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Abstract
This technical article introduces a governable brake system that can be relevant for different machines, developed using 
magnetorheologic (MR) fluids. As an initial step, new MR fluids are developed considering different compositions of 
various constituents pursued by the formulation of a numerical model considering various elements such as magnetic 
field strength, magnetic particle size and MR fluid yield strength. Using a commercial software, COMSOL, a magnetically 
energized circuit is examined to obtain the details regarding the number of turns, current supply and strength of the 
magnetic field at predefined points, and a simulation study is carried out. Successively, the developed and optimized 
MR fluid is introduced between the gap of the fixed plate and rotating disk under the influence of the magnetic field 
over the fluid territory. A full-fledged test rig setup for the MR brake system is established, and an experimental study 
is carried out focusing on the shaft speed and braking torque developed during the braking process. The results are 
also plotted for various current input values. The current input value ranges from 0 to 2 amp, and the respective torque 
value is obtained. Likewise, the performance of the torque by the proposed MR brake system used simulated results in 
a derived theoretical model, and a comparative study is carried out with the experimented results.

Keywords  Magnetorheologic fluid · Torque transmission · MR brake · Magnetic analysis · Sedimentation rate

List of symbols
H	� Magnetic fielddirection
E12	� Dipole interaction between ml and m2
�1	� Relative permeability
m	� Dipole moment for identical strength
U	� Energy density of particle
∅	� Particle volume fraction
d	� Diameter of particle
�	� Shear strain, x/r
�	� Shear stress
Jp	� Particle polarization
Js	� Saturation particle polarization
�y	� Maximum shear stress
∅p	� Flux through the saturated and unsaturated parti-

cle region
Rm	� Matrix reluctance
Rp	� Particle reluctance

B	� Flux density
A	� Area
T	� Developed torque
r	� Disc radius
N	� Disc speed

1  Introduction

New technical advancements in the engineering domain 
and desire for a luxurious life have led to a wide range of 
opportunities to manipulate existing systems to optimize 
advanced operational systems. The automotive domain 
is one with upgrading of conventional braking systems 
with a magnetorheologically operational braking system. 
This braking system offers reliability with great efficiency 
as the magnetorheologic fluid is the operational fluid in 
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the braking system. Magnetorheologic (MR) fluids are a 
class of smart fluids that undergo an apparent viscosity 
modification under the influence of an applied magnetic 
field. MR fluid is composed of three substrates, the carrier 
fluid, magnetic particles and additives. The carrier fluid 
comprises most of the fluid and is commonly known as the 
base fluid. A base fluid should possess characteristics simi-
lar to those of brake oil such as a high viscosity index, low 
cloud and pour points, high flash points, etc. The magnetic 
particles contribute to the second major part of the MR 
fluid, also known as the dispersed phase. The basic prop-
erty of the dispersed phase is its magnetic nature, which 
enables and promotes the change in the apparent viscos-
ity of the fluid under the magnetic field. The size of the 
magnetic particles dispersed in the fluid is on the micron 
scale with the shape being elliptical or spherical. Under 
normal circumstances, i.e., nonmagnetic conditions, the 
particles are randomly dispersed in the base fluid. Addi-
tives are the last and least but very important constituents 
of the fluid. The wide density difference among the base 
fluid and dispersed particles, which results in sedimenta-
tion of particles, is nullified to a great extent by the addi-
tives. Additives can be further classified as surfactants and 
stabilizers. The rheologic behavior of MR fluid is the same 
as that of the carrier fluid when no external magnetic field 
is present. When exposed to a magnetic field, the iron par-
ticles acquire a dipole-dipole moment and align along the 
applied magnetic field to form linear chains parallel to the 
field. The MR fluid is one of the most active "smart materi-
als" of the current phase. Most of the developments in the 
application of the MRFs are focused on structural vibra-
tion control and flow power systems. Stanway et al. [1] 
and Wang and Meng [2] made a survey study on the state 
of the MRFs and their application in several mechanical 
engineering systems. Many papers deal with the applica-
tion of MR fluids for controllable dampers [3–5], seismic 
response control of frame structures [6] and vibration 
control of large structures [7]. The rapid, reversible and 
dramatic changes in their rheologic properties allow the 
control of flow power systems [8, 9].

