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Abstract—Magnetorheological brakes are the type of 

actuators whose work is based on magnetorheological fluid 

reaction to the external magnetic field influence in ferromagnetic 

housing. In this paper, basic magnetorheological brake operating 

principles and construction material magnetic characteristics 

demands are presented. Magnetic characteristics of 

ferromagnetic structures are determined by a set of 

measurements. Normal magnetization curve measurements, for 

sample materials, are described. Starting from the construction 

of measurement samples, through the current intensity and the 

sample winding turns determination to the measurement 

equipment description, all successful solutions are presented in 

this paper. Results are processed in Mathematica. At the end of 

the paper, some of determined normal magnetization curves are 

presented graphically. 

Keywords — magnetorheological brake; magnetic 

characteristics; sample construction; measurement. 

I.  INTRODUCTION  

The convectional friction brake - FB is the most commonly 

used brake type in almost any mechanical system today. 

However, it is characterized by drawbacks such as periodic 

replacement due to wear, large mechanical time-delay, bulky 

size etc. [6], partially altered. Electromechanical brakes - 

EMBs have potential to overcome some of these drawbacks 

and are a suitable FB replacement. Today EMBs are 

applicable in almost any mechanical system. Application of 

intelligent materials is the next step in EMB`s development. 

Magnetorheological - MR fluids belong to a class of 
intelligent materials that respond to applied magnetic field with 
fast, continuous, and reversible change in its rheological 
behavior, [5]. MR fluids are a type of suspensions. Carrier fluid 
is usually mineral or synthetic oil, water, kerosene etc., with 
dispersed micro size ferromagnetic particles. When exposed to 
external magnetic field, particles form a chain-like structures 
thus changing fluid‘s viscosity. 

A lot of work was done on MR fluid brakes modeling, 

properties investigation and control, [1] and [4]. Lessattention 

has beendevoted todetermining the magnetic characteristics of 

ferromagnetic materials, suitable for MR brake construction. 

These measurement procedures are well known and described 

in details [3]. 

Magnetic characteristics, for most ferromagnetic materials 

usually are not available, thus has to be determined by 

measurement. Measurements for 2 different ferromagnetic 

materials are presented in this paper. Materials of interest are 

Ĉ.1221 and Ĉ.3990 (JUS C.B0.002), i.e. C15E and 11SMn30, 

(EN 10027), respectively. These steels have been chosen 

based on its chemical similarity with the steels most 

commonly found in literature, [5], [4]. Measurement samples 

are shaped as thin toruses, with inner and outer radii 

measuring 14.75 mm and 17.25 mm respectively, with 20 mm 

in height. Both toruses have been winded, thus becoming 

transformers. 

II. MAGNETORHEOLOGICAL BRAKE 

A. Types of the magnetorheological brakes 

Authors of this paper have identified five major MR fluid 
brake designs: 

 drum brake, 

 inverted drum brake, 

 disc brake, 

 T-shape rotor brake and 

 multiple discs brake, Fig. 1. 

There are some variations in MR brakes design. The disc brake 
design is the most common MR brake design found in 
literature today, and the emphasis of this research is placed on 
this MR brake type. 

MR fluid used in MR brake construction experiments was provided by 

BASF ® Company, under commercial name Basonetic® 5030. The authors of 
this paper would like to express its sincere gratitude to BASF Company as 

well as to project manager Dr. Christoffer Kieburg for all its support. 
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a) b) c) 

   
d) e) 

Fig. 1  Types of MR brakes, a) drum, b) inverted drum, c) disc, d) multiple 

discs, e) T-shaped rotor 

On the outer rim of the MR disc brake a coil is located. 
When the direct current i.e. control current is applied through 
the coil, MR brake starts to act as a core of a direct current 

magnet. Now MR brake‘s output torque, outputT , is directly 

proportional to the intensity of the control current, thus is 

proportional to the magnetic field induction intensity B , Eq. 
(1) and (2). 
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Where BT , .visT  and .fricT  are three output‘s torque 

components, induced, viscous and friction, respectively. B is 

the yield stress,   fluid‘s viscosity,   angular velocity, R ‘s 

are brake‘s diameters and g  MR fluid‘s gap. 

