIONS (IN MM) OF THE DEVELOPED MR DAMPER IN [1, 14, 17]  

Radius of the piston rod, 

𝑅𝑜 

= 4.5 Inner radius of piston 

gap, 𝑅1 

= 24 

Outer radius of piston gap, 

𝑅2 

= 27 Outer radius of piston, 

𝑅4 

= 40 

Inner radius of the annular 

cylinder, 𝑅5 

= 50 Piston height, 𝐿𝑝𝑖𝑠 = 82 

Active length of the coil, 

𝐿𝑎𝑐𝑡𝑖𝑣𝑒 

= 10 Distance between the 

coils, 𝐿𝑐 

= 20 

 

TABLE 2 

PARAMETERS OF THE FE MODEL OF THE NOVEL MR PISTON  

Radius of the inner aluminium core, 𝑅𝑜 = 7.5 mm 

Radius of the inner Vacoflux-50 core, 𝑅1 = 15 mm 

Outer radius of the MR fluid region, 𝑅2 = 18 mm 

Input current, 𝐼 = 2 A 

Electric conductivity of the MR fluid, 𝜎𝑀𝑅 = 10-11 S/m 

Electric conductivity of Vacoflux-50, 𝜎𝑉𝑋 = 2.4  106 S/m 

Number of turns of each coil, 𝑛𝑇 = 350 

Thickness of the extreme Vacoflux-50 spacers, 𝐿𝑝𝑜𝑙𝑒 = 10 mm 

Thickness of the intermediate Vacoflux-50 spacers, 

𝐿𝑚𝑖𝑑 
= 6 mm 

Outer radius of the nylon-66 insulator, 𝑅3 = 21 mm 

Outer radius of the Vacoflu-50 spacers, 𝑅4 = 32 mm 

Outer radius of the Vacoflux-50 casing, 𝑅5 = 37.5 mm 

Outer radius of the aluminium covers, 𝑅6 = 40 mm 
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TABLE 4 

INVESTIGATION OF DIFFERENT MAGNETIC MATERIALS IN THE NEW DESIGN  

𝐼 = 0.5 (A) 

Proposed design 

using Vacoflux-

50 and AMT-

Smartec+ MRF 

0.473 

In
cr

ea
se

 o
f 

𝐵
𝑠ℎ

 (
%

) 0.086 25.9 

In
cr

ea
se

 o
f 

𝜏 𝑦
 (

%
) 

Modifications of 

magnetic materials 

M
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n
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T
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M

R
 f
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o

u
ld
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s,

 𝜏
𝑦
 (

k
P

a)
 

Different MR fluids 

MRF -140CG 0.286 -39.5 0.0602 14.2 -45.2 

MRHCCS4-B 0.16 -66.2 0.0328 N/A N/A 

Piston rod in 

Vacoflux-50 
0.485 2.54 0.0887 26.8 3.34 

Different MSS alloys 

MSS 405 0.278 -41.2 0.0517 15.9 -38.6 

MSS 416 0.146 -69.1 0.0293 8.65 -66.6 

MSS 430 0.146 -69.1 0.0294 8.7 -66.4 

Different iron-cobalt-vanadium alloys 

Vacoflux-17 0.343 -27.5 0.0628 19.1 -26.1 

Vacoflux-27 0.32 -32.3 0.0587 17.9 -30.7 

Vacoflux-18HR 0.308 -34.8 0.0565 17.3 -33.3 

2V Permendur 0.425 -10.1 0.0774 23.4 -9.4 

 
TABLE 5 

INVESTIGATION OF DIFFERENT MAGNETIC MATERIALS IN THE NEW DESIGN  

𝐼 = 1.0 (A) 

Proposed design 

using Vacoflux-

50 and AMT-

Smartec+ MRF 

0.685 

In
cr

ea
se

 o
f 

𝐵
𝑠ℎ

 (
%

) 0.1215 37.4 

In
cr

ea
se

 o
f 

𝜏 𝑦
 (

%
) 

Modifications of 

magnetic materials 

M
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n
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 f
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ld
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 𝜏
𝑦
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k
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Different MR fluids 