Selection criteria for MR fluid components play a criti-
cal role as the change in one or more components or in 
their properties influences the MR effect. The commonly 
used carrier fluids are silicone, mineral and synthetic oils. 
Mineral oils are not good for the environment, and syn-
thetic oils are expensive. Silicone oil is preferred because 
of good heat-transfer characteristics, high flash points and 
temperature stability, and there is little change in physical 
properties over a wide temperature range with a relatively 
flat viscosity temperature and serviceability ranging from 
− 40 to 204 °C [10–14]. Magnetic particles used are of the 
micrometer size, and the particle size distribution ranges 
from 1 to 10 µm. The stability of the fluid increases with 

decreased size of the magnetic particles. Also, the stabiliz-
ers are added to the fluid to ensure particle suspension in 
the carrier fluid. The surfactants are adsorbed on the sur-
face of the magnetic particles to enhance the stability of 
the fluid, and also polarization is induced in the suspended 
particles upon the application of a magnetic field [10, 15].

Many MR fluid applications operate under different 
modes such as the valve, shear and squeeze modes. The 
application of MR fluid in the braking system is a flour-
ishing research field with various developments. The MR 
brake (MRB) is a device to transmit torque by the shear 
stress of MR fluid. A few experimental studies have been 
carried out on broadly useful MR brakes. Li et al. [18] were 
one of the initial designers of a working MR braking sys-
tem. Park [16, 19] and Karakoc [17] investigated MR brakes 
for car applications. Hiraniet al. [13] presented an experi-
mental study of a designed and fabricated high-speed MR 
brake. They also researched the impact of speed and the 
MR gap on the resulting torque of the MR brake. Nguyen 
et  al. [20–22] added to the examination of MR brakes 
with a design and advanced consideration. They built an 
enhanced MR brake for motorbike application [22]. Assad-
sangabi [23] and Younis [24] utilized the SEMURE and GA 
algorithms to optimize the design parameters of an MR 
brake. Marannano [25] introduced magneto-static finite 
element analysis to evaluate the resulting torque of an MR 
brake visualized for an average-size automobile applica-
tion. Sarkar [12] and Hirani [26] investigated the working 
of MR brakes in squeeze mode to enhance the output 
torque of the MR brake, also attempting a parabolic pro-
filed MR brake. Patil [27] published the thermal analysis for 
an MR brake functioning in a car. Patil et al. [28] examined 
the dependability factor of an MR braking system, while 
Abdullah [29] introduced an MR brake employing a PID 
controller at different speeds and loads.

The Poznic and Casniji [30] studies analyzed a cylin-
drical MR brake. In this MR rotary disc brake, its braking 
torque changes quickly in response to an external mag-
netic field strength. Also, a theoretical study considered 
a design alternative for the usual simple MR fluid brakes. 
Edward et al. [19] studied the development of a new elec-
tromechanical brake system using MR fluid. The proposed 
brake system consists of rotating discs immersed in an MR 
fluid and enclosed in an electromagnet, where the yield 
stress of the fluid varies as a function of the magnetic field 
applied by the electromagnet. Sukwani and Hirani [13] 
described the design procedure for an MR brake and dis-
cussed the effect of the MR gap on its braking torque. Two 
brakes, the first with an MR gap of 1 mm and the second 
with an MR gap of 2 mm, were designed and fabricated. 
Shrikant et al. [31] introduced a magnetorheologic brake 
model used for stopping a two-wheeler vehicle under con-
sideration. First, the braking torque required to stop the 
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vehicle was calculated analytically. Then, the appropriate 
design parameters were selected, and a model was devel-
oped using MATLAB software to achieve the same braking 
torque. Kavlicoglu et al. [32] focused on the design and 
characterization of a radial double-plate magnetorheo-
logic fluid (MRF) clutch. The clutch’s torque output can be 
controlled by adjusting the applied magnetic field. Elec-
tromagnetic finite element analysis (FEA) is performed to 
design and optimize the clutch.

