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Abstract—The most important task of ensuring the quality 

of operation of technological and research equipment is its 

effective protection from external vibration effects in the area 

of low frequencies, at which resonance phenomena are 

manifested. For this purpose, various types of vibration 

isolation systems are used, which are divided into passive and 

active. Passive systems effectively suppress vibrations at 

frequencies above 40-50 Hz, at lower frequencies such systems 

are ineffective as they cannot compensate for resonance 

phenomena. In this case, active vibration isolation systems are 

used. The active dampers and platform based on 

magnetorheological (MR) elastomers presented in the paper 

demonstrated higher vibration isolation efficiency in the 

frequency range of 0.3-3 Hz compared to the piezoelectric 

system and in the frequency range of 0.3-20 Hz compared to 

the platform based on electromagnetic power drive. At these 

frequencies, the vibration displacement amplitude transfer 

coefficient was less than 0.075.  The use of MR effect makes it 

possible to regulate the stiffness and deformation of the elastic 

active element made of MR elastomer by changing the 

magnitude of magnetic induction. In this case it is possible to 

control dynamic and precision characteristics of the active 

damper, as well as to increase the efficiency of vibration 

isolation.  During dynamic modelling of the active MP damper 

the differential equations and transfer functions of its elements 

were determined. Modelling in Simulink MATLAB software 

environment allowed to determine the transient process of 

damper movement under the influence of harmonic 

oscillations, select the type of regulator and calculate its tuning 

parameters. Experimental studies were carried out on a 

vibration test bench and confirmed the modelling results at 

frequencies of 0.3-50 Hz. At frequencies higher than 50 Hz 

passive vibration isolation begins to prevail due to absorption 

of vibration energy in the MR elastomer, which is not taken 

into account in the modelling. The experimental amplitude-

frequency response of the platform showed high vibration 

isolation efficiency at frequencies of 0.3-100 Hz with vibration 

displacement amplitude transfer coefficient less than 0.075.  

Keywords—Dynamic Modelling; Automatic Control; Active 

Vibration Isolation; Magnetorheological Elastomers; Amplitude-

Frequency Characteristic. 

I. INTRODUCTION  

Modern technologies of production and research of 

micro- and nanostructures (films, bulk structures), have a 

wide range of methods of formation and control of local 

surface properties, for which it is necessary to carry out 

work with a resolution of less than 100 nm [1]-[5]. Such 

technological and research equipment includes installations 

that use ion, electron or X-ray beams for surface processing 

and analysis (electron microscopes, scanning probe 

microscopes, equipment for micro- and nanolithography, 

equipment for nanolocal ion and electron processing, etc.), 

as well as optical radiation (high-resolution optical 

microscopes, etc.). At the same time, the most important 

task of ensuring the quality of such equipment is its 

effective protection from external vibration effects in the 

low frequency range, at which resonance phenomena are 

manifested. It is especially important at intensive 

development of nanotechnologies, which are realised mainly 

due to the use of ultrahigh vacuum equipment, elements of 

which have low rigidity (thin-walled vacuum chambers, 

motion inputs into vacuum based on bellows, membranes, 

etc.) and, accordingly, low resonance frequencies. 

For this purpose, different types of vibration isolation 

systems are used, which are divided into passive and active 

[6]-[10]. Passive systems effectively suppress vibrations at 

frequencies higher than 40-50 Hz, while in the low-

frequency region such systems are ineffective because they 

cannot compensate for resonance phenomena. For vibration 

isolation in the low-frequency range, active vibration 

isolation systems that utilise the energy of an additional 

source are used. Modern systems combining active and 

passive vibration isolation are the most effective. Depending 

on the type of actuating mechanism, modern active systems 

can be divided into the following groups: hydraulic, 

pneumatic, electromagnetic, piezoelectric, magnetostrictive, 

elastomeric and others [11]-[48]. However, for them there is 

a problem of increasing the efficiency of vibration isolation 

at extremely low frequencies of vibration effects. Thus, the 

purpose of the conducted research was to increase the 

efficiency of vibration isolation at frequencies less than 20 

Hz by using new materials - MR elastomers. 

