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 Abstract:  The application of magnetic fluids in machine design on an industrial scale has been a fact for over 20 years. In 
particular, magnetorheological fluids have been used in energy dissipation systems with controlled operating 
characteristics. The availability of these fluids, connected with the ease of modelling their rheological properties 
by magnetic fields, contributes to the search for areas of effective use for such substances. Determining the 
properties and characteristics of magnetic fluid behaviour is one of the key aspects of improving existing 
and developing new applications for this type of smart material. Some phenomena affecting the behaviour of 
magnetic fluids have not been fully explained, and a synthetic model to describe their behaviour has not yet 
been developed, so the research area of this type of substance is still an open chapter for materials science.

  The paper presents a description of the design of a test stand for examining the behaviour of magnetic fluids 
working in shear and compression (squeeze) flow modes. Test results are also shown, and attention is given to 
the problems encountered in developing measurement systems for determining the properties of fluids under 
magnetic field conditions.

 Słowa kluczowe:  stanowisko badawcze, ciecz magnetyczna, ciecz magnetoreologiczna (MR), reologia cieczy MR, ściskanie 
cieczy MR, ścinanie cieczy MR.

 Streszczenie Zastosowanie cieczy magnetycznych w konstrukcji maszyn na skalę przemysłową jest faktem od ponad 20 
lat. W szczególności ciecze magnetoreologiczne znalazły zastosowanie przede wszystkim w układach dys-
sypacji energii o sterowanych charakterystykach pracy. Dostępność cieczy oraz łatwość modelowania ich 
właściwości reologicznych (za pomocą pola magnetycznego) przyczynia się do tego, że ciągle poszukiwa-
ne są obszary efektywnego zastosowania tego typu substancji. Określenie właściwości oraz charakterystyk 
zachowania się cieczy magnetycznych jest jednym z kluczowych aspektów prowadzenia prac nad rozwo-
jem istniejących i opracowywaniem nowych aplikacji tego typu cieczy. Dotychczas nie wyjaśniono w pełni 
wszystkich zjawisk mających wpływ na zachowanie się cieczy magnetycznych, jak również nie udało się 
opracować syntetycznego modelu pozwalającego opisać ich zachowania, z tego względu obszar badań tego 
typu substancji jest nadal otwartym rozdziałem dla nauk o materiałach.

  W pracy przedstawiono opis konstrukcji stanowiska do badania zachowania się cieczy magnetycznych pra-
cujących w trybie ścinania i ściskania. Przedstawiono przykładowe wyniki badań oraz zwrócono uwagę na 
problemy występujące przy opracowywaniu układów pomiarowych do wyznaczania właściwości cieczy 
w warunkach oddziaływania pola magnetycznego.
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INTRODuCTION

A magnetic fluid is a suspension of ferromagnetic 
particles in a non-magnetic carrier fluid. Due to the 
particle size, two types of magnetic fluid can be 
distinguished. Ferrofluids (FF) are prepared based 

on particles with a diameter of the order of several 
nanometres [L. 1], whereas magnetorheological 
fluids (MRF) contain particles of the order of several 
micrometres [L. 2]. In addition, in each type of fluid, 
the particles are coated with a surface-active agent 
(surfactant) to prevent aggregation and sedimentation  
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of the suspension. Due to the significant differences 
in the behaviour of both substances, they are used in 
various technical applications. Ferrofluids are used 
primarily in seals [L. 6], while MRF have been used in 
energy dissipation systems, brakes, and clutches [L. 7]. 
Work on the development of plain bearings operating 
with this type of liquid is also being carried out [L. 3, 8]. 

Magnetic fluids belong to the group of materials 
whose rheological properties can be controlled by 
a magnetic field. Changes in the physical properties of 
the fluid are a result of internal structural changes [L. 1]. 
The magnetic field causes a change in the state of tension 
in the tangent [L. 4] and the normal [L. 5] direction. 
The magnetic field affects the fluid and several factors 
have an influence, in particular, the volumetric fraction 
of magnetic particles in the carrier fluid, the magnetic 
properties of the particle material, as well as particle size 
and shape.