MRF -140CG 0.455 -33.6 0.0991 27 -27.8 

MRHCCS4-B 0.3 -56.2 0.0629 N/A N/A 

Piston rod in 

Vacoflux-50 
0.785 14.6 0.147 43.1 15.1 

Different MSS alloys 

MSS 405 0.458 -33.1 0.0806 25.1 -32.8 

MSS 416 0.316 -53.9 0.0612 17.7 -52.6 

MSS 430 0.292 -57.4 0.0576 16.5 -55.8 

Different iron-cobalt-vanadium alloys 

Vacoflux-17 0.532 -22.3 0.093 29 -22.2 

Vacoflux-27 0.553 -19.3 0.099 30.1 -19.5 

Vacoflux-18HR 0.523 -23.6 0.0933 28.7 -23.4 

2V Permendur 0.673 -1.8 0.12 36.8 -1.6 

 
TABLE 6 

INVESTIGATION OF DIFFERENT MAGNETIC MATERIALS IN THE NEW DESIGN  

𝐼 = 2.0 (A) 

Proposed design 

using Vacoflux-

50 and AMT-

Smartec+ MRF 

0.838 

In
cr

ea
se

 o
f 

𝐵
𝑠ℎ

 (
%

) 0.148 46.7 
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cr
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se

 o
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𝜏 𝑦
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%
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Modifications of 

magnetic materials 
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 𝜏
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Different MR fluids 

MRF -140CG 0.62 -26 0.1423 38.4 -17.8 

MRHCCS4-B 0.485 -42.1 0.1076 N/A N/A 

Piston rod in 

Vacoflux-50 
0.953 13.7 0.1799 54 15.8 

Different MSS alloys 

MSS 405 0.57 -32 0.1133 31.1 -33.4 

MSS 416 0.48 -42.7 0.0997 26.3 -43.7 

MSS 430 0.455 -45.7 0.0972 24.7 -47 

Different iron-cobalt-vanadium alloys 

Vacoflux-17 0.665 -20.6 0.1251 36.4 -22.1 

Vacoflux-27 0.72 -14.1 0.1315 39.3 -15.8 

Vacoflux-18HR 0.675 -19.5 0.1256 37 -20.7 

2V Permendur 0.847 1.1 0.1535 47.3 1.2 

 

 
Fig. 1. A schematic drawing of the fluid domain of the MR damper (adapted 

from [14, 17]).  

 
Fig. 2. A schematic drawing of the magnetic circuit (piston head) of the current 

MR damper (adapted from [14, 17]).  
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Fig. 3. Two control volumes assigned on the compression and the rebound 

chamber.  

 

 

 
Fig. 4. Magnetic flux density in the piston; the magnetic flux is denser inside 

the coil bobbins and mainly flows across the MR fluid region at the extreme 

ends of the piston (magnetic poles). Units are in Tesla.  

 

 

 
Fig. 5. A schematic drawing of magnetic flux contours in the current MR 

damper due to the coil configuration adopted in [16, 23].  

 

 

 

(a) 

 

(b) 

Fig. 6. Effect of current direction in the coils at  𝐼 = 1.0 A: (a) magnetic field 

density in the MR fluid region due to same and opposite current directions, and 

(b) contours of magnetic flux density in the piston when the coils are operated 

with currents with opposite directions.  

 

 

 
Fig. 7. The variation of the volumetric flow rate at different pressure differences 

between the chambers of the MR damper according to the quasi-static model.  

 

 
Fig. 8. Velocity profiles of the MR fluid in the damper throttling area at 

different pressure differences according to the quasi-static model.  
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Fig. 9. Analytical pressure in the rebound chamber compared to the available 

experimental data in [17, 18]. The time history shows a complete cycle of the 

piston sinusoidal motion.  

 

 

 
Fig. 10. Theoretical work diagram, 𝐹 − 𝑥, according to the analytical dynamic 

model in comparison with the work diagram deduced from the experimental 

measurements of the pressures in the chambers of the previously-tested damper 

in [17, 18].  

 

 

 
Fig. 11. Theoretical work diagram, 𝐹 − 𝑥̇, according to both the analytical 

dynamic and quasi-static models in comparison with the characteristic diagram 

deduced from the experimental measurements of the pressures in the chambers 

of the previously-tested damper in [17, 18].  

 

 
Fig. 12. Theoretical work diagrams, 𝐹 − 𝑥̇, of the previously-tested damper in 

[17, 18] at different amplitudes of the cyclic motion of the piston.  

 

 
Fig. 13. Construction of the novel MR piston.  

 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 14. Components of the magnetic circuit: (a) the aluminium covers, (b) the 

Vacoflux-50 spacers, and (c) the alignment of the coils and the spacers in the 

Vacoflux-50 housing.  