Tan et al. [33] developed a mathematical model of an 
ER brake, and the modeled results were compared with 
the experimental output velocity responses of the brake. 
After the model validation was completed, the ER brake 
was subjected to various loads, electric fields, fluid tem-
peratures and volume fractions. By observing the effect 
of each input variable, the trend behavior of the ER brak-
ing velocity response was investigated in an attempt to 
identify suitable parameters that can halt a robot arm at 
the fastest time durations. Benetti and Dragoni [34] stud-
ied the nonlinear magnetic behavior of a 100-Nm, multi-
disc MR rotary brake or clutch using COMSOL multiphasic 
software. Along with the analysis results, the merits and 
limitations of using the software for future simulations of 
the thermal and the mechanical responses of the device 
were found. Poznic et al. [35] introduced a review of all 
MR brake types. Based on the overall braking torque, an 
analytical comparison of all MR brake types and other rele-
vant parameters was made. As a test rig utilizing a selected 
brake type filled with MR fluid, the Basonetic 5030 was 
manufactured and then tested. As evident from the litera-
ture survey, most of the previous work on MR brakes has 
focused on field-dependent braking performance. There 
is little research on the performance differences using dif-
ferent MR fluids.

In this work, three different MR fluids featuring three dif-
ferent iron particle weights and an amount of additive are 
synthesized and applied to an MR brake (MRB in short) to 
identify the dependence of the braking performance on the 
material properties of the MR fluid. Unlike the conventional 
hydraulic brake (CHB), which uses friction between the pads 
and surface, here the braking torque generation is different. 
MR fluid that can instantaneously change from the liquid to 
semisolid state by application of a magnetic field is used. 
This shear stress of the semi-solid generates the required 
braking torque. The MRB consists of rotating disks immersed 
in MR fluid and an enclosed electromagnet [12, 36]. When 
current is supplied to the electromagnet coil, the MR fluid 
changes its state from liquid to semi-solid; also, the yield 
stress varies as a function of the magnetic field applied by 
the electromagnet. The required braking torque is achieved 
by controllable yield stress producing shear friction on the 
rotating disk. The MRB actuator is only controlled electroni-
cally, so it has the potential to reduce the response time of 

the system. It can be easily integrated with the existing and 
advanced technologies, such as an anti-lock braking system 
(ABS), electronic parking brake (EPB) and vehicle stability 
control (VSC), as effective machines.

2 � Mathematical modeling of sheer stress

The change of MR fluid from a Newtonian fluid to semi-solid 
is mathematically modeled using the basic magnetic induc-
tion equations. In most models of MR fluid, behavior is based 
on magnetic dipole-dipole interactions between adjacent 
particles in a particle chain structure. These inter-particle 
interactions are then averaged over the entire sample to 
yield a model of the bulk magnetorheologic effect. Figure 1 
shows a dipole model of the particle energy interaction 
between two magnetic dipoles induced in the MR fluid by 
the application of a magnetic field.

Two particles are within a chain. Adjacent chains are a 
distance apart, and h = r0/d where ro is the center-to-center 
distance between the particles. The interaction of these par-
ticles of equal strength m is given by

(1)E12 =
|m|2

(
1 − 3cos2�

)

4��1�0|r|3

(2)E12 =

|m|2
(
1 − 3

r2
0

r2
0
+x2

)

4��1�0

(
r2
0
+ x2

) 3

2

Fig. 1   Relation between rheology and particle polarization
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Scalar shear strain is taken as x/r, and the total energy 
density is taken as this multiplied by the total number of 
particles divided by the volume. The total energy density 
is obtained as

The shear stress can be obtained by differentiating this 
energy with respect to strain and taking the average polar-
ization density as the dipole magnetic particle volume per 
unit volume of particle stress, obtained as

Maximum shear stress, i.e., yield stress, will be obtained 
for the maximum value of strain, so differentiating stress 
with respect to strain and equating to zero yield stress are 
obtained as

Assuming that saturation takes place uniformly and 
along the direction of the applied field, the relations 
including field strength, intrinsic induction, magnetic flux 
and saturation polarization density are obtained as

Equations  6–9 need to be simultaneously solved to 
obtain the solution for shear stress. This was done using 
C++ coding.

