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Recently, T-shaped Magnetorheological Brake (MRB) usually utilize more than one 
wire coil electromagnetic to maximize magnetic flux reaching all Magnetorheological 
Fluid (MRF) gaps. This research was focused on the usage of a single wire coil on MRB 
with uniformly magnetic flux distribution. To achieve the goal, the serpentine magnetic 
flux profile was adopted to maximize all MRF gaps that only use a single coil. Firstly, 
the magnetic circuit which implementing serpentine magnetic flux was design in a two-
dimensional model. It was then followed by magnetostatic simulation using Finite 
Element Method Magnetics (FEMM) to determine the amount of magnetic flux 
density. The data were then employed to calculate the braking torque. After having 
the final dimension and completing the workshop drawing, an MRB prototype was 
fabricated. Thus, the prototype was characterized using the braking test apparatus to 
figure out the torque profiles. Moreover, the experimental results were compared to 
the simulation results. This process justified the validity of the proposed mathematical 
model of the T-shaped MRB. It was investigated that the maximum braking torque 
from simulations and experimental works were 1.51 Nm and 1.91 Nm at 1 A, 
respectively. Overall the between differences of simulations and experimental works 
were about 10%. It is therefore, the mathematical model can be used for further 
application in the actuator control system. 
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1. Introduction 
 

Magnetorheologicals are part of smart materials because their properties can be changed by the 
magnetic field [1]. There are many types in magnetorhelogicals, that are magnetorheological fluid 
(MRF) that liquid phase [1], magnetorheological elastomer that composite of elastomer and magnetic 
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particle-like Waste Tire Rubber (WTR) [2] and natural rubber [3], and magnetorheological foam that 
magnetorheological elastomer with the porous microstructure [1]. 

MRF is the mixture of micron size magnetizable iron particles with non-magnetic carrier fluid [4–
8]. Typically, it contains ferromagnetic particles [4] and a synthetic or silicone-based oil [9]. It is a very 
responsive material that could react in milliseconds subjected to a magnetic field [5,8,10,11]. The 
properties change in conjunction with the increment of viscosity because the magnetic field particles 
start to make a line along the flux path, so that makes a bond like-chain [5,6,8,12]. 

In every device of MRF, there are three basic operations, that are direct shear type, valve type, 
and squeeze type [4,6,10,13]. All of them are identic with MRF, which is located between two 
magnetic surfaces. Direct shear type identic with two plates that one of them rotate and another one 
is fixed. Valve type identic with two plates set with MRF flowing pass through them. Squeeze type 
identic with two plates pushed MRF to come out. 

For two decades, there were many types of research about MRF because of its responsiveness, 
low power, and tidy structure subjected to the magnetic field [1,7,14]. An example of daily needs 
that could be used from MRF was for automotive industries and health that were developed in the 
form of magnetorheological brakes (MRB) [12,15–18]. 

MRB is a device in the mechanical field that controls brake torque using the magnetorheological 
principle[6]. It has advantages over conventional hydraulic brake (CHB) system [15,19,20]. It’s basic 
designs are disc, drum, and hybrid [5,10,15]. Those designs utilize an effective area from the MRF gap 
to improve the performance. Disc utilizes the annular gap, drum utilizes the radial gap, and hybrid 
uses both annular and radial gaps. 

There were many ways to enhance the torque performance of MRB such as meandering flow in 
the core of MRB, adding the number of turn wire and the number of the disc, making a T-shaped 
rotor to get more MRF gap, and combining magnetic and non-magnetic material on stator or rotor 
which is called serpentine magnetic flux [11,17,21–27]. Serpentine magnetic flux has an advantage 
in increasing torque more effectively because it can manage the magnetic flux path by deflecting it. 

Some T-shaped MRB was proposed earlier. It was found that they took more than one coil to 
reach a good and effective magnetization area that could get all MRF gaps. For example, Nguyen [26] 
and Avraam [17] had made MRB T-shaped with two coils. However, it would be consuming more 
power due to the needs of multi-coil. Ubaidillah predicted MRB serpentine type that could maximize 
magnetic flux only uses a single coil [27]. Hidayatullah also made the prediction torque with the 
combination of T-shaped type and serpentine flux to get more MRF gap with small size[25]. However, 
this MRB can be made more effective.  

