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ABSTRACT 
Over the past three decades, a great deal of interest has been generated regarding the use of 
structural protective systems to mitigate the effects of dynamic environmental hazards, 
such as vibration, on mechanical engineering structures and automobile sectors for human 
comfort, earthquakes and strong wind, on civil engineering structures. These systems 
usually employ supplemental damping devices to increase the energy dissipation capability 
of the protected structure. One of the most promising new devices proposed for structural 
protection is magnetorheological (MR) fluid dampers.  
MR fluids possess rheological properties, which can be changed in a controlled way. These 
rheological changes are reversible and dependent on the strength of an excitation magnetic 
field. MR fluids have potentially beneficial applications when placed in various applied 
loading (shear, valve and squeeze) modes. 
Magnetorheological dampers, or as they are more commonly called, MR dampers, are 
being developed for a wide variety of applications where controllable damping is desired. 
MR fluid dampers have the capability of changing their effective damping force depending 
on the current input to the damper. These applications include dampers for automobiles, 
heavy trucks, prosthetic limbs, gun recoil systems, bicycles, and possibly others related to 
mechanical discipline like brake, clutch etc.  
Magnetorheological (MR) fluid dampers having very good mechanical simplicity, high 
dynamic range, low power requirements, large force capacity, and robust ness, this class of 
devices has been shown to mesh well with application demands and constraints to offer an 
attractive means of protecting infrastructure systems. 
This work issues the design and analysis of the linear magnetorheological damper. Basic 
information concerning the characteristics of the typical magnetorheological fluid and the 
damper incorporating it, were presented with the detail description of the applied fluid 
developed in our premises. With reference to the computations, the prototype damper was 
designed, manufactured and tested under different operating conditions. Performed 
calculations were verified with the experimental results and their accuracy was evaluated. 
The conclusions and observations from the research were compiled in the summary. 
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Energy Absorber  

1  

CHAPTER 1 
INTRODUCTION 

 
1.1 Energy Absorber  
 
Operational conditions of machines may result in higher productivity but simultaneously it 
also produces increased vibrations and noise.  However, these are at the cost of reduced 
safety and reliability. Under the circumstances, various components-mix are experimented 
to overcome the issue.  Off course they offer varied effectiveness. Such components-mix is 
rubber bumpers, springs, cylinder cushions, shock absorbers, etc. Schematic 
representations of such components-mix are exhibited in Fig. 1.1. 

 
FIGURE 1.1 Energy absorber [1] 

 
It is evident that kinetic energy can be availed from all moving mechanisms/bodies. This 
energy made available from such mechanism/body is largely governed by its mass and 
velocity. Any mechanism/device which generates diametric force in opposite direction of 
rotation is normally used to restrict the movement of mechanism/body. It can also be used 
to stop the movement of moving mechanism/body. Even though springs and rubber 
bumpers are cheaper, they have drawback of recoil effect. They also tend to absorb and 
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subsequently store the energy received by them during impact loading. Such stored energy 
is transferred back to load and results in rebound and this phenomena may be harmful to 
moving mechanism/body. Resisting force of springs and rubber bumpers is in proportion 
of stroke movement and this relation is sketched in Fig. 1.2a. 
 

 
FIGURE 1.2 Force Stroke curve for (a) Rubber bumpers and spring (b) Cylinder cushion [1] 

 
Operational range of cylindrical cushions has narrow band and due to this, they are not 
found proficient to absorb system energy. Since stroke length at lower pressure is shorter, 
cylindrical cushions do not offer capability to absorb total energy (Fig. 1.2b).The residual 
energy is then transmitted to the system which results in increased shocks and vibrations. 
Loss of speed can be organised and calculated for dampers. The operational principle of 
dampers is transformation of kinetic energy to heat energy. Very precisely, it can be said 
that when reciprocating piston of hydraulic damper is forced to move, it exerts pressure on 
hydraulic fluid, which in turn moves the fluid through pre-defined size of orifice. Heat 
energy is then transmitted to environment through system body. Major benefits which are 
availed from use of dampers in the system are listed below. 
 

(i) Prolonged system life: It helps to decrease the shocks and vibrations of the 
system in which it is applied. This also helps to prevent harmful actions to 
the system. Maintenance is reduced which in turn will enhance productive 
time and will cut the cost of maintenance. The resultant effect is 
improvement in process capability and useful life of system. 

(ii) Improved operational parameters: Systems, for e.g., machines, can 
withstand higher speeds. This is feasible because of damper helps to resist 
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and minimize effect of vibrations and noise. This yields with improved 
productivity. 

(iii) Enhanced quality level: Since disturbing causes like vibration, noise, 
impact, etc. are eradicated to great extent; geometrical accuracy and 
precision are improved. 

(iv) Reliable and safe operational condition: As dampers safeguard the 
operational condition, it is easier to anticipate the values of disturbing 
causes like vibration, noise, impact, etc. which in turn helps to design and 
operate the system reliably and safely with required safety norms. 

(v) Improved market share: On account of above benefits, it has edge to have 
better and improved market share. 
 

1.2 Damper or Shock Absorber 
 
Damper, also known as a shock absorber, shocks or spring energy dissipaters, is  basic 
portion of  shock resisting (normally termed as suspension) system. This is complicated 
portion of the system which is complex and hard to interpret. Such system have sprung and 
unsprung masses. The transient behaviour of these masses are governed by dampers and by 
this way, such governs become basic functional area of the dampers. 
Fundamental know-how of whole suspension arrangement of automobile applications is 
required to be understood for further exploration and applications of dampers. Fig. 1.3 
shows an automobile suspension system.  
 
Automobile suspension system is mainly assembled with following parts/components: 

(i) Sprung mass 
(ii) Unsprung mass 
(iii) Suspension spring 
(iv) Tire spring 
(v) Damper 

The suspension supports the sprung mass and this consists almost half portion of 
suspension mass also. Remaining masses like masses of wheel, brakes, spindles and left 
half portion of suspension members are assigned for unsprung mass. The suspension spring 
and damper are aligned collinear (or parallel) and have their working flanked by sprung 
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and unsprung masses. In the same manner, tire spring working is flanked by ground and 
unsprung masses. 

 
FIGURE 1.3: Suspension system of automobile application 

 
Suspension system shown in Fig. 1.3 is basically 2 DOF system having effect of forces on 
top and bottom portion/surfaces. Independent movement of sprung and unsprung masses is 
experienced since the system is 2 DOF. The load transfer of automotive vehicle causes the 
load on sprung mass. This load transfer also causes the vehicle to undergo change of 
gradual increment in speed on road. This change in gradual increment in speed may be 
either longitudinal or lateral. Longitudinal change may be in the form of braking and then 
increment in speed. Lateral change may occur during cornering.  
 
The magnitude of such load transfer is mainly dependent on following criteria: 

(i) Centre of gravity of vehicle 
(ii) Magnitude of rate of change of gradual increment in speed 
(iii) Mass of the vehicle 
(iv) Condition of tract and/or wheelbase 
(v) Direction of vehicle 

It is also important to note that condition or topology of road surface and velocity at which 
vehicle moves are also variables to determine the force affecting at bottom. 
Amongst sprung and unsprung masses, relative displacement, velocity and gradual increase 
in speed takes place on account of forces which are induced from gradual increase in 
speed. The suspension spring and damper produces the forces which are behaving as 
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constraints to the forces between sprung and unsprung masses. The force produced by 
spring is outcome due to relative displacement whereas force produced by a damper is 
outcome due to relative velocity. The rate of spring is the base to determine magnitude of 
the spring force. However, to determine the magnitude of damper force, the phenomena is 
little bit complex. The relation of damper force is based on characteristic curve of the 
damper. Fig. 1.4 exhibits this characteristic curve which is shock dyno plots. Internal 
construction plays a vital role to determine trends of characteristic curve and in this 
context, it can have various trends.  
 
This includes design of followings: 

(i) Shock piston 
(ii) Shim stakes 
(iii) Internal orifices 

Output force produced by the shock absorber or damper is function of developed internal 
pressure due to flow of oil through passages. 
  
 

 
FIGURE 1.4: Damper characteristic curve (F-V Curve) 

The upward trend in the graph denotes compression stroke whereas the downward trend in 
the graph denotes rebound stroke. On X axis, the plotted damper shaft velocity is in fact 
relative velocity only which is also the velocity in-between sprung and unsprung masses. 
Y-axis denotes forces which are bi-directional. The compressive force is lesser compared 
to rebound force and this leads to conclude that control of unsprung mass and sprung mass 
are executed by compression damping and rebound damping respectively. It may be noted 
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that force required to control motion of unsprung mass is less due to lower mass of it. 
Additional contributing parameter is the fact that during compression stroke, forces of 
spring and damper are in same direction while during rebound stroke, these forces are in 
opposite direction. 
When there exist relative velocity amongst the sprung and unsprung masses, shock is 
produced which in turn produces force.  
 
The transient maneuvers are in following conditions: 

(i) During corner entry 
(ii) During corner exit 
(iii) Passing maneuvers 
(iv) Braking 
(v) Acceleration 
(vi) Track unevenness due to bumps/uneven road surface 

In reality there exist only transients. Transients are differentiated based on the speed and 
accordingly they are categorised as high and low speed transients. The speed range for low 
speed transients is 0-125mm/s whereas the speed range for high speed transients is greater 
than 125 mm/s. Low speed transients characterise the handling whereas high speed 
characterise the ride. These speed range varies from case to case and are approximated for 
the purpose of analysis. 
Various kinds of parameters are required to determine the damping coefficient which in 
turn helps to find optimum shock for given set of conditions.  
 
Damping coefficient is function of followings: 

(i) Sprung mass 
(ii) Unsprung mass 
(iii) Tire spring rate 
(iv) Wheel rate 

Wheel rate is the modified suspension spring rate and for modification, installation ratio is 
applied. Installation ratio, also termed as motion ratio is the ratio of the wheel travel to the 
shock travel. During analysis of damping characteristics under roll, spring rate of the anti-
roll bar is considered. This is also modified by applying installation ratio. The ultimate 
important variable is then damping ratio. The damping ratio is useful to determine the 
stiffness of the shock in context of rest of suspension system. If this ratio is 1, it is 
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interpreted that system is critically damped. The value of this ratio also helps to locate 
where shock will fall in terms of trade-off between ride and handling. The normal starting 
value of this ratio for track car is 0.65[2]. 
Coilovers is the right selection to upgrade spring and damper. For car, it performs at much 
higher spring rate and against a stiffer shock. Manufacturer always specify spring rate but 
seldom specify damping coefficient. However, this may not be an indicator for coilovers 
quality, but at the same time, it certainly creates ambiguity of the process. Damping 
coefficient is an important indication for the buyer to determine whether his/her car 
matches the shocks or not. 
The ride and handle of an automobile vehicle are governed by shocks valving. An overlay 
stiff shock in compression normally produces bouncy ride but do not absorb the bumps in 
desired manner. An initial loss of traction is experienced when shock with very stiffly 
valve in rebound case. However in this position, it produces kind of jacking down effect. 
During jacking down effect, unsprung mass comes closer to sprung mass after 
experiencing series of bumps. This happens only in the case when there is excessive 
rebound during compression and spring rate. At this instance, shock bottoms out this will 
cause the loss in traction. 
The performance of automobile vehicle is adversely affected by softly valve shocks. The 
rate of load transfer is decided when shock do not affect the load transfer or amount of load 
transfer. Subsequent to steering input, a soft shock will have lag feeling. It is better to wait 
to catch up the input for a desired attitude of automobile vehicle rather than to get the 
desired attitude through a turn. Such behaviour may be acceptable for a normal passenger 
vehicle having when damping ratio is about 0.30. However, this is never desirable for any 
kind of vehicle even if it is thought to drive on race track. 
This phenomena leads to fact that ideal damping has very little chance to occur. Here the 
chance is based on extent to which trade-off is made between ride and handling. For better 
handling of race car, harsher ride is desirable and under this situation, adjustable damper 
offers easier life. Adjustable damper also provides the scope to the driver to monitor and 
control magnitude of damper’s characteristics curve. At present, prevailing market offers 
adjustable dampers. However they are single adjustable and more often, they do not offer 
the facility to change both rebound and compression simultaneously. Even though the 
adjustability is yet good feature, it is one more trade-off for mix. For some specific cases, 
single adjustable damper affecting only the rebound may be better choice in place of 
dampers which offers adjustments for compression and rebound simultaneously. However 
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few expensive coilovers are able to make double adjustable setup permitting independent 
adjustments of rebound and compression. This provides easiness to driver to dial an 
automobile vehicle more accurately compared to single adjustable shock. Three and four 
dampers at even higher costs are also available which allows independent adjustments of 
low and high speed compression and rebound. In prevailing market, decent coilovers are 
also available and due to this reason, costly coilovers are put aside. 
Irrespective of type of damper used for automobile vehicle, they must offer correct dialling 
for best performance. For this purpose, advisable way is to start with the dampers on the 
softest setting. Then driver is expected to drive with set course and pragmatically try and 
feel the way automobile vehicle enters the corner and performs on rougher roads. If feeling 
is too soft, progressively enhance the damping till little stiffer feeling is experienced. After 
experiencing this point, back off the adjuster a click or two and then set the damper. For 
same feeling, each corner may require little bit different change in setting. In the same way 
for the same feeling, little change in setting may require for rear and front.  Body 
movement and the wheel movement must be analysed simultaneously for the single 
adjustable shock. For double adjustable setup, two motions should be decoupled.  This may 
look unscientific but it is fact that driver is a very important part of the equation. The 
feeling of the driver driving an automobile vehicle will greatly affect behaviour of driver.                                 
The perfect solution of this complexity is to use semi active damper, which gives required 
damping effect in any situation. Present research work is focused on the design of such 
type of dampers, which give required output, i.e. damping coefficient in any input 
parameters. 
 
1.3 Controllable Fluid as an Energy Absorber 
 
Controllable fluids are responsive mediums to an external excitation field. When this 
medium is subject to an electric or magnetic field, its rheological properties undergoes 
significant changes. This phenomena makes these fluids as smart fluids and normally such 
fluids are named as Magneto Rheological (MR) fluids, Electro Rheological (ER) fluids and 
Ferro fluids. From such smart fluids, MR fluids are getting more acceptance because of 
their ability to produce highest stress. This highest stress has many applications. An MR 
fluid is a suspension of micron-sized magnetically soft particles mixed in a carrier liquid. 
This suspension is able to undergo dramatic changes in rheological properties. For 
instance, when magnetic field is applied, MR fluid changes from free-flowing liquid state 
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to a solid-like state in reversible way. Iron powder has high saturation magnetization 
property and because of this, it is used as particle inclusion. When magnetic field is 
applied, these particles are arranged to form a very strong chain of flux with the pole of 
one particle being attracted to the opposite pole of another particle [4, 5]. Once particles 
are arranged in this pattern, these are restrained from moving away from their respective 
flux lines and behaves as barrier against the flow of the carrier fluid. 
This work is solely based for automotive type damper with magnetoreholocal fluid as 
working medium. 
 
1.4 Motivation  
 
People are most sensitive for vertical vibrations between 5 & 16 Hz & to the lateral 
vibration between about 1 & 2 Hz. Women are more sensitive than men to vertical 
vibration above about 10 Hz. Most responses of seated subjects implicated the lower 
abdomen at 2 Hz moving up to body at 4 & 8 Hz, with most responses implicating head at 
16 Hz. At 32 Hz the responses are divided between the head & lower abdomen [2]. 
It is seen that often trade-offs influences the design process of any item. The design 
process of automotive suspension system is also not the exception from this. The general 
trade-off between ride comfort and vehicle stability is the motive for advancements in 
design of automotive suspension systems. Measurement of ride comfort is subjective but it 
can be quantified by the amount of energy transmitted through the suspension into the 
passenger compartment (sprung mass). Ride quality is derived closely with respect to the 
acceleration of the sprung mass [2]. Passengers feel few road disturbances in a Cadillac 
vehicle and this is a good example of this kind. Opposite to this, passengers feel many of 
the road disturbances transmitted by a Corvette’s suspension which has higher vehicle 
stability. Vehicle stability is also known as road holding ability. Compared to a Cadillac, a 
Corvette is a much more maneuverable vehicle and holds the way appreciably better. In an 
ideal world, a vehicle suspension would react just as to aggressive driving as it does to 
highway cruising. The objective of this discussion is to emphasis the approach towards this 
ideal concept. Fig. 1.5 illustrates the classic suspension compromise. 
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FIGURE 1.5 Suspension compromise [2] 

Spring and damper are two critical components for a specific suspension vehicle. Weight 
of the vehicle is an exclusive important selection criterion for spring whereas suspension’s 
placement on the compromise curve is mainly determined by damper. Damper selection is 
mainly governed by type of vehicle keeping the performance of vehicle at its optimum 
level. Theoretically, passengers should not be affected by low-frequency road disturbances 
when dampers are used. At the same time, dampers must absorb high-frequency road 
disturbances. When high damping effect is achieved, ideally passengers do not have any 
effect of low-frequency road disturbances. However this situation leads to absorb high-
frequency at very poor rate. If damping effect is made low, this situation leads to absorb 
high-frequency at very good rate but this is achieved at the cost of low-frequency isolation. 
In the field of automotive suspensions, many innovative and improved concepts are 
emerged due to requirement to reduce the effect of this trade-off.  
 
Following types of suspensions are reviewed here: 

(i) Passive 
(ii) Fully active 
(iii) Semi-active 

The conventional passive suspension system consists spring and damper. Spring is used to 
store the energy in suspension and at the same time, damper is used to dissipate the energy. 
Both components are finalised at design stage only. Due to this, this type of suspension is 
paralysed and known as classic suspension compromise. 
Interchanging force actuator with damper, suspension is converted into fully active 
suspension. However, looking to the constraints like difficulty in operation and higher 
power utilisation, fully active suspensions are not yet came in regular use. The basic 
concept for fully active suspension is to apply the force either in the form of jounce or in 
the form of rebound to suspension using force actuator. Such force is dynamically 
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monitored and controlled by the control system integrated in the suspension itself. Various 
control systems will be narrated later in this thesis.  
Semi-active suspension is last (third) type of suspension and same is discussed further. In 
this type, passive damper is interchanged with a semi-active damper which is having the 
potential to change the damping characteristics. This type of damper has also the ability to 
offer wider band of damping using mechanically controlled orifices or by monitoring and 
controlling fluid viscosity. It should be noted that damping value is changed in accordance 
with control algorithm used. 
An exhaustive literature review (discussed in chapter-3) is carried out to understand the 
present practices and theories in damper design. It will also help to obtain a better 
understanding of how individual internal components and internal flows had been designed 
and modelled in the past. 
 
Research Gap: 
Design of semi active damper instead of passive damper with the application of smart fluid 
i.e. Magneto Rheological Fluid. 
 
1.5 Definition of the Problem 
 

 To understand basics of the force- displacement, force-velocity and force-time 
behavior of a new magneto-rheological (MR) fluid damper.  

 To develop a theoretical study to predict behavior of new MRF dampers; and  
 To conduct a comprehensive experimental study on the proposed MRF damper to 

validate all theoretical results.  
This study aims design, fabrication and characterization of an MRF damper with 

design and fabrication of test rig for characterization of developed damper.  
 
1.6 Research Objectives  
 
The primary objectives of this research are:  

1. To develop the MR fluid for application of damper 
2. To conceptually design an MR damper 
3. To develop the prototype of the MR damper 
4. To evaluate the performance of the MR damper experimentally. 



CHAPTER 1. INTRODUCTION 

12  

1.7 Research Methodology and scope of work 
 
One of the most promising new device proposed for various system protections is magneto 
rheological (MR) fluid damper. Because of its mechanical simplicity, high dynamic range, 
low power requirements, large force capacity and robustness, this class of device has been 
shown to mesh well with application demands and constraints to offer an attractive means 
of protecting various engineering systems against interrupted force. MR dampers are being 
developed for a wide variety of applications where controllable damping is desired. These 
applications include dampers for automobiles, heavy trucks, bicycles, prosthetic limbs, gun 
recoil system and possibly others. 
Rheological properties of MR fluids can be monitored and controlled. Changes on account 
of such monitoring and control are reversible and vary as there is change in intensity of 
excited magnetic field. Favourable applications can be availed from MR fluids when they 
are used with different loading modes (shear, valve and squeeze).When MR fluid is 
geometrically placed between two flat solid surfaces opposite to each other and such 
surfaces are at equidistance. Such arrangement is also defined as squeeze mode. 
Equidistance between such two solid surfaces is also defined as gap size. 
This study focuses on the theoretical analysis, design, fabrication and characterization of a 
small Magneto-Rheological (MR) fluid damper. This study first introduces MR technology 
through a discussion of MR fluid and then by giving a broad overview of MR devices. 
After giving the broad overview of MR technology and devices, MR damper basics are 
presented.  
With the necessary background information covered, a prototype MR damper for a case 
study is designed, developed, tested and then discussed, specifically for automobile 
suspension system. These test results are presented and compared with the traditional 
hydraulic dampers. In conclusion, recommendations are made for materials as well as for 
seal selection and other design aspects. 
In summarized form, following are the scope for present research project: 

 Understand basic theory of vibration 
 Understand MR fluid basics, behavior, production and applications in 

various fields as a smart fluid 
 Understand various designs which are commonly used for MR dampers 
 Develop design alternatives from existing MR damper designs 
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 Design of the prototype damper 
 Prototype fabrication of improved design MR damper 
 Design and fabrication of test rig for testing damper 
 Testing of the newly developed damper for optimization 
 Comparison of MR damper with conventional damper 

Data analysis is carried out with the help of statistical software like Design Expert, 
ANOVA and EXECL (MS OFFICE) with C programming whenever needed.  
 
1.8 Original Contribution by the Thesis. 
 
The entire work in this thesis is the original work with the research papers 
presented/published in international journals and conference as the back bone. The 
proposed model has been visualized as a collection of various modules, each of which with 
relevant publications. The details of the associated papers are listed in appendix A: List of 
Publications (page no: xxxii). 
Furthermore, the MR fluid used in this project is designed and developed as our original 
product. Test rig is designed, fabricated and instrumented according to experimental 
requirement is as our original product. 
 
1.9 Outline 
 
Chapter 1 gives a brief description of the research work. It includes background and 
motivation for present work. The boundary conditions are represented along with the pre-
defined constraints for present work. It also covers problem definition, research objectives, 
Research Methodology with scope of work and original contribution by the thesis. 
 
Chapter 2 covers the basics of vibration. This study includes types of vibrating motion 
with parameters related to the vibrating motion. Different vibration control systems 
(passive control system, semi-active control system and active control system) are 
discussed in detail which is very important for damper characteristic requirement. 
 
Chapter 3 presents the MR fluid properties and application. An exhaustive literature 
review is carried out to understand the theories and present practices in magnetorheological 
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(MR) fluid and damper design. It will help to obtain a better understanding of how MR 
fluid behaves under different mode of application. It will also help to obtain a better 
understanding of how the individual internal components and internal flows in damper had 
been designed and modelled in the past. This section presents background information on 
MR fluid and damper technology. The information here is a summary of important 
information found in a comprehensive literature review. Journal articles, thesis, and books 
were searched for topics relating to MR fluid, shock absorbers, dampers, active damper, 
magnetorheological dampers, MR damper models, probability models, and stochastic 
models. Each result of this search was examined for relevance to the subject.  
 
Chapter 4 present two quasi-static models, an axisymmetric model and a parallel-plate 
model, based on the Navier-Stokes equation.  
The Herschel-Bulkley visco-plasticity model is used to define the MR fluid field-
dependent characteristics and shear thinning/thickening effects. At initial design phase, 
simple equations based on these damper models can be used. Geometry as governing 
parameter for controllable force, dynamic range and MR damper performance is also 
narrated. 
 
Chapter 5 covers MR damper geometry and magnetic circuit design review. Damper 
piston centring and voltage surge suppression are added practical parameters which are 
also narrated in this chapter along with problems resolutions. The discussion is started with 
description of MR fluid used for present investigation. 
 
Chapter 6 related with testing of developed MR damper. To investigate the fundamental 
behaviour of the designed small-scale MR damper, a series of quasi-static experiments 
were conducted at the Physics Department Laboratory, Bhavnagar University. In this 
chapter, detailed discussion of the experimental setup and experimental results for the 
different test carried out are presented. The experiment results are then used to compare 
with theoretical results. This chapter also included discussion on test rig requirement and 
development for carried out complete experiment. Some phenomena observed during the 
experiment are also discussed, and possible explanations are given. 
 
Chapter 7 includes complete discussion on results available during experiment. For the 
validation of experiment procedure, first complete Design of experiment is carried out with 
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the help of Design Expert software on the data received during experiment. This chapter 
also includes key features of MR damper. Finally conclusion and future scope of the thesis 
are listed for future work on same field.  
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CHAPTER 2 
BASICS OF VIBRATION 

 
2.1 Introduction 
 
Elastic elements like a spring, a beam and a shaft are displaced from its equilibrium 
situation using the use of external forces, and then released, they effect a vibratory motion. 
This is because of, once an element is displaced from its original situation, the internal 
forces in the form of elastic or strain energy are existent in the element. After releasing an 
element, these internal forces take the element to its initial situation. After the element 
reaches to its equilibrium situation, the total energy which is in the form of elastic energy 
or strain energy is changed in the form of kinetic energy. For that reason, the body remains 
to move in the reverse direction. The entire kinetic energy is further changed into strain 
energy. Again for that reason the element comes back to the equilibrium situation. By 
means of above discussion, the vibratory motion is repeated indefinitely. 
 
2.2 Types of Vibratory Motion 
 
The subsequent forms of vibratory motions are significant with respect to present study: 

 Free or natural vibrations 
An element without affecting any external force, will be vibrate due to 
displacement from its equilibrium condition, then the element is known as under 
free or natural vibrations. The frequency of the free vibrations is called free or 
natural frequency. 

 Forced vibrations 
An element which is under influence of any external force, will be vibrate due to 
displacement from its equilibrium condition, then the element is known as under 
forced vibrations. The influence force subjected to the element is a periodic 
disturbing force produced by unbalance. It is important to note that the applied 
force and vibration have a same frequency. When the frequency of the influence 
force is equal as that of the natural vibrations, resonance takes place. 
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 Damped vibrations 
The motion is said to be damped vibration if there is a decrease in amplitude for 
every completed cycle of vibration. This happens due to definite quantity of energy 
possessed by the vibrating system is continuously rejected in overcoming frictional 
resistances to the motion. 
If no energy is lost or dissipated in friction or other resistance during oscillation, 
the vibration is known as un-damped vibration. If any energy is lost in this way, 
however, it is called damped vibration. In many physical systems, the amount of 
damping is so small that it can be disregarded for most engineering purposes. 
However, consideration of damping becomes extremely important in analysing 
vibratory systems near resonance. 

Vibrations or oscillations can be regarded as a subset of dynamics in which a system 
subjected to restoring forces swings back and forth about an equilibrium position, where a 
system is defined as an assemblage of parts acting together as a whole. Restoring forces are 
due to elasticity, or due to gravity. 
In most of the engineering applications, vibration is signifying to and fro motion, which is 
undesirable. Galileo discovered the relationship between the length of a pendulum and its 
frequency and observed the resonance of two bodies that were connected by some energy 
transfer medium and tuned to the same natural frequency. Vibration may results in the 
failure of machines or their critical components. The effect of vibration depends on the 
magnitude in terms of displacement, velocity or accelerations, exciting frequency and the 
total duration of the vibration. The vibration of a single-degree-of-freedom (SDOF) system 
will be discussed in this section. 
A vibratory system, in general, includes a means for storing potential energy (spring or 
elasticity), a means for storing kinetic energy (mass or inertia) and a means by which 
energy is gradually lost (damper). 
The vibration of a system involves the transfer of its potential energy to kinetic energy and 
of kinetic energy to potential energy, alternately. If the system is damped, some energy is 
dissipated in each cycle of vibration and must be replaced by an external source if a state 
of steady vibration is to be maintained.  
Following are important terminology related to vibration system analysis. 

1. Time Period (Period of Vibration) 
Time period is the time interval of vibration system after which the motion is 
repeated itself. It is generally presented in seconds. 
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2. Cycle 
 It is the motion accomplished for the duration of one period of vibration.  