A Gauss-Jacobi algorithm was employed where we 
assumed the value for a variable, solved the remaining 
variables in terms of this variable and verified the gov-
erning equation for a maximum error of 2%. If not within 
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this limit, the variable value was changed and the process 
repeated until it was solved. This was an iteration method. 
Figure 2 shows the relationship between intrinsic induc-
tions versus field strength.

The variations of induction values with field strength for 
three volume ratios are given in Fig. 2. As evident from the 
graph, the higher the volume ratio is, the higher the induc-
tion in the fluid. This is because the presence of more parti-
cles increases the magnetic effect and thus the induction.

Figure 3 shows the relationship between field strength 
and shear stress. It was observed that induction increased 
initially and then reached a saturation value, as expected, 
when the iron particles became saturated. For increasing 
volume ratios, the saturation induction increased, and so 
the yield stress increased with concentration.

Hence, it is seen that the effect of the volume ratio theo-
retically plays a critical role in intrinsic induction. Verifica-
tion of the experimental behavior study is carried out with 
different compositions.

3 � Synthesis of MR fluids

The major constituents of MR fluids are the carrier fluid, 
magnetizable particles and additives. The carrier fluid is 
the major constituent of MR fluid at 50–80% by volume 
fraction. Commonly used carrier liquids are mineral, 

Fig. 2   Relation between intrinsic induction versus field strength

Fig. 3   Relation between field strength and shear stress
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synthetic and silicone oils. The size of magnetic particles 
is on the order of 1–10 µm. The sedimentation increases 
with an increase in the size of magnetic particles. The sta-
bilizers and surfactants help keep the magnetic particles 
suspended in the carrier fluid.

Shah et al. [37] reported that large particles provide 15 
times higher yield stress than small-sized particles. Fur-
thermore, it has been reported that on mixing smaller 
and larger particles with different weight fractions, the 
Bingham yield stress value increases by a factor of three 
compared with large-sized particles dispersed in fluid [38, 
39]. The finding implies the mechanical properties of MR 
fluids are the function of temperature; the steps involved 
in bringing down the off-state viscosity and shear stress 
at elevated temperatures were studied, as was the per-
formance degradation for a low-high-low temperature 
cycle [40]. To synthesize MR fluid, the following steps were 
followed:

(1)	 Carbonyl iron (CI) particles were mixed with lithium 
grease for 30 min using a stirrer at 600 rpm.

(2)	 Next, Triton X was added and stirred for another 
30 min at 600 rpm.

(3)	 The base fluid silicone oil was added to the mixture 
in parts with continues stirring for 3 h at 600 rpm.

By adopting this synthesis method, the dispersion of 
the magnetic particles in the carrier fluid was better as the 
particles were coated with grease, which helped in particle 
suspension [4, 41–43].

3.1 � Carrier fluid

Carrier fluid is the major constituent of MR fluid (50–80% 
by weight). The commonly used carrier liquids are mineral, 
synthetic and silicone oil [44, 45]. With its properties such 
as low viscosity, temperature stability, compatibility with 
other materials of the device and rheologic properties, sili-
cone oil with viscosity of 210 cp and density of 0.99 g/ml 
was used as a carrier fluid for the synthesis.

3.2 � Magnetic particles

The size of magnetic particles is on the order of 
1 μm–10 µm. The sedimentation increases with an increase 
in the size of magnetic particles [46–50]. Carbonyl iron 
powders of 2–10 micron size were used in our experi-
ments. Carbonyl iron powder (EC10TR, electrolytic reduced 
powder, Industrial Metal Powders, Pune, India) was present 
as suspended particles in the system. The average particle 
size distribution and apparent density were 14.47 μm and 

1.1 g/cm³, respectively, and the iron content of the powder 
was 99.56%.

3.3 � Additives

Additives can be broadly classified as stabilizers and sur-
factants. Considering the properties such as good adhe-
sion, particularly to metal, non-corrosiveness, heavy load 
application and good temperature tolerance, lithium 
grease was selected as a stabilizer, which helped keep the 
particles suspended in the base fluid by providing a coat-
ing, whereas Triton X-100, with 240 cp viscosity, 1.061 g/ml 
and a flash point of 251 °C, served as a surfactant, which 
helped reduce agglomeration and cluster formation [17, 
18, 51–54]. Three different samples were prepared with 
various combinations of silicone oil, CI powder, lithium 
grease and Triton X. Table 1 gives the detailed composi-
tion of MR fluid.