The T-shaped MRB was proposed using a single-coil and featuring serpentine magnetic flux flow 
similar to Hidayatullah with a smaller design and different materials. The simulation was presented 
and then fabricated the prototype to characterized the real-time torque using the braking test 
apparatus. Both simulation and experimental work were compared to get the validation for future 
research. 
 
2. Methodology  
2.1 Design of T-Shaped Magnetorheological Brake 
 

Figure 1 shows the design of MRB. Its casing contains a stator and a cover that has a screw at the 
end of it. Screw and nut on casing had the advantage to overhaul part of the MRB easily. The screw 
was made on the shaft and rotor to ensure the shaft remains connected to the rotor. AWG 28 copper 
wire was used to generate a magnetic field. The combination of magnetic and non-magnetic 
materials on the stator has the function to control the magnetic flux path that can turn the flux path 
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reaching the outer annular gap. Magnetic material on the casing and rotor let flux across the MRF 
gap. Non-magnetic material on the bobbin is used to ensure the flux not reaching the coil. MRF gap 
was between the rotor and stator. Seals and bearings were added to prevent the leakage and 
translational motion on the shaft. Table 1 shows detailed information about parts of MRB. 

 

 
Fig. 1. Design of MRB T-shaped serpentine flux 

 
Table 1 
Part list of MRB 

Part Type Material 

Casing Magnetic S45C Steel 
Stator Magnetic Magnetic S45C Steel 
Stator Non-Magnetic Non-Magnetic Aluminium 
Bobbin Non-Magnetic Aluminium 
Shaft Non-Magnetic Copper 
Rotor Magnetic S45C Steel 
Coil Non-Magnetic Copper Wire 
Seal Non-Magnetic Standard 
Bearing Magnetic Standard 

 
MRF-132DG LORD Corp [28] was used that suitable for shear and valve type application. It has 

micron size particles, and the color is leaning like iron. The location is between the casing, stator, and 
rotor called the MRF gap. In non-magnetic field conditions, it had low viscosity so that MRB could 
rotate in small force. Table 2 shows the properties of MRF-132DG. 
 

Table 2 
Properties of MRF-132DG 

Property Value 

Appearance Dark grey liquid 
Viscosity, Pa-s 0.112  
Density, g/cm3 2.95-3.15 
Solid content by weight, % 80.98 
Flashpoint, oC  >150 
Operating Temp., oC -40 to +130 
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2.2 Magnetostatics Simulation 
 

Magnetic field analysis is necessary to find how effective magnetic flux generated. It is also 
necessary to determine magnetic flux density which used for braking torque. Reluctance for each 
part can be known from Eq. (1) [19,25,27] 
 

𝑅 =
𝐿

𝜇𝐴
               (1) 

 
where L is the distance passed by the magnetic flux in each section, μ is magnetic permeability, and 
A is an effective area from the magnetic flux path. Based on the circuit, Eq. (2) describes the total of 
reluctance 
 
Σ𝑅 =  𝑅𝑐𝑜𝑖𝑙 + 𝑅𝑤𝑎𝑙𝑙 + 𝑅𝑀𝑅𝐹 + 𝑅𝑟𝑜𝑡𝑜𝑟 + 𝑅𝑀𝑅𝐹 + 𝑅𝑠𝑡𝑎𝑡𝑜𝑟 𝑠𝑡𝑒𝑒𝑙 + 𝑅𝑀𝑅𝐹 +  𝑅𝑟𝑜𝑡𝑜𝑟 + 𝑅𝑀𝑅𝐹 +
 𝑅𝑠𝑡𝑎𝑡𝑜𝑟 𝑠𝑡𝑒𝑒𝑙  + 𝑅𝑀𝑅𝐹             (2) 
 
The electromotive force can be expressed in Eq. (3) [25] 
 
𝛴𝐹 = 𝜙𝛴𝑅 = 𝑁𝐼              (3) 
 
where 𝜙, N, and I respectively are magnetic flux, wire turn, and current passed the wire turn. 

However, the result would give a big error using those equations are because they are used to 
simplify the work. It should have a significant error in the experimental situation. It needs a 
complicated method that shows in every part of MRB. Therefore, the finite element method is used 
to fix the solution. 

Finite Element Method Magnetics (FEMM) 4.2 was used for magnetic simulation [29]. FEMM is a 
simulation software that has the function to identify, solve, and show the result 2D problem in planar 
or asymmetric from magnetostatics, eddy current, and electrostatic through finite element method. 
There are a lot of materials that can be used in the FEMM library. It could also add the new material 
and custom it as needed. It will display the distribution of density flux magnetic in every part of the 
material that cannot do in the experiment result. Figure 2 and Table 3 show the design and condition 
of FEMM in the asymmetric model. 
 

