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Abstract:  

This study investigates the impact of various coil parameters on the working efficiency of 

disc-form magnetorheological brakes (MRBs). While earlier research predominantly 

addressed coil shape and count, the present work examines less-explored factors, includ-

ing coil installation position and conductor diameter. Finite Element Method (FEM) 

simulations were performed to analyze the relationships among braking torque, coil 

geometry, and applied current, with a particular focus on enhancing the torque-to-mass 

ratio (T/M) to optimize both performance and cost-effectiveness. Results demonstrate 

that reducing the air gap between the coil and the MR fluid layer effectively concentrates 

magnetic flux, yielding a substantial increase in braking torque. The study offers com-

prehensive insights into coil design and configuration and proposes recommendations to 

improve MRB performance while maintaining economic feasibility. 
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1 Introduction 

Magnetorheological Brakes (MRBs) have garnered significant attention in recent years 

due to their flexible braking capabilities and energy efficiency. Among MRB configu-

rations, the disc brake type stands out with its compact design and superior braking 

performance [1-5]. A crucial factor influencing the performance of MRBs is the mag-

netorheological fluid (MR fluid). This fluid has the ability to alter its viscosity when 

exposed to a magnetic field, thereby adjusting the braking force when current is ap-

plied to the coil, allowing for precise control of braking force. Recent advancements in 

MR fluid technology, including the integration of nanoparticles, have enhanced its 
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rheological responsiveness, improved thermal stability, and increased oxidation re-

sistance, thereby ensuring stable braking performance over extended periods [6-8]. 

Furthermore, improving the properties of magnetorheological fluids, including 

reducing frictional losses and enhancing magnetization capabilities, continues to be 

the focus of numerous studies [9-11]. Another important area is optimizing the disc 

brake structure. Research has highlighted the advantages of multi-layered disc brake 

designs, which increase the contact area with the magnetic flux and improve braking 

torque [12]. The use of advanced materials, such as composites and alloys with high 

magnetic permeability, has enhanced the durability and magnetic performance of these 

materials [13]. Temperature management during operation also plays a crucial role in 

maintaining the reliability and efficiency of MRBs. Excessive temperatures during 

operation can degrade both the MR fluid and the coil. Proposed solutions include liq-

uid cooling systems and advanced heat dissipation mechanisms to ensure stable 

performance under high-load conditions or prolonged use[14]. 

In recent years, there have been numerous efforts to investigate the impact of coil 

configuration on MRB performance. Sohn et al. [15] conducted experimental studies 

on the effect of coil shape on braking torque and demonstrated that a new coil design 

generates approximately 10 % greater torque compared to traditional MR brakes when 

operating within a current range of 0.5 A to 2.0 A, with a maximum torque of 4.1 Nm 

at 2.0 A. Similarly, Nguyen et al. [16] studied the effect of the number of coils on 

power consumption and weight, finding that brakes with single coil, double coil, and 

triple coil had weights of 1.56 kg, 1.34 kg, and 1.28 kg, respectively, while the corre-

sponding power consumption was 29.8 W, 36.5 W, and 49.5 W. Nguyen et al. [17] 

also confirmed these findings by comparing traditional MRB and optimized MRB, 

reporting stable braking torques of 9.7 Nm and 9.75 Nm, respectively. 

Despite these advancements, current studies primarily focus on coil shape and 

number, while neglecting other important parameters such as coil positioning and 

installation method. This study will address these gaps by systematically investigating 

different coil positions and conductor sizes, aiming to identify optimal configurations 

that maximize braking torque while maintaining a high torque-to-mass ratio (T/M). 

Using finite element simulations, this study aims to propose a comprehensive design 

framework to enhance MRB performance. 

2 Methodology 

2.1  Mathematical Model for Determining Braking Torque 

Studies often employ the Bingham model [18] when investigating the rheological 

behavior of magnetorheological fluid (MRF) due to the simplicity of the model and its 

minimal experimental data requirements. The resulting shear stress is then determined 

as follows: 

 
( )i

y y

sinR lr

d d

Ω ϕΩτ τ µ τ µ
+

= + = +  (1) 

where τy is the yield stress in the field-free state; µ is the viscosity of the MRF; Ω is 

the magnitude of the angular velocity of the rotor; d is the gap size of the MRF flow. 