4 � Design of the brake system

4.1 � Design of the magnetic coil

The magnetic coil is responsible for the generation of the 
magnetic field in the system. The magnetic field must 
be properly controlled so that it is not so high that the 
saturation level is overcame, but not so low that suffi-
cient magnetic field intensity is not produced [39, 55–58]. 
A solenoid setup is used to generate the required mag-
netic field. The important parameters considered for the 
design are the number of turns of the coil, length of the 
solenoid, maximum current flowing through the coil and 
wire specification.

(1)	 Length of the solenoid (L): to reduce the size of the 
system, the length of the solenoid was considered the 
same as the width of the coil ring, 2 cm.

(2)	 Maximum current (I): considering the safety and bat-
tery power availability in the present automotive sys-
tem, the maximum current value was set as 2A.

(3)	 No of turns of the coil (N): For the synthesized MR 
fluid, the saturation magnetic field intensity was 
found to be 25,000 A/m. The design was carried out 

Table 1   Composition of MR fluid

Constituents Sample 1 (g) Sample 2 (g) Sample 3 (g)

Silicone oil 18.53 17.76 19.207
CI powder 6.412 9.632 17.12
Lithium grease 2.492 3.936 6.072
Triton X-100 0.504 0.672 0.594
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considering that the maximum current (2A) satura-
tion of the fluid took place and maximum shear stress 
was obtained.

The magnetic field intensity for a solenoid is given by

From this the number of turns of the coil was obtained 
as 250.

Wire specification: Copper winding wires are classified 
from gauge 1 to 30 based on their diameter. Each gauge 
has different current density values. The best result was 
obtained by employing the wire with maximum current 
density. Therefore, AWG 21 was selected for the coil with 
a maximum current density value of 2.653 A/mm2.

Thus, the design of the coil was carried out and the 
important parameters set.

4.2 � Magnetic circuit analysis using COMSOL

The magnetic field strength is a critical aspect in the MR 
braking system. To predict the strength and distribution 
of the magnetic field at a given point around the rotat-
ing disc by the magnetic circuit, a circuit was designed 
and its magnetic strength analyzed using COMSOL soft-
ware, which helped to find the intensity at intermediate 
points and regions of maximum intensity. The analysis was 
used to determine the length of the core to be used in 
the system. For modeling of the MR brake, the magnetic 
field module was employed as analysis of the magnetic 
field was involved. As the system is cylindrical in shape 
and there is no change in magnetic field along the circum-
ferential direction, the problem could be treated as a 2D 
axisymmetric problem. Since we used a 250-turn coil, a 
multi-turn coil domain is used for the current input.

4.2.1 � Core length of the brake system

Initially, the study was conducted to compare a 70-mm 
and 30-mm core by applying the same current and num-
ber of turns of the coil, and the generated magnetic field 
intensity was analyzed. The plot comparing the values is 
shown in Fig. 4a, b for 70 mm and 30 mm, respectively.

Figure  4a, b shows the magnetic field intensity is 
not highly dependent on the core length. The area and 
strength of field intensity were almost similar in both 
the 70-mm- and 30-mm-long cores. Therefore, it was not 
advantageous to increase the core length further. Thus, 
the core length was selected as 30 mm. The core length 
is the difference between the outer and inner radii of the 
rotor disc.

(10)H = NI∕L

4.2.2 � Calculation of the rotor diameter

The design was based on the 20-cm outer diameter of 
the casing. The output torque was taken as 30 N-m. Brak-
ing torque is given by

Equation (11) includes both viscous torque and torque 
due to the magnetic field. Solving with both these vari-
ables is difficult, so we neglected the viscous torque for 
our derivation. The braking torque equation becames

The shear stress was KHβ, and this was obtained from 
the standard graph for the MR fluid. The values were 
obtained as K = 0.2 and β = 1.066.

Magnetic field intensity (H) corresponding to maxi-
mum current was used (25,000 A/m). Integrating Eq. (12) 
and substituting (ro-ri) as 30 mm, we obtained radii as 
outer radius = 39 mm and inner radius = 69 mm.