N
B I

2 r



  (2) 

Where  is material permeability, N number of the winds, 

r median radius of the core and I is control current intensity. 

 

B. Magnetorheological brake magnetic characteristics 

demands 

System such as MR brake is a closed magnetic circuit and 

is composed out of two ferromagnetic materials: steel as a 

construction material and MR fluid as a working material - 

medium. For magnetic calculation purposes MR fluid 

influence can be neglected, because of its small volume share. 

One of the important characteristic of ferromagnetic 

materials is the phenomenon of magnetic hysteresis. This 

phenomenon is illustrated in Fig. 2. Ferromagnetic materials, 

with large hysteresis area are suitable for permanent magnets 

production, Fig. 2, b). These materials are referred as 

magnetically hard materials. 

 

Fig. 2. Hysteresis loops, a) magnetically soft steel and b) magnetically hard 
steel, Note: two parallel lines of the a) curve are spaced more than they should 

be, because of the given figure ratio, [Popović 1983]. 

Unlike the magnetically hard materials, materials that are 
used for electromagnets, should have hysteresis loop area as 
small as possible, Fig. 2, a). These materials are referred to as 
magnetically soft materials. 

Rule of the thumb, is that MR brake should be made of 
magnetically soft steel, because of the residual magnetic 

induction, rB , influence. MR brake‘s geometry, in regard to its 

coil, makes it a cylindrically shaped electromagnet.  

To be able to analytically determine the output torque 
range, one needs to know magnetic characteristics of the steel 
in use. As mentioned earlier, magnetic characteristic of 
ferromagnetic materials usually are not available, as it is case 
with Ĉ.1221 and Ĉ.3990. So, appropriate measurement was 
conducted. 

III. EXPERIMENT SETUP 

C. Transformer 

Based on the measurement electronics requirements [3], 

and dimensions of the available steel samples, two toroidal 

cores were made and wound with appropriate number of turns. 

Now, the steel samples have become transformers. Both 

transformers are presented in Fig. 3, a) and b). Total number 

of the transformer turns can be divided into number of primary 

turns and number secondary turns. 

The number of the primary turns must be sufficient enough 

to lead core material into saturation range, Fig. 2, the area 

where regardless of magnetic field intensity - H  incensement, 

magnetic field induction will not increase. Primary must carry 

the magnetizing current, and its wire diameter must be chosen 

accordingly.The primary winding was distributed uniformly 

around the sample circumference, and consists of multiple 

layers. From Eq. (2), number of the primary turns can be 

obtained. However, B  and   values are still unknown, so 

small enough value for   must be assumed so that the core 

material would certainly enter the saturation range. 
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a) b) 

 
c) 

Fig. 3. Transformers, 

a) Ĉ.1221 sample, b) Ĉ.3990 sample, c) core winding schematic. 

 

In this experiment, both transformers had 600 turns at 

primary and 60 turns at secondary, henceforward primary 

winding and secondary winding. 

D. Samples magnetic properties 

Goal of this research was to determine magnetic 

characteristics for the steel samples, Ĉ.1221 and Ĉ.3990. 

Magnetic characteristic, relevant for MR brake design, was 

described by normal magnetization curve. Each steel type has 

a slightly different magnetization curve shape. 

Firstly, to determine normal magnetization curve, it was 

necessary to record multiple B H  hysteresis loops, for 

different primary windings current intensities and then to 

connect hysteresis loops tips, as presented in Fig 4. 

Experimental equipment and its simplified electrical layout are 

presented in Fig. 5, a) and b), respectively. 

To oscilloscope‘s horizontal connections, voltage from a 

resistor R1 is brought. This voltage is proportional to the 

primary winding current. 