Examination of the magnetic fluid properties can 
be divided into two main areas: the determination of the 
magnetic properties and the determination of rheological 
characteristics. The subject of this work is a discussion 
of the test stand, which was constructed in order to 
investigate the rheological properties of magnetic fluids.

The developed test stand has been successfully 
used in magnetic fluid experiments in compression and 
shear modes, in particular, in the case of an MR fluid. 
The results of an axial force and a torque measurement 
of the friction node lubricated with an MR fluid are 
presented in [L. 9]. There have also been experiments of 
forces occurring in conditions of oscillatory squeezing  
[L. 10, 11, 12].

DESIGN  OF  THE  TEST  STAND

The main design intent was concerned with the 
development of a measuring system. A measuring 
system should allow research to be carried out under 
a magnetic field in thermal stabilization conditions. 
Axial displacement and rotational speed should also be 
controlled. Parallel-plate measuring geometry has been 
chosen. One plate is stationary while the other is rotating 
and can move in the axial direction. It is preferable to 
obtain a uniform distribution of the magnetic field in the 
magnetic fluid. However, it must be possible to control 
the intensity of the magnetic field in the measuring gap. 
Parameters of the test stand should be controlled by 
a computerized measurement system, which also acts as 
a data acquisition system.

The scheme of the test stand is presented in Fig. 1a. 
The main part of the test stand is the support frame onto 
which is affixed the drive and the measuring systems 
as well as the test cell. Two independent systems can 
be distinguished in the drive system positioning the 
movable plate; (Pos. 4) in the axial direction (Pos. 1) 
and a plate rotary motion (Pos. 2).

The positioning system of the movable plate is 
a linear servo motor, which, thanks to the laser encoder, 
allows accuracy up to 1 μm to be achieved. The advantage 
of using a linear servo motor is the ability to perform 
almost any displacement of the movable plate. In order 
to reduce the weight of the drive system, the weight of 
this unit is balanced by the counterweight (Pos. 7). 

The rotary motion of the plate is provided by the 
rotary servo motor (Pos. 2), which is mounted on the 
linear servo motor. The rotary servo motor allows the 
rotation speed to be changed in the range of 0 to 7000 rpm.  
The motor control method can be selected by controlling 
the speed, torque, or angular position of the shaft.

The drive units, besides controlling the position 
and velocity (both linear and rotary units), also allow 
measurements to be performed. An axial force can be 
measured by the linear servo motor, and torque can be 
measured by the rotary servo motor. These parameters 

Fig. 1.  Scheme of a) the test stand, b) the test cell
Rys. 1.  Schemat: a) konstrukcji stanowiska, b) komory ba-

dawczej

a)

b)
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can be recorded in real-time. This method, however, is 
associated with numerous disturbances and, in addition, 
does not provide sufficient measurement sensitivity. 

The main measurement unit is a force and torque 
transducer (Pos. 3). An axial force can be measured in 
the range of ± 250 N (accuracy class 0.4), and torque can 
be measured in the range ± 5 Nm (accuracy class 0.2).

The measured parameters from all sensors and drive 
units are integrated via CAN, RS232 and USB protocol. 
LabVIEW software acts as a link between all elements 

Fig. 2. A simplified diagram of the measuring system
Rys. 2.  Uproszczony schemat torów pomiarowych

and integrates them on the computer. The algorithms in 
the software allow drive units to be controlled as well 
as the continuous tracking and recording of all relevant 
test stand parameters. Fig. 2 shows a simplified diagram 
of the measuring system. The software, in addition to 
the tasks related to control and the acquisition of the 
measurement data, acts like a fuse against mechanical 
and electrical overloads and overheating. Fig. 3 shows 
a view of the control panel in LabVIEW.