The MR active dampers and a platform based on them, 

controlled by a closed-loop microcontroller-based system 

presented in the paper, demonstrated high vibration isolation 

performance at frequencies of 0.3-100 Hz. The use of the 

MR effect makes it possible to adjust the stiffness 

coefficient of an elastic active element made of MR 

elastomer by changing the magnetic induction value. In this 

case it is possible to control the dynamic and precision 

characteristics of the active damper, as well as to increase 

the efficiency of vibration isolation of precision equipment 

[49]-[51]. The active damper has two functions: damper and 

actuator for moving and stabilising the position of the 

equipment to be protected. Thus, it operates in both passive 

and active vibration isolation modes. Passive mode is 

effective at vibration frequencies of more than 40-50 Hz, 

while active mode is effective at lower frequencies. 
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II. DESCRIPTION OF THE ACTIVE VIBRATION ISOLATION 

PLATFORM  

The scientific group of Bauman Moscow State Technical 

University has developed an active vibration isolation 

platform based on magnetorheological (MR) elastomers. 

[49]. Fig. 1 shows a photograph of the platform with top 

plate position sensors, while Fig. 2 shows a photograph of 

the platform without top plate, which contains four active 

one- or three-axis MR dampers 1 and four elastic suspension 

assemblies 2 with quasi-zero stiffness. The platform based 

on single-axis MR dampers provides three degrees of 

mobility: one linear vertical and two angular around 

horizontal axes. The platform based on three-axis MR 

dampers provides six degrees of mobility: three linear and 

three angular. 

 

Fig. 1. Photograph of the platform with top plate movement sensors 

 

Fig. 2. Photograph of the platform without the top plate: 1 - four active 

one- or three-axis MR dampers; 2 - four elastic suspension nodes with 

quasi-zero stiffness 

MR elastomers are smart materials, which are 

composites based on silicone and micron-sized magnetic 

particles (e.g., carbonyl iron) [43]-[46]. Such materials can 

reversibly deform and change visco-plastic-elastic 

properties, such as elastic modulus, shear modulus and 

dynamic viscosity, when subjected to a magnetic field. 

These properties allow for improved damping compared to 

conventional viscoelastic systems. In addition, the active 

damper can be used as a micro- and nanopositioning 

actuator to move and stabilise the position of the vibration-

isolated object. 

The advantages of active vibration isolation systems 

using MR elastomers are a larger range of motion (up to 1 

mm) compared to piezoelectric transducers and more 

effective absorption of vibration energy, the possibility of 

active control of amplitude-frequency characteristics and 

positioning with millisecond speed and nanometre accuracy 

of motion. 

The platform consists of two plates, between which four 

active three-axis or single-axis MR dampers 1 and four 

elastic suspension assemblies 2 with quasi-zero stiffness are 

placed. In the design of the single-coordinate MR damper, 

the elastomeric element is in the form of a membrane, while 

in the three-axis MR damper it is in the form of a cup. 

The single-axis MR damper contains an axial 

electromagnetic coil that produces a magnetic field in the 

axial direction. Under the action of the magnetic field, the 

movable rigid centre of the membrane moves in the axial 

direction. The movable rigid centres of the membranes of all 

four MR dampers are fixed to the top plate of the platform 

and move it axially. 

The three-axis MR damper in the lower part contains an 

axial electromagnetic coil creating a magnetic field in the 

axial direction, the upper part has four horizontal 

electromagnetic coils creating a magnetic field in the radial 

direction, which allows the damper to be moved in both 

axial and horizontal directions. 

III. MODELLING OF AUTOMATIC CONTROL SYSTEM OF 

ACTIVE DAMPER 

The equation of motion of the moving rigid centre of the 

MP damper membrane contains in the left part the inertial, 

viscous and elastic forces of resistance to motion, and in the 

right part the driving force from the magnetic field: 

𝑚𝑟𝑒𝑑.

𝑑2𝑌(𝑡)

𝑑𝑡2
+𝐻

𝑑𝑌(𝑡)

𝑑𝑡
+ 𝑘 = 𝐹𝑚а𝑔(𝑡) (1) 

where Y(t) is displacement of the movable rigid centre along 

the longitudinal axis Y; Fmag(t) is the axial force acting on 

the moving rigid centre of the MR elastomer membrane 

from the magnetic field side; mred. is reduced mass of the 

moving rigid centre of the membrane; H is viscous friction 

coefficient in MR elastomer; k is stiffness coefficient of MR 

elastomeric membrane or MR elastomeric cup. 