The differential equation of the MRF torque is based on the study [18] shown in 

Fig. 1. 
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Fig. 1 Closed circular element of MR fluid in the oil gap 
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where r is the radius of the MRF element relative to the MRB’s axis of rotation; Ri is 

the lower radius of the oil gap relative to the axis of rotation; φi = 90° – αi is the angle 

between the oil gap and the axis of rotation; l is the length of the oil gap; A is the area 

subjected to stress; αi is the inclination angle of the disc; L is the expected length of 

the oil gap relative to the axis of rotation. 
From Eqs (1) and (2), we obtain the formula for calculating the torque in each re-

gion.  
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The braking torque of each oil region is then calculated as follows: 
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 (4) 

Assuming the neglect of the torque generated by the sealing and load-bearing 

components in the MR brake, the torque TMRB generated on both surfaces of the brake 

disc with flat surfaces is illustrated in Fig. 2. 

 ( )MRB E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 C2T T T T T T T T T T T T T= + + + + + + + + + + +  (5) 

TEj is the torque of the oil regions on the brake disc surface (j = 1 to 11), 

TC is the torque of the oil region on the top surface of the brake disc. 
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Fig. 2 Magnetorheological fluid region of the MRB device 

The yield stress (�γ) is based on experimental results published by Lord Corpora-

tion in Fig. 3.  

 

Fig. 3 Characteristic curve of MRF-140CG magnetorheological fluid [19] 

By using Curve-fitting method with a 6th-degree polynomial, the relationship be-

tween shear stress and the magnetic field strength of the MRF-140CG oil grade is 

determined as follows: 

 
1 2 3 4 5 6

y 0 1 MRF 2 MRF 3 MRF 4 MRF 5 MRF 6 MRFk k H k H k H k H k H k Hτ = + + + + + +  (6) 

where HMRF is the magnetic field intensity; ki is the coefficient of the Curve-fitting 

equation in Tab. 1 
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Tab. 1 Coefficients of the Curve-fitting equation for MRF-140CG [19] 

k0 k1 k2 k3 k4 k5 k6 

1.7318 0.4726 9.83×10−4 −1.75×10−5 −2.78×10−8 7.13×10−10 −1.8×10−12 

2.2 Ampère’s Law of Magnetic Field and the Applied Current Intensity to the Coil 

The magnetic flux density B generated when applying current I to the coil is deter-

mined by Ampèreʼs law as follows: 

 0 r
c

NI
B

L
µ µ=  (7) 

where B is the magnetic flux density (tesla, T); μr is the relative permeability of the 

magnetic core (with air, H, µr = 1); µ0 is the magnetic permeability of vacuum 

(4π × 10−7 H/m); N is the number of coils; I is the current through the coil [A]; Lc is the 

length of the coil [m]. 

2.3 Method for Determining the Braking Mass of MRB 

The total mass of the brake is calculated based on the combined mass of the main 

components, including the rotor, stator, and coil. In the calculation, the mass of certain 

auxiliary parts (such as bearings and seals) is neglected for simplicity. The total mass 

M is expressed as follows:  

 Coil Rotor Stator MRF

Coil Coil Rotor Rotor Stator Stator MRF MRF

M M M M M

M V V V Vρ ρ ρ ρ
= + + +
= + + +  (8) 

where V and ρ are the volume and density of each material, respectively. According to 

the technical data [19-21]: ρCoil= 8.933 × 10−6 kg/mm3, ρRotor= 7.87 × 10−6 kg/mm3, 

ρMRF= 3.64 × 10−6 kg/mm3, VRotor, VStator calculated based on the model input into the 

software and 
2

Coil cπ
2

d
V L

 =  
 

. 

When the distance � from the coil to the MRF oil layer or the average radius �tb 

of the coil changes, the distribution and impact of the magnetorheological fluid (MRF) 

layer will change significantly. This change directly affects the braking torque gener-

ated by the disc brake. Additionally, adjusting the coil parameters not only impacts the 

braking characteristics but also affects the layout, installation, and overall structure of 

the braking system. Therefore, the study of the working efficiency of the magne-

torheological disc brake should be based on evaluating not only the braking torque 

generated by the MRB but also the torque-to-mass (T/M) ratio of the device. This 

approach aims to ensure a comprehensive assessment of both performance and suita-

bility in the design. 