 
Fig. 2. Design of Simulation FEMM 
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Table 3 
Condition of simulation FEMM 

Symbol Value 

Mesh 9190 

Element 18051 

Problem Type Axisymetry 

Length mm 

Boundary Condition Air 

 
2.3 Mathematical Model 
 

As we know that the result of braking torque from MRB is affected by shear stress between the 
MRB and the material in MRB. Bingham Model could predict the properties of MRF that expressed 
to Eq. (4) [25,27] 
 
𝜏 = 𝜏𝑦(𝐵) + 𝜏𝜂              (4) 

 
where τ is shear stress, τy(B) is shear stress that depends on the magnetic field, and τη is shear stress 
that independent on the magnetic field. It is the combination of shear stress that on-state condition 
and off-state condition. Both of them can be expressed as follows [27] 
 
𝜏𝑦(𝐵) = 52.962𝐵4 − 176.51𝐵3 + 158.78𝐵2 + 13.708𝐵 + 0.1442       (5) 

 

𝜏𝜂 =  𝜂
𝑟�̇�

𝑔
               (6) 

 

where B is magnetic flux density, η is the viscosity of MRF, r is the radius of rotor, �̇� ̇ is the angular 
velocity, and g is the gap of MRF. To find the braking torque in MRB, we can start from the basic 
torque that is shown on Eq. (7) 
 
𝑑𝑇 =  𝜏𝑟𝑑𝐴               (7) 
 
where r is the radius from the center of rotation across dA. Because MRB has a round shape, the 
coordinate must be changed into the polar coordinate. We can use a jacobian coordinate that 
changes into [30] 
 
𝑑𝑇 =  𝜏𝑟2𝑑𝑟𝑑𝜃              (8) 
 

From Eq. (8), there is two differentiation that can be derivate. The design of MRB have to spin 
360o, so that it has limited from 0 until 2π that can refer to 
 
𝑇 = 2𝜋 ∫ 𝑟2𝜏 𝑑𝑟              (9) 
 
Refer Eq. (4) to Eq. (9) yields 
 

𝑇 = 2𝜋 ∫ 𝑟2(𝜏𝑦(𝐵) + 𝜏𝜂) 𝑑𝑟                       (10) 
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Eq. (10) can be separated based on on-state and off-state conditions shown respectively on Eq. (11) 
and Eq. (12) 
 
𝑇𝜏 =  2𝜋 ∫ 𝑟2𝜏𝑦(𝐵)  𝑑𝑟                      (11) 

 

𝑇𝜂 =  2𝜋 ∫ 𝑟2𝜏𝜂 𝑑𝑟 =  2𝜋 ∫ 𝑟2𝜂
𝑟�̇�

𝑔
 𝑑𝑟                     (12) 

 
In this case, the braking torque involves four components: those are radial T-leg (Tr1), radial T-

flange (Tr2), annular inner (Ta1), and outer annular (Ta2). Figure 3 shows the schematic for four 
components. 
 

 
Fig. 3. Design of simulation FEMM 

 
In Figure 3, radial T-leg has the limit ro until ri, that so torque for this component can be described 

off-state and on-state respectively to Eq. (13) and Eq. (14) 
 

𝑇𝜂 𝑟𝑎𝑑𝑖𝑎𝑙 1 = 2𝜋 ∫ 𝑟3𝜂
�̇�

𝑔

𝑟𝑖

0
𝑑𝑟 =  

𝜋𝜂�̇�(𝑟𝑖
4− 𝑟𝑜

4)

2𝑔
                     (13) 

 

𝑇𝜏 𝑟𝑎𝑑𝑖𝑎𝑙 1 = 2𝜋 ∫ 𝑟2𝜏𝑦
𝑟𝑖

0
𝑑𝑟 =  

2

3
𝜋𝜏𝑦(𝑟𝑖

3 − 𝑟𝑜
3)                    (14) 

 
For another component, the way Eq. (13) and Eq. (14) can be used to get a governing equation 
 

𝑇𝜏 𝑟𝑎𝑑𝑖𝑎𝑙 2 =
2

3
𝜋𝜏𝜏(𝐵)(𝑟𝑟

3 − 𝑟𝑖
3)                      (15) 