The axial stiffness of the MR elastomeric cup consisting 

of a membrane and a tubular element under axial 

deformation under the action of a magnetic field was 

determined. This allowed to find the transfer function of the 

moving rigid centre of the active MR damper. The stiffness 

coefficient k1 of the MR elastomer membrane was 

determined experimentally. The stiffness coefficient k2 of 

the tubular element according to Maxwell's formula depends 

on the magnetic and mechanical characteristics of MR 

elastomer: 

𝑘2 =
𝑆

𝐿
(9,81 ∙ 1012 ∙ (𝐵 5000⁄ )2𝜑𝜐 + 𝐸𝑚𝑟𝑒

0 ) (2) 

where S is the cross-sectional area of the tubular element 

made of MR elastomer (m2); L is the height of the tubular 

element made of MR elastomer (m); 𝜑𝑣 is the volume 

concentration of dispersed phase particles; В is the magnetic 

induction in MR elastomer (Tl); 𝐸МРЭ
0 is the elastic modulus 

of MR elastomer in the absence of magnetic field (Pa). The 

magnetic induction B in MR elastomer depends on many 

factors: the size and distribution of dispersed phase particles 

in the elastomeric matrix, their relative magnetic 
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permeability, which is nonlinearly dependent on the 

magnetic field, the volume concentration of particles, etc. 

Thus, determination of the stiffness coefficient k2 by 

Maxwell's formula leads to a large error, so it is reasonable 

to find it as follows  𝑘2 =
𝐸𝑚𝑟𝑒𝑆

𝐿
, where Еmre is the elastic 

modulus of MR elastomer under the action of magnetic field 

determined experimentally. The total stiffness coefficient k 

MR of the elastomeric cup is defined as the stiffness 

coefficient of the membrane and tubular element connected 

sequentially under axial load. The use of the MR effect 

makes it possible to adjust the total stiffness coefficient k of 

the elastic MR elastomeric cup by varying the magnitude of 

the magnetic induction B. In this case, the dynamic and 

accuracy characteristics of the active MR damper can be 

controlled. The stability of the tubular element made of MR 

elastomer can be improved.  

Considering the Laplace transform of equation 1, the 

following equation is written: 

𝑌(𝑠) · (𝑚𝑟𝑒𝑑𝑆
2 + 𝐻𝑆 + 𝑘) = 𝐹𝑚𝑎𝑔(𝑠) (3) 

where S is the Laplace function. 

The transfer function of the moving rigid centre of the 

membrane is obtained: 

𝑊С(𝑠) =
𝑌(𝑠)

𝐹𝑚𝑎𝑔(𝑠)
=

1

𝑚𝑟𝑒𝑑𝑆
2 +𝐻𝑆 + 𝑘

=

1
𝑘

𝑚𝑟𝑒𝑑

𝑘
𝑆2 +

𝐻
𝑘
𝑆 + 1

=

1
𝑘

𝑇𝑐𝑜𝑟
2 𝑆2 + 𝑇𝑡𝑆 + 1

 

(4) 

where 𝑇𝑐𝑜𝑟 is the time constant of the moving core under the 

action of inertial and elastic forces (𝑇𝑐𝑜𝑟= (
𝑚𝑟𝑒𝑑

𝑘
)
1 2⁄

); 𝑇𝑡 is 

the time constant of the moving rigid centre under the action 

of viscoelastic forces (𝑇𝑡=𝐻 /𝑘). 

Modelling of the developed automatic control system 

(ACS) of active MR damper with moving core position 

feedback in Simulink MATLAB software environment [52]-

[64] has been carried out. In the course of modelling, the 

response of the system was analysed under simultaneous 

action of harmonic vibration disturbances and a stepped 

control signal with stepwise movement of the MR damper 

by 5 µm. A comparison of the performance behaviour of 

three-axis and single-axis MR dampers under axial 

displacement was carried out, which showed similar 

dynamic performance with a slight reduction in the axial 

stiffness of the three-axis damper. At the same time, the 

transmission coefficient of vibration displacement amplitude 

for both models does not exceed 0.1 in the frequency range 

of 0.3-100 Hz. Modelling also allowed to choose control 

algorithms, structure and composition of the control system. 

The structural scheme of ACS of one control channel of 

a three-axis MR-damper with proportional-integral-

differentiating (PID) controller and feedback on the position 

of the moving core is shown in Fig. 3. 

 

Fig. 3. Structural diagram of the system of automatic regulation of one 

control channel of the three-axis MR damper with PID-controller 

PID-controller 1 is built after the signal combiner in 

sequence with ACS links of the MR damper: nonlinearity of 

the MR damper (dead zone), electromagnetic coil 2, 

magnetic core 3, MR elastomer 4, moving core 5, measuring 

system 6 of the moving core position. The transient process 

of ACS of three-axis MR damper under sinusoidal vibration 

action with vibration amplitude of 5 μm and frequency of 5 

Hz, with input step signal of 5 μm is shown in Fig. 4. In this 

case, the frequency of vibration effects of 5 Hz is in the 

range of resonance frequencies of the platform for the active 

vibration isolation mode of the MMR-1 metallographic 

microscope (see Fig. 8). 

