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Abstract 
In ground vehicles, the brake is an essential system to ensure the safety of 
movement. Multiple braking mechanisms have been introduced for use in ve-
hicles. This study explores the potential of using magneto-rheological fluid 
(MRF) brakes in automotive applications. MRF brakes offer controllable brak-
ing force due to a magnetic field, but their use is limited by simulation chal-
lenges. In this study, a 7-tooth MRF brake model is proposed. The brake model 
is simulated in Altair Flux software to analyze magnetic field distribution, 
braking torque, and its variation under different currents and disc speeds. The 
simulation conditions also consider both viscous and electromagnetic torque 
components. Then, the results are analyzed across different brake regions, in-
cluding rotor, stator, and fluid gap. These results provide valuable insights for 
designing, manufacturing, installing, and testing MRF brakes for automotive 
use. 
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1. Introduction 

Braking systems play a critical role in ensuring the safety of automobiles, especially 
with the continuous advancements in technology and the increasing speeds of vehi-
cles. The need for innovation and adoption of new technologies in braking systems 
is becoming increasingly essential. Various auxiliary braking systems have been re-
searched and implemented to enhance safety, comfort, and ease of control. In recent 
years, technological advancements, particularly in microprocessors, sensors, elec-
tronic devices, and processing speeds, have opened the possibility of real-time 
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control for intelligent systems utilizing magnetorheological (MR) fluids. A potential 
application of this technology is the MR brake system in automobiles. Current re-
search on MR brakes for automobiles focuses on key issues such as: 
• Magnetic Circuit Analysis and Design, Optimization of MR Brake Design for 

Improved Braking Performance; 
• MR Brake Thermal Analysis for Ensuring Stable and Safe Operation under 

High-Temperature Conditions; 
• Research on Methods to Reduce No-Load Torque of MR Brakes for Improved 

Energy Efficiency when the System is Deactivate; 
• MRB Brake Control Strategy for Efficient Integration with the Main Brake Sys-

tem and Ensuring Flexible Operation [1]-[3]. 
Analysis and design of MR brakes is a crucial research area for the development 

of efficient and energy-saving braking systems. Extensive research has been con-
ducted to optimize MR brake performance and reduce brake mass [4]-[9]. MR brake 
optimization studies employ optimization techniques to identify the optimal values 
of MR brake design parameters [10]-[12]. The goal is to achieve the highest braking 
performance. A limitation of conventional MRB designs is the generation of viscous 
torque due to the interaction between the MR fluid and its interacting surfaces. This 
viscous torque causes energy loss and can negatively affect the lifespan of the MR 
fluid. Numerous studies have focused on mitigating this interaction and proposed 
measures to reduce viscous torque generation [12]-[16]. 

Another important design consideration in MRB research is the long-term ef-
fect of temperature (due to heat buildup) on the degradation of MR fluid proper-
ties. Thermal studies of MRBs have been conducted independently for both gen-
eral MR brake devices and specifically for MRBs mounted on vehicles. Some ther-
mal studies are often performed using numerical simulation methods, followed 
by experimental verification to determine the temperature distribution on MR 
brake components such as the rotor, stator, and MR fluid layer [6] [17]-[20]. 

The objective of this study is to simulate an MRB that works under a similar 
working condition to that of a specific vehicle. The position of the MRB is shown 
in Figure 1. Section 2 introduces the MRB structure with coil configuration and 
simulation setup. In Section 3, the results are analyzed considering braking torque, 
supply current, and oil resistance. The results show that the proposed MRB has 
performed well under the predefined conditions and can be used as a reference 
for future development. 

 

 
Figure 1. Layout of the magnetic brake on a small truck. 
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2. Methodology 
2.1. MRB Design 

This study used a proposed design of MRB by Nguyen A.N. [21]: a disc-type MRB 
brake structure with 7 trapezoidal teeth, which are 75 degrees inclined grooves on 
the disc surface, and the MR fluid gap is 1 mm. The MRB is supplied with a current 
from 0 - 3 A for the 2 coils placed on the two halves of the brake housing. Each 
coil has 1000 turns, and the wire diameter is 0.5 mm. A small gap of 1 mm filled 
with magnetic fluid is maintained between the disc and the housing. 

