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Abstract  
   
Due to the mechanical contact between the brake pad and disc material in automobile disc brakes, the lining materials 
are subjected to considerable frictional heat and wear. By substituting conventional disc brakes with 
Magnetorheological brakes, these disadvantages can be eliminated (MRB). Also, a single-disc MR brake cannot produce 
the necessary torque for real-world automotive applications. To counteract these drawbacks, a new multidisc MR brake 
design was developed. A FEM analysis of a low-carbon steel single-disc MR brake with a central electromagnet was 
performed without the incorporation of a B-H curve. The B-H curve was then incorporated into the analysis to examine 
the effect of magnetic saturation. To investigate the effect of disc material on magnetic flux, the disc material was 
changed from low carbon steel to iron, whose relative permeability is greater. Using three electromagnets as opposed to 
a single electromagnet, the effect of the number of electromagnets on the magnetic field was investigated. In order to 
determine the effect of disc count, a finite element analysis of a multidisc (18 disc) MR brake was conducted. FEM 
results conclude that the performance of a single-disc MR brake can be improved by incorporating the B-H curve and 
increasing the number of electromagnets from one to three. Using a multidisc brake instead of a single disc in the MR 
brake can also increase torque. In previous research, the effect of more than one electromagnet, the insertion of a B-H 
curve, and the use of multiple discs were not investigated in detail. In the present study, a detailed and schematic 
analysis of these factors is performed using finite element analysis, and the results are validated using an experimental 
MR brake setup. 
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1. Introduction 
 
Slow response, fluctuating torque, heavy and complex 

parts, braking noise due to metal-to-metal contact, and 

performance degradation at high speed and temperature 

are characteristics of automotive disc brakes [1-2]. 

Reduced response time, ultra-low wear, compactness, 

and pollution-free environment (absence of wear debris) 

make MR brakes a desirable alternative to conventional 

automotive disc brakes [3-7]. The wear of materials is the 

major concerned in various industries [8-25]. In the 

absence of a magnetic field, the carbonyl iron particle is in 

Brownian motion in the carrier fluid; when a magnetic 

field is applied, the viscosity of the MR fluid changes by 

100 to 1000 times, and the carbonyl iron particle is 

aligned in the direction of the magnetic field and provides 

shear resistance [26-27] as depicted in Fig. 1. (a).  
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Iron particles are suspended in a carrier fluid with a 
surfactant to create MR fluid. Shown in Fig. 1 (b), 
magnetorheological brake consists of rotating cylindrical 
discs immersed in MR fluid and encased in an 
electromagnet casing.  
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Figure 1. (a) Principle of MR fluid (b) MR brake 
 
This figure also describes the various MR brake 
components. The design of the MR brake should be such 
that the viscosity of the MR fluid can be altered during 
braking in the presence of a magnetic field and vice versa; 
consequently, an electromagnet is used to control the 
braking performance of the MR brake by magnetizing the 
MR fluid. 

Multiple studies have documented the modeling of 

the MR brake in order to attain maximum torque along 

with tribology [28-46]. Park et al. [48] described the 

tuning of MR brake to improve its performance. Sumukha 

et al. [49] optimized the casing thickness of the MR brake 

in order to enhance its braking performance. Karakoc et 

al. [50] utilized COMSOL software to do a finite element 

simulation taking into account numerous factors. To 

maximize the braking torque, they optimized the 

magnetic circuit design and many parameters including 

material, sealing, working area, current density, and MR 

fluid. Shiao and Nguyen [51] devised a multipole MR 

brake with several electromagnetic poles encircled by 

multiple coils, and they found a notable improvement in 

braking performance. Liu et al. [52] presented the best 

actuator dimensions using finite element analysis. Suzuki 

et al. [53] created a shear-type compact MR brake 

(SCMRB), and the results are compared to previous 

research. Li et al. [54] built a high-efficiency 

electromagnet utilizing finite element analysis and 

showed that braking torque increases as magnetic field 

strength increases. Arlak et al. [55] performed CFD 

research in order to optimize the design parameters for 

MR damper. Kikuchi et al. [56] published guidelines for 

the design of the form and position of MR braking yokes 

in order to obtain maximum torque. Sukhwani et al. [57] 

examined the influence of MR fluid gap on MR braking 

performance in order to determine the optimal gap 

thickness at which maximum torque is generated. 