 

Fig. 4. Transient process of the automatic control system of the three-axis 

MR-damper  

The transient time was no more than 0.3 s, with residual 

vibrations not compensated by the PID controller. The value 

of vibration displacement amplitude transfer coefficient 

(VDAC) is 0.05. The VDAC indicates what proportion of 

vibration displacement is transferred during vibration from 

the damper base to the moving rigid centre of the MP 

damper membrane. This parameter is important for 

evaluating the performance of the active platform as a 

whole, i.e. for assessing its vibration isolation properties: 

𝑉𝐷𝐴𝐶 =
А1

А0
, where А1is the amplitude of vibration 

displacements of the moving rigid centre of the MR damper 

membrane, А0 is the amplitude of vibration displacements 

of the damper base. 

The modelling of the ACS performance of active MR 

dampers in the frequency range of 0.3-100 Hz was carried 

out and the results are shown in Table I. 

Comparison of the results of ACS modelling of one-axis 

and three-axis MR dampers at axial displacement showed 

similar dynamic characteristics with a small decrease in 

axial stiffness of MR elastomeric cup in comparison with 

MR elastomeric diaphragm. Moreover, the difference in 

vibration amplitude reduction, defined as 20lg (VDAC) for 

these models, is no more than 3.6 dB for the entire 

frequency range of 0.3-100 Hz.  
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TABLE I.  RESULTS OF MODELLING OF ACS OF ACTIVE MR-DAMPERS 

Frequency, 

Hz 

Single-axis MR damper Three-axis MR damper 

VDAC 
20lg (VDAC), 

dB 
VDAC 

20lg (VDAC), 

dB 

0.3 0.030 -30.4 0.025 -32 

0.5 0.040 -27.9 0.040 -27.9 

1 0.050 -26 0.040 -27.9 

5 0.050 -26 0.050 -26 

10 0.050 -26 0.040 -27.9 

20 0.035 -29.1 0.030 -30.4 

30 0.020 -33.9 0.020 -33.9 

50 0.015 -36.4 0.010 -40 

60 0.002 -53.9 0.002 -53.9 

100 0.001 -60 0.001 -60 

 

IV. TEST BENCH AND EXPERIMENTAL RESULTS  

To investigate the active mode of vibration isolation 

with a closed-loop control system, a high-resolution 

metallographic microscope MMR-1 was selected as the 

protected object. A photograph of the bench for platform 

performance evaluation is shown in Fig. 5. Vibration effects 

on the platform base were set using a vibration test rig (not 

shown in Fig. 5). Readings from capacitive sensors located 

above the microscope slide and on the base of the platform 

were used to evaluate the performance of the platform. The 

data from the sensors were written to a file and processed 

according to a given algorithm to determine the VDAC for a 

closed-loop automatic control system based on a 

microcontroller. 

Experimental studies of the active damper and platform 

were carried out to determine the operating modes of the 

system, to carry out ACS tuning and to demonstrate the 

effectiveness of the active vibration isolation platform with 

closed-loop control system. Closed-loop ACS moves single-

coordinate MR dampers in counter-phase to external 

disturbances. The use of position feedback in the ACS 

scheme significantly increases the accuracy of the system, 

but reduces its speed. To determine the fast performance, 

the balance of the components of the transient time was 

analysed when working off the movement of the active 

damper in counter-phase to external influences under the 

control of the STM32 microcontroller. As a result of the 

analysis it was found that the transients last less than 10 ms, 

which is sufficient for effective vibration isolation in the full 

frequency range from 0.3 to 100 Hz.  

 

Fig. 5. General view of the bench for vibration isolation research using 

metallographic microscope MMR-1 

The amplitude-frequency response of the microscope 

was analysed beforehand, i.e. the amplitude of vibrations 

transmitted to the microscope slide from the base under 

external vibrations with an amplitude of 0.3 mm in the 

frequency range of 0.3-100 Hz. The diagram of the 

amplitude-frequency response is shown in Fig. 6. The graph 

shows that the resonant frequencies of the MMR-1 

metallographic microscope are in the range of 10-18 Hz, and 

the peak value of the resonant frequency is 13 Hz. 