Fig. 3. view of the control panel of the basic parameters 
of the test stand in LabvIEw

Rys. 3. Widok panelu sterowania podstawowymi parametra-
mi stanowiska badawczego

TEST  CELL

The development of a test cell that would fulfil the design 
intent was a complex issue. The test cell is divided 
into two parts, the lower part (Pos. 10) and the upper 
removable part (Pos. 8). The source of the magnetic field 
is an electromagnet (Pos. 11). The power supply of the 
electromagnet coil was also controlled by a computer. 
The current variability was controlled by LabVIEW. It 
is possible to obtain the current in the winding of the 
electromagnet in the range 0–7.5 A (750 W). The power 
supply parameters, with the current configuration of 
the test stand system, allow magnetic induction to be 
obtained in the measuring gap (Fig. 1b, dimension h) 
in the range 0–0.9 T. The maximum value of magnetic 
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induction that can be obtained depends on the magnetic 
properties of the magnetic circuit elements and the 
height of the air gap between the core electromagnet 
and upper test cell part (Fig. 1b, dimension hg). This 
height is important, because it influences the shape of 
the magnetic field distribution in the magnetic fluid 
(Pos. 13). This height can also be changed by using 
appropriately shaped spacers (Pos. 9). 

The test cell also allows the use of a magnetic 
field induction probe (Hall sensor). This allows 
direct observation of magnetic field changes in the 
measuring gap. An important issue in experiments is 
to obtain a uniform distribution of the magnetic field 
in the magnetic fluid. This state is related to ensuring 
appropriate geometry and its dimensions in the test 
cell. The design of an electromagnet and the material 
magnetic properties are also important. For this purpose, 
numerical simulations were carried out to optimize the 
geometry of the test stand, the parameters and geometry 
of the electromagnet, as well as the magnetic properties 

of the materials. Examples of magnetic field lines and 
magnetic induction values derived from numerical 
simulations are shown in Fig. 4.

The results of the simulation presented in  
Fig. 4b indicate that, when placing the fluid directly 
on the electromagnetic core, there is a non-uniform 
magnetic field. There is a magnetic induction value peak 
at the edge of the core. The effect of this phenomenon 
can be reduced by using a paramagnetic spacer (Fig. 1b, 
Pos. 9). This ensures that the magnetic fluid sample is 
under the influence of a uniform magnetic induction.

The main part of the measuring system is the 
geometry consisting of two parallel plates. This 
consists of the following (Fig. 1b): a movable plate 
(Pos. 4), and a fixed plate (Pos. 4) placed directly on 
the electromagnet core (Pos. 12). The magnetic fluid 
(Pos. 13) is placed between two parallel surfaces. The 
maximum diameter of the movable plate is ø60 mm. 
Most commonly, diameters up to approximately ø45 
mm were used. Measurement accuracy and repeatability 
relate to the coaxial positioning of the electromagnet 
core relative to the movable plate axis. It is also 
necessary to ensure the parallelism of the surfaces 
of the two plates. For this purpose, the test cell is 

Fig. 5. Photograph of a) the test stand, b) the test cell
Rys. 5.  Fotografia: a) stanowiska, b) komory badawczej

Fig. 4. a) Distribution of the magnetic field lines in the 
test cell (FEM simulation), b) Distribution of the 
magnetic induction value on the electromagnet 
core (FEM simulation, r – core radius) 

Rys. 4.  a) Rozkład linii indukcji magnetycznej w komorze 
(symulacja FEM), b) rozkład wartości indukcji ma-
gnetycznej na powierzchni czołowej rdzenia (symula-
cja FEM, r – promień rdzenia)

a)

b)

a)

b)
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mounted on the adjusting plate (Fig. 1a, Pos. 6). This 
is used to adjust the geometry, both for the parallelism 
and the axial alignment of the measuring elements.  
Fig. 5 shows photographs of the test stand and test cell.