 

𝑇𝜏 𝑎𝑛𝑛𝑢𝑙𝑎𝑟 1 = 2𝜋𝜏𝑦(𝐵)𝑟𝑖
2ℎ1                       (16) 
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𝑇𝜏 𝑎𝑛𝑛𝑢𝑙𝑎𝑟 2 = 2𝜋𝜏𝑦(𝐵)𝑟𝑟
2ℎ2                       (17) 

 

𝑇𝜂 𝑟𝑎𝑑𝑖𝑎𝑙 2 =  
𝜋𝜂�̇�(𝑟𝑟

4−𝑟𝑖
4)

2𝑔
                       (18) 

 

𝑇𝜂 𝑎𝑛𝑛𝑢𝑙𝑎𝑟 1 =
2ℎ1𝜂�̇�𝑟𝑖

3

𝑔
                       (19) 

 

𝑇𝜂 𝑎𝑛𝑛𝑢𝑙𝑎𝑟 2 =
2ℎ2𝜂�̇�𝑟𝑟

3

𝑔
                       (20) 

 
where h is annular channel length. Table 4 shows the base MRB dimensions. 
 

Table 4 
Base MRB dimensions 

No Symbol Description Value (mm) 

1 𝑔 MRF gap 0.25 
2 ro Shaft Radius 3.5 
3 ri Inner radius 8.5 
3 rr Outer radius 12.5  
4 h1 Annular channel length 1 8 
5 h2 Annular channel length 2 19  

 
2.4 Experimental Setup 
 

Figure 4 shows the configuration of experimental work. Shaft rotary torque transducer TCS-1000 
KC 5kgf.cm ~ 1,000kgf.cm or torque sensor produced by CTAplus, Korea, was used. It used an inline 
method with two shafts to connect MRB and motor using jaw coupling that suitable for measuring 
continuous rotating torque. It also worked on low torque with input voltage 10 V. It consisted of a 
strain gage bridge that measures rotary torque.  

A DC motor was used as a driving source powered by a power supply. The encoder was needed 
to ensure a constant angular velocity of 50 RPM. Encoder Cytron B 106, Malaysia, was used because 
of high accuracy, small size, and has minimum input voltage. MRB had been applied at 0-1 A current 
with an increment of 0.1 A. the current supplied would make the friction between the rotor and MRF 
inside MRB that could generate more braking torque. 

The torque sensor generates analog signals that may be harmful to the monitor device if measure 
directly. It needed signal conditioning to make rough data from the torque sensor to be safe and 
legible. Data Acquisition National Instrument USB 6211, USA, was used for signals conditioning and 
receiving the signals from the torque sensor and encoder. It had an input voltage that suitable to TCS-
1000 KC. Signals from data acquisition would be processed and displayed on the computer with 
LabVIEW software.  
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Fig. 4. Configuration of MRB test rig 

 
3. Results  
3.1 Simulation Result 
 

Figure 5 shows the model of magnetostatics simulation. Lines around MRB show the magnetic 
flux pathways that only passed on magnetic material. On the outer annular, there is a turning flux 
groove due to the configuration of magnetic and non-magnetic materials on the stator. The red line 
in the MRF gap is a reference line for making plot magnetic flux density along the length. The different 
colors show different magnetic flux density. The darker color shows the more excellent value of 
magnetic flux density. 

The electric current affects the magnetic flux density. The more significant current used, the 
greater the magnetic flux density generated. However, the increase is not the same as the initial 
growth because the direction of the magnetic flux is increasingly squeezed on the wall. Figure 6 shows 
the distribution of magnetic flux density along the MRF gap with different variations of electric 
current. The largest magnetic flux density is 0.45 T at the peak of the outer annular. It can be 
concluded that the outer annular gives higher contribution generated higher braking torque. The 
magnetic flux density obtained is used to calculate shear stress caused by the magnetic field. 
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Fig. 5. Model of magnetostatics simulation 

 

 
Fig. 6. Distribution of magnetic flux density along the MRF gap 

 
3.2 Experimental Result 
 

The experimental work was successfully carried out. TCS-1000 KC has recorded the braking 
torque from MRB. Figure 7 shows the result of braking torque along electric current based on both 
mathematical model and experimental work on constant angular speed 50 RPM and input current 
0.1-1 A with interval 0.1 A each test. 
 