 

 
Fig. 15. Magnetic 𝐵– 𝐻 curves for different magnetic materials.  
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Fig. 16. Magnetic 𝐵– 𝐻 curves for different magnetic stainless steel alloys in 

comparison with Vacoflux-50, adapted from [30, 33].  

 

 
Fig. 17. Maximum values of permeability of different materials (at 20˚C).  

 

 
Fig. 18. The relative permeability of Vacoflux-50 at different magnetic field 

strengths [30, 33].  

 

 

 
Fig. 19. Magnetic 𝐵– 𝐻 curves for different iron-cobalt-vanadium alloys in 

comparison with Vacoflux-50, adapted from [30, 33, 35].  

 

 
Fig. 20. Yield stress, 𝜏𝑦,  against magnetic field strength, 𝐻, of different MR 

fluids, adapted from [17, 39, 40]. 

 

 
Fig. 21. Magnetic field density, 𝐵, against magnetic field strength, 𝐻, of 

different MR fluids, adapted from [39, 40, 42].  

 

 
Fig. 22. Relative permeability, 𝜇𝑟, against magnetic field strength, 𝐻, of 

different MR fluids, adapted from [17, 39, 40, 42]. 
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Fig. 23. The computational domain of the magnetic circuit.  

 

 

 
Fig. 24. Distribution of the magnetic flux density in the MR fluid region at 

different input currents to the coils, plotted on an intermediate line in the MR 

fluid region. 

 

 
Fig. 25. Distribution of the magnetic flux strength in the MR fluid region at 

different input currents to the coils, plotted on an intermediate line in the MR 

fluid region.

 

 

(a) 

 

(b) 

Fig. 26. Distribution of magnetic field density in the MR fluid region of the 

novel MR piston: (a) 𝐼 = 0.4 A, and (b) 𝐼 = 2.0 A.  

  

 
Fig. 27. Setup of the MR piston and the magnetic field meter to measure the 

steady-state magnetic field density in the MR fluid (air) region.  
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Fig. 28. Theoretical and experimental results of the distribution of the magnetic 

flux density in the MR fluid region (replaced with air), at different input 

currents. The values are plotted on an intermediate line in the MR fluid region.  

 

 
Fig. 29. Theoretical distribution of the magnetic flux density in the MR fluid 

region of the previously-tested MR piston in [1, 14, 17], predicted by the current 

FE model due to the original design and the modified one by the employment 

of the Vacoflux-50 material.  

 

 
Fig. 30. Theoretical distribution of the magnetic flux density in the MR fluid 

region of the previously-tested MR piston in [1, 14, 17], predicted by the current 

FE model due to the original design and the modified one by the employment 

of the AMT-Smartec+ MR fluid. 

 

 
Fig. 31. Theoretical distribution of the magnetic flux density in the MR fluid 

region of the previously-tested MR piston in [1, 14, 17], predicted by the current 

FE model due to the original design and the modified one by the insertion of 

the MR fluid region inside the coil bobbin. 

  

 

 
Fig. 32. Theoretical distribution of the magnetic flux density in the MR fluid 

region of the previously-tested MR piston in [1, 14, 17], predicted by the current 

FE model due to the original design and the modified one by the employing of 

Vacoflux-50 material, AMT-Smartec+ MR fluid, and the insertion of the MR 

fluid region inside the coil bobbin.  

 

 

 
Fig. 33. Theoretical work diagrams predicted by the analytical dynamic model 

due to the original design presented in [1, 14, 17], and the modified design by 

the employing of Vacoflux-50 material, AMT-Smartec+ MR fluid, and the 

insertion of the MR fluid region inside the coil bobbin.   

 

 
Fig. 34. Theoretical characteristic diagrams predicted by the analytical dynamic 

model due to the original design presented in [1, 14, 17], and the modified 

design by the employing of Vacoflux-50 material, AMT-Smartec+ MR fluid, 

and the insertion of the MR fluid region inside the coil bobbin.  
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(a) 

 

(b) 

Fig. 35. Theoretical distribution of the magnetic flux density in the MR fluid 

region of the new damper, predicted by the current FE model due to the 

employment of different types of MR fluids: (a) at 𝐼 = 0.4 A, and (b) at 𝐼 = 2.0 

A.

 

 

 

(a) 

 

(b) 

Fig. 36. Theoretical distribution of the magnetic flux density in the MR fluid 

region of the new damper at 𝐼 = 2.0 A, predicted by the current FE model due 

to the employment of different magnetic materials in the piston: (a) different 

magnetic stainless steel alloys, and (b) different iron-cobalt-vanadium alloys. 