1

R1 1 1 H H

1

R l
u R i k H , where k

N
    (3) 

 

Fig. 4. Hysteresis loop family, [3] 

Where from Fig 5 b) 
1R is known low value shunt resistance, 

1i is current through 
1R and primary winding, 

Hk is magnetic 

field coefficient, l  and 
1N  length and number of primary 

winding turns, respectively. 

Operational amplifier‘s, i.e. electronic time integrator‘s, 

output voltage is:

2

2 B H

2

N S
u k B, where k

R C
   (4) 

Where, from Fig 5 b) 
Bk is magnetic induction coefficient, 

2N  

and S  are number of secondary winding turns and effective 

core cross section area, respectively. 
2R and C  are resistance 

and capacitance values. This voltage is lead to the 

oscilloscope‘s vertical deflection connections. 

The two voltages were plotted as x and y signals, at 

oscilloscope screen in an appropriate scale, to give the 

hysteresis loop of the sample material. Gained data were 

recorded at peripheral oscilloscope‘s memory. In Mathematica 

every hysteresis loop was fitted by spline function. By post 

processing the strings of B  and H  vectors Eq. (5), a 

hysteresis loops were made. 

2 R1

B H

u u
B and H

k k
   (5) 

After, for each hysteresis loop, a point for maximum 

values 
maxB  and 

maxH  was set. For different transformer‘s 

primary winding current intensities, different values of 
maxB  

and 
maxH were obtained. By connecting these points a normal 

magnetization curve was created, Fig. 4. Further on, by 

median linear fitting of the normal magnetization curve, an 

averagestaticpermeability can be defined. 

 

 
a) 

 
b) 

Fig. 5. Experimental setup, a) equipment, b) electrical layout. 
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IV. RESULTS 

Measurements for two steel samples were done with 12 

different primary winding current intensity at 50 Hz 

frequency. Current span was from 50 mA to 600 mA with 

increment of 50 mA. After that, measurements were done for 

current intensities of 800 mA, 1000 mA and 1200 mA. For 

each sample current intensity the integrator the output voltage 

was recorded, as presented at Tab. I. 

After this, for each sample, a scaled hysteresis loop was 

depictured at oscilloscope and recorded with 5000 samples. 

Normalized values for B  and H with maximum distance 

from the origin, represented normal magnetization curve 

points. By connecting these points, normal magnetization 

curve was formed, as presented in Fig.6. a) and b). 

TABLE I.  INTEGRATOR OUTPUT VOLTAGE 

50 Hz 

O. no I [mA] U1 [V] U2 [V] 

1. 50 69.91 60.07 

2. 100 139.33 126.00 

3. 150 188.49 173.42 

4. 200 226.02 210.65 

5. 250 252.61 240.64 

6. 300 270.33 260.59 

7. 350 281.55 272.97 

8. 400 290.13 281.60 

9. 450 297.29 288.28 

10. 500 303.08 293.88 

11. 550 307.88 298.93 

12. 600 312.72 302.93 

 

 
a) 

 
b) 

Fig. 6. Hysteresis loop families, forming normal magnetization curves, 

a) Ĉ.1221 sample, b) Ĉ.3990 sample. 

V. CONCLUSION 

This paper represents accurate description for normal 

magnetization curve measurement. This characteristic is 

usually unavailable. To determine it, it was first necessary to 

make torus shape samples from the steels of interest. After, 

steel samples were wound with two windings, primary and 

secondary, they become the transformers. 

During this research it was observed that known methods 

were not sufficient for this type of measurement and results 

had to be additionally mathematically processed. 

As a final result, for different maximum values of 

magnetic field induction and magnetic field intensity, a 

hysteresis loops for both steel samples were obtained. From 

these hysteresis loops, a non-linear normal magnetization 

curves were defined. These curves are of high interest for 

future research. 

Determination of magnetic characteristics, for different 

sample types, can be successfully done by this method. 
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