Elements of the test cell form a magnetic circuit 
and, for this reason, ferromagnetic materials are 
used. These materials are characterized by residual 
magnetization that is maintained when an external 
magnetic field is removed. Therefore, it was necessary 
to develop a demagnetizing method. Demagnetization 
is accomplished by supplying the electromagnet coil 
by a sinus function decaying in time (Fig. 6a). This 
procedure is essential to ensure the repeatability of the 
conditions under which the research is conducted.

Another issue related to the construction of the test 
cell was to ensure temperature stabilization during the 
study. Because of the current flow in the winding of the 
electromagnet, there is a need for thermal stabilization. 
For this purpose, channels were made in which the 
coolant flows to set a suitable temperature. The coolant 
circuit diagram (Fig. 6b) includes the housing and the 
bottom part of the test cell, the core of the electromagnet, 
and the top part of the test cell. It should be noted that 
the channels in the core of the electromagnet have been 

designed so that they do not affect the uniform magnetic 
field distribution in the magnetic fluid.

Flow channels were also made in the fixed plate 
holder. This was performed to increase the precision 
of the thermal stabilization near the test sample. The 
temperature of the coolant is controlled by a water bath 
in the range –30°C to 100°C. The cooling system, in 
addition to temperature stabilization, can also be used 
to determine the temperature at which the measurements 
are made. The temperature value within the core of the 
electromagnet is continuously monitored by a computer 
data acquisition system. The control system provides 
protection by shutting off the system if the temperature 
limit inside the test cell is exceeded.

SAMPlE  TEST  RESulTS

The result of the design work was the construction of 
a test stand. The developed rig has been tested to verify 
the efficiency of the construction solutions used. 

One of the key functionalities of the test stand is 
the measurement of two quantities, i.e. the torque and 
the normal force generated by the tested fluid on the 
rotational (upper) plate.

The measurement of torque is the basis to determine 
the rheological parameters of examined fluids, such as the 
viscosity of the liquid or shear stress, while the normal 
(axial) force is of particular importance in research into 
the squeeze flow mode and the determination of normal 
stresses. As mentioned earlier, solutions applied in the 
test stand allow the measurement of the main parameters 
at the same time using several methods. Fig. 7a shows 
sample results of torque measurement.

The measurements were made simultaneously with 
the rotary torque converter, and the torque signal was 
recorded directly from the servo motor. The torque was 
measured at the constant current on the electromagnet 
winding of I = 2 A. Tests were performed in two stages. 
Firstly, for 300 sec. the constant rotational speed of the 
upper plate n = 1 rpm was applied, then increased with 
a linear ramp up to 100 rpm.

Due to the measuring plate being fixed directly 
on the shaft of the rotary torque transducer, this 
measurement was considered as the reference. 
Variations of torque measured directly by the transducer 
and visible in Fig. 7a may indicate a lack of alignment 
of the rotary plate. These deviations are smaller in the 
course of the measurements obtained from the servo 
motor. This is probably related to the use of the coupling 
between the output shaft of the torque transducer and 
the servo motor shaft. It should also be expected that 
the motor, as the drive element, might have a lower 
measurement sensitivity. In the case of increasing the 
rotational speed, both torque measurement methods 
gave similar results. It can be seen that the values 
obtained from the servo motor are underestimated 

Fig. 6. a) Demagnetization curve, b) Coolant circuit 
diagram in the test cell

Rys. 6.  a) Przebieg czasowy prądu demagnetyzacji b) sche-
mat obiegu czynnika chłodzącego w komorze badaw-
czej

a)

b)
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Fig. 7.  Measurements: a) torque, b) axial force
Rys. 7.  Pomiar: a) momentu obrotowego, b) siły osiowej

Fig. 8. Measurement: a) magnetic induction inside measuring gap, b) temperature change inside test cell
Rys. 8. Pomiar: a) rozkładu indukcji pola magnetycznego w komorze, b) zmian temperatury w komorze

a) b)

with respect to the torque transducer, but the offset of 
the measured values is uniform throughout all the test 
intervals. Such discrepancies can easily be offset by 
appropriate scaling of the measurement tracks. Fig. 7b 
shows a sample result of the normal force measurement. 
Tests were performed with oscillatory axial movement 
of the upper plate, according to a trapezoidal waveform. 
In order to calibrate the force measuring system, the coil 
spring (with known characteristics) was compressed. As 
a reference, the assumed force value was measured with 
an additional force gauge placed between the spring 
and test stand measuring plates. The purpose of the 
test was to compare the indications of the axial force 
measurement systems used.