 

Fig. 6. Amplitude-frequency characteristic of the MMR-1 metallographic 

microscope 

In the research of active mode vibration isolation of the 

MMR-1 microscope, experiments were conducted in the 

frequency range from 0.3 to 100 Hz. The vibration 

displacement amplitude transfer coefficient (VDAC) as a 

function of the frequency of external disturbances for a 

closed-loop automatic control system based on an STM32 

microcontroller is calculated for the entire frequency range. 

Fig. 7 demonstrates the effectiveness of the active vibration 

isolation system at the resonant frequency of the MMR-1 

metallographic microscope of 13 Hz, for which it was 

possible to reduce the external vibrations transmitted to the 

slide of the MMR-1 metallographic microscope from an 

amplitude of 318 µm to 20-26 µm. 

 

Fig. 7. Diagram of time dependence of displacement of the MMR-1 

microscope stage at active vibration isolation and without vibration 

isolation for the resonance frequency of 13 Hz 

Experiments were conducted in the frequency range 

from 0.3 to 100 Hz, with a maximum vibration disturbance 

spread of 600 µm. Fig. 8 shows a graph of the dependence 

of the vibration displacement amplitude transfer coefficient 

(VDAC) of the platform on the external disturbance 

frequency for the active vibration isolation mode of the 

MMR-1 metallographic microscope. 

The graph shows high efficiency of the active vibration 

isolation system. In this case, the maximum value of the 

transmission coefficient of the displacement amplitude in 

the whole investigated frequency range does not exceed 

0.071.   
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Fig. 8. Diagram of the transmission coefficient dependence of the 

amplitude amplitude transfer coefficient of platform vibration 

displacements on the frequency of external disturbances for the mode of 

active vibration isolation of the microscope 

V. CONCLUSION 

As a result of the conducted research the high efficiency 

of the developed system of automatic control of the active 

vibration isolation platform based on MR dampers in the 

area of extremely low frequencies at which dangerous 

resonant vibrations of precision equipment occur was 

proved. Fig. 9 shows the comparative plots of the 

dependence of VDAC on the frequency of external 

perturbations for the proposed platform and modern active 

vibration isolation systems, as well as ACS models of three-

axis and one-axis active MR dampers, respectively, in 

Simulink MATLAB. 

The MR-damper based platform (Graph 3) shows higher 

vibration isolation performance in the frequency range of 

0.3-3 Hz compared to the STACIS piezoelectric system 

(Graph 1) and in the frequency range of 0.3-20 Hz 

compared to the DVIA-MB electromagnetic power actuator 

based platform (Graph 2). The results of modelling of ACS 

operation of three-axis and one-axis MR-dampers in 

Simulink MATLAB software environment (diagrams 4, 5) 

at axial displacement showed similar dynamic 

characteristics with experimental data at frequencies 0.3-50 

Hz. At frequencies higher than 50 Hz passive vibration 

isolation begins to prevail due to vibration energy 

absorption in the MR elastomer, which is not taken into 

account in the modelling. 

The experimentally obtained amplitude-frequency 

characteristic of the automatically controlled platform based 

on active MR dampers and elastic suspension with quasi-

zero stiffness has shown high efficiency of vibration 

isolation at frequencies 0.3-100 Hz with vibration 

displacement amplitude transfer coefficient less than 0.075 

and confirmed the modelling results. 

The developed active MR damper is also used as a 

micropositioning actuator to move and stabilise the position 

of the vibration isolated object. The advantages of the active 

vibration isolation system using MR elastomers are a larger 

range of motion (up to 1 mm) compared to piezoelectric 

transducers and more efficient absorption of vibration 

energy, the possibility of active control of amplitude-

frequency characteristics and positioning with millisecond 

speed and submicron accuracy of motion. 

Modelling of the automatic control system of the active 

MR damper in the Simulink MATLAB software 

environment allowed to determine the transient process of 

the damper movement under the influence of harmonic 

vibration effects, to choose the type of the regulator and to 

calculate its tuning parameters. 

 

Fig. 9. Graphs of dependence of the transmission coefficient of vibration 

displacement amplitude on the frequency of external perturbations for: 1 - 

active piezoelectric system STACIS; 2 - platform with electromagnetic 
power drive DVIA-MB; 3 - platform based on MR elastomers; 4, 5 - 

models of ACS, respectively, three-axis and one-axis active MR-dampers 

in Simulink MATLAB 
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