Hongyun et al. [58] compared the shear yield stress of MR 

fluid with the compressive and tensile performance of MR 

fluid under different magnetic fields. Hybrid materials 

were developed to improve the performance of various 

automotive parts that were previously restricted to 

common materials [59-67]. 

It has been noted in the literature that the magnetic field 

depends on the magnetic permeability of the disc 

material. Greater torque may be generated when the 

magnetic permeability of the disc material is increased. 

Also, in our prior investigation, we discovered that MR 

fluid saturates after a particular magnetic field, leading to 

torque saturation. Therefore, FEM simulation of multidisc 

MR brakes may be utilized to solve this issue. Also, 

manual insertion of the B-H curve into the analysis is 

essential for the uniform creation of the magnetic field. 

Due to restricted shear stress, the literature indicates that 

a single disc MR brake cannot provide sufficient torque to 

replace a standard automated disc brake. 

 

2. Finite element modelling 
 

ANSYS software was used to model Magnetorheological 

Brake utilizing finite elements. A two-dimensional axi-

symmetrical model has been designed to save computing 

time and expense. The geometry of the MR brake was 

created using a two-dimensional quadrilateral linked field 

solid element PLANE13 with four nodes (each node 

having four Degrees of Freedom). The element PLANE 13 

can be ascribed nonlinear magnetic characteristics (B-H 

curves). The SI units were specified with the EMUNIT 

command. The (free-space permeability) value was 

maintained equal to 4П*10-7 henries/meter. Since the MR 

brake disc was mounted to the rotating shaft, the 

spinning shaft and disc were analyzed as a single element 

in FEM. The magnetic flux density was determined for a 

particular electromagnetic coil current density. In the 

study, there was assumed to be no leakage of MR fluid 

from the casing to the environment, hence the magnetic 

flux on the casing borders was confined to be parallel. To 

impose this requirement, the constraint of parallel 

magnetic flux on housing borders (AZ=0) was applied. 

ANSYS utilizes the flux normal to all external faces by 

default. Using the MAGSOLV command, a 2D magnetic 

static analysis was done to determine the distribution of 

magnetic flux within the brake housing. Nonlinear 

analysis (using NSUBST) was carried out to accommodate 

a nonlinear B-H curve. During each equilibrium iteration 

of a nonlinear electromagnetic analysis, ANSYS computes 

convergence norms with accompanying convergence 

criteria. When defined convergence conditions are 

fulfilled, ANSYS deems a solution to have converged. 

Convergence testing can be based on magnetic potential, 

magnetic flux density, or magnetic field. MR brake 

components include a shaft, bearing, seal, housing, 
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rotating disc, MR fluid, and electromagnetic coil. The 

component's dimensions are provided in Table 1. Figure 2 

depicts the 2-D modeling of an MR brake with a central 

electromagnet and a single disc. Figure 3 depicts the 2-D 

modeling of an MR brake with two side electromagnets, 

one center electromagnet, and a single disc. Figure 4 is a 

two-dimensional representation of a multidisc (18 discs) 

MR brake with a center electromagnet. The dimensions of 

the different MR brake components are listed in Table 1. 