(11)Tb = 2�N

rz

∫
rw

(
�p
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+ kH�

)
r2dr
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∫
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Fig. 4   a Magnetic field intensity distribution for the 70-mm core. b 
Magnetic field intensity distribution for the 30-mm core
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4.2.3 � Magnetic field analysis

The dimensions of the rotor were used to further analyze 
the system with the magnetic field applied. A fluid gap of 
1 mm was used for the purpose of the analysis. Figure 5 
shows the magnetic field intensity distribution. It is evi-
dent that the whole of the field intensity is concentrated 
at the fluid gap.

4.2.4 � Design of the rotor shaft

The shaft was designed taking the output torque as 
30 Nm. Taking a safety factor of 2, the load coming on 
the shaft was 60 Nm. The AISI 304 material was selected, 
which has a tensile strength of 206 MPa. Taking a permissi-
ble shear stress as 30% of tensile strength, the permissible 
shear strength was 61.8 MPa. Using the ASME code, a shaft 
diameter of 10 mm was obtained.

4.2.5 � Design of the rotor

The thickness is set at 5 mm to reduce the total size of the 
system. AISI 1018 is selected as the material for the rotor 
as it should be magnetic for maximum flux linkage in the 
magnetic circuit. This increases the relative permeability 
of the circuit and thus increases the magnetic field induc-
tion [39, 59, 60]. The high-speed rotor operation simulates 
disturbance for the flow field in the internal coolent lead-
ing to vortex formation; hence, this phenomenon can be 
considered for the heat dissipation [61]. The stress analysis 
of the rotor is done in SOLIDWORKS and shown in Fig. 6. 
The safety factor obtained is 30, which is acceptable.

4.2.6 � Design of the coil ring

The coil is wound on the coil ring. The dimensions of 
the ring are set according to the outer diameters of the 
rotor and casing. The outer diameter is 138 mm. Taking 
a 1-mm gap for fluid around the rotor, the inner diam-
eter of the coil ring is set at 140 mm. The outer diam-
eter is set as 168 mm so that the casing can be 3 cm 
thick, and 1 mm clearance is given around the coil for 
the winding. The material selected is AISI 304 (SS 304). 
Stainless steel is required as the ring needs to be non-
magnetic; otherwise, it will reduce the effective field 
intensity available at the fluid gap. The dimensions are 
inner diameter = 140 mm; outer diameter = 168 mm; ring 

Fig. 5   Magnetic field intensity 
distribution

Fig. 6   Stress analysis of the rotor disc
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width = 15 mm; ring thickness = 4 mm; material is AISI 
304 (SS 304).

4.2.7 � Design of the bearing and sealing

There is no axial load for the system; only a radial load 
is present. Therefore, we use a single-row deep groove 
bearing. For the bearing, the maximum rotational speed 
is 1250 rpm. Assuming an expected life of 10,000 h, the 
design is done. Therefore, the bearing selected is 6004 RR. 
The dimensions are: inner diameter = 20 mm; outer diam-
eter = 42 mm; bearing width = 12 mm. A PTFE gasket is 
used at the casing joint for proper working.

Oil is present between the components, and its leak-
age must be avoided. If leakage is present, the amount 
will decrease, and thus the torque generated will decrease 
and proper braking will not occur. Therefore, oil seals are 
provided at the bearing interfaces.

4.2.8 � Design of the casing

The casing material should be non-magnetic because 
the magnetic flux would link across the casing and leak 
outside if the casing is magnetic. This would result in a 
decrease in the effective flux linkage available at the fluid 
gap and thus reduce the braking torque developed [62]. 
The finding of various wedge angles implies substantial 
auto energizing occurs for smaller wedge angles; hence, 
an actuator with smaller volume has a magnified brake 
torque [63]. Also, if it were magnetic, effects of outside 
magnet fields would interfere with the proper working of 
the brake system. Therefore, the material selected is alu-
minum 6061.

The complete model of the brake system along with the 
components is shown in Fig. 7. Description of the parts is 
given in Table 2.