 

 
Figure 2. Model of MRB and coils placement. 

 
At the time of braking, the electromagnet integrated into the housing is ener-

gized. Due to the magnetorheological effect, the MR fluid inside the magnetic field 
becomes semi-solid as the viscosity increases within a few milliseconds, and shear 
friction occurs along the disc surface, resulting in braking and hence deceleration. 
However, this effect is reversible, meaning that the viscosity of the MRF decreases, 
and it returns to a liquid state. The MRB operates in shear mode. In this study, a 
disc brake with trapezoidal teeth grooves on the surface is used. Figure 2 shows 
the main structure of the MRB with rotor, braking housing and coils: 
• The rotor is mounted on the Cardan shaft, the active shaft housing, the trape-

zoidal disc shape, and the trapezoidal angle is 75 degrees. 
• The brake housing is assembled from steel plates with circular holes for bolting 

and holes for the coils. 

2.2. Magnetic Field Simulation Using Altair-Flux Software 

The MRB CAD model was first constructed, and then a finite element model was 
processed with the HYPERMESH tool (Figure 3). The stability was checked using 
the Altair Engineering Flux solver. The material used in the MRB model was C45 
steel and MRF-140CG oil [22]. Two copper coils were placed in the MRB cavity 
and the current flowing through the copper wire was controlled to a predeter-
mined value. The current boundary condition is determined by the current value 
flowing through the brake coil. For the magnetic field analysis problem, the cur-
rent value considered is from 0 A to 3 A, with a gradual increase of 0.25 A. To 
increase the magnetic field intensity, the two coils on both sides will be supplied 
with current in the opposite direction. The finite element model is constructed 
with a mesh size of 4 mm, with 337050 nodes and 1496943 elements. The tetrahe-
dron elements method was used to create the meshing model. For this meshing 
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model, it’s crucial to carefully consider the mesh size to ensure accurate magnetic 
field interactions between different surfaces. The optimal size will depend on the 
desired level of detail. In this case, an average mesh size of 0.5 was chosen. The 
details of meshing parameters are shown in Table 1. 

 

 
Figure 3. Meshing the model Meshing the model Meshing the model. 

 
Table 1. Meshing parameters. 

Number of elements 
Number of nodes 487157 

Number of line element 48996 
Number of surface element 433402 
Number of volume element 2909637 

Element quality 
Number of parts not evaluated 0% 
Part numbers of good quality 98.59% 

Average number of quality elements 1.1% 
Number of low-quality parts 0.01% 

2.3. Calculation Method of the Brake Torque Generated in the  
Simulation 

The braking torque is calculated based on the Bingham rheological model of MRF. 
To calculate the torque for this structure, the study refers to the method of calcu-
lating the braking torque of a similar “passive” disc brake structure [23].  

To simplify the analysis and calculation of the forces and torques generated by 
MRF, the following assumptions are applied: 
• The fluid is incompressible and flows steadily in layers; 
• The effects of gravity and centrifugal force of the MRF element are neglected; 
• The radial and axial velocities are zero; 
• The fluid is assumed to be in full contact with the disc and does not slip; 
• Due to the very small gap size being investigated, the fluid flow is fully plastic, 

with no solid region and neglecting axial motion. 
The braking torque is calculated based on the magnetic field intensity of the 

simulation and the dimensions of the magnetic brake model. Figure 4 shows the 
details of regions that contributed to the braking torque. The equation for calcu-
lating the torque is given in the theoretical calculation section based on the Bing-
ham model when neglecting bearing friction as follows: 
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( )2 e a cT T T TΣ = + +                        (1) 

where: 
Te—Total braking torque in the oil layer perpendicular to the rotor axis; 
Ta—Total braking torque in the oil layer at an angle; 
Tc—Braking torque of the outermost oil layer. 
 