3. Frequency 
It is the number of cycles refer to in one second. In S.I. system of units, it is 
represented by hertz (briefly written as Hz) which is equal to one cycle per second. 

 
2.3 One degree of freedom (1-dof) Free Un-damped Vibration  
 
The simplest possible example that may help to understand the dynamics of vibrations is 
the oscillating point mass, which has one degree of freedom. Such a system is 
schematically illustrated in Fig. 2.1. Let us assume for now that damping is negligible and 
there is no external force acting on the system. In free vibration, a mechanical system is 
excited by an initial condition, such as a displacement, velocity or acceleration and then is 
allowed to vibrate freely without further force interaction. A mechanical system in free 
vibration will oscillate with its natural frequency and eventually settle down to zero due to 
damping effects. In forced vibration, an external force is supplied to the system. 
Fig. 2.1 displays the most elementary probable structure, a mass, assumed accomplished of 
vertical translation only attached by a spring to the ground. Damping is ignored at this 
condition.  
 

 
FIGURE 2.1 Simple un-damped 1- DOF vibrating system, position factor z from the equilibrium situation:  
                 (a) meaning sketch; (b) free body illustration of mass; (c) free vibration motion [3] (ݐ)ݖ. 
 
 Let  
K = spring stiffness, defined as the force necessary to make unit displacement in the 
direction of vibration. It is generally presented by N/m. 
m = Mass of the element hanged from the constraint in kg, 
z = Displacement given to the element by the outside force, in metres. 
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Once the mass is moved by a displacement z from its equilibrium situation, then, by 
meaning of K, there is a spring force, positive in the z direction, specified by: 

௭ܨ =  ݖܭ− 
Hear negative sign point out that the force is reverse in path to the movement for positive 
spring stiffness K; for that reason it is known as a restoring force. This force gives an 
acceleration to the element, stated by Newton’s second law as [6, 7] 

ሷݖ݉ =  ௭ܨ−
The equation of motion used for the system of Fig. 2.1, by substituting for ܨ௭, turn into: 

ሷݖ + 
 ݖ = 0                                                                  (2.1) 

The fundamental equation of simple harmonic motion is 
ሷݖ          + ߱ଶݖ = 0                 (2.2)  
Comparing equations (2.1) and (2.2), ߱ is given by 

߱ =  ට
                   (2.3)                             

ܶ = ଶగ
ఠ = ටߨ2

         (2.4) 

݂ =  ଵ
் =  ଵ

ଶగ ට
       (2.5) 

 
Where 
߱ = Angular velocity in rad/sec 

ܶ = Time period and 
݂ = natural frequency 

 
The natural frequency for that reason be influenced by the mass and the stiffness. With 
constant spring stiffness, if the mass increases, the natural frequency decreases. This is a 
important problem due to the variation of mass with luggage and passengers, mainly for 
light weight automobile vehicle where the comparative size of the difference tends to be 
larger. As a result ‘rising rate’ springs are frequently used. If the stiffness has an 
appropriate positional requirement so that it is proportional to the mass then the frequency 
of small amplitude vibrations will be self-governing of ride height. 
Above section discussed free vibration of a mass without damping. This means that a mass 
connected to a spring and deflected to the initial position of z, would oscillate with the 
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same amplitude indefinitely. As we can see, this is a very unrealistic model - we have to 
add some sort of energy dissipation mechanism, or in other words, damping. 
 
2.4 One degree of freedom (1-dof) Free Damped Vibration  
 
Suspension system is provided to overcome the uneasiness rising from road roughness in 
automobile application. On the other hand, in actual practice, the automobile vehicle is 
very prone to vibrate at its natural frequency presented above, about 1–2 Hz. To govern 
this occurrence, some damping must be added. Damping is energy dissipation from the 
system when movement is present. In a mechanism for example an automobile suspension, 
damping is intentionally presented by the combination of the dampers. There is additional 
damping from material hysteresis in the rubber bushes, tyres and in certain circumstances 
as of Coulomb friction at sliding connections. Useful analysis of vibration may frequently 
be accomplished without reflection of the damping, for example to determine un-damped 
mode shapes and natural frequencies. On the other hand in certain cases it is required to 
include it. Frequently it is demonstrated as basically linear, proportionate to speed, for the 
reason that this can be studied more easily compare to other forms. The motion of a 
element is resisted by frictional forces. The influence of friction is mentioned to as 
damping in vibrating systems. The viscous damping is a damping providing by fluid 
resistance. 
A complete damping system consist of mass, spring and damper. Systems with a single 
degree of freedom help to illustrate some fundamental relations. It is considered a 
concentrated mass on a damped spring element. The spring force is supposed as directly 
related to the spring´s deformation (compression or extension), with the spring factor K, 
which is the spring´s stiffness. The damping force is supposed as directly related to the 
velocity, with the damping constant c, defined as force per unit velocity.  
The amplitude of the subsequent vibration progressively reduces in damped vibrations. It 
happens because of a definite quantity of energy is continuously rejected from vibrating 
system to overcome the friction effect. The resistance because of friction effect to the 
motion of the element is delivered partially by the medium where the vibration takes place 
and partially by the internal friction, and in certain cases partially by a dash pot or 
additional outside damping device. 
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Assume a vibrating system, as presented by Fig. 2.2, which includes a coiled spring with a 
mass suspended from one end and the other end of which is fixed. A damper is attached 
among the mass and the rigid support. 

 
FIGURE 2.2. Simple linearly-damped 1–dof system: (a) description sketch; (b) free body diagram [3].  

Let 
 m = Suspended mass from the spring, 
K = Spring Stiffness, 
z = Movement of the mass from the mean position on time t, 
c = Damping coefficient defined as the ratio of damping force to piston velocity. 
Damping is a complex phenomenon, not very well understood and modelled in science. 
Different damping models exist; however, these represent reality only under certain 
conditions and assumptions. Probably the most popular damping model is viscous 
damping, which expresses the damping force that is proportional to velocity by a damping 
coefficient c. This force can be expressed by [7]: 

 Damping force or frictional force on the mass: 
= ܿ ∗  ሶݖ

The direction of damping force is in reverse to the motion of mass. 
 Accelerating force on the mass: 

= ݉ ∗  ሷݖ
The direction of accelerating force is along the motion of the mass. 

 Spring force on the mass: 
 = ܭ ∗  ݖ

The direction of spring force is in reverse to the motion of mass. 
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Therefore the equation of motion can be represented as: 
ሷݖ +  ଵ

 ∗  ܿ ∗ ሶݖ + ଵ
 ∗ ܭ ∗ ݖ = 0    (2.6) 

This is a second order differential equation. By utilising the Heaviside operational 
symbolisation D for ݀/݀ݐ, or imagine a solution of the form ݁௧ and replacing, this turn 
out to be: 

ݖଶܦ + 
 ݖܦ + 

 ݖ = 0     (2.7) 
Dividing by z to the above differential equation, it provides the algebraic characteristic 
equation. This algebraic characteristic equation is presented as: 

ଶܦ + 
 ܦ + 

 = 0                        (2.8) 
The physical outcomes of the solution be determined by the value of D whether it is real 
(non-oscillatory) or complex (damped oscillatory). D is calculated by the normal typical 
form of quadratic equation solution: 

ܦ =  ି±√మିସ
ଶ      (2.9) 

Giving 
ܦ =  − 

ଶ  ±  ටቀ 
ଶቁଶ − 

     (2.10) 
 

ܦ =  α ± ඥߙଶ − ߱ଶ      (2.11) 
 
Where α (units of ିݏଵ) is the real part of the root, named the damping factor, negative in 
value, and ߱ is the undamped natural frequency (rad/s). 
The most general solution of the differential equation (2.3) with its right hand side equal to 
zero has only complementary function and it is given by 

ݖ = భ௧݁ܣ  +  మ௧     (2.12)݁ܤ
Where ܣ and ܤ  are two arbitrary constants which are to be determined from the initial 
conditions of the motion of the mass. 
The form of the solution of this equation depends upon whether the damping coefficient is 
equal to, greater than, or less than the critical damping coefficient ܿ, mathematically given 
by 

ܿ = = ݉ܭ√2 2݉߱     (2.12) 
The critical damping coefficient is the amount of damping required for a system to be 
critically damped. 
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The ratio of damping coefficient and critical damping coefficient is defined as the fraction 
of critical damping or damping ratio, denoted by ζ, mathematically damping ratio is given 
by 

ߞ =  ܿ
ܿ

 
It is important to be noted that the outcomes of  ܦଵ and ܦଶ might be real, imaginary or 
equal. The possibilities for these three cases are as below: 
 

1. While the roots are real (Over-damping) 
When  ቀ 

ଶቁଶ > 
  (or ߞ > 1) then the roots ܦଵ and ܦଶ are real but negative. This 

condition express over damping or big damping. In over damping condition the 
mass moves slowly to the equilibrium situation. This type of motion is recognised 
as aperiodic. While the roots are real, the best general solution of the differential 
equation is: 

ݖ = ቈି݁ܣ  
మାටቀ 

మቁమି ಼
௧ + ቈି݁ܤ  

మିටቀ 
మቁమି ಼

௧   (2.13) 
Or 

ݖ =  ݁ି௧/ଶ ቀ݁ܣఠඥమିଵ  ௧ +  ఠඥమିଵ  ௧ቁ   (2.14)ି݁ܤ 
In real practice, the over damped vibrations are avoided. 

 
2. While the roots are complex conjugate (underdamping) 

If  ቀ 
ଶቁଶ <  

  (or ߞ < 1), then the radical (i.e. the term under the square root) 
come to be negative. The roots ܦଵ and ܦଶ are at that time recognised as complex 
conjugate. This is the best practical situation of damping, known as underdamping 
or small damping. The damping of the system is less than critical damping. The 
most general solution of the differential equation is 

ݖ =  ݁ି ௧ଶ (ܣ sin ߱ௗݐ + ܤ cos ߱ௗݐ) 
or 

ݖ = ି݁ܥ  
మ sin(߱ௗݐ +  (2.15)     (ߐ 

 
Where 
ܥ = ଶܣ√  +   ଶܤ
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ߐ =  tanିଵ ቀ
ቁ   known as a phase angle. 

 
The damped natural frequency ߱ௗ  is related to the undamped natural frequency 
߱   by the equation 

߱ௗ  =  ߱  ൫ඥ1 −  ଶ൯     (2.16)ߞ
From the above equation, it can be concluded that the motion of the mass is simple 
harmonic with circular damped frequency ߱ௗ  and amplitude ି݁ܥ 

మ  . The 
frequency and amplitude were diminishes exponentially with respect to time as 
presented in Fig. 2.3. However the mass finally comes back to its equilibrium 
situation due to its inertia, however it overshoots and the oscillations may take 
certain significant time to die away. 

 
FIGURE 2.3 Underdamping or small damping. 

 When a system is without damper, the damper coefficient value c = 0. As a result 
the frequency of the un-damped vibration is the equal as discussed under free 
vibrations. 
 

3. While the roots are equal (critical damping) 
For the condition  ቀ 

ଶቁଶ =  
  (or ߞ = 1), the radical turn out to be zero and both 

 ଶ roots are identical. This is a situation of critical damping. By means ofܦ & ଵܦ
other words, the critical damping is supposed to take place when frequency of 
damped vibration ௗ݂ stands zero (i.e. motion is aperiodic). This kind of damping is 
furthermore avoided for the reason that the mass moves back rapidly to its 
equilibrium situation, in the shortest probable time. For critical damping there is no 
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oscillation or a damping is called critical when the amplitude decays from the 
maximum displacement to the rest position without changing the sign without 
oscillation. The solution of the differential equation is 

ݖ = ܣ) + ି݁(ܤ 
మ௧ = ܣ) +  ఠ௧    (2.17)ି݁(ܤ

 

 
FIGURE 2.4 Critical damping [3]. 

 
Thus the motion is again aperiodic. The quantity of damping essential for a system to be 
critically damped is recognised as a critical damping coefficient. Fig. 2.4 shows the 
behaviour of critical damping. 
Most of automobile vehicles are operated with under-damped situation, i.e. lower than 
critically damped. This is for the reason that subcritical damping or say under-damping 
make available the finest balance of operation (ride and handling), therefore the oscillatory 
solution is the important one of attention at this time: 

ݖ = ݁ఈ௧ݖ sin( ߱ௗݐ +  (2.18)   (݀݁݉ܽ݀)         (ߔ
This may be compared with the one found for un-damped vibration motion 

ݖ = ݁ఈ௧ݖ sin( ߱ݐ +  (2.19)    (݀݁݉ܽ݀݊ݑ)         (ߔ
There are important differences that: 

1. The damped natural frequency ߱ௗ  is reduced from the undamped natural 
frequency ߱, the former falling to zero when the damping reaches critical. 

2. There is an additional exponential term  ݁ఈ௧ which causes the free oscillation to die 
away, which is, of course, the intended purpose of damping. Parameter ߙ in the 
exponent is the damping factor, ߙ =  −ζ߱ and is negative in value. Here ߙ is used 
for the real part of the complex root.  
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  FIGURE 2.5 Comparison of vibrating motion [3]. 

 
Fig. 2.5 shows various types of vibrating motion. 
The earlier detected outcome for un-damped vibrating motion remains correct: the initial 
amplitude ݖ as well as the phase angle ߔ be subject to the initial position and initial 
velocity, at time t=0, rather than on the integral system parameters m, K and c. 
It is important to differentiate obviously among three damping parameters: 
(1) Damping coefficient c (N s/m) 
(2) Damping factor α (1/s) 
(3) Damping ratio ζ (dimensionless) 
These parameters are related by: 

−α =  ζ߱ =  
ଶ      (2.20) 

 

 
FIGURE 2.6 Free vibration of system with linear damping for various damping ratios ζ [3]. 
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Fig. 2.6 shows the behaviour of damping ratio on the free vibration from an initial 
displacement. It is understood from an applied approach that the most rapid and controlled 
coming back is attained using damping nearby to critical (i.e. ζ=1) [2]. Curb side vehicles 
possibly will have an operative mean damping coefficient of about 0.3 [8]. In heave, for 
the reason that the control is poorer, the softer dampers contribute a lesser amount of 
discomfort. However a racing vehicle would be superior using a greater operative damping 
ratio, in an ideal world reaches to 1.0. It is also concluded that, subject to road situations, 
the best possible over-all drive can take place for a damping ratio about 0.2 but the best 
possible handling take place for a damping ratio of possibly 0.8; the real value selected 
inside this range be determined by the drive/handling compromise accepted for the specific 
automobile vehicle. For the value of damping ratio 0.2, the value of damped natural 
frequency is approximately 2% smaller than the un-damped value. On ζ=0.4 the percentage 
reduction is almost 8%, and at ζ=0.8 it is 40% lower than when un-damped [8]. 
The damping ratio possibly will fall down lower than 0.1 in the occasion of too much 
damper wear, which is source of severe piston and seal leak or loss of damper fluid [9]. 
From Fig. 2.6, it can be concluded that damping ratio lower than 0.1 will provide poor 
controller of oscillations. This result produces unfavourable ‘wallowing’ of the vehicle. 
This circumstances is dangerous on rough roads or at over speed on normal roads by 
means of loss of control. 
Above mentioned examination can be directly assigned to a motor vehicle in the direction 
of find the estimated actual damping coefficients necessary. An automobile vehicle having 
mass of 1500 kg and a elementary un-damped natural frequency is 1.5 Hz, 9.4 rad/s, the 
total suspension stiffness is ܭ = ݉߱ଶ = 133 ݇ܰ/݉, an average of 33 ݇ܰ/݉ at each of 
four wheels. To obtain a damping ratio ζ of 0.4, the damping factor required is ߙ  =
߱ߞ−  = ଵିݏ 3.76−  . The total damping coefficient is therefore  ܿ = ݉ߙ2− =
݉/ݏܰ݇ 11.28 . At each of four wheels this is 2.82 ݉/ݏܰ݇  . This numerical analysis 
summarised that the dampers themselves must permit for the installation motion ratio. 
Critical damping situation is the unique which just breaks overshoot. Damping outside this 
value reasons a slower coming back to the equilibrium situation. On the other hand Fig. 2.6 
shows the results related only with free vibration and is not the complete analysis. Over-
critical damping is in fact applied for regulate certain vibrations, even though it almost not 
rises in the example of automobile vehicles [9]. 
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2.5 Vibration control system 
 
In the recent years many techniques have been developed to reduce the vibration response 
in structure of machine and automobile vehicle. This part is focused on the difference 
among various types of vibration control techniques, say passive, semi active and active 
control system.  
 
2.5.1 Passive Control System 
To understand the necessity and opportunity for better selaction arrangment the passive, 
semi-active and active control system, a single degree of freedom system, in which a 
vibratory machine is supported on a rigid base through a spring and a damper is considered 
as shown in Fig. 2.7. 

 
FIGURE 2.7: Passive viscous damper to control the vibrating system response [82]. 

Passive control system consist one or more elements which are jointed or set in to a 
vibrating system. This passive control system is intended to revise the stiffness value or the 
damping value of the vibrating structure in a suitable way without demanding an exterior 
power source to activate and develop the control forces reverse in the direction of the 
motion of controlled vibrating system. 
As of literature review, passive control methods were implemented first having base 
isolation and passive control elements. Many researchers have analysed vibrating systems 
fitted out using these passive technique and numerous concrete recognitions have already 
been applied in various nations.  
Isolation or reducing vibrations produced either by automobile vehicle or any other 
machines are accomplished in order to reduce the force transmitted by these to the chassis 
or foundations or other structures. This reason has been applied in the field of automobile 
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engineering for better comfort as well as in mechanical engineering for safety and life of 
machine and structure. Usually a damping system is introduced between the vibratory 
machine and its supporting base as shown in Fig. 2.7. 
The implementation of passive dissipating device into the structure can lead to undesired 
situations, especially during the transient response, as the case of automobile vehicle. 
Damping for passive control system can be dependent on the time, frequency, mass and 
environment and well as to be non-linear. To avoid such constrain, semi-active or active 
vibration control system can be implemented. 
 
2.5.2 Semi Active Control System 
With a semi-active control system the damping characteristics of devices can be changed 
in a desired manner continually or chosen within a range with pre-established values with 
respect to the functioning conditions. Implementation of semi-active control law is very 
simple, as shown in Fig. 2.8 taking into account the model with a vibratory machine 
supported on a foundation. Example of such common semi-active devices known in 
literature and which could be implemented are: semi-active hydraulic devices, variable 
stiffness devices, controllable friction dampers, controllable fluid dampers or dampers with 
smart fluid. This is the case of present investigation. 

 
FIGURE 2.8 Semi-active viscous damper to control the vibrating system response [82]. 

 
Let us consider now a semi-active hydraulic damper with on and off behaviour. A high 
value of damping is used when a machine starts or stops having a low speed (during the 
acceleration or deceleration). For high speed the value of damping is low. This type of 
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control is very useful only if the dynamic characteristics and the excitation conditions are 
very well known. 
Semi-active control systems are a class of active control system for which the external 
energy requirements are smaller amounts than those of typical active control. A battery 
power, for instance, is sufficient to activate semi-active control system in operation. It 
cannot add or remove energy to the vibrating structure but can control in real time 
parameters of the vibrating structure such as spring stiffness or coefficient of viscosity of 
damper. In present investigation, semi-active control technique is achieved by controlling 
damping co-efficient value. The stability is guaranteed, in the sense that no instability can 
occur due to semi-active device utilise the motion of the vibrating structure to develop the 
control forces. 
 
2.5.3 Active Control System 
An active control system is defined as one in which an enormous external power 
availability having 10 kW to several MW (depends on structure mass and operating 
conditions) required to control actuators that apply forces to the structure in a prescribed 
manner. These forces can be used to both addition and dissipation of energy in the 
structure. For these reasons, active control strategies are adopted in the field of automobile 
engineering, mechanical engineering, electrical engineering and safety of civil structures. 
The real problem of active system is the large energy requirement and complexity. 

 
FIGURE 2.9 Semi-active viscous damper to control the vibrating system response [82]. 
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A schematic diagram of active control system is shown in Fig. 2.9. The control forces 
inside the structure of an active control system are created using a comprehensive selection 
of actuators that be able to performance pneumatic, hydraulic, piezoelectric, 
electromagnetic or motor operated ball-screw actuation. The computer used as a controller, 
accepts signals after the reaction  of the vibrating system measured by means of measuring 
device (inside active control using response) and that on basis of a pre-set control 
procedure matches the conventional signals with a preferred reaction and usages the 
inaccuracy to create a suitable control signal [11]. The actuator receives the control signals. 
In feed-forward control, the input signals and output signals are recorded and utilised to 
create the control signals. Both feedback and feed-forward principles are utilised together 
in the same active control system. 
The difference among passive, semi-active and active control system is shown in a simple 
way in Fig. 2.10, taking into account that only the damping is inserted with active control 
law and also the figure represent the magnitude and phase angle curves of the receptacle 
transfer function of the considered single degree of freedom between the excitation and 
displacement response. The results are obtained using quadratic optimal control. The area 
between the active and passive response curves can offer theoretical possibilities for a 
semi-active vibration control system. 

 
FIGURE 2.10 Passive, Semi-active and Active control system response [82]. 

 
In another way, it can be stated as semi-active control system make the reintegration of 
passive control systems, while they can occur similar performances of active control 
systems. 
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CHAPTER 3 
LITERATURE REVIEW 

 
3.1 Introduction  
 
An exhaustive literature review is carried out to understand the theories and present 
practices in magnetorheological (MR) fluid and damper design. It will help to obtain a 
better understanding how MR fluid behaves under different mode of applications. It will 
also help to obtain a better understanding how the individual internal components and 
internal flows in damper had been designed and modelled in the past. This section presents 
background information on MR fluid and damper technology. The information here is a 
summary of important information found in a comprehensive literature review. Journal 
articles, thesis and books were searched for topics relating to MR fluid, shock absorbers, 
dampers, active damper, magnetorheological dampers, MR damper models, probability 
models and stochastic models. Each result of this search was examined for relevance to the 
subject. The following sections review the information which are searched and organized 
by subject. 
 
3.2 Controllable Fluids 
 
Solids deformation and flow of fluid under stress phenomena is normally termed as 
rheology science. Electric field governs the properties of ER (electro-rheological) liquids 
whereas magnetic field governs MR (magneto rheological) liquids. Indeed this kind of 
behaviour is outcome of response only. ER and MR fluids are also recognised as 
controllable fluid, smart fluids or intelligent fluids. Such fluids are nonsensical hype and 
they do not have any dynamic information processing or intelligence ability. Liquid 
properties are function of electric or magnetic field applied and these properties govern the 
damping force. From this, it is clear that damping force cannot exclusively be governed by 
the extension or compression speed. Hence it can be concluded that damping force is 
required to be monitored and controlled by changing the properties of ER and MR fluids 
on continual base. Newtonian liquid having simple viscosity is the temperature driven 
liquid and conventional damper oil is one of such Newtonian liquid. ER and MR fluids are 
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Bingham plastics and are characterised by the yield shear stress ߬௬ and marginal viscosity 
μ and these both are driven by applied electrical field for ER fluid and magnetic field for 
MR fluid. In practice, marginal viscosity μ is governed by yield stress which is major 
operational parameter. 
Non-colloidal (i.e. non-homogeneous) suspensions of polarisable micron-sized particles 
forms chain like structures when external field is applied. Examples of such structures are 
ER and MR fluids. This concept is shown in Fig. 3.1. 
 

Without field      With field 

 
FIGURE 3.1: Chain-like arrangement in controllable fluids 

 
The particles in the chain like structure is parallel to field direction and it limit the fluid 
flow. To initiate this fluid flow, minimum field dependent shear stress (also known as yield 
stress) is required.  
It is also important to avoid confusion between ER and MR fluids with colloidal ferrofluids 
composed of nano-sized particles. Ferrofluids are also attracted by a magnetic field but do 
not exhibit any rheological change (and in particular, no yield stress). They are mainly 
used within oil seals characterized by very low friction. 
 
3.3 MR fluid 
 
The history of MR fluid goes back to AD 1940. These fluids were discovered and developed by 
Jacob Rainbow at US National Bureau of Standards (now the National Institute of 
Standards and Technology) and patent application was registered in AD 1947. MR fluids 
developed by Rabinow exhibited comparable yield strength and were applied for the 
purpose to use in clutches. They were almost similar to MR fluids being used today. In the 
era of 1950-1960, Rabinow led the developmental work and created interest for users. 
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Further in 1974 AD, William carried the work ahead on magneto rheological (MR) fluids. 
These MR fluids were suspensions of micron-size ferromagnetic particles made from iron 
and oil or water.  The viscosity of such MR fluid is driven by change in applied magnetic 
field. As magnetic field is changed stronger, fluid changes to stiffer phase. Intensity of 
applied magnetic field governs the ability of either kind of fluid to transmit the force.  
Initially, smart MR fluids were used for civil and mechanical applications such as bark, 
clutch, vibrational damping and actuators [33]. The major challenge was to develop stable 
MR fluid suspensions in place of thick paste like mixture made up of solids and liquid 
characterised as state-of-art mixture. To measure mechanical properties of MR fluids in a 
magnetic field [4, 5, 13], J.D.Carlson and few researchers accompanying him developed 
first magneto rheometer with use of a stable MR fluid. 
During the years 1991-1996, development and applications of MR fluid were initiated. In 
1996, engineering system was recognised and in 1997, world’s first ever commercial MR 
product was launched which was also named as MR rotary brake. Later in 1998 AD, 
Motion Master Seat Suspension system was launched. When commercial production began 
in 1999, industry experienced a new direction of technology applications. The Annual 
MRF volume grew by hundreds of tons. By the same year, it developed Integrated Cab 
Suspension which means air spring, MR damper and electronics. Currently, Lord 
Corporation is the leading producer of MR fluids and devices. 
MR fluid is made up of non-colloidal suspensions of magnetically soft ferromagnetic 
ferrimagnetic or paramagnetic particles compounded in non-magnetic medium. MR fluids 
are made from appropriate magnetisable particles made from iron, iron alloys, iron oxides, 
iron nitride, iron carbide, carbonyl iron, nickel and cobalt materials [19, 30]. Mostly 
carbonyl iron is recommended to prepare MR fluids. Minimum value of coercivity and the 
maximum value of magnitude of saturation magnetization of the dispersed particles govern 
the probable highest value of yield stress produced by MR effect. Carbonyl iron powder is 
soft magnetic material with high purity and hence this is major magnetic phase for most of 
the MR fluids compounds [30]. In addition to carbonyl iron, alloys of Fe-Co and Fe-Ni are 
also used as MR materials. Here Fe provides to high saturation magnetisation. Ferrites of 
Mn-Zn, Ni-Zn and ceramic provide low saturation magnetisation and hence such 
ferrimagnetic materials are applied for low yield stress applications [18]. 
Mainly Hydrogen reduction of ferric oxide [32] and Chemical Vapour Deposition (CVD)  
methods are employed to prepare iron powder from the iron pentacarbonyl Fe(CO)5[34]. 
After the particles are magnetized, the oriented domains can grow with the magnetization 
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persisted and enhanced permeability. Once all such domains are oriented in desired pattern, 
iron is magnetised at saturated level. The domain walls slides easily and this phenomenon 
makes magnetisation as ideal single valued function of magnetic field. This will prevent 
hysteresis loss during frequent reversals of field. It is important to note that selection of 
particle size should be optimum because these particles are subject to an external magnetic 
field. The selection of particles is also important from the view point of ensuring multi-
domain characteristics. The size of MR particles are normally in the range of 0.1 to 10 μm 
[13, 15]. This size is almost 1000 times higher than those particles in the ferrofluids [5]. 
When particular size distribution of magnetic particles is selected for MR fluid, it gives 
maximum volume fraction. It should also be noted that change happens only within the 
acceptable limits of zero field viscosity. For example, electromechanically controllable 
torque-applying device had fluid composition of 50 % volume of carbonyl iron powder. 
This MR material was used as link to drive two independent rotating components [33]. 
The carrier liquid creates continuous phase of MR fluid. Following are the suitable 
examples of fluids [17, 30]: 

i. Silicone oils 
ii. Mineral oils 

iii. Paraffin oils 
iv. Silicone copolymers 
v. White oils 

vi. Hydraulic oils 
vii. Transformer oils 

viii. Halogenated organic liquids 
ix. Diesters 
x. Polyoxyalkylenes 

xi. Fluorinated silicones 
xii. Cyanoalkyl siloxanes 

xiii. Glycols 
xiv. Water 
xv. Synthetic hydrocarbon oils 

 
The carrier liquid can also be prepared with combination of two or more fluids from above. 
In past, it is found that older patents were with magnetisable particles dispersed in light 
weight hydrocarbon oil. This oil may be liquid, coolant, antioxidant gas or semi-solid 
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grease. It can also be silicone oil, chlorinated or fluorinated suspension fluid. However 
when field induced particles are settled, they form best chains structure incompletely. 
Under these circumstances, MR fluid response was critically degraded. To improve the 
stability of MR fluid to great extent, further sedimentation must be prevented. To prevent 
further sedimentation, considerations on viscoelastic and viscoplastic continuous phases 
are necessary to formulate new compositions of MR fluids [23]. A composite MR fluid 
was also prepared with combination of iron particles powder, gelatine and carrier fluids by 
Seval et. al. [37]. This composition gave the evidence of having superior MR effects under 
low magnetic field strength and better stability compared to pure iron carbonyl powder 
alone. 
 