In relation to the reference measurement, the results 
obtained from the torque and normal force transducer 
(Pos. 3, Fig. 1a) indicate that a good representation 
of the actual measured quantity is obtained, whereas 
indications from the transducer show additional disorders 
in the output signal. As further tests have shown, these 
fluctuations are related to electrical disturbances in the 
measuring circuit.

Force measurement carried out by a linear servo 
motor is compatible with other sensors, but only in 
the case when the motor was stopped. In the case 
of motor movement, the force measurement results 
are significantly different from the expected linear 
waveform, the values are overstated when the motor 
moves downward (compression of the spring), and the 
force values are inflated, when the motor moves upward 
(spring expansion), the measured values are lowered 
relative to the relative measurement. Fig. 8 shows 
the results of measurement of two other quantities 
significantly affecting the correct functioning of the test 
cell. Fig. 8a presents magnetic induction distribution 
inside the measuring gap, measured with the Hall probe 
moved along the electromagnet core diameter. The probe 
position was controlled with a transformer displacement 
transducer, thanks to which precise information about 
the sensor position was obtained.

Measurements were made using three different 
spacers between the upper and lower parts of the test 
cell, resulting in a measuring gap hg = 14; 17; 19 mm 
(see dimension hg in Fig. 1b). Measurements were 

a) b)
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made with two electromagnet current values of I = 1 
and 3 A.

The highest values of magnetic field induction  
(0.55 T midpoint, and 0.73 T at the core edge) were 
obtained for the lowest slot height and the highest 
current value. In this case, reducing magnetic induction 
in the vicinity of the electromagnet axis is related to 
the occurrence of an aperture in the upper cover. This 
opening is necessary to insert the movable plate into the 
test cell.

Increasing the measuring gap height results in 
an increase in the uniformity of the distribution of 
magnetic field induction within the tested sample; 
however, the increase in hg decreases the intensity 
of the magnetic field. Fig. 8b presents the results of 
temperature changes in the test cell. Measurements 
were made using two sensors (thermocouple); one 
located directly near the electromagnet core (Point T1 
in Fig. 6b) and the other at the measuring plate (Point 
T2 in Fig. 6b). The aim of the test was to verify the 
correctness of the temperature stabilization system in 
the test cell. During the test, temperature changes over 
time were recorded at varying electromagnet power 
supply current (in the range 0-2A). The temperature 
recorded at the measuring point T1 changed with the 
change in the current value, with temperature increases 
being noticeable when the current is increased. 
Meanwhile, in the measuring plate area (Point T2), 
the temperature fluctuations were considerably lower. 
During the test, the average surface temperature of the 
fixed plate changed only by 0.2°C. 

Figs. 9a and 9b show the results of the sample MR 
fluid test carried out on the discussed test stand. The test 
was performed at a constant average magnetic induction 
value of B = 0.3 T, using parallel plate geometry for 
three heights of h = 0.25; 0.5; 1 mm (see Fig. 1b). 

Fig. 9.  Sample MR fluid test results; a) measuring the axial force, b) measuring the torque
Rys. 9. Przykładowe wyniki badania cieczy MR; a) pomiar siły osiowej, b) pomiar momentu obrotowego

The volume of the examined fluid was, respectively,  
0.25 mm – 0.4 ml, 0.5 mm – 0.8 ml, and 1 mm –  
1.6 ml. The torque and normal force were measured 
using a rotary force-torque transducer.