5 � Test setup

5.1 � Test layout

The braking torque developed by the brake system needs 
to be measured. The basic working of the test setup is to 
impart torque to a flywheel from an engine. When the fly-
wheel has reached sufficient speed, the engine is disen-
gaged using a clutch, and the brake is applied. The time 
required for the flywheel to stop is noted, and from this the 
braking torque developed is calculated. Figure 8 gives the 
brake setup at NIT Calicut.

A 300-CC, 10-HP Briggs & Straton engine is used to 
impart the torque. The engine has a maximum speed 
of 3800 rpm and maximum torque of 19.6. It is a petrol 
engine and started by cranking. The output shaft is cou-
pled with the clutch gear and imparts the motion to 
the rotor shaft. The clutch is in the disengaged position 
when starting the engine. A multi-plate wet clutch (BAJAJ 
CT100) with an actuator is used.

Fig. 7   Complete brake design

Table 2   Materials used

No. Part Material

1 Shaft AISI304
2 Bearing SKF6004
3 Casing Al6061
4 Brake rotor AISI 1018
5 Magnetic casing AISI 1018
6 Coil ring AISI 1018
7 Bolt Bought out
8 Magnetic coil Copper
9 Oil seal Natural rubber

Fig. 8   Brake setup at NIT Calicut
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The purpose of the clutch is to impart torque from the 
engine when needed and disengage when applying the 
brake. The flywheel is taken from a Maruti car and weighs 
12 kg.

5.2 � Testing the brake system

The testing the brake system is done using the test setup 
explained in Sect. 5.1. The primary aim is to find the brak-
ing torque developed from the system. Even when the 
magnetic field is not applied, due to the inherent viscosity 
a friction torque will be developed that resists the rotation 
of the shaft. We must find this torque first, and only then 
can we apply a magnetic field to find the actual braking 
torque developed. To find the viscous torque, the rotor 
shaft is rotated at a specific speed, the engine is disen-
gaged, and time required for the rotor to stop is recorded.

The braking effect should only happen when the clutch 
is disengaged. To facilitate this, the switch assembly for the 
current supply to the magnetic coils is designed in such a 
way that the coils are energized on the disengagement of 
clutch so that a magnetic field is developed in the system. 
The testing procedure for the same is explained below.

1.	 Disengage the clutch from the rotor shaft so that when 
the engine is started there is no load on the engine.

2.	 Start the engine by cranking. Make sure fuel is on.
3.	 After the engine starts to run smoothly, slowly engage 

the clutch, and torque is transmitted to the rotor shaft.
4.	 Slowly increase the fuel intake and thus the power of 

the engine, which will lead to a speed increase of the 
rotation of the crankshaft and thus the rotor shaft.

5.	 Continuously measure the rotational speed of the 
shaft using a tachometer, and as the speed reaches 
900 rpm, keep the accelerator position constant and 
allow the speed to stabilize.

6.	 When the speed is staying constant, disengage the 
clutch, the engine is disconnected, and the speed of 
the shaft drops and finally reaches 0.

7.	 The time taken for the shaft to stop is taken. This is the 
time from the moment clutch is disengaged until the 
shaft stops.

From this, the viscous torque can be calculated as 
follows.

The moment of inertia of the flywheel is I, the rotational 
speed = ω rad/s, the time required for stopping is t, and 
then the viscous torque develops, T = Iα = Iω/t. Next, to 
find the braking torque developed, the same procedure 
is followed up to making the rotational speed constant 
at 900 rpm. The instant the clutch is disengaged leads to 
current flow through the magnetic coil, thus creating a 
magnetic field and braking of the rotor. In a similar fashion, 

the time taken for the flywheel to stop and the same cal-
culation give the braking torque developed by the system. 
The maximum current limit is 2A, and to get the variation 
of braking torque with the current applied, the various cur-
rent input values vary from 0 to 2A. The current input val-
ues are 0, 0.2, 0.4, etc. The corresponding stopping times 
for these current values are noted, and the braking torque 
is calculated for different current values. To facilitate meas-
uring the time required for braking, a slow-motion camera 
is employed, and the time taken is used in the calculations.