Following magnetisable particles in the liquid phase can be added to reduce the 
sedimentation of heavy particles [24, 31]: 

i. Surfactants 
ii. Nano particles 

iii. Nano magnetisable or coating 
The suspension experiences shear thinning actions due to sedimentation [41]. When 
sedimentation is continued for longer time in MR fluid under the effect of high stress and 
high shear rate, the fluid becomes thicken (in use thickening) [18, 38]. It is worthwhile to 
note that sedimentation process reduces the MR effect. In sedimentation process, particles 
in the MR fluid are settled down and form a hard “cake” which is made up of firmly bound 
primary particles due to incomplete chain formation [23]. Carbonyl iron as one of the MR 
particle has the particle erosion which has structure like onion and same can be easily 
peeled using jolt or frictions. Soft sedimentation is achieved through use of anti-settling 
agent like organoclay. Low viscosity MR fluids do not settle hard and at the same time 
they can be easily –re-dispersed [30]. Magnetic properties of the particles are also affected 
by coating of the polymer layer. This kind of coating makes particles to re-disperse very 
easily as soon the magnetic field is removed [39]. However addition of this kind of coating 
certainly degrades shear and yield stresses properties of MR fluid. This is because of 
shielding of the coating which affects the magnetic properties of the particles [39, 40]. 
Some specific additives are also helpful to improve properties like oxidation stability or 
abrasion resistance. Following sections we will summarize the main trends observed for 
MR-fluid composition. 
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3.3.1 Magnetisable Particles 
Maximum inter-particle attraction (and thus maximum yield-stress) increases with the 
square of the saturation magnetization ܬ௦ of the particles [16].  
Since carbonyl iron particle has the high saturation magnetization [27], it is most preferred 
for MR fluids. The process of thermal decomposition of iron penta carbonyl (Fe (CO)5) is 
carried out to get the carbonyl iron powder in the form of highly spherical particles having 
size in the range of  1-10μm. The spherical particles have following advantages: 

i. Less abrasive 
ii. More robust 

iii. Durable 
Further, the spherical particles have onion skin structure and has the iron content up to 
97.8% (Fig. 3.2).  Water atomization is one of the process through which iron powder can 
be achieved. This is less expensive and can also be used for MR fluid formation. However 
it should also be noted that particles having range from 10 to 100μm are larger and 
irregular in shape. Such shapes affects their abrasiveness and durability. Highly irregular 
particles also tends to increase fluid viscosity compared to spherical particles [47]. Here 
volume fraction of both the particles is assumed to be same. 

 
FIGURE 3.2: Scanning electron microscope images of carbonyl iron powder: 

a) Spherical particles [adapted from 65]  b) Onion skin structure [adapted from 65] 
 
3.3.2 Carrier Fluid 
Followings are the selection criteria for carrier fluids: 

i. Intrinsic viscosity 
ii. Temperature stability 

iii. Compatibility with other materials of the device 
The hydrocarbon oils (Mineral oils or Synthetic oils or a combination of both) is the most 
common carrier fluids. These fluids have property of good lubrication. In addition to this, 
durability is available in a large range of additives. Alternatively silicon oils can also be 
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used to achieve a broader operating temperature range and to dissolve compatibility issues 
with other materials of the device (e.g. rubber seals) to great extent. Jolly et.al. [5] has 
provided the recommendations for the temperature range of some MR-fluid formulations.  
Jolly et. al. [5] has also recommended their compatibility with typical seals materials. 
 
3.3.3 Additives 
Various kinds of additives, often proprietary, are used in MR-fluid preparations. They have 
a lot of purposes such as inhibit particle settling and agglomeration, reduction in friction 
and prevention of particle oxidation and wear. The major impact of these properties on the 
MR-fluid stability and durability, which are crucial in industrial applications, explains the 
fact that, in recent years, much of the MR-fluid research effort was focused on the 
development of new additive packages. 
Particle settling may appear in MR-fluids due to the large difference between particles and 
carrier fluid densities. This phenomenon may be accompanied by particle agglomeration, 
which means that particles are sticking together in the absence of magnetic field (due, for 
example, to a small level of remnant magnetization in the particles). A small level of 
particle settling is not really an issue in devices when the fluid is naturally and efficiently 
remixed during operation (such as dampers and dampers in automotive applications 
[38]).In other applications such as seismic dampers, agglomeration has to be avoided since 
in that case, particle redispersion is much more difficult to achieve and may lead to 
alteration of the MR-fluid properties. 

 
3.4 Magnetic properties of MR fluids  
 
The static magnetic properties of MR fluids are important to design any MR fluid-based 
devices and can be characterized by B-H and M-H hysteresis. Through the magnetic 
properties, the dependence of the MR fluid response on the applied current in the device 
can be predicted. There are many methods to measure the hysteresis loops for the fluid 
under different fields such as vibrating sample magnetometer (VSM) [15, 41], alternating 
gradient magnetometer (AGM) and other induction techniques.  
The standard model for the structure is considered to predict the behaviour of MR fluid 
particle under the impact of the magnetic field [27]. This model is dependent on a cubic 
network of infinite chains of the particles. These particles are arranged in a line with 
respect to the direction of the magnetic field. This pattern is shown in Fig. 3.3. The chains 
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are allowed to deform when distance between any pair of neighbours in the chains is same. 
If MR fluid is strained, the deformation also increases at the same strain rate. In reality, 
these chains are formed having compact pattern of aggregates of spheres. However same 
can also have the cylindrical formation. This phenomena makes the model quite simple. 
When these aggregates are subjected to shear stress, they might deform and ultimately may 
break also. The standard model has its utility [54] specifically to reliably predict yield 
stress in-spite of development of particles into different complicated structures under 
different conditions [29].  
 

 
FIGURE 3.3: Schematic representation of the affine deformation of a chain of spheres [54]. 

 
Under magnetic field, the equation of motion of each particle should be in direction to 
estimate the bulk property of MR fluids. The magnetic force tensor ܨis achieved as point-
dipole similar to the pair interaction at a very low magnetic field.  For an unmagnified and 
isolated sphere under a uniform magnetic field, the magnetic dipole moment is induced by 
other particles and surrounding walls. This phenomena can be expressed by equation as 
under [26]: 
 
 

ܨ = ଷ
ସగµµబ

݉ଶ ೕ
ೕఱ

− 5൫݉ݎ൯ଶ ೕ
ೕళ

+ 2൫݉ݎ൯݉ ଵ
ೕఱ

൨                                         (3.1) 
 
Where  

ܨ  is the magnetic force tensor acts on particle i from j, 
µ is the specific permeability of particles,  
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µ is the vacuum permeability, 
m is magnetic dipole moment of particles and 
  . is position from j to iݎ

The magnetic dipole moment which takes place in particles within MR fluid is expressed 
as under [42]: 
 

݉ =  (3.2)                                                                                ܪଷܽߚµµߨ4
Where 

H is the uniform magnetic field,  
ܽ is the diameter of the particles and 
β is given by,  

 
ߚ = ஜିஜ

ஜିଶஜ                                                                                    (3.3) 
 
Where   

μ is the specific permeability of carrier liquid.  
 
If magnetization of the particle reaches saturation and if there is higher magnetic field, the 
magnitude of the moment can be assumed to be independent point dipoles. Magnetic 
moment is given by [28].  

݉ = ସ
ଷ  ௦                                                                           (3.4)ܯଷµ௦ܽߨ

Where µ௦ܯ௦ is the saturation magnetization of the particle, which is around 1.7 x 106 A/m 
for majority iron and 0.48 x 106 A/m for the magnetite. 
 
3.4.1 Off-state Viscosity 
The most critical off-state property of MR-fluids is the field-independent viscosity (η). 
This is because of its direct impact on the velocity-dependent minimum output force. This 
may be also due to torque of a given device in the absence of magnetic field. In addition to 
this, this viscosity is also accountable for the temperature dependence of the device output 
force or device output torque.  
The intrinsic viscosity of the carrier fluid and the particle volume fraction are two major 
parameters affecting the viscosity of the MR-fluid. If particle volume fraction is higher, the 
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MR-fluid viscosity is also higher. Most MR-fluid viscosities are in the range from 50 to 
200mPas at room temperature [27]. 
 
3.4.2 Yield Stress 
The field-dependent maximum yield stress (τy) is the utmost critical on-state property of 
MR fluids. This is because of its direct impact on the maximum output force or torque of a 
given device.  
The value of maximum yield stress increases in proportion to the square of the saturation 
magnetization of the particles due to particles materials [16]. 
The particle volume fraction is another factor affecting the maximum yield stress. 
Rabinow, in 1954 [33], identified and showed that when there is increase in particle 
volume fraction, there is also increase in the output torque of MR-fluid clutch. Since then, 
number of researchers have studied this effect [33, 52] and have shown that the maximum 
yield stress increases non-linearly with growing particle volume fraction [53] (Fig. 3.4a). 
Unfortunately, the off-state plastic viscosity also increases when particle volume fraction 
increases. This phenomena occurs even at faster rate than the yield stress (Fig. 3.4b). This 
further leads to decrease in potential dynamic range (ratio between maximum and off-state 
force and torque) of a device using this kind of fluids.  
  

 
FIGURE 3.4: 

(a) Maximum yield stress versus particle volume fraction (under magnetic flux density of 1Tesla) 
(b) Viscosity versus particle volume fraction [adapted from 53] 

 
Alternatively, one more method to increase the maximum yield stress is to increase the 
particle size distribution inside the MR-fluid. The advantage of this method is that it allows 
the viscosity reduction in upholding the same particle volume fraction [66]. A particular 
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case of this method is to use bimodal particle distributions. In bimodal particle distribution, 
two different size groups of particles are combined [20, 53, 67].As shown in Fig. 3.5, 
substantial increase in yield stress can be achieved by small increase in the proportion of 
small particles (25% in weight). This effect can be explained by an increased particle 
packing when chains are formed. 
 

 
FIGURE 3.5: Maximum yield stress versus plastic viscosity for various bimodal formulations (unchanged 
total particle weight fraction of 55%) [Adapted from 53] 
 
Fig. 3.6 show graphs of the yield stress (τy) versus magnetic field (H) for some typical 
MR-fluids from LORD Corporation and ISC FraunhoferInstitutSilicatforschung (data 
obtained from product datasheets). 

 
FIGURE 3.6: 

(a) Maximum yield stress versus magnetic field (b) B-H characteristic, for various fluid formulations 
(ϕw is the particle weight fraction) 
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Very different behaviours can be observed due to different fluid formulations (in particular 
various particle weight fractions, ϕw). Furthermore, differences between the shape of the 
curves for LORD and ISC fluids may also be explained by different experimental protocols 
used to measure the yield stress. For the fluids provided by LORD Corporation, it can be 
seen that the yield stress begins to saturate for magnetic fields above 250kA/m.  
 
 
3.4.3 B-H Relationship 
The B-H curve characteristic of MR fluid provided by LORD within the advantageous 
span is mostly non-linear whereas it is linear if fluid is ISC (Fraunhofer Institut 
Silicatforschung). This is based on the data extracted from the respective product sheets. 
This kind of difference may be described based on different MR fluid properties, 
experimental protocols and formulation processes. For various fluid formations, fig3.6 (b) 
is plotted for induction field (B) on Y axis and magnetic field (H) on X axis.  
From the B-H curve plotted in fig.3.6 (b), it can be interpreted that there is no or very little 
hysteresis. Such kind of behaviour is the result of magnetically soft properties which are 
made from the iron used for the particles. In addition to this, this is also result of the 
mobility of these particles [5]. 
 
3.4.4 Durability and In-Use-Thickening 
By the end of 1990s, durability tests were executed on MR fluids. These test results 
concluded that when an ordinary MR fluid experiences high stress and high shear rate for 
longer time period, it is thickened [38]. This phenomena is also defined as “In-Use-
Thickening (IUT)”. Initially an MR fluid shows low value of off-state viscosity. 
Afterwards as MR fluid progresses further, off-state viscosity is increased and it thickens 
until it ultimately changes to thick paste. However such phase is not advisable for normal 
applications. 
When MR fluid is subjected to stress for continuous longer time, the friable surface layer 
of the iron particles peals away. Further it also breaks into small pieces and gets separated 
from the primary particles. This kind of phenomena occurs because of IUT. This is very 
true for specifically carbonyl iron particles having onion skin structure. Use of particles 
having higher hardness and/or with the use of anti-wear and anti-friction additives (at 
levels of 0.5 to 3% by volume) is one of the better solution to such phenomena [66]. 
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3.5 Basics of Rheological Properties  
 
Basically the study of the flow properties and the behaviour or the response of materials to 
applied stress is defined as Rheology [43]. Rheology is an interdisciplinary field and is 
used to define the properties of various types of materials such as oil, food, ink, polymers, 
clay, concrete, asphalt and others. A rheometer is an instrument used to measure the 
rheological properties of the material and it works on the principal of a viscometer. Variety 
of rheometers are available having useful controls. Some of the rheometers with controls 
are stress and/or strain rheometers and capillary rheometers. For variety of industrial 
applications, important interpretations are derived for product and process performance 
from the data of rheological properties measured for suspension, colloidal dispersion and 
emulsion. For proper performance and efficient process, materials must be stable 
[43].Stability is often affected by complex formulations of solvents (or fluids), suspended 
particles of varying sizes & shapes and various additives used. 
 
Following factors are included which affects the stability: 

i. Hydrodynamic forces 
ii. Brownian motion 

iii. Strength of the antiparticles interaction 
iv. Volume fraction 
v. Electrostatic forces 

vi. Size & shape of particles 
vii. Steric repulsion 

 Above factors are accountable for the unique rheological properties of MR fluids. For 
example, a quick formation of a network in response to an external field generates a rapid 
liquid-to-solid transition [44]. Rheology measurement of any particular MR fluid 
formulation is also signs of the colloidal state and the interactions taking place in it. To 
predict the flocculation, coagulation or coalescence of any formulation, rheology-based 
measurements are helpful.  Such kinds of formulations gives undesired effects such as 
settling, creaming, separation and others.  
Followings are brief behaviour of such kinds of formulations: 

 Flocculation is referred as the process in which particles are initiated to stick 
together in flock (formation of loose or open aggregates) 
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  Coagulation is referred as the process in which dispersed colloidal particles 
agglomerate (formation of compact aggregates) 

 Coalescence is referred as the process in which the boundary between two particles 
in contact disappears or is referred as the process in which particles merge and pull 
each other to make the slightest contact  

Normally rheology measurements and derived parameters from such parameters are used 
to determine followings: 

i. Processing behaviour of non-Newtonian materials 
ii. Viscoelastic behaviour as a function of time 

iii. The degree of stability of a formulation at rest condition 
iv. The degree of stability of a formulation during transportation 
v. Zero shear viscosity or the maximum viscosity of the fluid phase to prevent 

sedimentation 
Einstein about 100 years ago developed the viscosity equation on the basis of a 
hydrodynamic theory for dilute dispersions of spherical particles [45]. This equation is 
expressed as under: 
 

ߟ = 1 + 2.5߶                                                                     (3.5) 
 
In above equation, ߟ expresses the relative viscosity of the suspension and ߶ expresses 
the volume fraction of the suspended solutes or particles. In this equation, particles are 
assumed to be spherical. To increase the amount of particles and consequently to increase 
the volume fraction of the particles, addition of the solid particles to the liquid is required.   
It should also be noted that as there is increase in volume fraction of particles, there will be 
an increase in the fluid’s viscosity also. Poloskiet at. al. [46] has suggested to incorporate 
the maximum concentration of the particles ߶max in the relationship between viscosity and 
concentration. Such expression is given as under:  
 

ߟ = ଵି.ହథ
(ଵିథ)య                                                                                  (3.6) 

and 
ߟ = ଵା.ହథିథ

(ଵିథ)మ(ଵିథ)                                                                    (3.7) 
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In above expressions, κ is the correction factor which may be dependent on particles size 
and concentration. When κ =1, the size effect is neglected and equation (3.7) is 
transformed into equation (3.6). 
Addition of solid particles increases the viscosity of the fluid. Off course at this instant, 
fluid behaviour changes and diverges from a Newtonian fluid. Newtonian fluid has the 
stress at any point is proportional to the applied strain rate at that point. Shear stress τ 
increases with the shear rate  ௗ௨

ௗ௬ which often can be expressed by the relationship as under: 
߬ =  ߬௬ + ߟ ቀௗ௨

ௗ௬ቁ                                                                 (3.8) 
 
Where ߬௬, η and m are constants. ߬௬ is the yield stress and η is the dynamic viscosity. 

 
FIGURE 3.7: Visco-plasticity models of MR fluids. 

 
When fluid indicate zero yield stress and m = 1, it is said to be Newtonian fluid. This is 
shown in Fig. 3.7. The viscosity of a Newtonian fluid is not dependent on time and shear 
rate. However when shear is applied, viscosity changes and this leads to change the 
behaviour of Newtonian fluid. Such kind of change in behaviour of Newtonian fluid 
converts it in to a non-Newtonian fluid.  
The described behaviour of fluids leads to classify them in to Newtonian fluids and non-
Newtonian fluids. Examples of non-Newtonian fluids includes plastic, Bingham plastic, 
pseudo-plastic and dilatant fluids [43].  When shear stress is applied, fluid begins to change 
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its phase. During this application, the fluid is said to be plastic when the value of minimum 
shear stress applied at the state just before fluid begins to flow is attained.   Referring 
equation 3.8, if m=1, the fluid is said to be Bingham plastic. When applied shear stress is 
increased, dynamic viscosity reduces and under these circumstances, the fluids are said to 
be pseudo-plastic or shear-thinning fluid. In contrast to this kind of phenomena; that is 
when applied shear stress is increased, dynamic viscosity also increases; fluids are said to 
be shear-thickening or dilatant fluids. Such kinds of fluids are also known as pseudo-
plastics. If ߬௬, in equation 3-8, is equal to 0, the shear thickening fluid is characterised by 
m > 1 and shear thinning fluid by m < 1. 

 
FIGURE 3.8: Classification types of the behaviour of the fluids [43]. 

Rheopecty and thixotropy are few more non-Newtonian behaviour or time dependent 
properties [43]. From principle point of view, shear thickening and shear thinning proceeds 
from rheopecty and rheopecty respectively. The fluid is said to be rheopectic if during the 
application of shear stress, apparent viscosity increases. In contrast to this, if the apparent 
viscosity decreases with the duration of stress, the fluid is then said to be thixotropic.  In 
place of breakdown due to collision of the attractive particles, when temporary aggregation 
due to interaction between the particles takes place, there is occurrence of rheopectic. 
However when there is breakdown of the microstructure and it behaves like a liquid, it 
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decreases the viscosity of the thixotropic fluid. This time related behaviour is reversible. 
That is when stress is released, the structure which was disturbed by shearing builds up in 
the thixotropic material and breaks down in the rheopectic material. In this manner, the 
material is settled and regains its original consistency.  
 
3.5.1 Basic Principles of MR Fluids 
MR fluids are responsive to the applied external field and due to this, particles are arranged 
together and forms chains parallel to the applied field. The continuous interaction between 
the particles is delayed to a specific level of the shear stress and this causes the increases in 
the viscosity of the fluids [48]. In the majority of the cases, such kind of effect of MR fluid 
is described by Bingham Plastic model [25]. Few more models are also used to describe 
the behaviour of MR fluid [49, 50]. These includes the modified or extended Bingham 
model, combination of Bingham model with other models such as viscous and coulomb 
friction. When external field is removed, MR fluid behaves like normal fluid. This is also 
known as Newtonian fluid. Rheological studies have shown and led to the concept of 
dynamic yield stress. Rheology basically studies the interrelationship of shear stress and 
shear strain of solid and liquid materials. The conceptual behaviour of a fluid element 
under shear stress application is exhibited in Fig. 3.9.   

 
FIGURE 3.9: Fluid element under a shear force [51]. 
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Referring Fig. 3.9, it can be seen that on application of shear force F on the top of the 
element area, shear stress is calculated by taking the ratio of force over effective area. This 
ratio is also termed as force per unit area. This ratio can be expressed as under. 
 
ܵℎ݁ܽ߬ݏݏ݁ݎݐܵݎ = ி(ி)

()                                                                    (3.9) 
Where Area = δxδz (as shown in Fig. 3.9) 
 
Shear stress produces the shear strain which can be measured by the size of the angle ϕ. 
For a fixed value of shear stress in a solid state the value of ϕ is constant. However 
depending on the time duration, the value of ϕ is proportional to the applied shear stress for 
the fluid state. 
Distance x is on account of shear stress and can be defined as the small particle movement 
from point E to point E’. 

ܵℎ݁ܽ݊݅ܽݎܵݎ, ߛ = ௫
௬                                                                   (3.10) 

,݊݅ܽݎܵݎℎ݂݁ܽܵ݁ݐܴܽ ሶߛ = ఊ
௧ = ௫

௧௬ = ௫
௧

ଵ
௬ = ௨

௬                              (3.11) 
Where  ௫௧ =   .is the velocity of the particle at E ݑ
Shear stress is proportional to the rate of shear strain, therefore: 

߬ = ݐ݊ܽݐݏ݊ܥ ∗ ݐ݊ܽݐ ∗ ௨
௬                                                           (3.12) 

The term  ௨௬  is the change in velocity with y, or the velocity gradient, and may be written 
in the differential form ௗ௨

ௗ௬ . The constant of proportionality is known as the dynamic 
viscosity η of the fluid, giving equation as under: 

߬ =  η ௗ௨
ௗ௬ = ηߛሶ                                                                          (3.13) 

Equation (3-13) can be recognized as a Newtonian fluid’s equation. 
For a non-Newtonian fluid with shear stress τ above the yield stress߬௬, the equation can be 
represented by Bingham plastic’s equation as: 

߬ = ߬௬ + ሶߛߟ  for ߬ > ߬௬                                (3.14) 
Below the yield stress, material behaves viscoelastically as denoted by: 

߬ = ߬ for ߛܩ < ߬௬                                          (3.15) 
Where G is the complex material modulus. If the shear stress τ and shear strain rate ߛሶ  are 
known, the kinematic viscosity v can be calculated from, 
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ߥ = ఎ
ఘ                                                                                   (3.16) 

Where ρ is the density of the fluid and ߟ is the dynamic viscosity. 
 
3.5.2 Rheology of MR Fluids 
The suspension of magnetically soft micron-sized particles in a carrier liquid is known as 
MR fluid. When MR fluid is subjected to magnetic field, it exhibits an ability to change its 
viscosity within fraction of seconds by multi orders of magnitude.  
Followings factors governs the rheological properties of controllable MR fluid: 

i. Concentration 
ii. Density of particles 

iii. Particle size 
iv. Particle shape distribution 
v. Properties of the carrier fluid [31, 54] 

vi. Additional additives 
vii. Applied field, and  

viii. Temperature. 
Above all factors are complex and interrelated with each other. They are useful in setting 
procedure to improve the efficiency of MR fluids for appropriate applications.  
An excellent MR fluid have following characteristics: 

i. Low viscosity 
ii. Low coercivity of particles without the influence of an external magnetic 

field, and  
iii. Can achieve maximum yield stress when external magnetic field is applied 

Gross [34] in his research on the valve used for magnetic fluids invented that the advantage 
of bigger particle sizes or heavy suspensions can raise the size of the gap. This helps to 
increase the flow of the fluid. On other hand, the bigger particles of the magnetically active 
phase of MR fluids lead to a strong tendency for particles to settle out of the liquid phase 
[39]. 
In order to have general use, few techniques are important to enhance the yield stress. This 
is done in two ways. One by increasing the volume fraction of MR particles and another by 
increasing the strength of the applied magnetic field. Off course both these ways yields 
with increase in the overall off-state viscosity of the material and increase volume fraction 
of the MR particles. In addition, increased volume fraction of the MR particles may 
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increase the weight of MR devices also. In this context, none of the ways is desirable. In 
this continuation only, if size and geometry of MR device are restricted, it significantly 
increases the power requirement of the device. Here it should be noted that MR devices are 
assumed to be capable of utilizing that material and a higher magnetic field. According to 
Carlson and Weiss [52] patents, such difficulties can be dissolved by introducing alloy-
particles material as solid particles in place of common carbonyl iron. This MR fluid then 
enhances yield stress independently. Such enhancement then do not require increment of 
either the volume fraction of particles or magnetic field strength. 
 
3.5.3 Off- and On-State Rheology 
The uniqueness of MR fluids includes minimization of the off-state viscosity and 
maximization of the yield stress of the fluid [53]. To attain optimum MR effect, both off-
state viscosity and the on-state yield stress are very significant. The ratio of differences 
between off-state viscosity and on-state yield stress is defined as turn-up ratio. The turn-up 
ratio is also defined as the ratio of the force output when MR fluid is magnetically 
activated with on-state phase to the force output in the off-state controlled by viscosity. As 
stated earlier, the increase in the volume fraction of the particle can increase the yield 
stress and viscosity of MR fluids. At any instance, both on- and off-states of MR fluids are 
linked. This is in context to maximize the on-state yield stress by increasing the solid 
volume fraction. This will lead to cause a great penalty in turn-up ratio since the viscosity 
in the off-state will also be increased at the same time [20]. When the material is in the 
turned off condition, relatively high viscosity has to be allowed to achieve suitably high 
yield stress. It can also be said that material containing particles of a single particle size 
mode may lead to have crucial turn-up ratio. Hence it may be advisable to maximize the 
turn-up ratio. Turn-up ratio may be significantly improved with mixture of two different 
particle sizes or bi-model [53].  
 
When magnetic field is zero, the viscosity of controllable fluid ranges from 0.1 KPa-s to 
1.0 KPa-s [39] and this depends on following factors: 

i. Function of carrier liquid 
ii. Additives 

iii. Surfactants [31] 
iv. Particle loading. and  
v. Particle size distribution [54]. 
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Chains are formed when field is applied under field responsive effect. This induce a dipole 
moment in each particle in the same direction of the magnetic field. When such chains 
formations are subjected to magnetic field, they increases yield stress at least by 100 times 
[39]. When high magnetic field is applied, magnetically soft particles are changed to solid 
within milliseconds. However as soon magnetic field is removed, they largely and 
uniformly re-disperses in the solvent. According to Foister [53], when fluid is at the off-
state condition, the blend of large and small particles do not cause any change in the 
viscosity but it causes an increase in yield stress. It can also be stated that off-state 
viscosity and on-state yield stress are affected by the size distribution of particles since 
particles of different sizes may have different magnetic properties. It is also true to say that 
turn-up ratio can be increased by using volume fraction of a bimodal particle population 
with appropriate fraction of the small particles [54]. 
 