Based on the results, it can be stated that, with the 
increase in rotational speed, there is a decrease in the 
measured force. Higher values of force are obtained for 
larger gaps. At low rotational speeds, significant changes 
in measured forces can be observed, and this may be 
due to the behaviour of the tested fluid as well as to the 
inaccuracies in the alignment of the rotational plate (as 
in Fig. 7a).

The torque (Fig. 9b) increases with the increase in 
the rotational speed, which is typical behaviour for this 
type of fluid. However, after exceeding a certain speed, it 
stabilizes and then decreases the recorded torque value. 
This is related to the effect on the mass force. Because 
of the diameter of the measuring plate (ø45 mm), at high 
enough rotational speeds, the centrifugal force causes 
the fluid sample to be ejected from the measuring gap.

One of the important features of the test stand is the 
ability to perform oscillatory movement experiments. 
This is due to both the oscillation of the rotation 
angle of the movable plate and oscillation of the axial 
displacement (oscillation compression). Drives used in 
the test stand along with the developed control algorithms 
allow practically any movements to be generated in the 
measuring system. The only limitation is the capability 
of obtaining a dynamic of the servomotors.

In the case of oscillating squeeze excitation, it was 
found that, in order to maintain the highest plate position 
accuracy (about 1 μm), the trapezoidal displacement 
route is most advantageous.

This ensures precise endpoint positions of the 
movable plate – Fig. 9a (dashed line). An example of 
the force measurement procedure for oscillating MR 

a) b)
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compression is shown in Figs. 10a and 10b. The test 
was performed using trapezoidal movement with the 
frequency f = 1 Hz, gap height change Δh = 0.2 mm, and 
current in electromagnet winding I = 1.5 A.

Figure 10b shows the results of force measurement 
as a function of a moving plate, obtained for several 
MR compression cycles. With the given test parameters, 
good repeatability was obtained.

CONCluSIONS

The paper presents a description of a test stand designed 
to research magnetic fluids working in shear and 
squeezing modes. Sample test results were presented. 
Attention was paid to the problems encountered when 
designing this type of measuring system for determining 
the properties of a fluid under the influence of a magnetic 
field. The important issues to be considered are as 
follows:
  • A uniform distribution of the magnetic field in 

a magnetic fluid must be ensured (this can be 
accomplished by modifying the gap height). 
Performance of a numerical simulation of the 
magnetic field distribution is useful for this purpose.

  • Temperature stabilization must be provided in 
the test cell. It has been shown that the current in 
the coil of the electromagnet has an effect on the 
temperature change. This effect can be limited 
by ensuring an effective temperature stabilizing 
system.

Fig. 10. Exemplary images of the contact surface, recorded with a scanning microscope
Rys. 10. Przykładowe obrazy powierzchni styku obserwowane na mikroskopie skaningowym

  • Suitable sensors should be used to maintain the 
precision of the measurements. This paper has 
shown that the technical solutions used in the drive 
system can be used (to a limited extent) to perform 
force and torque measurements.

  • When conducting oscillatory squeezing tests 
(without rotation), it is preferable to replace the 
torque and force transducer with a strain gauge 
force sensor. This results in greater stiffness 
(smaller clearances between elements) of the 
measuring system.

  • An important issue is the method of mounting the 
movable plate. Any inaccuracy, like eccentricity, 
will lead to the measurement being disturbed. 
Despite several prototypes, improvements are 
necessary to make a better plate holder.
Construction of test stands has always been an 

interesting engineering challenge. This paper presents 
an overview of issues and sample test results. The 
difficulty of the design task lies in the need to reconcile 
numerous issues, such as ensuring the rigidity of the 
system and displacement accuracy in both static and 
dynamic conditions. Another problem is the magnetic 
field distribution and temperature changes in the 
fluid. Building and calibrating a measuring system 
and electrical interference (electrical noise) are also 
important problems.

In addition, it is necessary to ensure the safety 
of the staff as well as to protect the workstation from 
damage, while ensuring the ergonomics of the test stand. 
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