2.4 Magnetic Field Simulation of MRB Braking 

Mesh Generation of the Model 

The investigated cases are performed using the Finite Element Method (FEM) based 

on Altairʼs Flux software. The mesh used is a regular tetrahedral mesh, consisting of 

four triangular faces. Tetrahedral meshing is well-suited for efficiently filling complex 

computational domains that contain regions requiring both coarse and fine mesh densi-
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ties. In addition, this mesh type optimizes computational time compared to other ele-

ment types while maintaining high convergence during simulation processes [22]. For 

this meshing model, it is crucial to carefully select the mesh size to ensure the accura-

cy of magnetic field interactions between different surfaces. The optimal mesh size 

depends on the desired level of detail. To accelerate the meshing process, a value clos-

er to 0 should be used, whereas a value closer to 1 indicates a coarser mesh. In this 

specific case, an average mesh size of 0.5 mm was applied [23] (Fig. 4 and Tab. 2). 

 

Fig. 4 Mesh model of the surrounding environment 

Tab. 2 Meshing parameter 

Elements not evaluated 0 % 

Excellent quality elements 60.24 % 

Good quality elements 26.89 % 

Average quality elements 4.97 % 

Poor quality elements 7.9 % 

Number of nodes 178 205 

Number of surface elements 209 286 

Number of volume elements 1 037 159 

Materials 

In this study, steel 1010XC10 is a commonly used soft magnetic material with high 

magnetic permeability, low magnetic reluctance, and low resistivity, as illustrated by 

the magnetic induction curve in Fig 5., and with a mass density of 7 870 kg/m3 [20]. 

This type of steel helps enhance the magnetic field strength for the MRF layer of the 

brake. It will be used to simulate the components: rotor and stator. 

For this study, MRF-140CG was chosen for investigation, which is a product de-

veloped by Lord Corporation. This fluid is responsible for transmitting force and 

generating the magnetic friction effect in magnetorheological brakes, characterized by 

high yield stress, low viscosity, and the ability to operate in high-temperature condi-

tions. These properties are listed in Tab. 3. 
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Fig. 5 B-H Curve of Steel 1010XC10 

Tab. 3 Properties of Magnetorheological Fluid MRF-140CG [19] 

Carrying 

particle  

Density  

[g/cm3] 

Viscosity  

[Pa s] 

Operating 

temperature 

[oC] 

Fluid content 

[%] 

Flash 

point [oC] 

Hydrocarbon 3.54-3.74 0.280 ± 0.070 (−40)-130 85.44 >150 

Boundary Conditions 

In Flux software, three typical magnetic field problems are supported in a 3D model: 

static magnetic field, dynamic magnetic field, and steady-state magnetic field. Howev-

er, for this study, the problem selected for simulation is the static magnetic field, 

where materials are considered at a fixed current. The steady-state magnetic field is 

considered with a controlled current over a range. Due to the magnetorheological flu-

idʼs phase transition from liquid to semi-solid, the software is unable to meet the 

calculation requirements. The magnetic field analysis will be carried out in the static 

magnetic field environment with different current change intervals. 

In this study, the conditions for solving the problem are established by varying 

the current values. Specifically, the current used ranges from 0 A to 3 A, with a step 

change of 0.25 A. This demonstrates the relationship between the generated torque and 

current intensity during braking. For the configurations under investigation, two coils 

are symmetrically placed on either side of the stator. To enhance the magnetic field 

strength, the two coils will be supplied with opposite currents. This condition ensures 

that the magnetic field remains stable. The angular velocity of the rotating shaft is 

maintained at a constant value of Ω = 15.26 rad/s. The temperature is assumed to be 

constant, and the effects of temperature on the magnetic properties and viscosity of the 

magnetorheological fluid are neglected. Additionally, the model must ensure axial 

symmetry and consistency in the physical properties of the materials. The magne-

torheological fluid is assumed to be homogeneous, without stratification, 

sedimentation, or turbulent flow. 
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3 Results and Discussion  

3.1 Effect of Coil Distance (m) on Braking Torque (TMRB) with Varying Current 

Intensity (I) 