3.5.4 Volume Fraction and Particle Size Factors 
Previous few studies on the field-induced structures have contributed to identify the 
fundamental properties of MR fluids. Researchers have identified that the cell thickness 
and the volume fraction of particles are the driving parameters for the structures of self-
assembly MR fluids [28, 54]. An increase in the magnetic flux density is directly 
proportional to the increase in the volume fraction of particles of the fluid [5]. This leads to 
increase the yield stress also.  In order to realise this phenomena, Simon et. al. developed a 
mathematical model based on the theory of homogenization [55]. However, this model 
excluded the consideration of particle shapes and the microstructure of the fluid. 
According to Lemaire et. al., when the fluid undergoes phase transition from liquid to 
solid, the structure of MR fluid with low volume fraction was found as uniformly spaced 
columns [28]. Lemaire et. al. had also observed that at a higher volume fraction and with 
0.5 μm particles size, the shape experiences a change from an ellipsoid shape to a cylinder 
shape of particle size 100 - 400 μm. Another researcher Bossis et. al. observed the 
formation of a periodic planar structure in the plane of rotation of the field between parallel 
walls [54].  They also concluded that the shape of the domain is driven by the geometry of 
the cell. The structures become complex (either the pattern forms like individual chains, 
walls or a mixture of chains and walls) and in turn it is highly reliant on the cell thickness. 
Srikala et. al. [41] observed and stated that compared to microsphere shaped particles, 
aligned magnetic rods forms uniform structures having larger magnetic anisotropy of 
particulate magnetic materials. Davis et. al. [56] also observed the roll-slip behaviour. The 
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researcher also identified that there is effect of surface roughness on viscosity. For this 
case, it reduces the effective viscosity. This is also due to reduction in the viscous 
dissipation of flowing suspensions. 
Hydrodynamic interactions with each other and with the walls of the container is 
experienced by colloidal particles at high volume fraction. The friction on account of this 
phenomenon at about half of the concentration results in significant increase in the 
viscosity. Other than that, following parameters also contribute strongly to determine the 
viscosity: 

i. Particle size distribution [54] 
ii. Particle shape [41, 59] 

iii. Surface roughness [56] 
 Further, larger particle sizes give higher yield stress and they consume more 
magnetization compared to fine particles [15]. In present era, particles for MR fluids have 
spherical shapes. According to Starkovich and Shtarkman [22], particles with non-
conventional shapes like cubic or cylindrical shapes are able to exert at least 10 times 
higher yield stress compared to the conventional shapes. This phenomenon is due to 
following reasons: 

i. Increase in packing density 
ii. Improved field homogeneity 

iii. Larger interaction (contact area) 
This generates the necessary forces between the particles even at the low intensity level of 
magnetic fields. In addition to this, such shapes add to a larger magnetic anisotropy 
compared to the spherical shapes [41]. 
Normally magnetic characteristics (such as permeability) of the MR fluids are driven by 
the volume fraction but are independent from the type of particle size distribution [20]. To 
achieve required yield stress which is based on the volume fraction of bimodal particle 
population, it is necessary to reduce the off-state viscosity. Off-state viscosity can be 
reduced by utilizing proper fraction of the small particle sizes. The off-state viscosity is 
largely dependent on combination of small and big particles. In order to control off-state 
viscosity, it is evident that sizes of the small and large particles in the bimodal size 
distribution families have to be controlled. For fixed size of larger particles, size ratio 
directly affects the off-state viscosity according to Bossiset et. al. [54]. For a fixed size of 
larger particles, minimum viscosity is achieved at a higher volume ratio of smaller particles 
in the system if size ratio is enhanced. When larger particles are used, they create voids. To 
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fill up such voids, small particles are used which in turn produces efficient packing 
structure and forms better distinct chains [25]. In addition to this, small particles also help 
to reduce to great extent the settling rate of MR fluid. For a fixed volume fraction of solid, 
if a ratio of particle sizes is at least five times larger, it will raise the on-state yield stress 
and it will not affect the off-state viscosity also [53]. 
 
3.6 Operating Modes of MR-Fluids 
 
Following are different modes (Fig. 3.10) on which MR fluids are operated: 

i. Valve mode 
ii. Direct shear mode 

iii. Squeeze mode 
iv. Pinch mode 

 
Two modes, namely valve and direct shear, are widely applied whereas amongst remaining 
modes, squeeze mode is rarely used and pinch mode has started recognisation in recent 
time only [69]. 

 
FIGURE 3.10: Operating modes of MR-fluids [73]: 

(a) Valve mode (b) direct shear mode (c) squeeze mode (d) pinch mode 
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3.6.1 Valve Mode 
In the valve mode (Fig. 3.10a), the external magnetic field is applied perpendicular to flow 
direction of MR fluid which is flows through channel. However such flow experiences 
resistance proportional to magnetic field intensity. In other words, it can be said that 
applied magnetic field can be used to monitor and control the resistance and such control is 
established without any mechanism. Such devices have broader applications and are valve 
mode devices consisting fundamentally dampers and shock absorbers. 
 
3.6.2 Direct Shear Mode 
In the direct shear mode (Fig. 3.10b), the MR fluid is kept in-between two poles. These 
poles are parallel to each other. In this position, external magnetic field perpendicular to 
poles is applied. One of the pole is moved relative to another pole by applying external 
force and due to this phenomena, MR fluid layer experiences direct shear. Here the amount 
of force required to shear the fluid layer is dependent on following two major factors: 

i. Intensity of applied magnetic field 
ii. Resulting shear stress developed in the MR fluid 

Normally brakes and clutches are considered for broader range of applications working on 
this mode. This mode is used in the device described in this thesis. 
 
3.6.3 Squeeze Mode 
In the squeeze mode (Fig. 3.10c) [70], the MR fluid is kept in-between two poles. These 
poles are parallel to each other. In this position, external magnetic field perpendicular to 
poles is applied. One of the pole is moved towards another pole by applying external force 
perpendicular to one of the pole and due to this phenomena, MR fluid is compressed. It is 
evident that distance travelled by one of the pole towards another pole is dependent on 
intensity of applied magnetic field. This distance travelled, also termed as displacement, 
has very small amplitudes ranges up to few millimetres only but has very high resistive 
force. Even though the application range is too low, this mode has found the applications 
for small vibration and impact dampers [71, 72]. 
 
3.6.4 Pinch Mode 
In the pinch mode (Fig. 3.10d), as for the valve mode, the MR-fluid flows through a 
channel. But, here the external magnetic field is applied more or less parallel to the flow 
direction by arranging the poles axially along the flow path and separating them by a non-
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magnetic spacer. On the contrary to all previous operating modes, such configuration leads 
to a highly non-uniform magnetic field inside the MR-fluid. The main idea is rather than 
solidifying the fluid throughout the valve (as in the valve mode), the MR-fluid is solidified 
by the magnetic field only near the walls, changing in that way the effective orifice 
diameter through which the fluid flows [69]. 
 
3.7 Applications of MR Fluid  
 
3.7.1 Dampers and shock absorbers 
MR-fluid dampers and shock absorbers developments have mainly been driven by the 
requirements of the automotive industries and these industries are largely benefited from 
previous R&D work conducted on ER-fluid devices in the 1980s.  
Early commercial products appeared in 1998 with MR-fluid dampers to be used in semi 
active seat suspensions for trucks and with adjustable MR-fluid based primary suspension 
for racing cars [73]. However, the first real commercial breakthrough was made in 2002 
with the introduction by Delphi, of the MagneRide developed by Delphi. This was the first 
commercial suspension system having real-time controllable MR-fluid dampers that 
automatically adapt to changing road conditions with a faster response time, fewer moving 
parts and lower power requirements than previous hydraulic systems shown in Fig. 3.11. 

 
FIGURE 3.11: Schematic cross-section view of a magneto-rheological damper [adapted from 73] 
 
Another application under development for the automotive industry is the MR-fluid engine 
vibration isolation. Using MR-fluids inside such engine mounts allows to modify their 



Applications of MR Fluid 
 

57  

stiffness in real-time and achieve the best possible isolation for each RPM of the engine 
shown in Fig. 3.12 [68, 73]. 
 

 
FIGURE 3.12: (a) MR-fluid engine mount (b) vibration isolation performances [adapted from 73] 

The automotive industry is not the only one to benefit from developments in the field of 
MR-fluid devices. Large MR-fluid dampers (capacity up to 300kN) (Fig. 3.13a) have also 
been developed and implemented for semi-active vibration control in civil engineering 
structures. They have been used in bridges and buildings to limit the effects of seismic and 
wind excitation [73]. It is important to note that for seismic applications, sedimentation is a 
real issue since the damper may not be used for a very long period of time. 
 

 
FIGURE 3.13: (a) MR-fluid high capacity dampers for vibration control in civil engineering structures 

     (b) Biedermann-Motech above-knee prosthesis based on MR-fluid damper  
[Both (a) and (b) adapted from 73] 
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MR-fluid technology, thanks to its inherent compactness, has also been implemented in 
portable rehabilitation applications. In 2000, BiedermannMotech introduced an above-knee 
prosthesis based on a real-time controlled MR-fluid damper, increasing gait balance, 
stability (even when walking on stairs or ramps) and energy efficiency [74,75](Fig. 3.13b). 
 
3.7.2 Brakes and Clutches 
Despite the fact that, today, the major part of commercial MR-fluid devices is MR-
dampers used in the automotive industry. This was first commercial application of a MR-
fluid device introduced in 1995 as to exercise market as variable resistance brake for use in 
aerobic stair-climbers and cycling machines developed by Nautilus [73, 76](Fig. 3.14a). 
Indeed, such MR-brake was quieter, less expensive and more compact than previous eddy-
current brakes. Furthermore, MR-brakes are running at much lower voltages which reduces 
the cost of power supply [73]. Unfortunately, due to the intense use to which some exercise 
equipment can be subjected, problems of fluid deterioration (IUT, see section 2.4.4) caused 
reliability issues. However in recent time, fluid formulation may solve this problem. 
 

 
FIGURE 3.14: (a) Nautilus aerobic cycling machine (b) Rheoknee / knee prosthesis based on a rotary MR-
brake commercialized by OSSUR [adapted from [77]) 
 
Real-time controlled “smart” prosthesis can also integrate rotary MR-brakes instead of 
linear MR-dampers. This is the case of the knee prosthesis developed by the MIT [78] and 
commercialized by OSSUR [77] (Fig. 3.14b). It seems indeed more logical to make use of 
a rotational device to implement the knee joint. 
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As can be seen on Fig. 3.14b, thanks to the high level of compactness of the MR-brake 
used (moment: 40Nm - diameter: 0.06m), all electronics, sensors and batteries can fit 
within the lower part of the prosthesis. Other applications in the same field and based on 
the same technology include “smart” orthoses for various human joints as described in the 
patent by [73]. Some developments in this area have already been conducted by Furusho 
et. al., 2007 [79], leading to a first prototype of ankle-orthosis. 
Force-feedback (haptic) interfaces also benefit from the high compactness and high torques 
of MR-brakes and clutches. Furthermore in such applications, brakes offer a major 
advantage over motors since they can only apply resistive forces ensuring user safety. This 
property is also a drawback since they cannot simulate all types of forces (like a spring in 
its extension phase, for instance). An example of industrial application is the use of a 
rotary brake implemented as actuator within a steer-by-wire system for electric forklift 
trucks eliminating the mechanical connection between the steering wheel and the ground 
wheels [73]. Two degree-of-freedom pantograph type haptic displays have also been 
developed by Yamaguchi et. al., 2003 [80], respectively using MR brakes and MR-
clutches. The compactness and absence of backlash of MR-brakes have also been exploited 
in the development of haptic knobs to be used as multipurpose user interface in automotive 
vehicles. 
Other automotive applications include the use of MR-clutches. Since 2003, General 
Motors studied the feasibility of using them as radiator fan drive clutches instead of 
conventional silicon oil clutches in trucks and SUVs with the objective of reducing the fuel 
consumption by 2.5%. This was because of lower off-state viscosity and smoother torque 
transitions [73]. MAGNA Powertrain, in cooperation with BASF also developed and tested 
a 700Nm MR-fluid rotational clutch used as a coupling unit between front and rear axle on 
a 4-wheel drive vehicle [73]. The results showed superior driving performance compared 
to what can be achieved with the current technology. Finally in 2002, preliminary tests in 
weightlessness have also been conducted by the NASA to validate the feasibility of using 
MR-brakes as part of deployment mechanisms for space structures. 
As can be seen from these few examples, MR-fluid devices, thanks to their numerous 
advantages (compactness, high forces or torques, low power consumption, smoothness and 
safety of operation), can be used in a wide variety of fields ranging from automotive to 
rehabilitation. Many of these characteristics will also be exploited in the rehabilitation 
device described in this thesis. 
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CHAPTER 4 
QUASI-STATIC MODELING FOR MR DAMPERS 

 
This chapter presents two quasi-static models namely axisymmetric & parallel-plate 
model, based on the Navier-Stokes equation are established for MR damper behaviour. The 
Herschel-Bulkley visco-plasticity model is used to define the MR fluid field-dependent 
features and shear thinning/thickening effects. Simple equations created on these damper 
models are given which can be used in the initial design phase. Effects of geometry on 
Controllable force, dynamic range and MR damper performance are also discussed. 
 
4.1 Introduction 
 
Magneto rheological fluids (or simply “MR” fluids) be a member of a class of controllable 
fluids which react to an applied magnetic field with a dramatic change in their rheological 
behaviour. Generally, this change is expressed by a very big change of the dampeing force 
in which MR fluid is used. A small-scale MR fluid damper has been designed and 
constructed to show the scalability of MR fluid technology to devices of applicable size for 
engineering uses. A schematic diagram of the small-scale MR fluid damper is shown in 
Fig. 4.1. The damper uses a particularly simple geometry in which the outer cylindrical 
housing is part of the magnetic circuit. The operative fluid orifice is the whole annular 
space between the piston outside diameter and the inside of the damper cylinder housing. 
A detail explanation of this damper and a summary of nominal design parameters are 
specified in chapter 5. 
 

  
FIGURE 4.1 Schematic of small scale MR fluid damper 
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Fig. 4.1shows the fluids flow in the annular gap between the piston and the cylinder 
housing during motion of the MR damper piston. 
Following assumptions are made for quasi-static analysis of MR fluid dampers:  

1) MR fluid flow is fully developed 
2) MR dampers move at a constant velocity; and  
3) The Herschel-Bulkley visco-plasticity model is applied to describe MR fluid 

field-dependent characteristics and shear thinning/thickening properties.  
The whole shear stress in the Herchel-Bulkley model is specified by: 
 

߬ = (߬(ܪ) + ሶ|ߛ|ܭ  భ
 ) sgn (ߛሶ)     (4.1) 

 
Where 
 ߬= yield stress due to the applied magnetic field 
 magnitude of the applied magnetic field = ܪ 
ሶߛ  = shear strain rate and  
݉, ,݉ fluid parameters and = ܭ ܭ > 0.  

 
Note that the Herschel-Bulkley model is reduce to the Bingham visco-plasticity model 
while the fluid parameter ݉ = 1. 
Many efforts have been made to develop quasi-static models for governable fluid damper 
investigation by the Bingham model of MR fluids. Phillips (1969) [59] established a set of 
non-dimensional variables and a corresponding quantic equation to describe the pressure 
gradient of flow through a parallel duct. This method was utilized by Gavin et. al. (2004) 
[26] in their studies. An axisymmetric model is necessary to exactly describe MR dampers 
quasi-static behaviour because of having cylindrical geometry. Gavin et. al. (2004) [26] 
developed such an axisymmetric model. From all these study, it is assumed that yield stress 
is constant in the annular gap. To account for the radial field distribution, Gavin et. al. 
(2004) [26] assumed that the yield stress satisfied an inverse power law. 
To reflect MR fluid shear thinning/thickening properties, Wang and Gordaninejad (2001) 
[17] applied the Herschel-Bulkley model to predict fluid flow in a parallel duct with fixed 
boundaries. Wang and Gordaninejad also established an axisymmetric model for a circular 
pipe with constant yield stress. However, to precisely model the small-scale prototype 
damper given in Fig. 4.1, an annular duct model is necessary. 
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In the subsequent section, an axisymmetric model is established which is based on the 
Navier-Stokes equation for the MR flow through an annular duct. To accommodate MR 
fluid shear thinning/thickening properties, the Herschel-Bulkley visco-plasticity model is 
applied. The pressure gradient can be explained numerically from the resulting equations, 
and the damping force can then be calculated. The resulting equations of the Herschel-
Bulkley model can be replaced by the Bingham model when the post-yield shear thinning 
or thickening effect is ignored by assigning the fluid parameter  ݉ = 1  . Section 4.3 
displays that a considerably simpler parallel-plate model is perfect for a wide range of 
device parameters and can be applied to examine the damper’s behaviour. Simple 
equations based on the parallel-plate model are given which can be employed in the initial 
design phase. Controllable force, dynamic range and effects of geometry on MR damper 
performance are also discussed. 
 
4.2 MR Fluid Flow in an Annular Duct 
 
The pressure gradient along the flow is resisted by the fluid shear stress, which is governed 
by the Navier-Stokes equation (Constantinescu 1995): 

 
డ
డ௫ = ߩ డ

డ௧ (ݎ)௫ݑ + డ
డ ߬௫(ݎ) +  ఛೣೝ()

      (4.2) 
 
Where 
 flow velocity = (ݎ)௫ݑ
߬௫(ݎ)= shear stress 
 radial co-ordinate = ݎ
 longitudinal co-ordinate =ݔ
 density of fluid and = ߩ
 డ
డ௫ = pressure gradient. 
 

To analyse the quasi-static motion of the flow inside the damper, the fluid inertial can be 
ignored. Due to this effect, Eq. (4.2) can be expressed as: 

 
ௗ
ௗ௫ =  ௗ

ௗ ߬௫(ݎ) + ఛೣೝ()
      (4.3) 
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It is important to note that for oscillatory or unsteady flow, the fluid inertia must be taken 
into account. 
The solution of Eq. (4.3) is: 

 
߬௫(ݎ) =  ଵ

ଶ
ௗ(௫)

ௗ௫ ݎ + భ
      (4.4) 

 
Where ܦଵ= a constant, can be estimated with boundary conditions. 
 

A typical shear stress diagram along with variation of velocity for MR fluid flow through 
the annular gap is presented by Fig. 4.2 (Spencer et. al. 1998) [44]. In areas I and II, the 
shear stress has exceeded the yield stress and fluids flow. In area C, there is no shear flow. 
It is because of the shear stress is less than the yield stress. This is often referred to as the 
plug flow area. 
 
4.2.1 Modelling based on the Herschel-Bulkley model 
 To interpretation for the fluid shear thinning or thickening influence, the Herschel-Bulkley 
visco-plasticity model is employed. In area I, the shear strain rate ߛሶ = dݑ௫/dr ≥ 0. 

 

 
FIGURE 4.2: Velocity and stress profiles of MR fluids through an annular duct [63]. 

 
Hence, the shear stress ߬௫(ݎ) given by Eq. (4.1) becomes: 
 

߬௫(ݎ) =  ߬(ݎ) + ܭ  ቀௗ௨ೣ()
ௗ ቁ

భ
             (4.5) 
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This is replaced into Eq. (4.4) and integrated once with respect to r. One gets: 
 
(ݎ)௫ݑ =   ቂଵ

 ቀଵ
ଶ

ௗ(௫)
ௗ௫ ݎ +  భ

 −  ߬(ݎ)ቁቃ ݎ݀ ݒ −
ோభ        (ܴଵ ≤ ݎ ≤  ଵ)      (4.6)ݎ

 
By imposing the boundary condition that the flow velocity at ݎ =  ܴଵ is ݑ௫(ܴଵ) = −ݒ 
 
In area II, the shear strain rate ߛሶ ௫ݑ݀ =  ⁄ݎ݀  ≤ 0. Therefore the shear stress is specified by: 
 

߬௫(ݎ) =  −߬(ݎ) − ܭ ቀ− ௗ௨ೣ()
ௗ ቁ

భ
                               (4.7) 

 
Similarly, proceeding in area II with the boundary condition ݑ௫(ܴଶ) = 0 at ݎ =  ܴଶ gives: 
 
(ݎ)௫ݑ =   ቂ− ଵ

 ቀଵ
ଶ

ௗ(௫)
ௗ௫ ݎ +  భ

 + ߬(ݎ)ቁቃ ோమݎ݀
 ≥ ଶݎ)        ݎ ≤ ܴଶ)                 (4.8) 

 
Note that the flow velocity is a constant in the plug flow area because the shear stress is 
less than the yield stress. Thus, the flow velocity at boundaries of the plug flow area 
satisfies ݑ௫(ݎଵ) =  :Combining Eqs. (4.6) and (4.8) yields  .(ଶݎ)௫ݑ 

  

න 1
ܭ ൬1

2
(ݔ)݀

ݔ݀ ݎ + ଵܦ 
ݎ −  ߬(ݎ)൰൨


ݎ݀ −

భ

ோభ
න − 1

ܭ ൬1
2

(ݔ)݀
ݔ݀ ݎ + ଵܦ 

ݎ + ߬(ݎ)൰൨


ݎ݀
ோమ

మ
=  ݒ 

               (4.9) 
Also the shear stresses ߬௫ satisfy ߬௫(ݎଵ) =  ߬(ݎଵ) and߬௫(ݎଶ) = − ߬(ݎଶ), therefore, ܦଵ 
can be determined by using Eq. (4.4) as: 

 
ଵܦ =  భమ(ఛబ(మ)భା ఛబ(భ)మ)

మమି భమ        (4.10) 
 

The expression for the volume flow rate ܳ is given by: 
 

ܳ = ߨ2  ோమݎ݀(ݎ)௫ݑݎ
ோభ        (4.11) 

 
Because the shear strain rate ݀ݑ௫(ݎ)/݀ݎ is zero in the plug flow region ݎଵ < ݎ <  .ଶ, Eqݎ
(4.11) can also be written as: 

 
ܳ = ܣݒ  = ݒଵଶܴߨ  − ߨ   ଶݎ ௗ௨ೣ()

ௗ ݎ݀ −భ
ோభ ߨ   ଶݎ ௗ௨ೣ()

ௗ ோమݎ݀
మ   (4.12) 
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Where 
 = cross section area of the piston head; andܣ 
  . = piston head velocityݒ 
 

Substitution of Eqs. (4.6) and (4.8) into Eq. (4.12) gives: 
 

ܳ = ܣݒ  = ݒଵଶܴߨ 

− ߨ  න ଶݎ 1
ܭ ൬1

2
(ݔ)݀

ݔ݀ ݎ + ଵܦ 
ݎ −  ߬(ݎ)൰൨


ݎ݀

భ

ோభ

+ ߨ  න ଶݎ − 1
ܭ ൬1

2
(ݔ)݀

ݔ݀ ݎ + ଵܦ 
ݎ + ߬(ݎ)൰൨


ݎ݀

ோమ

మ
 

(4.13) 
 

Fig. 4.3 shows the free body diagram of MR fluids through an annular duct. 

 
FIGURE 4.3: Free body diagram of MR fluids through an annular duct [63]. 

 
The equation of motion of fluid materials bounded by ݎ = ݎ ଵ andݎ =  :ଶ  isݎ 

 
ௗ
ௗ௫ ଶଶݎ)ߨ − ݔ݀(ଵଶݎ + ݔ݀(ଵݎ)ଵ߬ݎߨ2 + ݔ݀(ଶݎ)ଶ߬ݎߨ2 = 0   (4.14) 
 

These yields: 
 
ௗ(௫)

ௗ௫ ଶଶݎ) − (ଵଶݎ + 2ሾ߬(ݎଶ)ݎଶ + ߬(ݎଵ)ݎଵ ሿ = 0                        (4.15) 
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In summary, the resulting equations which can be solved numerically to determine ݎଵ, ݎଶ, 
and the pressure gradient ݀ ⁄ݔ݀  between the two ends of the cylinder using the Herschel- 
Bulkley model are given by: 

 
 

ݒ =  ቂଵ
 ቀଵ

ଶ
ௗ(௫)

ௗ௫ ݎ +  భ
 −  ߬(ݎ)ቁቃ ݎ݀ −భ

ோభ   ቂ− ଵ
 ቀଵ

ଶ
ௗ(௫)

ௗ௫ ݎ + భ
 + ߬(ݎ)ቁቃ ோమݎ݀

మ     
           (4.16) 

 
ܳ = ܣݒ  = ݒଵଶܴߨ 

− ߨ  න ଶݎ 1
ܭ ൬1

2
(ݔ)݀

ݔ݀ ݎ + ଵܦ 
ݎ −  ߬(ݎ)൰൨


ݎ݀

భ

ோభ

+ ߨ  න ଶݎ − 1
ܭ ൬1

2
(ݔ)݀

ݔ݀ ݎ + ଵܦ 
ݎ + ߬(ݎ)൰൨


ݎ݀

ோమ

మ
 

                 (4.17) 
ௗ(௫)

ௗ௫ ଶଶݎ) − (ଵଶݎ + 2ሾ߬(ݎଶ)ݎଶ + ߬(ݎଵ)ݎଵ ሿ = 0                          (4.18) 
 
Where 
 
ଵ = భమሾఛబ(మ)భାఛబ(భ)మ ሿܦ

మమି భమ            (4.19) 
 

To solve the resulting algebraic equations numerically, a method based on the constrained 
nonlinear least-squares algorithm [87] is applied in combination with the cubic polynomial 
interpolation and extrapolation method. The integrals in Eqs. (4.16) and (4.17) are 
evaluated by the adaptive recursive Newton–Cotes approach [86].  
From Eq. (4.18), the thickness of the plug flow region can be achieved by: 

 
ଶݎ − ଵݎ =  − ଶሾఛబ(భ)భାఛబ(మ)మ ሿ

(ೣ)
ೣ (మାభ)       (4.20) 
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Which varies with the fluid yield stress ߬. Note that the flow can only be established 
when ݎଶ − ଵݎ < ܴଶ − ܴଵ , which implies that the plug flow needs to be within the gap. 
Otherwise, there is no flow. 
The damper force is then computed as: 

 
ܨ =           (4.21)ܣ∆ 
 

Where ∆ =  ܲ − ܲ =  effective axial pole length. The velocity = ܮ and ;(ݔ݀/(ݔ)݀)ܮ− 
profile can be determined from Eqs. (4.6) and (4.8) as follows: 

 
Further, the shear stress illustration can be achieved from Eq. (4.4).  
Note that when the yield stress ߬ = 0, there is no plug flow area which indicates that ݎଶ =
 ଵ. Hence, Eqs. (4.18) and (4.19) are no longer effective due to the singularity. On theݎ
other hand, in this case, the velocity reaches its maximum at ݎ =  ଵ wherever the shearݎ
stress is zero. By using Eq. (4.4), the subsequent equations can be employed to find 
pressure gradient when yield stress ߬ = 0:  

 
ݒ =  ቂଵ

 ቄଵ
ଶ

ௗ(௫)
ௗ௫ ݎ + భ

 ቅቃభ
ோభ ݎ݀  − ቂ− ଵ

 ቄଵ
ଶ

ௗ(௫)
ௗ௫ ݎ + భ

 ቅቃோమ
భ  (4.23)                  ݎ݀

 
ܳ = ܣݒ = ݒଵଶܴߨ  − ߨ න ଶݎ 1

ܭ ൜1
2

(ݔ)݀
ݔ݀ ݎ + ଵܦ

ݎ ൠ൨
భ

ோభ
ݎ݀

+ න ߨ ଶݎ − 1
ܭ ൜1

2
(ݔ)݀

ݔ݀ ݎ + ଵܦ
ݎ ൠ൨
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భ
 ݎ݀

  (4.24) 
 

ଵܦ =  ଵ
ଶ

ௗ
ௗ௫  ଵଶ                                                        (4.25)ݎ
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Note that the solution of the MR flow in an annular duct does not reduce to that of the pipe 
flow as  ݎଵ → 0  . This is for the reason that the annular duct model has a boundary 
condition at ݎଵ; but, there is no boundary condition at  ݎ = 0 for the pipe flow. 
 