 
Fig. 7. Result of braking torque along with electric current 
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On both mathematical model and experimental work, it can be noted that the increase of current 
supplied, braking torque also increases. However, the increment braking torque is not as much as in 
the beginning. It was appropriate with the increment of magnetic flux density. There are some errors 
in both the mathematical model and experimental work. There is small braking torque in the 
mathematical model that almost 0 Nm on the 0 A while in experimental work was 0.46 Nm. The 
maximum braking torque on the mathematical model is 1.51 Nm, and the experiment is 1.91 Nm. 
Table 5 shows details of braking torque error each current supplied. 
 

Table 5 
Braking torque errors between the mathematical model and experimental work 
Current (A) Mathematical model (Nm) Experiment work (Nm) Error (%) 

0 0.000254565 0.469291276 99.94576 
0.1 0.379187284 0.571073314 33.60094 
0.2 0.629073046 0.684576616 8.107722 
0.3 0.778380779 0.79274927 1.812489 
0.4 0.929225234 0.926541621 -0.28964 
0.5 1.054340085 1.047166247 -0.68507 
0.6 1.179279703 1.246856944 5.419807 
0.7 1.274330349 1.393616604 8.559474 
0.8 1.363926183 1.613290009 15.45685 
0.9 1.435660659 1.698145582 15.45715 
1 1.514851983 1.911518152 20.75137 

 
3.3 Discussion 
 

The new design of MRB T-shaped that had a more compact structure than Hidayatullah was made 
[25]. It would give smaller and lighter MRB. A smaller MRF gap would save more MRF, so that reduces 
costs. The usage of a smaller wire diameter could add more turn that would generate more magnetic 
flux density.  

On the FEMM result, the maximum magnetic flux density was 0.45 T. It is better than Ubaidillah 
[12] but worse than Senkal [11], Hidayatullah [25], and Nguyen [26]. It would be caused by better 
reluctance that made flux magnetic smaller. The permeability for each material would also affect 
reluctance [19]. It could be seen at the difference of magnetic flux density results from other research 
that use different materials [25,27]. 

In Figure 7, the independent variable was electric current. It holds the main control to generate 
braking torque. The derivation of Bingham Model at Eq. (14), Eq. (18), Eq. (19), and Eq. (20) also 
present velocities as the independent variable that can be changed easily. But the changes in braking 
torque are not significant. From the LORD Corp. datasheet [28], a big shear rate affected by angular 
velocity is needed to generate big shear stress that could. It had done on another paper [19]. It was 
also done by Attia [15] with angular velocity 100, 200, and 300 RPM. 

There are differences in braking torque between modelling and experiment. At 1 A, there is an 
error of 20%. There is also an error of 0.4 Nm at the off-state condition. The installation of the seal 
on MRB affect the friction that made shear stress higher. The error has been made by other MRB 
[20,22]. Low-friction seals could be used for the next research. Adding friction equation on the seal 
also used to get the same results with experimental work. 

The braking torque generated was less than 2 Nm. It is small if we compare it with another T-
shaped MRB like Hidayatullah [25] generated 2.1 Nm and Avraam [17] 22.5 Nm. The smaller size was 
the problem generated less torque from another MRB design that utilizes less MRF gap than a bigger 
one. 
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Braking torque also affected on the configuration. With a similar size, Ubaidillah [27] only get 
braking torque 0.26 Nm while it could generate higher although magnetic flux density was smaller. It 
had radial lengths of 1.6-2 times and annular lengths of 2-5 times. The configuration also affects the 
ability of magnetic flux to reach the MRF gap. Nguyen [26] and Avraam [17] need double wire turn 
to get almost all MRF gaps while it only uses a single wire turn using the serpentine magnetic flux 
principle. It would save more power while using MRB.  
 
4. Conclusions 
 

Braking torque of serpentine magnetic flux T-shaped MRB had carried out. The result from the 
FEMM simulation shown that the magnetic flux could reach in almost all the MRF gap with the 
maximum magnetic flux density of 0.45 T in the outer annular component. The braking torque has 
also been explained based on simulation and experimental work. The maximum braking torque for 
the mathematical model was 1.51 Nm, while the experimental work was 1.91 Nm at the electric 
current of 1 A. Overall, the errors between simulation and experimental work were about 10%. It 
could be shown that the mathematical model could be used for future research. Low-friction seals 
and friction equation could be used in the future to get a better result. 
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