 
Table 1. Dimensions of various components of MR brake 

 

Components Dimension 

Disc 
Inner diameter -28mm, outer 

diameter-88mm 

MR fluid gap 1mm 

Number of turns of coil 1000 

Electromagnet area 
Inner diameter 50mm, outer 

diameter 65mm 

Seal 
Inner diameter – 28mm, outer 

diameter – 32mm 

Casing 
Inner diameter- 130mm, outer 

diameter – 180mm 

Shaft 27.8mm 

 

 
 

Figure 2. 2D- axisymmetric modelling of MR Brake with 
one central electromagnet 

 

 
 

Figure 3. 2D- axisymmetric modelling of MR Brake with 
one central electromagnet and two sides electromagnet 

 
 

Figure 4. 2D- axisymmetric modelling of Multidisc (18 
discs) MR Brake with one central electromagnet 

 
As illustrated in Figure 5, the B-H curve is entered into the 
analysis using the NBUST command in order to produce a 
uniform magnetic flux. As various materials have varying 
relative permeabilities. The magnetic field produced by a 
material with a high permeability value is greater, and 
vice versa. The magnetic permeability of the material 
chosen for MR brake discs must be high. Table 2 lists the 
relative permeability values ascribed to the materials of 
various MR brake components. 
 

 
 

Figure 5. B-H Curve for electromagnet coil 
 

Table 2. Relative permeability of different materials of 
MR brake 

 

Parts Material 
Relative 

permeability 

Shaft Low carbon Steel 100 

Disc 
Low carbon steel/Iron 

99.8% pure 
100/5000 

Housing Low carbon steel 100 

Seals Natural Rubber 1 

Bearing Low carbon steel 100 

MR fluid MRF1TAH 8 

 
3. Results and discussions 
 
Initial analysis is done on an MR brake with a single low-
carbon steel and center electromagnet. The flux lines and 
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vector plot in two dimensions are depicted in Figure 6(a) 
and Figure 6(b), respectively. The flux lines are evenly 
distributed across the disc's perimeter. Away from the 
electromagnet or near to the shaft, the dispersion of flux 
lines is weak and not uniform. The vector plot depicts the 
magnetic flux produced by a certain current. With a single 
low-carbon steel and central electromagnet, 
approximately 0.93 tesla of magnetic flux is created. From 
this magnetic flux density, the shear stress at various 
magnetic flux densities may be computed, as well as the 
braking torque. In the study, red indicates the largest 
value of magnetic flux density, while blue indicates the 
minimum value of magnetic flux density. The magnetic 
flux value is greatest near the shaft and disc's perimeter, 
resulting in an increase in shear stress in that specific 
location. 
 

 

 
 

Figure 6 (a) 2D flux lines (b) Vector plot of MR brake with 
one central electromagnet having low carbon steel disc 

and without B-H curve 
 
In order to examine the impact of magnetic saturation, a 
B-H curve is introduced for the same MR brake with a low 
carbon steel disc and central electromagnet. When a 
specific magnetic field strength is applied to MR fluid, the 
fluid will saturate. Therefore, it is preferable to use the B-
H curve in analysis. As demonstrated in Figure 7, more 
uniform distribution is produced by integrating the B-H 
curve (a). However, magnetic flux lines also flow through 
the shaft, which increases the power loss in steady state. 
Figure 7(b) depicts the vector plot of the MR brake after 
the B-H curve was incorporated into the analysis. This 
graph indicates that the largest magnetic flux is created 
closer to the shaft, which is advantageous for braking. 

Also, the magnetic flux created under on-state conditions 
is greater than 1.03 tesla, which is greater than the 
magnetic flux generated without the B-H curve. 
 

 
 

 
 

Figure 7 (a) 2D flux lines (b) Vector plot of MR brake with 
one central electromagnet having low carbon steel disc 

and with B-H curve 
 
The above research confirms that B-H curve inclusion 
increases magnetic flux production. As magnetic field 
intensity is directly proportional to the relative 
permeability of the material, magnetic field production 
increases as the relative permeability of the material 
increases. To explore the influence of disc material, iron is 
substituted for low carbon steel since iron has a higher 
relative permeability value (500) than low carbon steel 
(100). As demonstrated in Figure 8, the formation of flux 
lines is more consistent when the disc material is changed 
from low-carbon steel to iron (Figure 8(a)). Iron as a disc 
material generates more magnetic flux about 1.45 Tesla 
than low carbon steel. In addition, as illustrated in Figure 
8(b), the largest value of magnetic flux created is close to 
the shaft. 
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Figure 8 (a) 2D flux lines (b) Vector plot of MR with one 
central electromagnet having the iron disc and with B-H 