4.2.2 Modelling based on the Bingham model 
 
The Herschel-Bulkley model reduces to the Bingham model once the MR fluid 
parameter ݉ =  1. Using Eq. (4.16) – (4.18), the resultant equations for the Bingham 
model are (Spencer et. al. 1998) [44]: 

 
(ೣ)

ೣ ൫ோమమିమమିோభమାభమ൯
ସ + ଵܦ ln ቀܴଶݎଵ ଶܴଵൗݎ ቁ + ଶܦ  − ݒߟ  = 0                  (4.26) 

 
ܳ =   ܣݒ 

= ݒଵଶܴߨ  =  గ
଼ఎ ቂௗ(௫)

ௗ  (ܴଶସ − ଶସݎ − ܴଵସ + (ଵସݎ + ଵ(ܴଶଶܦ4  − ଶଶݎ − ܴଵଶ + (ଵଶݎ + ଷቃܦ8                      
          (4.27) 

 
ௗ(௫)

ௗ௫ ଶଶݎ) − (ଵଶݎ + 2ሾ߬(ݎଶ)ݎଶ + ߬(ݎଵ)ݎଵሿ = 0                (4.28) 
 

Where 
ଵܦ =  భమሾఛబ(మ)భା ఛబ(భ)మሿ

మమିభమ                                    (4.29) 
 
ଶܦ =   ߬(ݎ)݀ݎோమ

మ +  ߬(ݎ)݀ݎோభ
భ                          (4.30) 

 
ଷܦ =   ߬(ݎ)ݎଶ݀ݎோమ

మ +  ߬(ݎ)ݎଶ݀ݎோభ
భ                  (4.31) 

And the velocity profile is given by: 
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In the absence of the magnetic field, the yield stress  ߬ = 0. The pressure gradient can be 
achieved directly from: 

 
ௗ
ௗ௫ =  ଼ఎ௩బ

గ   
ഏ
మ ቊଶோభమି ೃమమషೃభమౢ (ೃమ/ೃభ)ቋି 

ோమరିோభరି(ೃమమషೃభమ)మ
ౢ (ೃమ/ೃభ)

                                                           (4.33) 

 
Generally, the yield stress ߬ in the axisymmetric model will be a function of r. But 
while ܴଶ − ܴଵ ≪ ܴଵ, variation of the yield stress in the gap can be ignored, and Eqs. (4.29) 
– (4.31) can be further simplified significantly as follows: 

 
ଵܦ =  ఛబభమ

మషభ                                                               (4.34) 
 
ଶܦ =  ߬ (ܴଶ + ܴଵ − ଵݎ −  ଶ)                                 (4.35)ݎ
 
ଷܦ =  ଵ

ଷ ߬(ܴଶଷ + ܴଵଷ − ଵଷݎ −  ଶଷ)                              (4.36)ݎ
 

Note that in this case, the thickness of the plug flow area can be calculated by using Eq. 
(4.20): 

 
ଶݎ − ଵݎ =  − ଶఛబ(ೣ)

ೣ
                                                   (4.37) 

 
Which is a constant, and only depends on the yield stress and pressure gradient of the flow. 
 
4.3 MR Fluid Flow in a Parallel Duct 
 
Due to the small ratio among the flow gap (between the cylinder housing and the piston) 
and the diameter of the piston, one might conjecture that the axisymmetric flow create in 
the damper can be approximated as the flow through a parallel duct as presented in Fig. 
4.4. Connecting the parallel- plate model to the axisymmetric model, the parameter w is 
taken to be the mean circumference of the damper’s annular flow path which equals 
to  ߨ(ܴଵ + ܴଶ), and h is taken to be the gap width, equal to  (ܴଶ − ܴଵ), (Spencer et al 
1998) [44].  
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 FIGURE 4.4: MR fluid flow through a parallel duct. 
 
 

Fig. 4.5 provides the free body diagram and stress and velocity profiles of MR fluids 
through a parallel duct.  
 

 
FIGURE 4.5: Free body diagram and stress and velocity profiles of MR fluids through a parallel 

duct [63] 
 
The governing equation for the flow of the parallel-plate model is: 

 
ௗఛ
ௗ௭ =  ௗ

ௗ௫                                 (4.38) 
 

Therefore, 
 

(ݖ)߬ =  ௗ
ௗ௫ ݖ +  (4.39)                                      ܦ
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In which ܦ is a constant which can be evaluated with boundary conditions. 
 

4.3.1 Modelling based on the Herschel-Bulkley model 
 
Like to the axisymmetric model, the shear stress ߬ in area I (Fig. 4.5) is given by: 

(ݖ)߬ =  ߬ + ܭ  ቀௗ௨ೣ
ௗ௭ ቁ

భ
                             (4.40) 

 
Replacement of Eq. (4.40) into Eq. (4.39) and applying the boundary condition ݑ௫(0) = 0 
gives: 

 
(ݖ)௫ݑ =  ଵ

ାଵ ቀ− ଵ


ௗ
ௗ௫ቁ ሼℎଵାଵ − (ℎଵ − ାଵሽ              (0(ݖ ≤ ݖ ≤ ℎଵ)   (4.41) 

 
In area II, the shear stress is specified by: 

 
߬ =  −߬ − ܭ  ቀ− ௗ௨ೣ

ௗ௭ ቁ
భ
                             (4.42) 

 
By the same procedure as in area I, with boundary condition  ݑ௫(ℎ) =  :, givesݒ−

 
(ݖ)௫ݑ =  ଵ

ାଵ ቀ− ଵ


ௗ
ௗ௫ቁ ሼ(ℎ − ℎଶ)ାଵ − ݖ) − ℎଶ)ାଵሽ −       (ℎଶݒ  ≤ ݖ ≤ ℎ)   (4.43) 

 
The flow velocity at the boundary of the plug flow area satisfies  ݑ௫(ℎଵ) =   . ௫(ℎଶ)ݑ

 
Joining Eq. (4.41) and (4.43) yields: 

 
ଵ

ାଵ ቀ− ଵ


ௗ
ௗ௫ቁ ℎଵାଵ =   ଵ

ାଵ ቀ− ଵ


ௗ
ௗ௫ቁ (ℎ − ℎଶ)ାଵ                  (4.44)ݒ −

 
The volume flow rate ܳ is specified by: 

ܳ = ݒܣ  = ݓ න ݖ݀(ݖ)௫ݑ


 
i.e. 
ܳ =   ௪

ାଵ ቀ− ଵ


ௗ
ௗ௫ቁ ℎଵାଵ  ቂℎ − ଵ

ାଶ (ℎ + ℎଵ − ℎଶቃ − ௪
ାଶ (ℎݒ − ℎଶ)             (4.45) 
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Where  ܣ= piston head cross section area  
 .= velocity of piston headݒ
 

With reference to Fig. 4.5, the equation of motion for fluid materials bounded by ℎ = ℎଵ 
and ℎ = ℎଶ is: 

 
ௗ
ௗ௫ (ℎଶ − ℎଵ)ݔߜ + 2߬ݔߜ = 0                           (4.46) 
 
Which yields 
 
ℎଶ − ℎଵ =  − ଶఛబ

ௗ ௗ௫⁄                                    (4.47) 
 

Hence, the resulting equations for the parallel-plate model using the Herschel- Bulkley 
model consist of Eq. (4.44), (4.45) and (4.47). The pressure gradient ݀ ⁄ݔ݀  can be 
resolved numerically, and the damper resisting force is then calculated with Eq. (4.21). 
Note that ℎଶ = ℎଵ when the yield stress ߬ = 0. 
The velocity profile, which satisfies the boundary conditions  ݑ௫(0) = 0  and  ݑ௫(ℎ) =
 : , is then specified byݒ−

 
 

Note that when  ݒ = 0, the resulting equations are the same as those provided by Lee and 
Wereley (2000). 
 
4.3.2 Modelling based on the Bingham model (Г Р Ѵ) 
 
Once more for the Bingham model, the fluid parameter is  ݉ = 1.  Replacement of Eq. 
(4.44) and (4.47) into Eq. (4.45), and describing non-dimensional variables: 
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Ѵ =  − ௪௩బ
ଶொ =  − ௪

ଶ                                          (4.49) 
 
Р = − ௪య

ଵଶఎொ
ௗ
ௗ௫ =  − ௪య

ଵଶఎ௩బ  ௗ
ௗ௫                                      (4.50) 

 
Г =  ௪మఛబ

ଵଶఎொ =  ௪మఛబ
ଵଶఎ௩బ                                        (4.51) 

 
Results in the non-dimensional quantic equation (Phillips 1969) [59]: 

 
3(Р − 2Г)ଶ(Рଷ −  (1 + 3Г − Ѵ)Рଶ + 4Гଷ) + ГѴଶРଶ = 0,    | Ѵ | < 3(Р − 2Г)ଶ/Р       

(4.52) 
 

Note that  Ѵ < 0, if the piston motion is in the reverse direction of the fluid flow. The force 
created by the damper is then specified by: 

 
ܨ =  − ௗ௬

ௗ௫ ܮܣ =  ଵଶఎమ ௩బ
௪య  Р                           (4.53) 

 
When  | Ѵ | > 3(Р − 2Г)ଶ/Р , the flow is directed by the subsequent dimensionless 

equations which are independent of the dimensionless yield stress Г (Phillips 1969) [59]: 
 
 Р =  ସѴయ

ଶ(ଶѴିଵ)మ                           3(Р − 2Г)ଶ/Р ≤ Ѵ ≤ 3Р             (4.54) 
 
 Р = − ସѴయ

ଶ                       −3Р ≤ Ѵ ≤ −3(Р − 2Г)ଶ/Р                (4.55) 
 
 Р +  Ѵ = 1                       | Ѵ | > 3Р                                         (4.56) 
 

Eq. (4.54) – (4.56) specify that the pressure gradient be governed by the geometry of the 
device, and that a controllable yield stress has no effect on the force of the damper. 
If the piston head velocity ݒ = 0, then  Ѵ = 0, and Eq. (3.52) turn into a cubic equation 
for Р. This cubic equation has the achievable root at (Gavin et. al. (2004) [26]): 
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Р(Г) =  ଶ
ଷ (1 + 3Г) ቈܿݏ ቆଵ

ଷ ݏܿܽ ൬1 − 54 ቀ Г
ଵାଷГቁଷ൰ቇ + ଵ

ଶ                         (4.57) 
Normally, there is no analytical solution for Eq. (4.52), but it can be easily solved 
numerically. An approximate solution can be used to estimate the desired root for the 
condition  0 < Г < 1000 and −0.5 <  Ѵ < 0, which encompasses most practical designs 
in which the flow is in the opposite direction of the piston velocity (Spencer et. al. 1998) 
[44]: 

Р(Г, Ѵ) =  1 + 2.07Г −  Ѵ + Г
ଵା.ସГ                    (4.58) 

 
4.4   Simple Geometry Design Considerations 
 
With reference to the parallel-plate Bingham model which was established in prior 
sections, simple equations that make available the understanding on the influence of 
various damper parameters are given; these equations can be used in the preliminary 
design stage. Special effects of geometry on controlled force, dynamic range and MR 
damper performance are also discussed in this segment. 
4.4.1 Controlled force and dynamic range 
The “controlled force” and the “dynamic range” are two most significant parameters in 
estimating the complete performance of the MR damper. As shown in Fig. 4.6, the over-all 
damping force can be divided into a controlled force ܨఛ  due to governable yield stress 
߬ and an uncontrolled force ܨ௨  . The uncontrolled force comprises a plastic viscous force 
 is defined as the ratio of the damper (ܦ) ” . The “dynamic rangeܨ ఎ  and a friction forceܨ
controlled force ܨఛ  and the uncontrolled force ܨ௨  as follows: 

ܦ =  ிഓ
ிೠ =  ிഓ

ிആା ி         (4.59) 
With reference to the parallel-plate Bingham model, ܨఛ and ܨఎ are defined as: 

 
ఛܨ =  ఛబ

  (4.60)        (ݒ)݊݃ݏ 
ఎܨ =  ቀ1 + ௪௩బ

ଶொ ቁ ଵଶఎொ 
௪య        (4.61) 

and  
ܿ ≈ 2.07 + 1/(1 + 0.4 Г) restricted in between the value of 2.07-3.07. (Spencer et. al. 
1998).
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FIGURE 4.6: Decomposition of force developed in MR dampers. 

 
The controlled force in Eq. (4.61) can furthermore be written by using Eq. (4.51) as: 
 

ఛܨ =  ቀ2.07 +  ଵଶொఎ
ଵଶொఎା.ସ௪మఛబቁ ఛబ

  (4.62)    (ݒ)݊݃ݏ 
 
The above equation (4.62) specifies that the controlled force is inversely related to the gap 
dimension. The controlled force should be as large as possible to optimize the effectiveness 
of the MR damper; for that reason, a small gap size is compulsory. 
However, a small gap size reduce the dynamic range. As presented in Eq. (4.60) and 
(4.61), the uncontrolled force (viscous force) rises two orders of magnitude faster than the 
controlled force with a small gap dimension if one assumes that the magnetic field is 
saturated; therefore, the dynamic range is reduced which tends to zero. As the gap 
dimension becomes large, the controlled force and the uncontrolled force are decreased. It 
is important to note that the friction force is a constant, so once more the dynamic range 
reduced which tends to zero. It is obvious that an optimum dynamic range must exist. 
 
4.4.2 Geometry constraints 
Eq. (4.60) and (4.61) are definitely suitable in the design of MR dampers; but, they 
frequently do not provide the finest understanding into the importance of various 
parameters. Hence, the “minimum active fluid volume” ܸ is presented.  Minimum active 
fluid volume ܸ  is the volume of MR fluids exposed to the magnetic field and thus 
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accountable for providing the desired MR effect. With the help of Eq. (4.60) and (4.61), we 
obtain the conclusion as: 

 
ℎଶݓ =  ଵଶ

 ቀ ఎ
ఛబቁ ൬ிഓ

ிആ൰ ܳ        (4.63) 
 
Where ݇ = 1 +  :Because eq. (4.60) can also be written as .(2ܳ)/(ݒℎݓ)
 
ఛ∆ =  ிഓ

 =  ఛబ
         (4.64) 

 
Eq. (4.63) can be further manipulated to give 
 
ܸ =  ଵଶ

మ ቀ ఎ
ఛబమቁ ൬ிഓ

ிആ൰  ఛ       (4.65)∆ܳ
 

Where ܸ = ఛ∆ ℎ which is the “minimum active fluid volume”; andݓܮ  is a pressure 
reduced due to the yield stress. Note that for most design cases, ݒℎݓ  ≪ ܳ  and as a 
result ݇ ≈ 1. 
For preliminary geometric design of MR dampers, it can be assume that the friction force 
(ܨ)  has the same value as the uncontrolled force (plastic viscous force) (ఎܨ)  . 
Therefore,  ிഓ

ிആ ≈  is the necessary dynamic range. From the known value of ܦ Where ,ܦ2
the damper flow rate ܳ, necessary dynamic range ܦ, yield stress ߬, housing dimension ݓ, 
plastic viscosity ߟ, and pressure drop ∆ఛ , the gap dimension  ℎ and active pole length 
 can be achieved from Eqs. (4.63) and (4.65). However, this preliminary design needs to ܮ
be confirmed by a more precise axisymmetric model. Typically, a complete design also 
includes iterations with the magnetic circuit design. 
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CHAPTER 5 
MR DAMPER DESIGN AND FABRICATION 

 
This chapter presents details of MR damper geometry and magnetic circuit design. 
Supplementary practical considerations for MR damper design, such as damper piston 
centring and voltage surge suppression are also discussed. Problem solution are also 
discuss. The discussion is started with description of MR fluid used for present 
investigation. 

 
5.1 MR Fluid for present investigation 
 
The MR fluid has been prepared using mechanical stirrer as shown in Fig. 5.1. The 
electronic weighing machine is used to measure the amount of additives required in the 
composition. Initially the mixture of carrier fluid and additive is prepared and stirred for 4 
hrs. The amount of carbonyl iron particles as mentioned in Table 5.1 are then added into 
the prepared mixture and stirred for 72 hrs.  

 
FIGURE 5.1: Mechanical stirrer for preparation of MR Fluid 

The magnetorheological fluid, developed in house, is used in the prototype damper. The 
fluid is a suspension of a 4 to10 micron diameter sized magnetically susceptible particles 
mixed in Castor oil carrier fluid. According to the data available by testing this MR fluid 
on rheometer at this laboratory, the density of the liquid is around 3 ݃݉/ܿ݉ଷ and off state 
viscosity of a 3.5 Pa-s. The maximum yield stress value is 15 ݇ܲܽ and it is achieved with 
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the magnetic induction of 0.7 T. As soon as exposed to a magnetic field, the rheology of 
the fluid reversibly and instantly alterations from a free-flowing liquid to a semi-solid state 
with the controlled yield strength as a consequence of the sudden change in the particles 
arrangement. Fig. 5.2 shows the detail relations of magnetic flux density, viscosity and 
shear stress available from rheometer. Table 5.1 summarise the properties of MR fluid for 
present investigation. 

 
FIGURE 5.2: Relation between Magnetic flux density, Viscosity and Shear stress 

TABLE 5.1 Properties of MR fluid used for present investigation. 
Property Value 
Appearance Dark Gray Liquid 
Off State Viscosity (at 33 0C) 3.5 Ps (Pascal-second) 
Density 3 gm./cm3 
Solid Contains by Weight 40% 
Flash Point > 140 0C 
Operating Temperature  -30 to 120 0C 
Carrier fluid Castor Oil 
Solid particles Iron particles having 4-10 micron size 
Maximum Yield Stress @ 5000 N/m2 at 0.75 T 
Response time Some millisecond 
Stability Good for most impurities 
Relative permeability of MR Fluid 6 H/m 
Saturation Magnetic Induction for MR 
Fluid. 
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5.2 MR Damper Design 
 
It is a need to develop a comprehensive algorithm for designing devices utilizing the 
unique properties of the magnetorheological fluids. Following sections are representing the 
same. 
Simplifications concerning the magnetorheological fluid behaviour were assumed prior to 
the experiments. Fluid features include the fast response time, high yield strength in the 
presence of the magnetic flux and very low yield strength in the absence of magnetic flux. 
These features allows wide range of controllability. The fluid also provides hard settling 
resistance and it does not abrade the device. 
For further analysis it is assumed that the liquid properties would be described by the 
phenomenological and viscoplastic Bingham model. The properties of this model are 
illustrated in Fig. 5.3(a). 

 
FIGURE 5.3 (a): Bingham model for different liquid states, activated by the magnetic field [64] 

 

 
FIGURE 5.3(b): The valve mode of the flow - the throttled flow through the gap [64] 
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The work regime of the MR fluid inside the damper is called the valve mode. In the valve 
mode, the fluid flows through an orifice as presented in Fig. 5.3(b). In this model the 
annular flow is treated as a flow between two parallel still plates. The principle of 
operation resembles throttling (Kim et al, 2001). The resistance to flow of a liquid through 
the narrow gap is controlled by the change in the magnetic field ܪ, whose vector is normal 
to the path of the flow. The adjustment of the magnetic field is performed by the change of 
the current in the coil winding mounted on the piston. 
Further simplifications which are crucial for the computation of the damper's performance 
are made asunder: 

 the damping force acts linear 
 the flow gap is formed by the stationary walls 
 the height of the gap is much smaller than its length and the width, therefore the 

flow is considered as a flow between parallel plates, and thus the valve mode 
simplification is reasonable 

 Stress value is constant along the gap, and it depends only on the value of the 
magnetic flux in the gap (Mukhlis et al, 2006). 

 
5.2.1 MR Damper Geometry Design 
The cross-section view of the annular flow gap for linear damper prototype is presented in 
Fig. 5.4.  

 
FIGURE 5.4: Detail of MR Damper Piston 
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The MR damper geometry design is started by assuming following parameters: 
(1) MR fluid yield stress ߬ , and fluid factors ܭ and ݉ 
(2) MR damper dimension ܦ୧ (i.e. Inner Diameter of Housing) 
(3) Maximum permissible velocity of the MR damper 
 

Table 5.2 shows the terminology used during discussion for MR fluid base damper 
geometric design. 

TABLE 5.2 Nomenclature of parameters used in design 
Diameter of piston ܦ 
Length of Piston L 

Width of Piston pole w 
Diameter of Road ܦ 

Core Diameter ܦ 
Cylinder Inside Diameter ܦ 

Core Width (Length of Coil) b 
Thickness of cylinder T 

Cylinder Outside diameter ܦ 
Fluid gap  h 

Radius of Fluid Annulus ܴ 
Core Depth g 

Area of Piston Annulus ܣ 
Area of Fluid Annulus ܣ 

Core Area ܣ 
Path Area ܣ௧ 
Pole Area ܣ 

Number of Turns of Piston Coil ܰ 
Vacuum Permeability μ 

Relative permeability of Piston μ 
Relative permeability of Cylinder μ 
Relative permeability of MR Fluid μெோ 

Saturation Magnetic Induction for Piston. ܵܤ 
Saturation Magnetic Induction for Cylinder. ܵܤ 
Saturation Magnetic Induction for MR Fluid. ܵܤெோ 
Ratio of shear stress and magnetic induction ܥఛ 
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The geometry design of MR damper is to select a suitable gap dimension ℎ and active pole 
length ܮ such that the design requirements of “dynamic range” ܦ and controlled force ܨఛ , 
are attained. 
The controllable force and the dynamic range are two of the most important parameters in 
evaluating the overall performance of the MR damper. 
 
 

 FIGURE 5.5: Illustration of force decomposition of MR dampers.  
As illustrated in Fig. 5.5, 

 ఛ     = A controlled force due to controllable yield stress ߬ܨ
ܨ   = An uncontrolled force which is sum of plastic viscous force ܨఎ due to 

viscosity of fluid and friction force ܨ 
 Total damping force which is sum of controllable force and uncontrollable =     ܨ

force. 
 

The dynamic range is given by the ratio of damper controlled force ܨఛ and the uncontrolled 
force ܨ  as: 

 
ܦ =  ிഓ 

ிೆ = ிഓ 
ிആାி       (5.1) 
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It is not possible to find out the precise value of the friction force in advance the damper is 
fabricated and tried. On the other hand one can practically assume that ܨఎ =  ܨ
(Engineering Note 1999a) [60]. 

Furthermore, since ܨఎ +  , Eq. (1) can be written asܨ ≪ ܨ
 

ܦ =  ிഓ 
ிೆ = ிഓ 

ଶிആ       (5.2) 
 
Let  

ఛܨ = ൫݀/݀௫൯ఛబܣܮ  and  ܨఎ = ൫݀/݀௫൯ఛబసబܣܮ 
 
Where 

ܣ =  Piston cross sectional area 
L = Active pole length 
൫݀/݀௫൯ఛబ = Pressure gradient with fluid yield stress 
൫݀/݀௫൯ఛబసబ = Pressure gradient without fluid yield stress 
 

The Eq. 5.2 can be further manipulated as 
 

ܦ =  ଵ
ଶ

൫ௗ/ௗೣ൯ഓబ
൫ௗ/ௗೣ൯ഓబసబ

       (5.3) 
 

Using Eq. (4.16) – (4.19) and (4.23) – (4.25), a gap dimension ℎ can be find out such that 
 

ଵଶ  ≥ ܦ
൫ௗ/ௗೣ൯ഓబ

൫ௗ/ௗೣ൯ഓబసబ
      (5.4) 

 
It is important that the gap must be selected having a practical dimension so that it will not 
have any manufacturing problems. The active pole length ܮ can then be achieved by the 
equation: 

 
ܮ = ிഓ

൫ௗ/ௗೣ൯ഓబି൫ௗ/ௗೣ൯ഓబసబ൨      (5.5) 
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And the damping force or damper resisting force F can be calculated by 

 
ܨ =  ቂ൫݀/݀௫൯ఛబ +  ൫݀/݀௫൯ఛబసబቃ  (5.6)    ܮܣ

 
Proposing the approximate diameters of the piston and the rod, the effective circumference 
of the flow gap may be expressed as: 

 
ܣ = ଵܴ)ߨ  +  ܴଶ)ℎ 

Where: ℎ =  ܴଵ −  ܴଶ is the gap height. 
 
The surface area of the piston denoted as ܣ is expressed as: 

ܣ = ଷଶܴ)ߨ  − ܴௗଶ ) −  ܣ
 
The volumetric flow rate of the MR fluid through the gap can be expressed as: 

ܳ = ݒ ∗  ܣ 
 Where ݒ = velocity of piston 

Finally the total damping force can be evaluated by summation of all three components, 
i.e. Viscous force, Friction force (both are uncontrolled force) and shear force known as 
controlled force which is controlled by changing magnetic field. Following are important 
equations for various forces derived from above discussion. 

 
Viscous Force (ࣁࡲ): 
Let the pressure drop caused by the Newtonian fluid viscotic flow, can be expressed as 
[64]: 

 
∆ ఎܲ =  ଵଶ௩బఎ

௪య  ቀ1 − ௪௩బ
ଶொ ቁ     (5.7) 

 
The damping force related only to the viscosity of the fluid is equal to [64]: 

 
ఎܨ        =  ∆ ఎܲܣ =   ଵଶொఎ

௪య  ቀ1 − ௪௩బ
ଶொ ቁ    (5.8) 
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Including the previous equations and utilizing the simplifying formula (ܣ  >>  the ,(ݓ 
above equation can be transformed into: 
 

ఎܨ =   ଵଶమ ௩బఎ
గ(ோభା ோమ)య     (5.9) 

  
Shear Force (࣎ࡲ): 
The decrease of the pressure along the gap caused by the non-zero yield stress value is 
given by the equation [64]: 

∆ ఛܲ =  c߬ܮ
ℎ  

The constant value c, which is related to the geometrical dimensions of the damper and the 
damping force can be approximated with the accuracy of 3% by the relation given below 
(Poynor, 2010): 

ܿ = 2.07 + ℎଶ߬ݓ 
1 +  ߪ0.4

 
Where ߪ the stress gradient is described by the formula (Milecki, 2010) and is given by: 

 
ߪ = ℎଶ߬ݓ 

ߟ12ܳ  
 

Taking into consideration the simplifying assumptions, we can determine the value of the 
damping force due to shearing of fluid controlled with the magnetic field [64]: 

 
ఛܨ =  ఛబ

  (5.10)     (ݒ)݊݃ݏ 
 
Total Damping Force: 
The final form of the sum of the forces is then as follows [64]: 

 
ࢇࢊࡲ      =  ࣁࡽࡸ

ࢎ࢝  ቀ − ࢎ࢝ 
ࡽ ቁ ࡸ࣎ࢉ +

ࢎ (࢜)ࢍ࢙  +  (5.11)  ࢌࡲ
 

The value of the friction force ܨ depends on the types of the used construction materials, 
types of sealing & methods of their machining, piston velocity and duration of the piston 



CHAPTER 5. MR DAMPER DESIGN AND FABRICATION 

86  

rest time. In the discussed example of the calculations for the prototype device, the friction 
force value is preliminarily estimated on the basis of the experimental data. From the 
equation 5.8 and 5.10, it can be concluded that by reducing the height of the flow gap, the 
maximum damping force of the device can be increased. The increase of the non-
controlled visco-elastic force is in proportion to the third power of the gap height. The 
value of the shear force (controlled force) increases slower than the value of the viscous 
force (uncontrolled force). It is caused by the fact that the height of the gap in equation 
5.10 is in the first power. 
The order of calculation allows determination of most of the parameters which are crucial 
for the proper design of the small scale linear damper with MR fluid.  