Fig. 6 shows the braking torque of the MRB as the current intensity varies from 0 A to 

3 A, with the coil distance to the magnetorheological fluid layer (m) ranging from 

0 mm to 15 mm. The angular velocity of the brake disc is examined at a low-speed 

range of Ω = 15.26 rad/s, with an oil gap of d = 1 mm, and the MRF grade used is 

140CG. Upon detailed observation, it can be seen that as the distance m increases from 

0 mm to 15 mm, the braking torque (TMRB) gradually decreases, regardless of the cur-

rent intensity (I). Furthermore, the highest braking torque is recorded when m = 0 mm, 

as the magnetic field is more concentrated near the fluid layer. Simultaneously, when 

m > 10 mm, the braking efficiency significantly decreases, indicating that a large dis-

tance weakens the magnetic field considerably. This is entirely consistent with the 

physical theory of magnetic fields and current. Specifically, the stronger the current, 

the stronger the magnetic field generated (B ∼ I). However, if the distance is too large, 

a strong magnetic field cannot compensate for the loss caused by the dispersion of the 

magnetic flux.  

 

Fig. 6 Relationship between the braking torque generated by MRB as the coil distance 

to the oil layer changes at different current intensities 

Specifically, at m = 0 mm, increasing I to 3 A results in the greatest increase in 

braking torque (up to 140 Nm). As m increases to 15 mm, increasing I is no longer 

effective, with the braking torque only reaching below 50 Nm. This is because the 

dispersion of the magnetic flux becomes more dominant as m increases, significantly 

reducing the magnetic field strength at the magnetorheological fluid layer. Additional-

ly, the interaction between current and distance is nonlinear due to other factors such 

as e.g. the magnetic saturation effect of the core material. Based on the survey results, 

the study suggests maintaining the distance m ≤ 5 mm to ensure a sufficiently strong 

magnetic field at the MR fluid layer to enhance the MRBʼs braking torque. 
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3.2  Change in the Average Radius of the Coil (Rtb) 

The results of the braking torque generated when changing the average radius of the 

coil (Rtb) are shown in Fig. 7. The coil parameters used in the simulation are taken 

from Tab. 4: 

Tab. 4 Change in the average radius of the coil 

 

Key observations from the 3D plot (Fig. 7a) indicate that the braking torque 

(TMRB) increases as the current intensity (I) increases. At fixed values of Rtb, as I in-

creases, the braking torque increases consistently. At I = 3 A, the braking torque 

reaches its highest value, exceeding 200 Nm. Furthermore, the effect of the average 

radius (Rtb) on the braking torque can be observed. The braking torque TMRB gradually 

increases as R increases from 65 mm to about 72 mm. When Rtb exceeds 72 mm, the 

braking torque tends to decrease slightly or stabilize, depending on the current intensi-

ty (I). The highest braking torque is achieved at Rtb ≈ 72 mm and I = 3.0 A. 

Fig. 7b shows the variation range of the braking torque with Rtb. As Rtb changes 

from 65 mm to 85 mm, the braking torque TMRB changes significantly. At a current of 

I = 3.0 A, the braking torque peaks at Rtb = 72 mm (around 180 Nm) and decreases as 

Rtb increases further. At lower current levels (I ≤ 2.0 A), the braking torque does not 

Coil  

radius 

Wire  

diameter 
Coil height 

Coil 

width 

Wire 

length 

Number  

of coil 
Fill factor 

Rtb D [mm] H [mm] W [mm] Lc [m] N [–] f_f [%] 

69.25 

0.5 13 46.5 

1 167.4 2 683 87.15 

70.25 1 167.4 2 645 85.91 

71.25 1 167.4 2 608 84.70 

72.25 1 167.4 2 572 83.53 

73.25 1 167.4 2 536 82.39 

74.25 1 167.4 2 502 81.28 

75.25 1 167.4 2 469 80.20 

76.25 1 167.4 2 437 79.15 

77.25 1 167.4 2 405 78.12 

78.25 1 167.4 2 374 77.12 

79.25 1 167.4 2 344 76.15 

80.25 1 167.4 2 315 75.20 

81.25 1 167.4 2 287 74.28 

82.25 1 167.4 2 259 73.37 

83.25 1 167.4 2 232 72.49 

84.25 1 167.4 2 205 71.63 
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change much with Rtb. In contrast, at higher current levels (I > 2.5 A), changes in Rtb 

have a significant impact on braking torque. This can be explained by the fact that 

when Rtb increases from 65 mm to around 72 mm, the magnetic field effectiveness 

increases as the coil reaches a higher efficiency region of the magnetic core. When Rtb 

exceeds 72 mm, the magnetic field slightly weakens due to the dispersion of the mag-

netic flux at the core’s edge. Moreover, braking torque is linearly dependent on current 