6 � Results and discussion

6.1 � Viscous torque developed

Viscous torque is obtained by measuring the time taken 
for the flywheel to stop rotating without the application 
of current, which causes generation of a magnetic field. 
We set the test speed at 900 rpm. The time taken for the 
flywheel speed to drop from 900 rpm to 0 is noted:

Moment of inertia of flywheel, I = 0.18432 kg m2.
Rotational speed, ω = 94.24 rad/s.
Time taken for the flywheel to stop, t = 4.73 s.
Viscous torque developed, T = Iω/t = 3.67 Nm.

This torque value is very low and will not cause many 
problems during normal working of the rotor shaft; this 
torque will be present even when the brake is not applied.

6.2 � Braking torque developed

The test is conducted by varying the current from 0 to 2A 
and finding the time taken for the flywheel to stop and 
then finding the braking torque developed.

The test is conducted for three MR fluids. Figure 9 
shows the variation of braking torque for various cur-
rent values (0–2A). Figure 9 shows the initial variation 

Fig. 9   Braking torque versus current
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of braking torque with current is similar for all samples. 
This is because saturation has not occurred among them, 
and the properties are almost similar. As the current is 
increased, the sample with higher particle composition 
shows the greatest increase in braking torque devel-
oped. Sample 3 is the ideal choice for MR fluid for the 
brake system as it develops the highest torque. How-
ever, checking with the sedimentation and viscosity 
values, we find that sedimentation is high for sample 
3, and the viscous torque developed is a little higher. 
From these values, we took sample 1 as the best choice 
for the system; it has a braking torque of 21.435 Nm. 
Figure 10 shows the comparison of the experimental and 
theoretical torque. The values obtained experimentally 
show a deviation from the theoretical value because of 
the different conditions. The major reason may be the 
coating of lithium grease over the dispersed particles, 
which contributes to lowering the magnetic strength of 
the fluid and also the sedimentation of particles over a 
period of time resulting in fewer particles participating 

in the phase transformation and application of torque. 
Figure 11 depicts the R square plot of theoretical results 
vs. the experimental results. The R square value equal 
to 0.88 indicates the zero discrepancy between the 
observed and predicted values; hence, the results are 
quite acceptable and fit the model well.

7 � Conclusions

The MR fluid was synthesized using iron carbonyl par-
ticles, silicone oil, lithium grease and Triton X-100 as 
constituents. Three samples were prepared by chang-
ing the concentrations of the particles in the fluid, and 
the optimum concentration against sedimentation was 
obtained. Two sizes of particles were tested. Mathemati-
cal modeling of the fluid was done using C++ coding, 
and the mathematical model was analyzed by relating 
the particle size, yield strength and magnetic strength. 
The characteristics were analyzed. The brake was 
designed taking 30 Nm as the required braking torque. 
A test setup was manufactured, including the engine, 
clutch and flywheel. The test was conducted on the 
brake system by changing the input current from 0 to 
2A and finding the torque values. Sample 1 was the best 
choice and was also selected as the optimum composi-
tion from the sedimentation and viscosity test values. 
The other sample might have had the maximum torque 
output, but also had high viscous torque and caused 
very high resistance against the normal operation of 
the rotor.

The maximum torque developed was 22 Nm, and our 
design used 30 Nm. The experimentally obtained value 
was less than the theoretical value. Many factors could 
have caused this deviation. The first is that knowing the 
time taken for braking is difficult and prone to deviate from 
the actual time. To avoid errors, we took multiple readings 
for the current value. Second, there is inherent friction in 
the system, which was not included in the analysis. The 
braking torque of 22 Nm was achieved from a single-disc 
rotor MR brake. By employing a multi-rotor plate brake, the 
torque increased proportionally, and this made the brake 
sufficient for the current automobile application. Thus, the 
MR brake is most efficient for use for current automobiles 
because of its various advantages as previously detailed.

In general, the experimental results showed that the 
designed braking system with in-house developed MR 
fluid attained the required braking torque with less cur-
rent input and quick response to actuation. In addition to 
this, the effect of surface tempering and surface roughness 

Fig. 10   Experimental torque versus theoretical torque

Fig. 11   R square plot for theoretical and experimental results
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can be studied to achieve higher braking torque; also, the 
particle size plays an important role in determining the 
yield strength and could be a factor of interest for future 
development.
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