 
5.2.2 MR Damper Magnetic Circuit Design 
A typical MR damper consists of housing, piston, excitation coil and MR fluid enclosed in 
housing. Just a device turn on magnetic influence, the MR damper should be designed 
optimally to achieve the magnetic performance and ultimately to attain acceptable semi 
active control effect. The important requirement of MR fluid should have low viscosity in 
absence of magnetic field, high yielding stress, small reactive time and good stability of 
sediment & agglomeration. Principally important, MR fluid must have higher saturation 
magnetic induction to make sure MR damper adequate force alteration range. Likewise the 
piston and cylinder should be magnetically soft material with higher saturation magnetic 
induction and smaller hysteresis loop region. 
For optimal design, the description of the magnetic circuit design described in the Lord 
Corporation Engineering Note-1999b [61] is summarized in this section. The MR damper 
magnetic circuit typically uses low carbon steel as a piston and cylinder material which has 
higher magnetic permeability and saturation as magnetic flux channel to guide and focus 
magnetic flux into the fluid cavity. A magnetic circuit design is carried out to find out 
required amp-turns (ܰܫ) for the magnetic circuit. An optimum design of the magnetic 
circuit necessitates to minimize the energy loss in steel flux conduit and regions of non-
working areas while maximize magnetic field energy in the fluid cavity. The whole 
quantity of steel in the magnetic circuit correspondingly needs to be minimized. But, 
adequate cross-section of steel must be preserved such that the magnetic field intensity in 
the steel should be low. 
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The design procedure for a magnetic circuit is carried out in following step: 
 
(1) To find out the magnetic induction ܤ  in the MR fluid to make available 

required yield stress ߬ (Fig. 5.6a) 
(2) To find out the magnetic field strength ܪ in the MR fluid (Fig. 5.6b) 
(3) The total magnetic induction flux is given by: 

 
߶ =       (5.12)ܣܤ 

  Where 
  . is the effective pole area including the fringe of magnetic fluxܣ  
Because of the continuity of magnetic induction flux, the magnetic induction ܤ௦ in 
the steel is given by: 
 

௦ܤ =  థ
ೞ =  

ೞ         (5.13)  
(4) To find out the magnetic field intensity ܪ௦ in the steel using Fig. 5.6c 
(5) With the help of Kirchhoff’s Law of magnetic circuit, the required number of 

amp-turns (ܰܫ) is: 
 
ܫܰ  =  ∑ ܮܪ = ܪ  ∗ (2ℎ) +                 (5.14)                            ܮ ௦ܪ 

  
Where  
2ℎ = total length of gaps (refer to Fig. 5.7) and  
௦ܮ steel path length which is equal to = ܮ +  .ܮ
 

Additional things should also be keep in mind throughout the circuit design process such as 
nonlinear magnetic properties of piston & cylinder material and MR fluid; probable losses 
at boundaries & junctions; limits on voltage, current and inductance; probable inclusion of 
permanent magnets for reliable action and eddy currents. 
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FIGURE 5.6: Basic magnetic circuit design procedure (Engineering Note 1999b) [61]. 
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FIGURE 5.7: Magnetic circuit of MR dampers. 

 
To finalise outstanding magnetic material and MR fluid is the main step of magnetic circuit 
design to the fulfilment of design intent. Better magnetic design is also carried out by 
magnetic structure design. The magnetic field forms a loop in the magnetic material. If the 
magnetic loop gets saturate anyplace, it will stop the continuous rise of the entire loop. 
However at the same time, the magnetic structure must confirm the execution of structure 
function. 

 
Parameters of magnetic field: 
The concept of magnetic circuit is established on the phenomenon that magnetic conductor 
permeability is considerably higher than the insulated material. The magnetic leakage is 
ignored since the magnetic loop is formed only in magnetic material. 
Based on ohm’s law, the magnetic circuit factors are magnetic reluctance ܴ, magnetic 
flux ߶, magnetic potential ܨ, no of coil turns ܰ and current passing through the coil is ܫ. 
The relation between this parameters are given by: 

 
ܨ =  ܴ߶ =  (5.15)    ܫܰ

 
For complete magnetic design, the structure of MR fluid damper magnetic loop is divided 
into three parts as shown in Fig. 5.8. 



CHAPTER 5. MR DAMPER DESIGN AND FABRICATION 

90  

 
FIGURE: 5.8: Conductor magnetic reluctance calculator 

 
The complete magnetic circuit design is carried out in following steps. 
Step 1: Calculation of magnetic reluctance for damper circuit. 
Portion 1, portion 2, portion 3 and MR fluid cavity consist of the magnetic loop as shown 
in Fig. 5.8. 
 

For part 1, the magnetic reluctance for piston core section is: 
 

ܴଵ =  ିଶ௪
ቂஜబஜೝ൫గ ସൗ ൯ቄ൫ିଶ൯మିೝమቅቃ     (5.16) 

In a similar way 
The magnetic reluctance for piston legs (part 2) is: 

ܴଶ =  ିೝ
ଶஜబஜೝగ௪       (5.17) 

 
The magnetic reluctance for cylinder wall (part 3) is: 

ܴଷ =  ି௪
ஜబஜೝగ൫ାା௧ ଶൗ ൯௧      (5.18) 

 
The magnetic reluctance of MR fluid in flow gap is: 

ܴ =  ୪୬൜ଵା൬ଶ ൗ ൰ൠ
ଶஜబஜೝగ௪        (5.19) 

 
So the total magnetic reluctance of magnetic circuit is [62] 

ࡾ = ࡾ  + ࡾ + ࡾ +  (5.20)     ࢘ࡾ
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Step 2: To find out optimum magnetic flux for MR damper circuit (ϕ): 
Receiving the magnetic induction range of MR fluid from the experiment curve and 
assuming the shear stress as ߬, saturated magnetic induction as ܵܤெோ  and the magnetic 
field as constant in the MR fluid cavity (which is much smaller than the piston 
diameter ܦ), the magnetic flux can be stated as: 

 
߶ =    (5.21)        ܵ݀ܤ

 
In the magnetic loop, the magnetic flux is uniform when the magnetic leak is ignored. 
Therefore, assuming the material property “saturation magnetic induction” of piston, 
cylinder and MR fluid is ௦௧ܵܤ  , ௬ௗܵܤ    and ெோܵܤ  . The magnetic flux area 
is ܵெோ, ܵଵ,  ܵଶ and ܵଷ respectively (1, 2, and 3 designated the tree part shown in Fig. 5.8). 
Now by multiplying the saturation magnetic induction with the flux area, the lowermost 
value will get saturate first and will be the optimum magnetic flux value for the circuit. 
Mathematically it found as: 

 
Magnetic flux developed in MR fluid flow annulus: 
 

߶ெோ = ݓܦߨ  ∗  ெோ      (5.22)ܵܤ
 
Magnetic flux developed in core area of piston (Part – 1 as shown in Fig. 5.8): 
 

߶௦௧ିଵ =  ቀగ
ସቁ ቂ൫ܦ − 2݃൯ଶ − ଶቃܦ ∗  ௦௧   (5.23)ܵܤ

 
Magnetic flux developed in pole area of piston (Part – 2 as shown in Fig. 5.8): 
 

߶௦௧ିଶ = ݓܦߨ  ∗  ௦௧     (5.24)ܵܤ
 
Magnetic flux developed in cylinder wall (Part – 2 as shown in Fig. 5.8): 
 

߶௬ௗ = ܦ൫ߨ  + ℎ + ݐ 2ൗ ൯ݐ ∗  ௬ௗ    (5.25)ܵܤ
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The optimum value of magnetic flux for the circuit is given by [62]: 
 

࢚ࣘ = ,ࡾࡹ൫ࣘ ,ି࢚࢙ࣘ , ି࢚࢙ࣘ  ൯  (5.26)࢘ࢋࢊ࢟ࢉࣘ
 

The magnetic circuit design should be such that the value of ߶௧ should be maximum 
possible [62]. 

 
Step 3: To find out Optimum (Maximum) current value which can produce magnetic 
induction in circuit (࢞ࢇࡵ) 
Based on the entire magnetic potential ܨ, power and heat dispersion, it can be find out the 
upper limit of the effective current value ܫ௫ and the required coil turn from following 
equation: 

 
࢞ࢇࡵ = ࡲ 

ࡺ = ࣘࡾ
ࡺ        (5.27) 

 
Beyond this limit, current cannot improve magnetic induction in circuit. 
 
5.2.3 Considerations with Applied Design 
In the course of the design of the MR damper with recommended performance, real 
difficulties such as voltage surge suppression and damper piston centring must be 
overcome. In the subsequent segments, reasons of these difficulties are deliberated and 
determinations are given. 
 
5.2.3.1 MR damper piston centring 
Commonly, without any special arrangement, the MR damper piston does not remain 
centred during operation. This may be due to either side loads due to inappropriate 
installation or manufacturing errors, which may result in: 

(1) Non-uniform temperature increases and local overheating 
(2) Bearing malfunction and leakage 
(3) Scratching of the insulation and causing a short in the magnetic coil. 

 



MR Damper Design 
 

93  

 
FIGURE 5.9: Schematic of piston head installed with guide rails. 

To overcome this problem, a total of 2 guide rails made from bronze material are installed 
on the MR fluid damper reflected in this research work. The representation of the piston 
head using the guide rail mounted is shown in Fig. 5.9. The guide rails have a precise close 
fit with the housing and hold onto the piston centred within gap “ℎ”. Moreover, bronze is 
softer than housing material, in present case carbon steel, will not damage the housing 
surface. 
5.2.3.2 Voltage surge suppression 
To create a magnetic field and consequently a yield stress in the MR fluid, MR dampers 
utilize the current flowing through the damper coil. The current can be supplied by either a 
current driver or a voltage source. If the power source or the MR damper quickly has a 
connection breakdown, affecting an open circuit, current flow from the coil will 
immediately stop.  
With reference to Faraday’s law of induction, a voltage settled through the coil is specified 
using equation: 

 
(ݐ)ܸ = ܮ−  ௗ

ௗ௧                                   (5.28)                                                    
 

It is to be seen from above equation that the voltage is proportionate to the time rate of 
variation in current flow. As soon as the connection breaks, the current variation rate is 
very high; this can reason a voltage surge through the coil, particularly in the MR damper 
coil due to its large inductance. This voltage surge will breakdown the coil insulation and 
effect an electric short. Due to this reason, the coil cannot produce adequate magnetic field 
in the MR fluid flow cavity and the damper force decreases considerably. 
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FIGURE 5.10: Electric circuit with bidirectional transient voltage suppressor [63]. 

 
To care for the coil from such voltage surges, a “transient voltage suppressor” (TVS) 
attached with damper coil in parallel can be used to bounds voltage to tolerable level. 
Generally, TVS has a high value of resistance when the voltage is under its threshold. On 
the other hand, as soon as its threshold voltage is cross the limited value, the TVS begins 
conducting due to the avalanche failure of the PN junction and it wheel clamp the voltage 
to a harmless level. TVS bring back to the non-conducting mode when voltage drops under 
its threshold level. Fig. 5.10(a) indicates a schematic of the electric circuit of the damper 
coil connected with a bidirectional transient voltage suppressor. During normal action, the 
current passes through the TVS is very small, below 5 mA, performing like an open switch 
(Fig. 5.10(b)). As soon as a wire joining breaks, the voltage through the coil will go 
beyond the threshold and the TVS starts to conduct (Fig. 5.10(c)). As a result, the voltage 
through the coil is blocked to a safe working level and the energy earlier kept in the coil is 
dissipated by the damper coil resistance. It is important to note that for a multi-stage coil, a 
TVS is connected with every coil to avoid the connection breaks among coils. 
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5.3 Fabrication of designed MR Damper 
 
The aim of present section is to summarise the improvement of the MR fluid base damper 
used in present investigation. It will make known to the real physical component along 
with its manufacture. 
 
5.3.1 Complete Construction of the Designed MR Dampers 
The damper used in present investigation is similar to a conventional single tube damper. 
As précised in Table 5.3, the compressed length of the MR damper is 300 mm. After it is 
stretched, it extents 620 mm. The extreme stroke length of the present damper is 320 mm 
and the mid-stroke length of the damper is 460 mm. The damper cylinder is 44.55 mm in 
diameter. 

TABLE 5.3. Magnetorheological Damper Working Dimensions 
Damper Parameter Dimension (in mm) 
Total length (extended)  620 
Total length (compressed) 300 
Maximum stroke length 320 
Mid stroke length 460 
Inside shock tube diameter 44.55 
inner/outer eyelet diameter 24/55 

 
In relations of inside makeup, the MR damper, also known as a shock tube is similar to a 
conventional damper. The MR damper used in present investigation is presented in Fig. 
5.11. 

 
FIGURE 5.11: Magneto rheological Damper  

(Designed and fabricated for the research experiment) 
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Magnetorheolocal damper and conventional mono-tube damper have few parts in common 
which include the lover and upper shock eyes, the housing, the centring guide which keeps 
the piston in centre of housing during operation, the piston rod and dynamic seals. These 
parts are shown in the damper schematic diagram in Fig. 5.12. 
The developed MR damper include cylinder for inclosing required MR fluid volume, a 
piston adjusted for movement inside the cylinder, magnetic coil wounded inside the slot 
which is created in piston surface area with N number of winding of a conducive wire 
incorporate in that to express a coil that develop magnetic flux in and around the piston. 
The cylinder may be fabricate with an outer cover of ferrous metal to increase cross 
sectional area of the return flow path for the magnetic flux.  

 
FIGURE 5.12: Structure of MR Damper Used 

 
5.3.2 Fluid Paths in Conventional Mono-tube Damper and MR Damper  
The fluid path in the MR damper used in present investigation is somewhat dissimilar as of 
a conventional monotube damper. As a conventional mono-tube damper compresses, the 
fluid runs through the gap provided in piston (fluid flow control valves) from one part to 
another separated by piston in cylinder, as shown in Fig. 5.13. 

 
FIGURE 5.13: Conventional Mono-Tube Damper Flow Direction (adopted from 3) 

 
As soon as the piston rod enters in the housing, the volume of MR fluid displaced by piston 
rod is filled by the air column of an accumulator. The flow directions in the housing are 
reversed, when the damper is in extension mode. 
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The monotube MR damper is composed of a piston, a main damper housing, and piston 
rod assembly and an accumulator as illustrated in Fig. 5.14.  

 
FIGURE 5.14: MR Damper Flow Direction (adopted from 3) 

 
The main reservoir contains the piston and piston rod assembly submersed in the MR fluid 
while the accumulator reservoir contains a compressed and non-oxidizing gas (usually 
nitrogen). As the piston rod moves into the damper housing, volume of fluid equivalent to 
the volume of the intruding piston rod is displaced. The accumulator piston moves toward 
the bottom of the damper compressing the nitrogen charge to account for the change in 
volume. As the piston rod retracts, the accumulator piston moves up the damper tube to 
counteract for the loss of volume. The monotube damper design is the most versatile 
damper design since it can be mounted in any orientation without affecting the damper’s 
performance. 

 
5.3.3 Components of the Designed MR Dampers 
Present segment gives details of the several components which are part of the developed 
MR dampers. 

 
5.3.3.1 Damper Cylinder (Housing or Shock Tube) 
The cylinder (shown in Fig.5.15) has several purposes including support and protection of 
the damper’s inner parts, casing the liquid and removing heat from the damper liquid to the 
outsides. These purposes are similar in both conventional and MR dampers. The 
dissimilarity among the MR damper cylinder and the conventional damper cylinder is that 
the MR damper cylinder has more cross sectional surface area for higher value of magnetic 
saturation. One end of the cylinder is fitted with accumulator with an attachment eye 
associated therewith by lower end cap. Another or open end of the housing is closed by 
end member. 
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For best results (according to magnetic circuit design), the material of cylinder should have 
high permeability, high flux saturation level, small hysteresis loop area and should be 
magnetically soft. Particularly for this research project, low-carbon steel is selected as a 
cylinder material. 

 
FIGURE 5.15: Damper Cylinder (Housing or Shock Tube) 

 
Both ends of cylinder are open with external thread. At one end, accumulator is fitted. At 
other end, cap is fitted in which hole is drilled for passing piston road with oil seal. For MR 
damper and the conventional mono-tube damper, the cylinder is the tube that provide to 
reciprocate the piston of the damper. The liquid flows among the high pressure region and 
low pressure region is to some extent dissimilar in the MR damper than in a conventional 
mono-tube damper, however the purpose of the cylinder is unchanged. In the MR damper, 
as the piston reciprocates in the cylinder, liquid is forced in and out of alternating low 
pressure region and high pressure region of the cylinder. In order for the movement of the 
liquid to be mechanically advantageous, the flow has to pass through the damper valve i.e. 
through gap provided between cylinder and piston for MR damper. 

 
5.3.3.2 Piston and Piston Rod 
Fig. 5.16(a) shows the piston with piston road and other MR damper elements like 
magnetic coil and guide for cantering the piston in cylinder during operation. Both these 
part have more or less the similar purpose in the MR fluid base damper and conventional 
dampers. Single dissimilarity among these two is that a conventional mono-tube damper 
includes the valve into the piston whereas the MR damper incorporates the valve as a gap 
between inside wall of cylinder and piston. In both of MR and conventional dampers, 
movement of the piston has to force liquid through the damper’s valving. The piston size 
of MR damper is higher than a conventional damper. 
Magnetic field strength produced in the MR fluid be governed by the whole magnetic 
circuit and this should have a small reluctance. Soft iron or steel can be used to achieve 
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better result. For best result, low-carbon steel with high permeability and high flux 
saturation level is appropriate. 

   
(a)                                                                 (b) 

FIGURE 5.16: Piston and Piston Rod Shown with magnetic coil and guide rail 
 

Fig. 5.16(b) presents piston assembly in more detail. Head of piston is spool formed having 
an upper and lower externally extending projection. Magnetic coil is looped upon spool-
shaped piston head among upper and lower externally extending projection. 
The piston rod has two purposes. The first purpose is to comprise the channel of the inner 
cabling which is essential for controlling the damper. Connecting the assembly at outside 
of the damper body for achieving particular application with eye connected at other end of 
piston rod is second important purpose of piston rod. 

 
5.3.3.3 Accumulator 
The accumulator has the purpose of compensating for both variations in the volume of MR 
liquid. One is due to temperature change and other is due to change in the volume available 
to the liquid as the piston rod come in and out from the damper body. 

 
FIGURE 5.17: Accumulator with lower end cap 
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Meanwhile MR liquid cannot work with a free air and liquid interface, it is essential to 
attach an accumulator to the design. The accumulator has to account for the variation in 
volume existing to the liquid as additional of the piston rod come into the housing and 
furthermore permit for thermal expansion of the MR liquid. The MR liquid used in present 
experiment has a coefficient of thermal expansion of approximately ten percent. The high 
pressure tubes increases and decreases as required and comprises one portion of a two 
portion accumulator system. 
The lower shock eye of MR damper is constructed into the accumulator. Accumulator is 
connected with housing by lower end cap. 
 
5.3.3.4 Lower and Upper End Caps 
The lower and upper end caps are screwed on the lower and upper ends of the cylinder 
respectively. One end cap hold and guide piston rod with seal to prevent leakages of MR 
fluid from cylinder to outside. Fig. 5.18 shows upper end cap with seal. It also helps to 
keep the piston in centre of housing during operation. Other end cap holds the accumulator 
as shown in Fig. 5.17. The lower shock eye of MR damper is constructed into the lower 
end cap. 

 

 
FIGURE 5.18: Upper end cap with seal 
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Two small adjustable screw fitted holes are provided in upper end cap for filling whole 
damper body with the MR fluid. 
  
5.3.4 Assembly of Damper 
The MR damper is bring together in stages. The main subassemblies and full assembly are 
shown in Fig. 5.19. 

 
FIGURE 5.19: MR Damper Main Subassemblies 

 

 
FIGURE 5.20:  Filling of MR Damper by MR Fluid 



CHAPTER 5. MR DAMPER DESIGN AND FABRICATION 

102  

The first step of the assemblies, presented in Fig. 5.19, comprises the piston rod and piston 
linked together, using the wire takes out from piston to piston road and it passes through 
inside of piston road. The second step of assembly consists of the housing with the 
accumulator via lower end cap. The third step of assembly comprises upper end cap with 
seal and piston road. Eye is fitted at other end of piston road for holding damper in test rig. 
After the subassemblies presented in Fig. 5.19 are piece together, the damper is assembled 
as presented in Fig. 5.11. The final step of assembly comprises to fill by addition MR 
liquid in the cylinder as presented in Fig. 5.20. This finalises the assembly of the damper. 
The completely assembled damper, presented in Fig. 5.11, is complete for force-velocity 
analysis. 

 
MR damper for present investigation: 
The damper of the current experiment is represented in Fig. 5.11. The damper is fabricated 
with two major components: cylinder and piston. Cylinder holds a volume of 
magnetorheological (MR) liquid. One liquid which contains of carbonyl iron elements 
suspended in castor oil. This liquid has shown itself to be predominantly well-suited for 
this application. Housing is a cylindrical pipe having one closed end with an accumulator 
and attachment eye connected therewith. Second or open end of the housing is closed by 
upper end cap. A seal is provided to prevent fluid leakage from housing. The accumulator 
has to account for the variation in volume existing to the liquid as additional of the piston 
rod come into the housing and furthermore permit for thermal expansion of the MR liquid. 
It also prevents cavitation effect. Piston head is spool formed having an upper and a lower 
outwardly extending flanges. Coil is wound upon spool-shaped piston head between upper 
flange and lower flange. Piston head is made of a magnetically permeable material, in this 
case, low carbon steel. Guide rails are attached above and below side of piston to keep the 
piston in centring position to housing during operation. Piston head is shaped with a 
smaller maximum diameter (in this case, ܦ) than the inside diameter, ܦ of cylinder. 
The outside surfaces of guides are shaped to engage the inside diameter ܦ  of cylinder. 
Guides are made of non-magnetic material, in this case, bronze, and it maintains piston 
centred within cavity ‘ℎ’. In this model, cavity ℎ (in combination with coil) works as a 
valve to govern the flow of MR liquid past piston. Electrical connection is provided to coil 
through piston rod by two lead wires. One wire is joined to a first end of an electrically 
conductive rod which extends through piston rod to outside of damper. The other end of 
the winding of coil is attached to a “ground” connection on the outside of damper. As 
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shown in figure, the upper end of piston rod has threads to allow attachment of damper. A 
current in the range of 0-4 amps at a voltage of 12-24 volts is provided by connecting the 
leads with an external power supply. The outside surface of coil is layered with epoxy 
paint as a protecting measure. The damper of present experiment works as a Bingham type 
damper, i.e., this structure come close to an ideal damper in which the force produced is 
not depends on piston velocity and big forces can be produced with small or zero velocity. 
This independence increases controllability of the damper making the force a function of 
the magnetic field strength, which is a function of current flow in the circuit 
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CHAPTER 6 
TESTING OF DEVLOPED MR FLUID BASE DAMPER 

 
 
6.1 Introduction 
 
To investigate the fundamental behaviour of the designed small-scale MR damper, a series 
of quasi-static experiments were conducted at the Physics Department Laboratory, 
Bhavnagar University. In this chapter, subsequent segments describe the experimental 
setup and experimental results. Results are presented for the different test carried out like 
variable input current tests, amplitude-dependent tests and frequency-dependent tests. The 
experimental results are then used to compare with theoretical results obtained using a 
mathematical model described in the previous chapter. The experimental results are also 
used to validate experiment procedure by design of experiment methodology using design 
expert software. Very good comparisons in force-displacement behaviour are observed 
between theoretical and experimental results. 
The damper, also known as a shock absorber, is characterized by its instantaneous value of 
position velocity, acceleration, force, pressure, temperature, etc. and various plots among 
these parameters. For the measurement of listed parameters of the damper, a test rig is 
designed and developed. An experiment on the test rig is carried out at different speeds and 
loads which led to the output in terms of sinusoidal waveform on attached oscilloscope. 
The waveform is used to find out the characteristics at different load-speed combination. 
The results obtained are used to find out the behaviour of damper at different speeds and 
loads. 
Some phenomena observed during the experiment are also discussed and possible 
explanations are given. 

 
6.2 Experimental Setup 
 
This section presents a model test setup to calculate the characteristics of designed MR 
damper at various loading conditions. The principle mechanism for the basis of this 
experimental setup designed to measure the characteristics is single slider crank 
mechanism. This mechanism converts rotary motion of the circulating disc into the linear 
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motion of the damper. At various loads and speeds combinations, the readings on the test 
setup is taken with the help of various sensors mounted on test rig and by using these data, 
characteristics of damper are evaluated. 
Analysis of damper could be categorized in two important headers [3]: 

(1) Rig analysis of component or complete of the damper 
(2) Road analysis of the damper on the motor vehicle. 
 

Rig analysis of whole damper or their individual component may be placed in three 
supplementary headings:  

(1)  Performance measure 
(2) Durability check  
(3) Testing of theoretical models.  
 

Analysis of theory is necessary to authorise techniques of examination and to give 
assurance in model for design work. This is to be expected to include testing of separate 
component or testing of whole damper to relate damping characteristics, to examine piston 
or rod seal friction effects, etc.  
Durability check is executed by test rig and this can be suitable for preliminary testing of 
innovative materials or production techniques, but the primary durability testing is by road 
testing.  
Following are typical plots of interest for damper to characterize it: 

 Position with respect to Time 
 Velocity with respect to Time 
 Acceleration with respect to Time 
 Force with respect to Time 
 Force with respect to Position 
 Force with respect to Velocity 

For obtaining such parameters, experimental setup should be carried out properly. 
There are three main types of testing methodology adopted according to technology 
applied and value of damping force [3]: 

 Transient Testing 
 Electromechanical Testers 
 Hydraulic Tester  
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For present investigation, the experimental setup is designed based on electromechanical 
tester methodology. 
 
6.2.1 Electromechanical Tester 
Fig. 6.1 explain reciprocating type electromechanical testing fundamentals. In electro 
mechanical tester, cyclic tests are accomplished by reciprocating the piston in cylinder in 
an approximately sinusoidal fashion by means of a slider crank mechanisms. The force is 
measured by load cell attached at other end of the damper.  

 
FIGURE 6.1: Reciprocating type electromechanical tester [3] 

 
6.2.2 Design of Test Rig  
The basic factors to be measured are instantaneous values of: 

(a) X: Position 
(b) V: Velocity 
(c) A: Acceleration 
(d) F: Force 
(e) P: Pressure 
(f) T: Temperature. 

These requirement measuring device like sensors, pulse data processing and appropriate 
display. Moreover, the data stream will be handled to provide values for example cyclic 
extremes of position and force. 

The basic damper analyser or shock analyser kit connections are shown in Fig. 6.2. 

 
FIGURE 6.2: Lay out of damper analyser kit connections. 
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Following are various instruments required to achieve listed variables. 
 
(1) Oscilloscope 
The raw data which changes through the cycle are usually presented on an oscilloscope. 
The storing kind of oscilloscope attached with test rig is considerably superior in 
presenting the cyclic profile, for example force against position; F-X. 

 
(2) Linear Variable Differential Transformer (LVDT). 
LVDT is a position sensor and is put together into the ram. It will provide voltage output 
directly to computer by oscilloscope and it is linearly related to the location with a 
positional signal. 

 
(3) Velocity Sensor 
Velocity of piston is derived from velocity sensor. Velocity is also achieved by electronic 
differentiation of the positional signal gained by LVDT. In present case, velocity is 
achieved by differentiation of the positional signal gained by LVDT. 

 
(4) Load cell 
The shock force is measured by load cell. It is simply a slight elastic beam supporting the 
stationary end of the shock. It gives a slight deflection which can be measured to give a 
rapid load signal. The load signals in the form of voltage output are transferred directly to 
computer through oscilloscope. 

 
(5) Accelerometer sensor 
It gives instantaneous value of acceleration. Acceleration can also be achieved by 
differentiation of the velocity signal, but double stage of differentiation will significantly 
amplify any noise in the original position signal. Accelerometer measuring device is 
principally just a load cell with a known mass, with acceleration derived from ܣ =  .݉/ܨ 
Velocity could also be integrated from the acceleration. 

 
(6) Pressure sensor 
Damper liquid pressure is measured by pressure sensor. It is installed into damper body by 
means of welding or brazing of a tapped boss to accept a standard measuring device. It is if 
possible placed at the extreme ends of the shock so that the piston seals are not damaged 
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by passing over the hole and so that welding distortion of the working cylinder does not 
reason the leak. 

 
(7) Thermocouple sensor 
This one is used to measure temperature of damper body and damper fluid. The 
temperature value is affecting the performance. This tends to decrease the damping forces 
at a specified speed which are required to be measured. The most appropriate measuring 
device are thin flexible insulated wires and should be rated for the temperature up to 
20000C or higher. These are without difficulty taped to the body of the shock.  

 
Damper or Shock Absorber Test Rig 

A damper or a Shock Absorber Test Rig, designed and developed at physics 
department, M. K. Bhavnagar University is shown in Fig. 6.3. 

 
FIGURE 6.3: Damper Test Rig 

 
The purpose of Damper Test Rig is to construct a damper dynamometer. Damper 
dynamometer is an instrument to examination dampers and produce charts for the damper 
characteristics. These charts are made for the dampers or stored so user could develop 
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database of in what way every damper works under the experiment conditions. This 
instrument switches the trial and error methodology into a reliable and effective process to 
decide the damper used during an operation.  