curve 
 
From the above research, it is clear that an MR brake with 
an iron disc and a B-H curve will create higher magnetic 
flux. To examine the influence of the number of 
electromagnets, an MR brake with three electromagnets 
(two on the sides and one in the middle) was utilized. As 
seen in Figure 10, magnetic flux lines also flow through 
the shaft in this instance, resulting in increased power 
loss in the on condition (Figure10 (a)). With one central 
electromagnet and two side electromagnets, the total 
number of turns is greater, resulting in more magnetic 
flux generation, as magnetic flux intensity is directly 
proportional to the number of coil turns. As illustrated in 
Figure 10(b), the magnetic flux density increases around 
3.44 tesla as the number of coils increases. 
 

 
 

 
 

Figure 9 (a) 2D flux lines (b) Vector plot of MR with one 
central electromagnet and two side electromagnet having 

the iron disc and with B-H curve 

By increasing the number of discs, more magnetic flux 
may be created. In order to test the equation and further 
improve the magnetic flux value, single discs are 
substituted by multidiscs (18 disc). In addition, a central 
electromagnet to minimize the flux around the shaft 
while the machine is not in operation. The size of each 
disc in a multidisc MR brake is 1/18 that of a single disc, 
ensuring that the total size of the MR brake remains 
unchanged and small. Also necessary for comparison with 
a single-disc MR brake is the same size multidisc MR 
brake. Other parts and dimensions of the MR brake 
remain unchanged. The material of the disc is maintained 
as iron, and the B-H curve is also incorporated into the 
study, since it has been determined from prior analysis 
that greater magnetic flux can be created by using the B-
H curve and using iron as the disc material. After analysis, 
the 2-D flux lines are shown in Figure 10 (a). From this 
diagram, it is clear that no flux lines flow through the 
shaft; hence, in the case of multidisc MR brakes, power 
loss in the on state may be minimized. As demonstrated 
in Figure 10(b), the multidisc MR brake generates more 
magnetic flux about 8.96 tesla than the single disc MR 
brake. 
 

 
 

 
 
Figure 10 (a) 2D flux lines (b) Vector plot of MR with one 
central electromagnet having iron disc (18 disc) and with 

B-H curve 
 
As illustrated in Figure 11, the torque value is also 
estimated for the aforementioned FEM and experimental 
analyses. Table 3 displays the shorthand for graphing 
torque versus current for. Due to the iron material's high 
magnetic permeability, MR brakes with iron as the disc 
material are able to create higher torque than MR brakes 
with low carbon steel as the disc material (Figure 11). 
After adding the B-H curve for the electromagnet coil, 
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additional magnetic field is created, as seen in this 
diagram. The multidisc MR brake (18 disc) may generate 
more torque at a greater distance than the single disc MR 
brake. Consequently, multidisc MR brakes are more 
effective than single disc MR brakes. Moreover, it can be 
shown that experimental results correspond to FEM 
analysis. 
 

Table 3. Abbreviation for plotting graph (Torque vs 
Current) 

 

 

 
Figure 11 Torque vs current 

 

Conclusions 
 
Following conclusion is drawn from the FEM and 
experimental study 
 
1) Incorporation of B- H curve to electromagnet, the MR 

brake generates more torque irrespective of any 
magnetic material of disc. 

2) MR brake having iron disc is able to generate more 
torque as compared to low carbon steel as iron 
material has high value of relative permeability. 

3) MR brake with one central electromagnet and two 
central electromagnet generates more torque as 
compared to MR brake having only one central 
electromagnet. 

4) Multidisc MR brake is able to generate more torque 
leads to generation of higher friction and more shear 
stress which is required for braking action. Also 

power loss can be minimised by having multidisc MR 
brake as flux lines is not passing through the shaft. 
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