 
Figure 4. Torque generating oil regions of MRB Brake. 

 
The torque generated from Region A (tilted regions) is determined based on 

the Bingham fluid model. A small ring element in the tilted MRF gap is consid-
ered, as shown in Figure 5. The friction torque acting on this element can be for-
mulated as: 

( )2 2 2 1 sin 2dT r dA r dl R l dlτ π τ π ϕ τ= = = +             (2) 

where: 
r—the calculation radius of the considered fluid element in the tilted oil-filled 

herringbone groove (m), R1, R2 are the calculation radius at the tooth root and 
tip according to the trapezoidal cross-section (m). 

l—the length of the inclined tooth section, l = La/cosφ 
La is the length of the oil film calculated on the rotation axis from R1 to R2 (m)  
Φ is the angle of inclination of the trapezoidal surface (rad). The cutting speed 

of MRF in the tube is approximated as: γ = rΩ/d.  
Ω—the rotational speed of the rotating disk (rad/s), d is the gap of the oil MRF 

(m). 
Bingham Model of MRF along the Axial direction 

( )1 1sin
y y

Rr
d d

ϕ
τ τ µ τ µ

Ω +Ω
= + = +                (3) 

Thus, the torque generated from Region A can be formulated as: 

( )( )
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2 1 2 1 2 1

3 2 2 3 2 4 3
2 1 2 1 2 1 2 1

12 sin sin
3
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Figure 5. Calculation model of braking torque generated by MRB in Region A. 

 

 
Figure 6. Calculation model of braking torque generated by MRB in Region E. 

 
Torque generated from Region E (Figure 6): 

( )( )
44

3 3
1
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 (5) 

Torque generated from the Oil Region and Bearing: 

( )
1

2 30.65 2sf sT R= Ω                      (6) 

where: 
Tsf—the torque generated at the oil-bearing region (Nm) 
Rs—the shaft radius at the bearing mounting location (m). 
Torque generated from Region C: 

2
1 12 d

c d yc c
R

T R b
d

π τ µ
Ω = + 

 
                 (7) 

where: 
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Tc—the torque at Region C (Nm); 
Rd—the outer radius of the rotor disk (m); 
b—the tooth thickness at the outermost position (m). 

1ycτ —the yield stress of the oil film at Region C (N/m2). The stress generated 
by the current has an intensity that depends on the characteristics of each type of 
oil used, the intensity generated in different areas of the brake disc as well as the 
geometric parameters of the MRB brake such as the radius of the oil positions 
surveyed relative to the center of rotation Ri, oil gap d, angular velocity of the 
brake disc shaft Ω, tooth thickness b. 

The oil code used in the study is MRF-140CG Magneto-Rheological Fluid [22]. 
According to the specification, the stress-magnetic field intensity characteristic 
curve was constructed as shown in Figure 7. By applying the least squares method 
to fit the properties of the fluid, the approximate polynomial of the yield stress as 
a function of the magnetic field is determined [24]: 

( ) 1 2 3 4 5
0 1 2 3 4 5y MR MR MR MR MR MRf H k k H k H k H k H k Hτ = = + + + + +       (8) 

In which HMR is the magnetic field intensity generated by MRF - 140CG, with 
the coefficients: k0 = 1.9; k1 = 0.61; k2 = −0.002; k3 = 2.69 * 10−6; k4 = −7.52 * 10−9; 
k5 = 1.76 * 10−11. The generated magnetic field intensity H will be applied to Equa-
tion (8) to calculate the shear stress for MR fluid, from which the torque generated 
by MRF can be calculated. 

