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Abstract. Principal schemes of actuators with smart links have been designed. Equations are presented for describing 
motion of a pneumatic actuator with viscous magnetorheological liquid and the vibration actuator with a smart link with 
shape memory. Amplitude-frequency characteristics of the vibration actuator and the pressure developed by the 
magnetorheological liquid vane have been determined. Application areas of the devices are proposed. 
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Introduction 

In recent years, actuators with active links made from 
magnetorheological (MR) liquid or alloys with shape 
memory (SM) have been increasingly developed and 
implemented in different industries. They are used in a 
variety of technological equipment: suspensions of 
transport means [1-5], rotary mechanisms [6], vibration 
damping systems [7-9], various medical devices [10-12], 
and others [13]. 

Paper [1] analyzes the dynamic stability of a three-layer 
beam by using the incremental harmonic balance method. 
The impact of the static load upon the frequency of the 
suspension oscillations, damping factor and system 
stability has been determined. Paper [2] deals with the 
reduction of centrifugal force generated in the clutches of 
MR liquid actuator. The problem is solved by installing an 
element made from high-absorption polyurethane foam, 
filled with MR liquid, in the actuator construction. Paper 
[3] is devoted to the study of a car suspension damper and 
to finding an optimal solution between driver comfort and 
system stability. It has been determined that under 
harmonic excitation, the latter condition depends on the 
excitation frequency. A magnetic system consisting of 
eight independent cores has been proposed as a solution 
leading to optimal results in a wide range of frequencies. 
Methodologies for optimum design and construction of 
actuators with MR liquid have been presented in [4, 5]. In 

paper [6] the rotary motion of a washing machine, 
controlled by MR clutches and breaks, is studied. Paper [7] 
investigates the semi-actively controlled MR liquid damper 
under different vibration excitation conditions. A 
magnetohydrostatic bearing, support and an installed 
damper in it with a piston made from a porous metal 
material are studied in [8]. Such design helps to solve the 
problem of MR liquid sedimentation. Paper [9] analyzes 
magnetic saturation of a MR liquid damper by applying 
finite element method. The theoretical study has been 
verified experimentally. Construction of a novel liquid 
material micro-dosing and spraying apparatus and its 
design optimization has been presented in the paper [10]. 
Paper [11] presents a knee joint training device with a MR 
liquid damper creating an alternating load on the joint, and 
discusses the results of investigation of its efficiency. An 
SM actuator, used as artificial muscles in a prosthesis, 
capable of stretching by 31,6 %, carrying a 624 g load and 
turning by 27 º angle, is studied in [12]. A new area of MR 
liquid application has been proposed in [13]: precise 
polishing of glass surfaces by a polarised MR liquid jet. 

The application of these actuators is predetermined by a 
number of their advantages: simple control, uncomplicated 
construction, reliability, etc. [14-19]. Paper [14] depicts the 
wide possibilities of applying SM alloys in smart robot 
systems and equipment. It has been determined that the 
frequency of SM actuator operation often depends on the 
velocity of supplying thermal power to the transducer and 
its removal, while this process depends on several non- 
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interrelated non-linear parameters. Reliability of a grip 
with SM alloy has been investigated in [15] and it has been 
found out that a wire actuator from an SM alloy can 
withstand over 1,175 million cycles. Paper [16] deals with 
a smart wire SM actuator of linear motion. The actuator 
operation is modeled by using the identification modeling 
system. The study has shown that this method can be 
successfully applied in modeling different SM actuators. 
The dependence of the behavior of the robot spring grip 
actuator on the cooling method, heating current and the 
actuator operation frequency is studied in [17]. It has been 
determined that the displacement amplitude increases 
when the heating current is increased and the frequency of 
the SM transformation process is reduced. Possibilities of 
applying SM actuators in adaptive structures, such as 
flexible support, etc, are studied in [18]. In [19] a hydraulic 
system is presented, in which four MR liquid valves 
without moving parts have been used. Such a solution 
simplifies the construction and increases its reliability. 
Three MR liquid models have been studied and the infinite 
blocking pressure model has been experimentally defined 
as most appropriate. 

Certain characteristics of actuators with MR liquid used 
in microcompressors and pneumatic throttles have been 
studied in paper [20], while deformations of a changeable 
diameter throttle with SM are described in [21]. Despite 
the numerous studies devoted to the development and 
investigation of actuators mentioned above, not all their 
properties have been studied. The aims of the present paper 
are to investigate the behavior of a vibration actuator with 
an active SM link and to determine operating 
characteristics of a pneumatic actuator with MR liquid in a 
wide range of rotation frequencies. 