(B ∼ I), so at higher current levels, the stronger magnetic field increases braking force. 

However, at lower current levels, the effect of increasing Rtb on braking torque is lim-

ited. 

Based on the survey results, the study proposes a coil design with Rtb ≈ 72 mm as 

the optimal value for achieving the highest braking torque. It is recommended to avoid 

designs with Rtb greater than 75 mm, as braking efficiency decreases and it leads to 

wasted space and materials. 

Fig. 7 a) Relationship between the braking torque generated by MRB  

as the current intensity changes at different average coil radii;  

b) Relationship between the braking torque generated by MRB as the average coil 

radius changes at different current intensities. 

Additionally, increasing the average coil radius means raising the coil placement 

cavity in the stator, which directly affects the overall mass of the brake. Therefore, the 

choice of an appropriate configuration depends not only on the torque generated but 

also on the torque-to-mass (T/M) ratio.  

Fig. 8 shows the T/M ratio as two variables, current intensity and average coil ra-

dius, change. 

The results indicate that as Rtb increases from 65 mm to around 72 mm, the T/M 

ratio increases significantly, showing the highest coil mass efficiency in this region. 

When Rtb exceeds 72 mm, the T/M ratio gradually decreases due to the mass increase 

outweighing the contribution of braking torque. The T/M ratio increases sharply as I 

increases from 1.0 A to 3.0 A, reaching its optimal value at the highest current level 

(I = 3.0 A). At lower current levels (I ≤ 1.5 A), the T/M efficiency is low and varies 

little with Rtb. This is because, when the coil radius increases from 65 mm to around 

72 mm, the effective magnetic field region increases, helping to increase braking 

torque without significantly raising the mass. In the case of Rtb exceeding 72 mm, the 

coil mass increases faster than the improvement in the magnetic field, resulting in a 

reduction in the T/M ratio. At higher current levels, the generated magnetic field is 

stronger, improving the torque generation efficiency, which significantly increases the 

T/M value. The T/M ratio reaches its maximum at Rtb = 72 mm and I = 3.0 A, with the 

best mass efficiency. The T/M ratio decreases when Rtb exceeds 72 mm due to the 
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imbalance between mass and the generated braking torque. Based on this, the study 

suggests selecting an average radius of Rtb ≈ 72 mm, where the largest T/M ratio is 

achieved. It is important to avoid increasing Rtb beyond 75 mm to minimize unneces-

sary mass increase. 

  

Fig. 8 Relationship between the T/M ratio as the average coil radius changes 

 at current levels from 0 A to 3 A 

4 Conclusion 

This study analyzed the impact of coil parameters, such as position, average radius, 

wire diameter, and magnetic field distribution, on the braking performance of the 

magnetorheological brake (MRB) in disc form. Through finite element simulations 

and curve fitting techniques, the study provided valuable insights into the relationship 

between braking torque, the torque-to-mass ratio (T/M), and coil design. Key findings 

indicate that reducing the gap between the coil and the magnetorheological fluid layer 

enhances magnetic flux concentration, significantly increasing braking torque. Fur-

thermore, the optimal average radius for the coil was determined to be approximately 

72 mm, which maximizes the T/M ratio while maintaining an effective magnetic flux 

density. The study highlights the importance of optimizing coil design parameters to 

achieve a reasonable balance between braking performance and system mass. The 

recommendations presented in this study provide a practical foundation for improving 

the efficiency and cost-effectiveness of MRB systems, particularly in applications that 

demand high performance and low weight. In the future, experimental validation of 

the proposed models and the exploration of advanced materials will be crucial to fur-

ther enhance the performance of MRBs. 
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