 

 
Figure 7. Characteristics of 140-CG oil. [22] 

3. Results and Discussion 
3.1. Magnetic Field Intensity 

MR brake model is simulated at varying current values from 0 A to 3 A, and it was 
observed that the maximum magnetic field intensity appearing in the MR brake 
regions also increased to 63.5 kA/m, as shown in Figure 8. However, the variation 
pattern of the magnetic field intensity generated in the MR brake regions, as well 
as the path of the magnetic flux lines in the investigated cases are quite similar. 
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Figure 9 illustrates the generated magnetic flux density, and flux lines of the 
MR oil brake model when the current intensity supplied to the brake is 3 A. In 
this model, there are two coils arranged symmetrically around the brake disc. 
When the current is applied to the coils, it creates a magnetic field in the space 
between the coils. This magnetic field exerts a force on the iron particles in the 
MR fluid, causing them to move and create the MRB braking torque. 

 

 
Figure 8. Magnetic field intensity generated when current intensity I = 3 A. 

 
Moreover, it can be observed that the magnetic field intensity is the highest in 

the region between the coils. Due to the symmetrical arrangement of the coils, the 
magnetic field between coils is uniform. The magnetic field intensity in the region 
surrounding the coils decreases gradually as it moves away from the coils. This is 
because the magnetic field generated by the coils decreases gradually with dis-
tance. The region outside the brake has a very low magnetic field intensity in this 
region. This is because the magnetic field generated by the coils cannot penetrate 
the brake components. 

The simulation results show that the non-uniform distribution of the magnetic 
flux lines on the brake disc is one of the factors leading to the difference in braking 
torque generated in different areas of the brake. This is because the longitudinal 
and inclined teeth are located in the area between the two coils, which are most 
affected by the magnetic field intensity. Therefore, the torque generated in these 
two areas accounts for a large proportion. While the horizontal teeth have a work-
ing length much smaller than the longitudinal and inclined teeth, they are affected 
perpendicularly by the magnetic flux lines generated by the two coils. Therefore, 
the braking torque generated at the horizontal teeth is also the smallest. However, 
there is only one horizontal tooth, so the ratio of the torque generated by the hor-
izontal tooth to the total torque of the longitudinal and inclined teeth is quite 
large. 
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Figure 9. Magnetic flux density, and flux lines of MRB. 

3.2. MRB Braking Torque when Changing the Rotor Rotation Speed 

Simulation results of MRB braking torque depending on the revolutions of the 
brake disc shaft are shown in Figure 10. The maximum value of the braking torque 
generated by the MRB is 108 Nm, achieved at a current of 3 A and the rotor speed 
of 2500 RPM. The minimum value of the braking torque is 0 Nm, at no current is 
applied (I = 0 A), and the rotor speed is 0 RPM, and this non-magnetic field vis-
cous torque value will increase with increasing brake disc speed. When the MRB 
rotor speed increases, the braking torque also increases, but with increasing revo-
lutions, the braking torque increases more slowly. When the MRB rotor speed = 
0 RPM, the magnetic oil particles are stationary. Therefore, the electromagnetic 
force generated by the electromagnetic coils acting on the magnetic oil particles 
will create the smallest braking torque with the same current intensity investi-
gated. When the MRB rotor speed is 2500 RPM, the magnetic oil particles move 
at a high speed. Therefore, the shear stress caused by MR oil increases, resulting 
in increased braking torque with the same current intensity investigated. 

The results of the viscosity of the MR oil when applying current (TH), and the 
torque generated on different regions of the MR brake disc (Ta, Te, Tc), depending 
on the number of brake disc revolutions are shown in Figure 11(a) and Figure 
11(b). 

 

 
Figure 10. Relationship between MRB braking torque and rotor shaft speed. 
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(a)                                   (b) 

Figure 11. Investigation results of braking torque—number of revolutions by oil region 
and drag source on MRB. 

 
Figure 11(a) shows the braking torque generated by two viscous components 

of the oil, including the dynamic viscosity component (Tη) and the magnetic field 
viscosity component (TH). At a current of 3 A, as the brake disc speed increases, 
the magnetic field torque component (TH) remains constant, while the dynamic 
viscosity torque component (Tη) increases linearly from 0 to about 40 Nm. This 
demonstrates the clear influence of speed on the braking torque of MRB when the 
current is fixed. Figure 12 shows the braking torque and rotation speed when 
changing the supply current. 