Investigation of a pneumatic vibroactuator with a 
smart link with shape memory 

The principal scheme of the actuator under study is 
presented in Fig. 1. The smart link with shape memory, 
installed in the actuator chamber, provides a possibility to 
enhance the functional potential of the actuator. When 
controlling the operation of the smart link according to a 
preset program, the volume of the chamber abruptly 
changes and so does its amplitude-frequency 
characteristics [22]. The ability of the smart link with 
shape memory to change its shape at changing temperature 
modes was exploited in this construction. 

The deformation level and the developed strength of 
the smart link affect the functionality of the pneumatic 
transducer, therefore a model is proposed for finding these 

parameters. Bending ( )ξz  of a homogeneous bar fixed on 

hinges on the supports, according to Euler mathematical 
model, is expressed by Eq. 1: 
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The force acting upon the plate is defined by Eq. 3 
[21]: 
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where 0T  is the initial plate temperature, S=bh is the area 

of its cross-section, and parameters As, Af and σr are 
derived from mechanical stress-temperature dependence of 
nickel-titanium (NiTi) system alloy TN-1 [21].  
 

 
a) 

 
b) 

Fig. 1 Principal scheme of a pneumatic actuator with smart link 
with shape memory (a) and principal scheme for determination of 
deformation of the link (b): 1 – vibroactuator chamber, 2 – smart 
link with shape memory, 3 – piston, P1 – pressure of compressed 
air supplied to the chamber, r1 – radius of the air supply channel, 
rk – radius of the actuator chamber, Lk – chamber height, ra – 
external radius, h(t) – vibration peak-to-peak swing, l, b, h – 
measurement of the smart link  
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By linearizing Eq. 1 and using Newton diagram [24], we 
obtain the solution which is expressed by the following 
formula: 
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By applying Eq. 2, Eq. 3, Eq. 5 and mechanical stress 
and thermal capacity dependences on temperature during 
direct and reverse martensitic transformations, we can 
calculate the critical temperatures of TN-1 alloy plate as 
well as the lowest possible critical strength of the plate 
with shape memory: 

,
2

2

1
l

IE
F adπ

=
 (6) 

and its deformation: 

( ) .sin
2

1

1
3

1 lF

FFl
z

πξ
π

ξ
−

=
 (7) 

The smart link with SM installed in the chamber of the 
pneumatic vibrotransducer enables us to change the 
chamber volume suddenly thereby modifying its 
amplitude-frequency characteristics (see Fig. 2).  
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Fig. 2. Dependences of vibration peak-to-peak value (a) and 
frequency (b) upon the transducer chamber volume of the 
pneumatic vibrotransducer with a smart link with SM:  
r1=1.5×10-3 m, rk=10×10-3 m 
 

It has been determined that when the chamber volume 
is larger, the vibration peak-to-peak swing is smaller, and 
the frequency is higher when the chamber volume is 
smaller (Fig. 2). In this way, the vibration zone is 
expanded, and in the area framed by curves 1 – 2 it is 
possible to abruptly change amplitude-frequency 
characteristics. This transducer ability to abruptly change 
amplitude-frequency characteristics can be employed in 
vibro-stands used for testing materials or devices and their 
vibro-treatment. 

Study of pneumatic actuator with viscous 
magnetorheological liquid 

The operation principle of the actuator drive with MR 
liquid under study has been presented in paper [20]. Fig. 3 
illustrates a part of the general view of the drive.  

In the cylindrical coordinate system, when the 
coordinate axis coincides with the rotor axis, the motion of 
viscous incompressible MR liquid vane is described by 
Navier-Stokes equations [25], which are expressed as 
follows: 
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δ  - is the mean thickness of the working aperture between 
the rotor and the stator, m; 0u  - is the vane velocity at the 

stator, m/s; 0µ  - is magnetic permittivity, H/m; 

sodals MM ϕ=  - is magnetic saturation of the magnetic 

liquid, A/m; dalϕ  - is the number of particles in a volume 

unit; soM  - is magnetic saturation of a particle, A/m; 

m

kT
H

0
* µ
=  - is the intensity of the magnetic field, A/m; k  

- is Boltzmann constant; T  - is temperature, K; 

sodal MVm =  - is the magnetic moment of the particle; dalV  

- is the volume of the magnetic particle, m3; 
kT

mH0µξ =  - 

is the argument of Langeven function;, '
0vuv =  - is the 
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azimuth component of velocity, m/s; 'v  - is non-
dimensional velocity. 

When studying the efficiency of the drive, it is 
important to know MR liquid pressure upon the stator 

surface. When 1' =r , the vane pressure upon the stator 

surface is [20]: 
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Performed calculations have demonstrated that the 
maximum pressure developed by the actuator reaches 10.8 

kPa, when n=5000 r/min, q=0.8, 3102 −×=δ . 