 
Structure of developed test rig: 
The Damper or Shock Absorber Test Rig be made up of a metallic main assembly, an 
electric motor with variable speed output gear box to decrease output speed, a piston-crank 
slider mechanism to cycle the damper and a computer connected with damper test rig by 
oscilloscope. The oscilloscope acquires data as well as displays the test graphs. 
Furthermore, it saves different test results and allows overlying several tests to match the 
performance. It is simple to construct using industrial devices and it is easy to use. The 
assembly consists of a robust steel frame using two vertical cylinder-shaped beams. Both 
cylinder-shaped beams tied together using a robust upper beam, have bolted load cell. The 
load cell has a connector for fastening the damper to it. The base frame act as a stand for 
the electric motor, gear box and the two cylinder-shaped shafts. A LVDT is mounted on 
any vertical beam which measures displacement with respect to time and gives velocity of 
the shock. 
 
Basic characteristics of presented damper or Shock absorber test rig are: 

 Range of Stroke 5-100 mm 
 Range of Speed 0-500 mm/s 
 Range of Force (Load Cell range) 0-1500 Kg (Output in terms of volt-0 to 10 V) 
 Cycle frequency 0 to 400 rpm 
 LVDT range 0 to 150 mm (Output is in terms of volt - 0 to 5 V) 

 
Components: 
Electric Motor and Gear Box: 
Damper Test Rig is generally driven by 3-phase AC electric motor. The size of motor and 
power is limited to its voltage supply. For applications up to 2 HP, the motor can be driven 
by the normal single-phase power source. Bigger motor in the range of 2 HP to 10 HP can 
be driven by 3-phase power source. The motor is connected to an adjustable speed gear 
box to permit the user to cycle the damper at flexible cycles/minute to test various speed 
choice.  
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This setup of Damper Test Rig is powered by 3-phase, 2 HP, AC electric motor with 
variable speed gear box. The motor output is geared down by means of variable speed gear 
box. The maximum output shaft speed is in the range of 300 to 400 RPM. 

 
Piston - Crank Mechanism 
This mechanism be made up of a crank plate, connecting rod and piston like to the piston-
crank mechanism in an I.C. engine. The crank has holes drilled to attain variable stroke 
lengths as shown in Fig. 6.4. The disadvantage of using this mechanism is that it does not 
produce perfect sinusoidal motion in the piston, but having a longer connecting rod can 
compensate for this. Although it is not necessary to have sinusoidal motion, it does help to 
reduce vibrations. The advantage to this mechanism is its cost effectiveness because there 
is less high tolerance machining. 

 
Stroke length selector 
There are twelve screwed holes positioned over spiral profile in crank plate as shown in 
Fig. 6.4. Connecting rod can be secure in any hole to choice stroke length. The longer the 
stroke, the greater the power needed on motor to move the damper. At higher stroke, it 
may be possible that the motor couldn't run the damper, thus it is recommend to start at 
position from minimum value and increasing it step by step. Table 6.1 represents the value 
of stroke length for hole position. 

 

 
FIGURE 6.4: Disk type crank plate with stroke adjuster hole.  

(Designed and manufactured for the research experiment)  
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TABLE 6.1: Hole position – Stroke length data 
Position of Hole  Stroke Length in mm 

1 10 
2 20 
3 30 
4 40 
5 50 
6 60 
7 70 
8 80 
9 90 
10 100 
11 110 
12 120 

 
Load Cell: 
A load cell is a device which alters load acting on it into analog electrical signals. A load 
cell fitted with the crossbeam measures the force to be found on the damper. 

 
Damper temperature sensor: 
Damper temperature is recorded by means of a thermocouple fitted with the housing of the 
damper by a Velcro strap. Damper performance can vary dramatically at different 
temperatures. With the help of temperature monitoring arrangement, shock performance 
can be determined under various temperatures. In present case, performance is carried out 
at temperature maintained at 30 0C ± 3 
 
Working of Damper Test Rig 
Fig. 6.5 indicates fully instrumented damper test rig developed for present investigation 
with setup. The setup consist of piston and crank (Single Slider Crank Mechanism). This 
mechanism be made up of a crank, connecting rod and piston (reciprocating arm). The 
crank plate has holes drilled to achieve different stroke lengths shown in Fig. 6.4. The 
advantage of this mechanism is its cost effectiveness because there is less high tolerance 
machining. The frequency is adjusted by using variable gear drive system powered by 
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electric motor. The speed available from the motor is geared down by means of gearbox. 
The maximum output shaft speed is in the range of 350 to 400 RPM at full speed of motor 
having 1440 RPM. Variation of stroke is possible by fixing the connecting road in 
appropriate hole made in crank plate, as a result the stroke is fixed to provide the preferred 
maximum speed inside the limits of the damper and experiment apparatus. There are 
twelve screwed holes positioned over spiral form; connecting rod can be secure in 
appropriate hole to choice stroke length. The higher the stroke, the greater the power 
required on motor to move the damper. 

 
FIGURE 6.5: Fully instrumented damper test rig developed at physics department laboratory 

 
Dampers are fastened into the test rig on the given mounting positions. The stroke and 
motor speed is fixed to a selected speed choice. The computer is set to obtain the data from 
oscilloscope. Initial damper body temperature is taken and system is provided which keep 
the damper body temperature constant during experiment. The test rig is then started and 
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the damper is operated within the selected velocity range. The data are directed to the 
computer via oscilloscope. The computer can then show the data in a numerical and 
graphical form that will permit the operator to regulate the damper accordingly 
 
6.3 Testing of developed MR Fluid Damper under Sinusoidal Displacement 
Excitations 
 
To obtain the data used to characterize the designed MR fluid damper behaviour, a series 
of experiments on the test rig were conducted under various sinusoidal displacement 
excitations while simultaneously altering the magnetic coil in a varying current range. The 
output of each test was the force generated by the damper. During all the experiments, the 
damping force response was measured together with the variation of piston displacement 
and supplied current for the damper.  
The setting parameters for experiments are listed in Table 2. Instantaneous values of time, 
displacement and force for complete cycle are stored in computer via oscilloscope in 
voltage form. Finally, the data are converted in the form of physical unit by C program 
developed for this special application (listed in appendix-B). Instantaneous value of 
velocity is calculated by differentiation of displacement with respect to time. Observations 
are taken according to this plane and represented in graphical form. 

TABLE 6.2: Setting parameters for experiment 
Amplitude Frequency 

In Hz 
Current Value in Amp. 

0.5 cm 
0.75 0 0.25 0.5 0.75 1 
1.0 0 0.25 0.5 0.75 1 
1.5 0 0.25 0.5 0.75 1 
2.0 0 0.25 0.5 0.75 1 

1.0 cm 
0.75 0 0.25 0.5 0.75 1 
1.0 0 0.25 0.5 0.75 1 
1.5 0 0.25 0.5 0.75 1 
2.0 0 0.25 0.5 0.75 1 

1.5 cm 
0.75 0 0.25 0.5 0.75 1 
1.0 0 0.25 0.5 0.75 1 
1.5 0 0.25 0.5 0.75 1 
2.0 0 0.25 0.5 0.75 1 

2.0 cm 
0.75 0 0.25 0.5 0.75 1 
1.0 0 0.25 0.5 0.75 1 
1.5 0 0.25 0.5 0.75 1 
2.0 0 0.25 0.5 0.75 1 
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The minimum shaft rotation connected with motor via gearbox is about 40 RPM. Due to 
that reason, the minimum frequency value is selected as 0.75 Hz and then increased it in 
terms of 1.0, 1.5 and 2.0 Hz. The intermediate value is sufficient for understanding the 
behaviour of damper with respect to frequency variation. 
The current value is selected from 0 Amp to 1.0 Amp. Beyond maximum limit of 1.0 Amp 
current value, the magnetic circuit get saturated and there will be no effect of higher 
current value. It is also important to study the behaviour of damper at off state condition, 
i.e. at 0 Amp current value. Thus the range of current is selected form 0 Amp to 1.0 Amp 
with increment of 0.25 Amp for better understand of change in current behaviour. 
Results of various experimental tests under sinusoidal displacement excitations are 
presented. These tests include: variable input current tests, frequency dependent test and 
amplitude-dependent tests. 
Force-displacement, force-velocity and force-time experiments under sinusoidal 
displacement excitation at different frequencies with different constant current levels of 0, 
0.25, 0.5, and 1 A were conducted. At each current level, excitations with altered 
amplitudes and frequencies were applied to the MR damper. The tests conducted for 
presented damper configuration are summarized in Table 6.3 to Table 6.6, and complete 
experimental results were presented in graphical form. Again, to reduce temperature 
effects, the tests were conducted at a temperature of 30 0C ± 3. It is also to be noted that 
experimental and theoretical data are presented and compared at each level. 
The whole experiment procedure was carried out in four steps. During each step, the value 
of amplitude was keep constant and for each frequency level, instantaneous values of 
damping force, displacement and velocity were measured for complete cycle at different 
values of current as shown in Table 6.2.  
6.3.1 Test with constant amplitude value of 0.5 cm (Stroke length 1.0 cm) 
During first experiment, the amplitude value was set as 0.5 cm, by selecting appropriate 
hole in stroke selection plate. Frequency values were selected as 0.75, 1.0, 1.5 and 2.0 Hz 
with the help of variable gear drive system. Instantaneous values of damping force, 
displacement and velocity were measured and stored in a computer via oscilloscope for a 
complete cycle. The data for a cycle are analysed and presented in graphical form with 
theoretical values also as shown in Fig. 6.6 to Fig. 6.9. The data further analysed as 
maximum damping force, maximum controllable force and dynamic range for 
experimental values and theoretical values. The analysis is presented by Table 6.3 showing 
% of error between theoretical and experimental values. 
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Fig. 6.6 shows the experimental and analytical results variation during one complete cycle 
with following parameter value. 
Amplitude A= 0.5 cm. (Stroke Z = 1.0 cm.) 
Frequency f = 0.75 Hz. (Angular speed of crank plate = 45 RPM) 

 
Measured value     Analytical value 

FIGURE 6.6 (a): Force-disp. relationships under 0.5 cm amplitude for different current values at f = 0.75 Hz 

 
Measured value     Analytical value 

FIGURE 6.6 (b): Force-velo. relationships under 0.5 cm amplitude for different current values at f = 0.75 Hz 

 
Measured value     Analytical value 

FIGURE 6.6 (c): Force-time relationships under 0.5 cm amplitude for different current values at f = 0.75 Hz 
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Fig. 6.7 shows the experimental and analytical results variation during one complete cycle 
with following parameter value. 
Amplitude A= 0.5 cm. (Stroke Z = 1.0 cm.) 
Frequency f = 1.0 Hz. (Angular speed of crank plate = 60 RPM) 

 
Measured value     Analytical value 

FIGURE 6.7 (a): Force-disp. relationships under 0.5 cm amplitude for different current values at f = 1.0 Hz 

 
Measured value     Analytical value 

FIGURE 6.7 (b): Force-velo. relationships under 0.5 cm amplitude for different current values at f = 1.0 Hz 

 
Measured value     Analytical value 

FIGURE 6.7 (c): Force-time relationships under 0.5 cm amplitude for different current values at f = 1.0 Hz 
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Fig. 6.8 shows the experimental and analytical results variation during one complete cycle 
with following parameter value. 
Amplitude A= 0.5 cm. (Stroke Z = 1.0 cm.) 
Frequency f = 1.5 Hz. (Angular speed of crank plate = 90 RPM) 

 
Measured value     Analytical value 

FIGURE 6.8 (a): Force-disp. relationships under 0.5 cm amplitude for different current values at f = 1.5 Hz 

 
Measured value     Analytical value 

FIGURE 6.8 (b): Force-velo. relationships under 0.5 cm amplitude for different current values at f = 1.5 Hz 

 
Measured value     Analytical value 

FIGURE 6.8 (c): Force-time relationships under 0.5 cm amplitude for different current values at f = 1.5 Hz  
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Fig. 6.9 shows the experimental and analytical results variation during one complete cycle 
with following parameter value. 
Amplitude A= 0.5 cm. (Stroke Z = 1.0 cm.) 
Frequency f = 2.0 Hz. (Angular speed of crank plate = 120 RPM) 

 
Measured value     Analytical value 

FIGURE 6.9 (a): Force-disp. relationships under 0.5 cm amplitude for different current values at f = 2.0 Hz 

 
Measured value     Analytical value 

FIGURE 6.9 (b): Force-velo. relationships under 0.5 cm amplitude for different current values at f = 2.0 Hz 

 
Measured value     Analytical value 

FIGURE 6.9 (c): Force-time relationships under 0.5 cm amplitude for different current values at f = 2.0 Hz  
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TABLE 6.3: Measured maximum force, controllable force and dynamic range and their comparison with 
analytical results for the value of Amplitude = 0.5 cm. 

N=45 
RPM, 

f=0.75 Hz 

    For  
I = 0A 

For  
I = 0.25A 

For  
I = 0.5A 

For  
I = 0.75A 

For  
I = 1A 

Max. Force in N  
At 0.5 cm amp. (Span/2) 

Measured 249.00 404.00 562.00 703.00 868.00 
Predicted 209.83 339.26 468.70 598.13 727.57 
Error in % 18.67 19.08 19.91 17.53 19.30 

Controllable Force in N Measured 0.00 155.00 313.00 454.00 619.00 
Predicted 0.00 129.43 258.87 388.30 517.74 
Error in % 0.00 19.75 20.91 16.92 19.56 

Dynamic Range Measured 0.00 0.62 1.26 1.82 2.49 
Predicted 0.00 0.62 1.23 1.85 2.47 
Error in % 0.00 0.91 1.89 1.48 0.75 

N=60 
RPM,  
f=1 Hz 

    For  
I = 0A 

For  
I = 0.25A 

For  
I = 0.5A 

For  
I = 0.75A 

For  
I = 1A 

Max. Force in N  
At 0.5 cm amp. (Span/2) 

Measured 342.00 500.00 638.00 803.00 958.00 
Predicted 279.83 409.26 538.70 668.13 797.57 
Error in % 22.22 22.17 18.43 20.19 20.12 

Controllable Force in N Measured 0.00 158.00 318.00 461.00 616.00 
Predicted 0.00 129.43 258.87 388.30 517.74 
Error in % 0.00 22.07 22.84 18.72 18.98 

Dynamic Range Measured 0.00 0.46 0.99 1.35 1.80 
Predicted 0.00 0.46 0.93 1.39 1.85 
Error in % 0.00 0.12 7.42 2.86 2.65 

N=90 
RPM, 

f=1.5 Hz 

    For  
I = 0A 

For  
I = 0.25A 

For  
I = 0.5A 

For  
I = 0.75A 

For  
I = 1A 

Max. Force in N  
At 0.5 cm amp. (Span/2) 

Measured 510.00 634.00 794.00 996.00 1151.00 
Predicted 419.65 549.09 678.52 807.96 937.39 
Error in % 21.53 15.46 17.02 23.27 22.79 

Controllable Force in N Measured 0.00 124.00 284.00 486.00 641.00 
Predicted 0.00 129.43 258.87 388.30 517.74 
Error in % 0.00 4.20 9.71 25.16 23.81 

Dynamic Range Measured 0.00 0.24 0.56 0.95 1.26 
Predicted 0.00 0.31 0.62 0.93 1.23 
Error in % 0.00 21.17 9.73 2.99 1.87 

N=120 
RPM,  
f=2 Hz 

    For  
I = 0A 

For  
I = 0.25A 

For  
I = 0.5A 

For  
I = 0.75A 

For  
I = 1A 

Max. Force in N  
At 0.5 cm amp. (Span/2) 

Measured 616.00 726.00 907.00 1104.00 1263.00 
Predicted 559.57 689.00 818.44 947.87 1077.31 
Error in % 10.09 5.37 10.82 16.47 17.24 

Controllable Force in N Measured 0.00 110.00 291.00 488.00 647.00 
Predicted 0.00 129.43 258.87 388.30 517.74 
Error in % 0.00 15.02 12.41 25.67 24.97 

Dynamic Range Measured 0.00 0.18 0.47 0.79 1.05 
Predicted 0.00 0.23 0.46 0.69 0.93 
Error in % 0.00 22.80 2.11 14.16 13.52 
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6.3.2 Test with constant amplitude value of 1.0 cm (Stroke length 2.0 cm) 
During second experiment, the amplitude value was set as 1.0 cm, by selecting appropriate 
hole in stroke selection plate. Frequency values were selected as 0.75, 1.0, 1.5 and 2.0 Hz 
with the help of variable gear drive system. Instantaneous values of damping force, 
displacement and velocity was measured and stored in a computer via oscilloscope for a 
complete cycle. The data for a cycle are analysed and presented in graphical form with 
theoretical values also as shown in Fig. 6.10 to Fig. 6.13. The data further analysed as 
maximum damping force, maximum controllable force and dynamic range for 
experimental values and theoretical values. The analysis is presented by Table 6.4 showing 
% of error between theoretical and experimental values. 
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Fig. 6.10 shows the experimental and analytical results variation during one complete cycle 
with following parameter value. 
Amplitude A= 1.0 cm. (Stroke Z = 2.0 cm.) 
Frequency f = 0.75 Hz. (Angular speed of crank plate = 45 RPM) 

 
Measured value     Analytical value 

FIGURE 6.10 (a): Force-disp. relationships under 1.0 cm amplitude for different current values at f = 0.75 Hz 

 
Measured value     Analytical value 

FIGURE 6.10(b): Force-velo. relationships under 1.0 cm amplitude for different current values at f = 0.75 Hz 

 
Measured value     Analytical value 

FIGURE 6.10 (c): Force-time relationships under 1.0 cm amplitude for different current values at f = 0.75 Hz 
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Fig. 6.11 shows the experimental and analytical results variation during one complete cycle 
with following parameter value. 
Amplitude A= 1.0 cm. (Stroke Z = 2.0 cm.) 
Frequency f = 1.0 Hz. (Angular speed of crank plate = 60 RPM) 

 
Measured value     Analytical value 

FIGURE 6.11 (a): Force-disp. relationships under 1.0 cm amplitude for different current values at f = 1.0 Hz 

 
Measured value     Analytical value 

FIGURE 6.11(b): Force-velo. relationships under 1.0 cm amplitude for different current values at f = 1.0 Hz 

 
Measured value     Analytical value 

FIGURE 6.11 (c): Force-time relationships under 1.0 cm amplitude for different current values at f = 1.0 Hz 
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Fig. 6.12 shows the experimental and analytical results variation during one complete cycle 
with following parameter value. 
Amplitude A= 1.0 cm. (Stroke Z = 2.0 cm.) 
Frequency f = 1.5 Hz. (Angular speed of crank plate = 90 RPM) 

 
Measured value     Analytical value 

FIGURE 6.12 (a): Force-disp. relationships under 1.0 cm amplitude for different current values at f = 1.5 Hz 

 
Measured value     Analytical value 

FIGURE 6.12(b): Force-velo. relationships under 1.0 cm amplitude for different current values at f = 1.5 Hz 

 
Measured value     Analytical value 

FIGURE 6.12 (c): Force-time relationships under 1.0 cm amplitude for different current values at f = 1.5 Hz 
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Fig. 6.13 shows the experimental and analytical results variation during one complete cycle 
with following parameter value. 
Amplitude A= 1.0 cm. (Stroke Z = 2.0 cm.) 
Frequency f = 2.0 Hz. (Angular speed of crank plate = 120 RPM) 

 
Measured value     Analytical value 

FIGURE 6.13 (a): Force-disp. relationships under 1.0 cm amplitude for different current values at f = 2.0 Hz 

 
Measured value     Analytical value 

FIGURE 6.13(b): Force-velo. relationships under 1.0 cm amplitude for different current values at f = 2.0 Hz 

 
Measured value     Analytical value 

FIGURE 6.13 (c): Force-time relationships under 1.0 cm amplitude for different current values at f = 2.0 Hz 
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TABLE 6.4: Measured maximum force, controllable force and dynamic range and their comparison with 
analytical results for the value of Amplitude = 1.0 cm. 

N=45 
RPM, 

f=0.75 Hz 

    For  
I = 0A 

For  
I = 0.25A 

For  
I = 0.5A 

For  
I = 0.75A 

For  
I = 1A 

Max. Force in N  
At 1.0 cm amp. (Span/2) 

Measured 476.00 598.00 755.00 933.00 1092.00 
predicted 419.65 549.09 678.52 807.96 937.39 
Error in % 13.43 8.91 11.27 15.48 16.49 

Controllable Force in N Measured 0.00 122.00 279.00 457.00 616.00 
predicted 0.00 129.43 258.87 388.30 517.74 
Error in % 0.00 5.74 7.78 17.69 18.98 

Dynamic Range Measured 0.00 0.26 0.59 0.96 1.29 
predicted 0.00 0.31 0.62 0.93 1.23 
Error in % 0.00 16.90 4.98 3.76 4.89 

N=60 
RPM, 

 f=1 Hz 

    For  
I = 0A 

For  
I = 0.25A 

For  
I = 0.5A 

For  
I = 0.75A 

For  
I = 1A 

Max. Force in N  
At 1.0 cm amp. (Span/2) 

Measured 599.00 747.00 903.00 1058.00 1215.00 
predicted 559.57 689.00 818.44 947.87 1077.31 
Error in % 7.05 8.42 10.33 11.62 12.78 

Controllable Force in N Measured 0.00 148.00 304.00 459.00 616.00 
predicted 0.00 129.43 258.87 388.30 517.74 
Error in % 0.00 14.34 17.43 18.21 18.98 

Dynamic Range Measured 0.00 0.25 0.51 0.77 1.03 
predicted 0.00 0.23 0.46 0.69 0.93 
Error in % 0.00 6.82 9.70 10.42 11.15 

N=90 
RPM, 

f=1.5 Hz 

    For  
I = 0A 

For  
I = 0.25A 

For  
I = 0.5A 

For  
I = 0.75A 

For  
I = 1A 

Max. Force in N  
At 1.0 cm amp. (Span/2) 

Measured 805.00 935.00 1080.00 1201.00 1360.00 
predicted 839.39 968.83 1098.26 1227.70 1357.13 
Error in % 4.10 3.49 1.66 2.17 0.21 

Controllable Force in N Measured 0.00 130.00 275.00 396.00 555.00 
predicted 0.00 129.43 258.87 388.30 517.74 
Error in % 0.00 0.44 6.23 1.98 7.20 

Dynamic Range Measured 0.00 0.16 0.34 0.49 0.69 
predicted 0.00 0.15 0.31 0.46 0.62 
Error in % 0.00 4.73 10.77 6.34 11.78 

N=120 
RPM,  
f=2 Hz 

 

    For  
I = 0A 

For  
I = 0.25A 

For  
I = 0.5A 

For  
I = 0.75A 

For  
I = 1A 

Max. Force in N  
At 1.0 cm amp. (Span/2) 

Measured 960.00 1065.00 1205.00 1359.00 1492.00 
predicted 1119.13 1248.57 1378.00 1507.44 1636.87 
Error in % 14.22 14.70 12.55 9.85 8.85 

Controllable Force in N Measured 0.00 105.00 245.00 399.00 532.00 
predicted 0.00 129.43 258.87 388.30 517.74 
Error in % 0.00 18.88 5.36 2.75 2.75 

Dynamic Range Measured 0.00 0.11 0.26 0.42 0.55 
predicted 0.00 0.12 0.23 0.35 0.46 
Error in % 0.00 5.43 10.33 19.79 19.79 
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6.3.3 Test with constant amplitude value of 1.5 cm (Stroke length 3.0 cm) 
During third experiment, the amplitude value was set as 1.5 cm, by selecting appropriate 
hole in stroke selection plate. Frequency values were selected as 0.75, 1.0, 1.5 and 2.0 Hz 
with the help of variable gear drive system. Instantaneous values of damping force, 
displacement and velocity were measured and stored in a computer via oscilloscope for a 
complete cycle. The data for a cycle are analysed and presented in graphical form with 
theoretical values also as shown in Fig. 6.14 to Fig. 6.17. The data further analysed as 
maximum damping force, maximum controllable force and dynamic range for 
experimental values and theoretical values. The analysis is presented by Table 6.5 showing 
% of error between theoretical and experimental values. 
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Fig. 6.14 shows the experimental and analytical results variation during one complete cycle 
with following parameter value. 
Amplitude A= 1.5 cm. (Stroke Z = 3.0 cm.) 
Frequency f = 0.75 Hz. (Angular speed of crank plate = 45 RPM) 

 
Measured value     Analytical value 

FIGURE 6.14 (a): Force-disp. relationships under 1.5 cm amplitude for different current values at f = 0.75 Hz 

 
Measured value     Analytical value 

FIGURE 6.14(b): Force-velo. relationships under 1.5 cm amplitude for different current values at f = 0.75 Hz 

 
Measured value     Analytical value 

FIGURE 6.14 (c): Force-time relationships under 1.5 cm amplitude for different current values at f = 0.75 Hz 
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Fig. 6.15 shows the experimental and analytical results variation during one complete cycle 
with following parameter value. 
Amplitude A= 1.5 cm. (Stroke Z = 3.0 cm.) 
Frequency f = 1.0 Hz. (Angular speed of crank plate = 60 RPM) 

 
Measured value     Analytical value 

FIGURE 6.15 (a): Force-disp. relationships under 1.5 cm amplitude for different current values at f = 1.0 Hz 

 
Measured value     Analytical value 

FIGURE 6.15(b): Force-velo. relationships under 1.5 cm amplitude for different current values at f = 1.0 Hz 

 
Measured value     Analytical value 

FIGURE 6.15 (c): Force-time relationships under 1.5 cm amplitude for different current values at f = 1.0 Hz 
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Fig. 6.16 shows the experimental and analytical results variation during one complete cycle 
with following parameter value. 
Amplitude A= 1.5 cm. (Stroke Z = 3.0 cm.) 
Frequency f = 1.5 Hz. (Angular speed of crank plate = 90 RPM) 

 
Measured value     Analytical value 

FIGURE 6.16 (a): Force-disp. relationships under 1.5 cm amplitude for different current values at f = 1.5 Hz 

 
Measured value     Analytical value 

FIGURE 6.16(b): Force-velo. relationships under 1.5 cm amplitude for different current values at f = 1.5 Hz 

 
Measured value     Analytical value 

FIGURE 6.16 (c): Force-time relationships under 1.5 cm amplitude for different current values at f = 1.5 Hz 
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Fig. 6.17 shows the experimental and analytical results variation during one complete cycle 
with following parameter value. 
Amplitude A= 1.5 cm. (Stroke Z = 3.0 cm.) 
Frequency f = 2.0 Hz. (Angular speed of crank plate = 120 RPM) 

 
Measured value     Analytical value 

FIGURE 6.17 (a): Force-disp. relationships under 1.5 cm amplitude for different current values at f = 2.0 Hz 

 
Measured value     Analytical value 

FIGURE 6.17(b): Force-velo. relationships under 1.5 cm amplitude for different current values at f = 2.0 Hz 

 
Measured value     Analytical value 

FIGURE 6.17 (c): Force-time relationships under 1.5 cm amplitude for different current values at f = 2.0 Hz 
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TABLE 6.5: Measured maximum force, controllable force and dynamic range and their comparison with 
analytical results for the value of Amplitude = 1.5 cm. 