 

 
Figure 12. Braking torque—current intensity characteristic graph in simulation with speed 
changing from 0 - 2500 RPM. 

3.3. MRB Braking Torque When Changing the Excitation Current 

The braking torque generated by the MRB increases almost linearly with the current 
intensity. As the current intensity increases, the braking torque also increases. When 
the MRB rotor speed increases, the braking torque also increases quite evenly. When 
the MRB rotor speed is 0 RPM, the magnetic field particles are stationary. Therefore, 
the electromagnetic force generated by the electromagnetic coils acting on the mag-
netic field particles will only create a braking torque due to the magnetic field of the 
coils. Therefore, the braking torque in this state is 0 Nm. At a rotor speed of 2500 
RPM, the magnetic field particles move at a higher speed. The electromagnetic force 
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generated by the electromagnetic coils acting on the magnetic field particles will be 
reduced, and therefore, the braking torque will also decrease. 

 

 
(a)                                   (b) 

Figure 13. Investigation results of braking torque when changing current intensity accord-
ing to oil region and drag source on MRB. 

 
In addition, other factors that affect the braking torque are also considered: the 

viscous drag torque of the MR oil and the drag torque generated by the magnetic 
field when the current intensity changes. Figure 13(a) shows the torque generated 
by the two components of the oil viscosity, including the conventional viscosity 
component (Tη) and the magnetic field viscosity component (TH). At the investi-
gated speed of 2500 RPM, when the current intensity increases, the torque Tη re-
mains almost constant, reaching a value of about 40 Nm. Conversely, the TH 
torque increases quite linearly from 0 to about 65 Nm. At a current intensity of 
1.5 A and above, the increase in Tτ is more obvious than Tη. This is due to the 
working characteristics of MR oil, in which the magnetic field viscosity compo-
nent (TH) accounts for a larger proportion than the conventional viscosity com-
ponent (Tη) when the current intensity increases. Figure 13(b) shows the braking 
torque generated in the longitudinal tooth (Te), inclined tooth (Ta) and horizontal 
tooth (Tc) regions of the brake disc. The simulation results show that the braking 
torque of Te, Ta and Tc all increase as the current intensity increases, with a uni-
form increase rule. The values of Te and Ta braking torque are not much different, 
while Tc has the smallest value. This result is consistent with the simulation results 
of magnetic field intensity H, magnetic flux density B, and magnetic flux lines 
shown above. 

The results show that the MR braking torque is directly proportional to the cur-
rent intensity applied to the MRB brake. When the current reaches around 1.5 A, 
the magnetic force acting on the iron particles in the MR oil is large enough to 
overcome the dynamic drag of the MR oil, making the magnetic braking torque 
greater than the dynamic drag torque. This phenomenon is consistent with previ-
ous studies on MR fluid models. 

4. Conclusion 

The paper presents the simulation results of the braking torque characteristics of 

https://doi.org/10.4236/jtts.2025.151007


Q. T. Hoang et al. 
 

 

DOI: 10.4236/jtts.2025.151007 133 Journal of Transportation Technologies 
 

a 7-tooth trapezoidal brake disc mechanism. The simulation results of the mag-
netic field in the brake disc regions show that the magnetic field is unevenly dis-
tributed in the air gap, concentrated in the area near the tooth edges of the stator 
and rotor. The braking torque generated by the MRB increases with the current 
intensity and the speed of the brake disc and can reach 108 Nm when the current 
intensity is 3 A and the speed of the brake disc is 2500 rpm. Thus, the MRB brake 
has the potential to be applied to automobiles as an auxiliary brake system. The 
research results can be used as a basis for the design, manufacturing and installa-
tion of directional MRBs for auxiliary brake systems on automobiles. 
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