 

a) 

 

b) 
 

Fig. 3. Scheme of an actuator with MR liquid (a) and scheme of 
experimental setup for testing actuator with MR liquid (b): LV – 
MR liquid vane; PM – permanent magnet; ba,  and dc, – free 

surface of MR liquid; e  – eccentricity; G  – centrifugal force; 

ω  – rotor angular velocity; sR – stator radius; rR  – rotor radius; 

NS ,  – poles of permanent magnets; τ  – tangential stresses; 1 – 

transducer; 2 – control panel; 3, 4 – power supply; 5 – impulse 
generator; 6 – diaphragm; 7 – micromanometer; 8 – manometer; 
9, 10 – valve 

For experimental study of an actuator with MR liquid, a 
setup was developed (see Fig. 3, b) having the following 
technical parameters: the internal diameter of the stator 

31018 −×=sD m, the external diameter of the rotor 
31015 −×=rD  m, rotor working length 3108 −×=L  m, 

eccentricity 5105 −×=e  m, the volume of the working 

chamber 7106 −×=V  m3, the number of permanent 
magnets is 4, the supply voltage 15=U  V, the supply 
current 7.0=I  A, the rotation frequency of the rotor 

50000 ÷=n  r/min, 7.51=sM kA/m, 1585=ρ  kg/m3, 

the diameter of magnetic particles 91001.9 −×=dalR  m.  

The experimental set-up was also used for 
determination of the values of the pressure and efficiency 
generated by the transducer. When the transducer rotor 
with the magnetic liquid vanes is rotating, the pressure 
difference developed in diaphragm 6 (see Fig. 3, b) is 
registered by micromanometer. According to the 
manometer readings, the pressure and the efficiency 
developed by the transducer are calculated. The developed 
pressure difference in the system is determined by the the 
following expression [25]: 

gKlp pmat=∆  (11) 

where matl  is the height of the liquid rise in the 

micromanometer; pK  - is the coefficient evaluating the 

declination angle of the manometer tube; g - free fall 

acceleration. 
The efficiency of the transducer is determined by the 

formula: 
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where α  - is the coefficient depending on the diameter of 
the diaphragm and the parameters of the measured 
medium; ε  is correction coefficient; 0d  is the diameter of 

the diaphragm inlet channel; oρ  is the gas (air) density.  

The dependence of the pressure generated by the 
transducer on the MR liquid vane filling coefficient while 
changing the rotation frequency is given in Fig. 4, a. 
Presented curves indicate that the value of the pressure 
generated by the actuator directly depends on the MR 
liquid vane filling coefficient and the rotation frequency. 
The highest pressure value is obtained when MR liquid 
filling coefficient is close to 0.9. The generated pressure 
increases with increasing rotation frequency (up to 13.7 
kPa, when n=4615 r/min).  

Fig. 4, b illustrates the dependence of the transducer 
efficiency upon MR liquid vane filling coefficient, while 
changing the rotation frequency of the rotor. 

Research results indicate that the transducer capacity 
also depends on the rotation frequency of the rotor and MR 
liquid vane filling coefficient. However, only at low 
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rotation frequencies of the rotor (up to 2000 r/min), the 
capacity rises gradually with changing MR liquid vane 
filling coefficient. The maximum achieved value of the 
efficiency is 0.37×10-6 m3/s. 
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Fig. 4. Dependence of pressure p  (a) and efficiency Q  (b) 

generated by the transducer upon the MR liquid vane filling 
coefficient q  while changing the rotor rotation frequency n   

Conclusions 

The investigation of the transducer with SM has led to 
the conclusion that: 

1. Formulas have been presented which enable us to 
determine the deformation of the smart link with SM 
(plate) and the critical strength during the martensitic 
transformations in the link. 

2. Introduction of a smart link with SM in the 
vibrotransducer expands its application area since it 
enables abrupt modification of the amplitude-frequency 
characteristics of the actuator. 

The performed study of the actuator with MR liquid 
leads to the following conclusions: 

1. The value of the pressure generated by the transducer 
actuator depends directly on MR liquid vane filling 
coefficient and rotation frequency. The highest pressure 
value is obtained when MR liquid filling coefficient is 
close to 0.9. The pressure rises with increase in rotation 
frequency (up to 13.7 kPa, when n=4615 r/min). 

2. The efficiency developed by the transducer also 
depends on the rotation frequency of the rotor and on MR 

liquid vane filling coefficient. The maximum obtained 
efficiency value is 0.37×10-6 m3/s. 

3. At low MR liquid vane filling coefficient q  values – 

up to 0.67 – unstable operating zones of the transducer 
caused by hermetic flaws of the system have been 
observed. 

4. Findings of the performed theoretical and 
experimental study are sufficiently adequate. Obtained 
pressure values do not exceed 15%. 
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