N=45 
RPM, 

f=0.75 Hz 

    For  
I = 0A 

For  
I = 0.25A 

For  
I = 0.5A 

For  
I = 0.75A 

For  
I = 1A 

Max. Force in N  
At 1.5 cm amp. (Span/2) 

Measured 566.65 694.00 823.50 925.00 1075.00 
predicted 631.97 761.41 890.84 1020.28 1149.71 
Error in % 10.34 8.85 7.56 9.34 6.50 

Controllable Force in N Measured 0.00 127.35 256.85 358.35 508.35 
predicted 0.00 129.43 258.87 388.30 517.74 
Error in % 0.00 1.61 0.78 7.71 1.81 

Dynamic Range Measured 0.00 0.22 0.45 0.63 0.90 
predicted 0.00 0.20 0.41 0.61 0.82 
Error in % 0.00 9.73 10.66 2.92 9.51 

N=60 
RPM,  
f=1 Hz 

    For  
I = 0A 

For  
I = 0.25A 

For  
I = 0.5A 

For  
I = 0.75A 

For  
I = 1A 

Max. Force in N  
At 1.5 cm amp. (Span/2) 

Measured 875.00 1000.00 1124.50 1272.00 1434.50 
predicted 842.60 972.04 1101.47 1230.91 1360.34 
Error in % 3.85 2.88 2.09 3.34 5.45 

Controllable Force in N Measured 0.00 125.00 249.50 397.00 559.50 
predicted 0.00 129.43 258.87 388.30 517.74 
Error in % 0.00 3.43 3.62 2.24 8.07 

Dynamic Range Measured 0.00 0.14 0.29 0.45 0.64 
predicted 0.00 0.15 0.31 0.46 0.61 
Error in % 0.00 7.00 7.19 1.55 4.06 

N=90 
RPM, 

f=1.5 Hz 

    For  
I = 0A 

For  
I = 0.25A 

For  
I = 0.5A 

For  
I = 0.75A 

For  
I = 1A 

Max. Force in N  
At 1.5 cm amp. (Span/2) 

Measured 1155.00 1285.00 1397.50 1542.00 1669.50 
predicted 1263.86 1393.29 1522.73 1652.16 1781.60 
Error in % 8.61 7.77 8.22 6.67 6.29 

Controllable Force in N Measured 0.00 130.00 242.50 387.00 514.50 
predicted 0.00 129.43 258.87 388.30 517.74 
Error in % 0.00 0.44 6.32 0.34 0.63 

Dynamic Range Measured 0.00 0.11 0.21 0.34 0.45 
predicted 0.00 0.10 0.20 0.31 0.41 
Error in % 0.00 9.90 2.51 9.06 8.74 

N=120 
RPM,  
f=2 Hz 

    For  
I = 0A 

For  
I = 0.25A 

For  
I = 0.5A 

For  
I = 0.75A 

For  
I = 1A 

Max. Force in N  
At 1.5 cm amp. (Span/2) 

Measured 1545.00 1673.00 1803.00 1900.00 2070.00 
predicted 1685.20 1814.64 1944.07 2073.51 2202.94 
Error in % 8.32 7.81 7.26 8.37 6.03 

Controllable Force in N Measured 0.00 128.00 258.00 355.00 525.00 
predicted 0.00 129.43 258.87 388.30 517.74 
Error in % 0.00 1.11 0.34 8.58 1.40 

Dynamic Range Measured 0.00 0.08 0.17 0.23 0.34 
predicted 0.00 0.08 0.15 0.23 0.31 
Error in % 0.00 7.87 8.71 0.28 10.60 
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6.3.4 Test with constant amplitude value of 2.0 cm (Stroke length 4.0 cm) 
During forth experiment, the amplitude value was set as 2.0 cm, by selecting appropriate 
hole in stroke selection plate. Frequency values were selected as 0.75, 1.0, 1.5 and 2.0 Hz 
with the help of variable gear drive system. Instantaneous values of damping force, 
displacement and velocity were measured and stored in a computer via oscilloscope for a 
complete cycle. The data for a cycle are analysed and presented in graphical form with 
theoretical values also as shown in Fig. 6.18 to Fig. 6.21. The data further analysed as 
maximum damping force, maximum controllable force and dynamic range for 
experimental values and theoretical values. The analysis is presented by Table 6.6 showing 
% of error between theoretical and experimental values. 
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Fig. 6.18 shows the experimental and analytical results variation during one complete cycle 
with following parameter value. 
Amplitude A= 2.0 cm. (Stroke Z = 4.0 cm.) 
Frequency f = 0.75 Hz. (Angular speed of crank plate = 45 RPM) 

 
Measured value     Analytical value 

FIGURE 6.18 (a): Force-disp. relationships under 2.0 cm amplitude for different current values at f = 0.75 Hz 

 
Measured value     Analytical value 

FIGURE 6.18(b): Force-velo. relationships under 2.0 cm amplitude for different current values at f = 0.75 Hz 

 
Measured value     Analytical value 

FIGURE 6.18 (c): Force-time relationships under 2.0 cm amplitude for different current values at f = 0.75 Hz 
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Fig. 6.19 shows the experimental and analytical results variation during one complete cycle 
with following parameter value. 
Amplitude A= 2.0 cm. (Stroke Z = 4.0 cm.) 
Frequency f = 1.0 Hz. (Angular speed of crank plate = 60 RPM) 

 
Measured value     Analytical value 

FIGURE 6.19 (a): Force-disp. relationships under 2.0 cm amplitude for different current values at f = 1.0 Hz 

 
Measured value     Analytical value 

FIGURE 6.19(b): Force-velo. relationships under 2.0 cm amplitude for different current values at f = 1.0 Hz 

 
Measured value     Analytical value 

FIGURE 6.19 (c): Force-time relationships under 2.0 cm amplitude for different current values at f = 1.0 Hz 
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Fig. 6.20 shows the experimental and analytical results variation during one complete cycle 
with following parameter value. 
Amplitude A= 2.0 cm. (Stroke Z = 4.0 cm.) 
Frequency f = 1.5 Hz. (Angular speed of crank plate = 90 RPM) 

 
Measured value     Analytical value 

FIGURE 6.20 (a): Force-disp. relationships under 2.0 cm amplitude for different current values at f = 1.5 Hz 

 
Measured value     Analytical value 

FIGURE 6.20(b): Force-velo. relationships under 2.0 cm amplitude for different current values at f = 1.5 Hz 

 
Measured value     Analytical value 

FIGURE 6.20 (c): Force-time relationships under 2.0 cm amplitude for different current values at f = 1.5 Hz 
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Fig. 6.21 shows the experimental and analytical results variation during one complete cycle 
with following parameter value. 
Amplitude A= 2.0 cm. (Stroke Z = 4.0 cm.) 
Frequency f = 2.0 Hz. (Angular speed of crank plate = 120 RPM) 

 
Measured value     Analytical value 

FIGURE 6.21 (a): Force-disp. relationships under 2.0 cm amplitude for different current values at f = 2.0 Hz 

 
Measured value     Analytical value 

FIGURE 6.21(b): Force-velo. relationships under 2.0 cm amplitude for different current values at f = 2.0 Hz 

 
Measured value     Analytical value 

FIGURE 6.21 (c): Force-time relationships under 2.0 cm amplitude for different current values at f = 2.0 Hz 
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TABLE 6.6: Measured maximum force, controllable force and dynamic range and their comparison with 
analytical results for the value of Amplitude = 2.0 cm. 

N=45 
RPM, 

f=0.75 Hz 

    For  
I = 0A 

For  
I = 0.25A 

For  
I = 0.5A 

For  
I = 0.75A 

For  
I = 1A 

Max. Force in N  
At 2.0 cm amp. (Span/2) 

Measured 888.00 998.00 1180.00 1220.00 1320.00 
predicted 853.56 982.99 1112.43 1241.86 1371.30 
Error in % 4.04 1.53 6.07 1.76 3.74 

Controllable Force in N Measured 0.00 110.00 292.00 332.00 432.00 
predicted 0.00 129.43 258.87 388.30 517.74 
Error in % 0.00 15.02 12.80 14.50 16.56 

Dynamic Range Measured 0.00 0.12 0.33 0.37 0.49 
predicted 0.00 0.15 0.30 0.45 0.61 
Error in % 0.00 18.31 8.42 17.82 19.80 

N=60 
RPM,  
f=1 Hz 

    For  
I = 0A 

For  
I = 0.25A 

For  
I = 0.5A 

For  
I = 0.75A 

For  
I = 1A 

Max. Force in N  
At 2.0 cm amp. (Span/2) 

Measured 1040.00 1150.00 1310.00 1450.00 1602.00 
predicted 1138.10 1267.54 1396.97 1526.41 1655.84 
Error in % 8.62 9.27 6.23 5.01 3.25 

Controllable Force in N Measured 0.00 110.00 270.00 410.00 562.00 
predicted 0.00 129.43 258.87 388.30 517.74 
Error in % 0.00 15.02 4.30 5.59 8.55 

Dynamic Range Measured 0.00 0.11 0.26 0.39 0.54 
predicted 0.00 0.11 0.23 0.34 0.45 
Error in % 0.00 7.00 14.14 15.55 18.79 

N=90 
RPM, 

f=1.5 Hz 

    For  
I = 0A 

For  
I = 0.25A 

For  
I = 0.5A 

For  
I = 0.75A 

For  
I = 1A 

Max. Force in N  
At 2.0 cm amp. (Span/2) 

Measured 1602.00 1713.00 1815.00 1928.00 2032.00 
predicted 1707.11 1836.55 1965.98 2095.42 2224.85 
Error in % 6.16 6.73 7.68 7.99 8.67 

Controllable Force in N Measured 0.00 111.00 213.00 326.00 430.00 
predicted 0.00 129.43 258.87 388.30 517.74 
Error in % 0.00 14.24 17.72 16.05 16.95 

Dynamic Range Measured 0.00 0.07 0.13 0.20 0.27 
predicted 0.00 0.08 0.15 0.23 0.30 
Error in % 0.00 8.62 12.32 10.54 11.50 

N=120 
RPM, 

 f=2 Hz 

    For  
I = 0A 

For  
I = 0.25A 

For  
I = 0.5A 

For  
I = 0.75A 

For  
I = 1A 

Max. Force in N  
At 2.0 cm amp. (Span/2) 

Measured 2024.00 2150.00 2236.00 2378.00 2470.00 
predicted 2276.12 2405.55 2534.99 2664.42 2793.86 
Error in % 11.08 10.62 11.79 10.75 11.59 

Controllable Force in N Measured 0.00 126.00 212.00 354.00 446.00 
predicted 0.00 129.43 258.87 388.30 517.74 
Error in % 0.00 2.65 18.11 8.83 13.86 

Dynamic Range Measured 0.00 0.06 0.10 0.17 0.22 
predicted 0.00 0.06 0.11 0.17 0.23 
Error in % 0.00 9.47 7.90 2.52 3.13 
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6.4 Summery on experiment 
 
Tests were conducted to investigate the effect of various parameters like amplitude, 
frequency and input current on MR damper performance. In these tests, various sinusoidal 
displacement excitations with frequencies of 0.75, 1.0, 1.5 and 2.0 Hz were selected. For 
each frequency, excitations with different amplitudes were applied to the MR damper at 
current levels of 0, 0.25, 0.5, and 1 A. The tests conducted for each amplitude value are 
summarized in Table 6.3 to Table 6.6. Figs. 6.6–6.21 show the damper force-displacement, 
damper force-velocity and damper force-time relationships under different values of 
frequency and current. Each figure and table provides a comparison between the measured 
damper responses and analytical results using the axisymmetric Herschel-Bulkley model. 
When the displacement excitation is lesser, such as the displacement amplitude of 0.5 cm, 
the MR damper functions mainly in the pre-yield area. The velocity increases as the value 
of amplitude increases. Thus more MR fluids begin to yield, and a greater post-yield shear 
flow is developed. Consequently, the plastic viscous force becomes substantial, especially 
at large displacement amplitudes 
Figs. 6.6–6.21 show the MR damper force-displacement, force-velocity and force-time 
actions under a different combination values of sinusoidal displacement excitations and 
frequencies at various input current levels. It is concluded that resisting force increases at 
larger amplitudes due to higher velocity. Note that the force-displacement loops develops 
along a clockwise path over time, whereas the force-velocity loops develops along a 
counter-clockwise path over time. As shown in the figures, the force-displacement, force-
velocity and force-time actions for different displacement and frequency are quite 
consistent. 
The special effects of changing input current are readily detected. At an input current of 0 
A, the MR damper primarily displays the characteristics of only viscous device (i.e., the 
force-displacement relationship is approximately elliptical and the force-velocity 
relationship is approximately linear). As the input current increases, the force required to 
yield the MR fluid in the damper also increases and plastic-like actions are seen in the 
hysteresis loops. Figs. 6.6–6.21 compares the analytical values and measured values of 
experiments using the axisymmetric Herschel-Bulkley model. The force-displacement 
actions are seen to be reasonably modelled. Two extra clockwise loops are also observed at 
velocity extremes in the force-velocity plot. The stiction phenomenon of MR fluids (Weiss 
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et al 1995) [52] and probably the fluid inertial force contribute to these loops as well as to 
force overshoots at displacement maximums.  
From Fig. 6.6 to 6.21 and summary Table from 6.3 to 6.6, one can also see that the 
maximum damping force increases when the frequency increases due to the larger plastic 
viscous force at higher velocity. It should also to be noted that the damper may be 
subjected to a small input current and a displacement excitation with a big amplitude. In 
these circumstances, the yield force level is low and damper functions mainly in post-yield 
area. Hence, as the frequency increases, the plastic viscous force starts to govern the 
damper reaction, especially at higher frequencies. 
Moreover, the effect of accumulator pressure on MR damper reaction is discussed. A 
pressurized accumulator is shown to be effective in decreasing the force lag due to the 
residual air trapped in the damper. In addition, an approach for minimizing the air in the 
damper during the filling method is provided. 
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CHAPTER 7 
RESULTS AND DISCUSSION WITH  

DESIGN OF EXPERIMENT 
 

7.1 Introduction 
 
This chapter includes complete discussion on results observed during experiment. For the 
validation of experiment procedure, Design Of Experiment (DOE) was carried out first 
with the help of Design Expert software using results observed during experiment.  
 
7.2 Design Of Experiment (DOE) 
 
Any scientific investigation involves formulation of certain assertions (or hypotheses) 
whose validity is examined through data generated from an experiment conducted for the 
purpose.  Thus experimentation becomes an indispensable part of every scientific 
endeavour and designing an experiment is an integrated component of every research 
programme. Three basic techniques for fundamental designing of an experiment are 
replication, local control (blocking) and randomization. Whereas the first two helps to 
increase precision in the experiment, the last one is used to decrease bias. 
In the existing study, an effort has been made to examine the influence of velocity, 
amplitude and current on total damping force in MR fluid base damper developed at 
Physics Department, Shri M.K. Bhavnagar University. Experimentations were conducted 
based on “Response Surface Methodology” (RSM) and “Sequential approach” by means of 
face cantered central composite design. Experimental outcomes indication that all the 
factors (piston velocity, Amplitude and Current) have significant effect on Total Damping 
Force. A linear model best fits the variation of total damping force by means of velocity, 
amplitude as well as current. Current is the leading contributor to the total damping force. 
A non-linear quadratic model is ideal to describe the variation of total damping force with 
major involvement of all parameters. The suggested model of total damping force 
satisfactorily map within the boundaries of the factors considered. 
Present experimental research on damping force has been conducted with “three-level 
factorial design” (3k) for studying effect of factors on total damping force. In “two-level 
factorial design”, one can study and model linear relationships only. For identifying the 
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nonlinearity existing in the output characteristics, minimum three levels of each elements 
are essential (i.e. three-level factorial design, 3k). A central composite design, which needs 
less trials than alternative 3k design, is usually better [81]. Again, sequential experimental 
approach in central composite design can be used to decrease the number of trials 
necessary. Keeping the preceding in mind, the current effort is concentrated on 
examinations of total damping force as a function of amplitude, velocity and current value 
using sequential approach in central composite design. The study was conducted on MR 
damper developed and tested for the same project work. 
The information of experimental settings, instrumentations, measurements and the 
technique established for the investigation are described in previous chapter. Complete 
Design of Experiment is carried out with Design-Expert® software Version 6.0. Following 
section describe complete DOE procedure carried out for total damping force recorded 
during experimental procedure. 
 
7.2.1 Experimental plan procedure 
Three parameters namely amplitude, angular speed and current were selected to find out its 
effect on total damping force. Table 7.1 shows the parameters and their levels. Thirty two 
trial runs included of 23 factorial points, four centre points and five axial points were 
carried out in block 1. Table 7.2 shows whole design matrix with responses to total 
damping force. In design matrix, the coded variables are prescribed as: A: amplitude (A), 
B: angular speed (N) and C: current (I). F is the response representing total damping force. 
Experiments were conducted randomly as shown in design matrix (‘runs’ column in Table 
7.2). The design matrix also show the factorial points, centre points and axial points with 
coded and actual values. 
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TABLE 7.1: Parameters and their levels 

Factor Unit Low level (-1) Centre level (0) High level (1) 
Amplitude mm 5 10 15 
Angular speed RPM 60 90 120 
Current Amp 0 0.5 1.0 

 
TABLE 7.2: Design matrix with responses (Total Damping Force) 

Std Run Block Type A:A(mm) B:N(rpm) C:I(Amp) A:A(mm) B:N(rpm) C:I(Amp) F(N) 
1 5 1 Axial 0 0 -1 10 90 0 805 
2 16 1 Fact -1 1 0 5 120 0.5 907 
3 29 1 Centre 0 0 0 10 90 0.5 1080 
4 14 1 Centre 0 0 0 10 90 0.5 1080 
5 20 1 Fact 0 -1 1 10 60 1 1215 
6 8 1 Fact 0 1 -1 10 120 0 960 
7 12 1 Fact 1 -1 0 15 60 0.5 1124.5 
8 13 1 Axial -1 0 0 5 90 0.5 794 
9 4 1 Fact -1 0 -1 5 90 0 510 

10 19 1 Fact -1 -1 1 5 60 1 958 
11 17 1 Axial 0 1 0 10 120 0.5 1205 
12 27 1 Fact 1 1 1 15 120 1 2070 
13 10 1 Fact -1 -1 0 5 60 0.5 638 
14 32 1 Centre 0 0 0 10 90 0.5 1080 
15 7 1 Fact -1 1 -1 5 120 0 616 
16 30 1 Centre 0 0 0 10 90 0.5 1080 
17 26 1 Fact 0 1 1 10 120 1 1492 
18 18 1 Fact 1 1 0 15 120 0.5 1803 
19 25 1 Fact -1 1 1 5 120 1 1263 
20 23 1 Fact 1 -1 1 10 90 1 1360 
21 22 1 Fact -1 0 1 5 90 1 1151 
22 24 1 Fact 1 0 1 15 90 1 1669.5 
23 11 1 Axial 0 -1 0 10 60 0.5 903 
24 21 1 Fact 1 -1 1 15 60 1 1434.5 
25 9 1 Fact 1 1 -1 15 120 0 1545 
26 2 1 Fact 0 -1 -1 10 60 0 599 
27 28 1 Fact 0 0 0 10 90 0.5 1080 
28 6 1 Fact 1 0 -1 15 90 0 1155 
29 1 1 Fact -1 -1 -1 5 60 0 342 
30 3 1 Fact 1 -1 -1 15 60 0 875 
31 15 1 Axial 1 0 0 15 90 0.5 1397.5 
32 31 1 Fact 0 0 0 10 90 0.5 1080 
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TABLE 7.3: ANOVA (partial sum of square) for total damping force (F) 
Source Sum of 

squares 
d.f. Mean square F-value Prob>F Remark 

Model 4365178 9 485019.7354 255.865 < 0.0001 Significant 
A-A-Amplitude 1930613 1 1930612.5 1018.466 < 0.0001 Significant 
B-B-RPM 790443.6 1 790443.5556 416.9868 < 0.0001 Significant 
C-C-Current 1505691 1 1505690.889 794.3049 < 0.0001 Significant 
AB 107541.3 1 107541.3333 56.73183 < 0.0001 Significant 
AC 7752.083 1 7752.083333 4.089497 0.0555  
BC 638.0208 1 638.0208333 0.336578 0.5677  
A^2 17807.78 1 17807.77502 9.394227 0.0057  
B^2 2.640405 1 2.640405294 0.001393 0.9706  
C^2 874.9481 1 874.9480976 0.461566 0.5040  
Residual 41703.38 22 1895.60825    
Lack of Fit 41703.38 17 2453.140088    
Pure Error 0 5 0    
Cor Total 4406881 31     
       
Std. Dev. 43.53858  R-Squared 0.990537   
Mean 1102.25  Adj R-Squared 0.986665   
C.V. % 3.949974  Pred R-Squared 0.976504   
PRESS 103545.1  Adeq Precision 67.89797   

 
The Model F-value of 255.862 implies that the model is significant.  There is only 0.01% 
chance that large value of "Model F-Value" could occur due to noise. Values of "Prob > F" 
less than 0.05 indicate that model terms are significant. In this case A, B, C and AB are 
significant model terms. Values greater than 0.05 indicate that model terms are not 
significant. The "Pred R-Squared" of 0.976504 is in practical agreement with the "Adj R-
Squared" of 0.986665. "Adeq Precision" indicates the signal to noise ratio.  A ratio greater 
than 4 is required.  The ratio of 67.89797 point out an acceptable signal.  This model can 
be used to navigate the design space. 
 
7.2.2 Results and discussion based on DOE 
Table 7.2 shows all values of total damping force. The total damping force was obtained in 
the range of 342 N to 2070 N. 
 The increase in total damping force is due to:  

1. Increase in applied current value increases the shear stress of MR fluid 
2. Increase in angular speed increases the velocity of piston 
3. Increase in amplitude. This is also due to large displacement of fluid inside the 

piston cylinder assembly. 
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Fig. 7.1-7.3 shows relation between total damping force (measured force in N) with 
applied current values, angular speed and amplitude for different combinations. The rate of 
increase in total damping force is higher for increasing the value of current compared to 
amplitude and velocity. Fig. 7.1 also show that the total damping force is increased linearly 
with respect to increase in value of applied current. This comment come to an agreement 
well with results described by former investigators. [13, 14, 15, 17, 20] 
Additionally, the results were analysed in “Design Expert V6” software. The results of the 
block 1 experiments in the method of analysis of variance (ANOVA) are shown. An 
ANOVA summary table is normally used to summarize the test of the regression model, 
test of the significance factors and their interaction and lack-of-fit test. If the value of ‘Prob 
> F’ in ANOVA table is less than 0.05 then the model, the factors, interaction of factors 
and curvature are said to be significant. 
 
 
 

 
FIGURE 7.1: Total measured damping force vs. applied current at different values of amplitude and angular 
speed. 
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FIGURE 7.2: Total measured damping force vs. Amplitude at various angular speed and applied current. 

 
FIGURE 7.3: Total measured damping force vs. Angular velocity at various amplitude and applied current. 

 
 
Table 7.3 shows that the model is significant and amplitude (A), angular speed (B), applied 
current (C) and (A, B) are only the important elements (terms) in the model. All remaining 
elements are insignificant. The influence of elements, their interaction and curvature are 
also presented in Table 7.3.  
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The various R2 statistics (i.e. R2, adjusted R2 (R2 Adj) and predicted R2 (R2 Pred)) of the 
total damping force are shown in Table 7.3. The value of R2 = 0.990537 for total damping 
force indicates that 99.05% of the total variations are explained by the model. The adjusted 
R2 is a statistic that is adjusted for the “size” of the model; that is, the number of factors 
(terms). The value of the R2 Adj = 0.986665 indicates that 98.66% of the total variability is 
explained by the model after considering the significant factors. R2 Pred = 0.976504 is in 
good agreement with the R2 Adj and shows that the model would be expected to explain 
97.65% of the variability in new data (Montgomery, 2001). ‘C.V.’ stands for the 
coefficient of variation of the model and it is the error expressed as a percentage of the 
mean ((S.D./Mean)×100). Lower value of the coefficient of variation (C.V. = 3.9%) 
indicates improved precision and reliability of the conducted experiments. As nonlinearity 
is not existing in the model, extra tests are not necessary to be performed. This is the main 
benefit of sequential approach in face cantered central composite design. 

The normal probability plot of the residuals (i.e. error = predicted value from 
model−actual value) for Total damping Force shown in Fig. 7.4 reveal that the residuals lie 
reasonably close to a straight line, giving support that terms mentioned in the model are the 
only significant (Montgomery, 2001).  
 

 
FIGURE 7.4: Normal probability plot of residuals for Total Damping Force. 

 



Design of experiment (DOE) 

147  

After eliminating the insignificant elements, the response surface equations for Total 
Damping Force is achieved in the real values as: 
 
Total Measured damping Force 
ܨ = −26.1306 ∗ ܣ + 1.038635 ∗ ܤ + 679.6246 ∗ ܥ + 0.631111 ∗ ܣ ∗ ܤ − 10.1667 ∗ ܣ ∗ ܥ

− 0.48611 ∗ ܤ ∗ ܥ + 1.995699 ∗ ଶܣ − 0.00068 ∗ ଶܤ + 44.23656 ∗ ଶܥ

+ 195.8705 
 
Where  F = Total damping force in N 
 A = Amplitude value in mm 
 B = Angular Speed value in RPM 
 C = Applied Current value in Amp. 
 
The predicted results from the model (equation value) and the real (experimental) results 
are presented in Fig. 7.5. 

 
FIGURE 7.5: Actual vs. predicted values of total damping forces. 

 
Variable damping force is required for replacing the passive vibration control system to a 
semi-active vibration control system. The main attention of this investigation is to find out 
total damping force for required damping coefficient. Therefore, the contour plots of the 
total damping force with relations of amplitude of vibration, angular velocity of vibrating 
device and applied current to MR damper are essential. The contour plot of the total 
damping force in angular velocity-amplitude at current value of 0.5 amp, current-amplitude 
at angular velocity value of 90 RPM and current-angular velocity at amplitude value of 10 
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mm are shown in Figs. 7.6-7.8 respectively. Figs. 7.6-7.8 clearly indication that an 
adequate total damping force can be attained for every level of amplitude and angular 
velocity when current value is changed from low to high. In present research work, the MR 
fluid based semi-active damper is designed to achieve variable damping force by changing 
the current value. 
 

 

 
 
FIGURE 7.6: Measured Damping Force (N) contour in Angular speed (RPM) and Amplitude (mm) plane at 
current value of 0.5 Amp. 
 

 
 

FIGURE 7.7: Measured Damping Force (N) contour in current (Amp) and Amplitude (mm) plane at Angular 
speed of 90 RPM. 
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FIGURE 7.8: Measured Damping Force (N) contour in current (Amp) and Angular speed (RPM) plane at 
Amplitude of 10 mm. 
 
7.3 Results and discussion based on Experimental and mathematical modelling data. 
 
Tests were conducted to investigate the effect of various parameters like amplitude, 
frequency and input current on MR damper performance. In this test, various sinusoidal 
displacement excitations with frequencies of 0.75, 1.0, 1.5 and 2.0 Hz were selected. For 
each frequency, excitations with different amplitudes were applied to the MR damper at 
current levels of 0, 0.25, 0.5, and 1 A. The tests conducted for each amplitude value are 
summarized in previous chapter by Table 6.3 to Table 6.6. Figs. 6.6–6.21 show the damper 
force-displacement, damper force-velocity and damper force-time relationships under 
different values of frequency and current. Each figure and table provides a comparison 
between the measured damper responses and analytical results using the axisymmetric 
Herschel-Bulkley model. When the displacement excitation is lesser, such as the 
displacement amplitude of 0.5 cm, the MR damper functions mainly in the pre-yield area. 
The velocity increases according to the value of amplitude increases. Thus, more MR fluid 
begin to yield and a greater post-yield shear flow is developed. Consequently, the plastic 
viscous force becomes substantial, especially at large displacement amplitudes. 
Figs. 6.6–6.21 show the MR damper force-displacement, force-velocity and force-time 
actions under different combination values of sinusoidal displacement excitation and 
frequencies at various input current levels. It is concluded that resisting force increases at 
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larger amplitudes due to higher velocity. Note that the force-displacement loops 
development takes place along with clockwise path over time, whereas the force-velocity 
loops development takes place along with counter-clockwise path over time. As shown in 
the figures, the force-displacement, force-velocity and force-time actions for different 
displacements and frequencies are quite consistent. 
The special effects of changing input current are readily detected. At an input current of 0 
A, the MR damper primarily displays the characteristics of viscous device only. (i.e., the 
force-displacement relationship is approximately elliptical and the force-velocity 
relationship is approximately linear). As the input current increases, the force required to 
yield the MR fluid in the damper also increases and plastic-like actions are seen in the 
hysteresis loops. Figs. 6.6–6.21 compares the analytical values and measured values of 
experiment using the axisymmetric Herschel-Bulkley model. The force-displacement 
actions are reasonably observed for the purpose of modelling. Two extra clockwise loops 
are also observed at velocity extremes in the force-velocity plot. The stiction phenomenon 
of MR fluid (Weiss et al 1995) [52] and probably the fluid inertial force contribute to these 
loops as well as to force overshoots at displacement maximums.  
From Fig. 6.6 to 6.21 and summary Table from 6.3 to 6.6, one can also see that the 
maximum damping force increases when the frequency increases due to the larger plastic 
viscous force at higher velocity. It should also to be noted that the damper may be 
subjected to a small input current and a displacement excitation with big amplitude. In this 
circumstances, the yield force level is low and damper functions mainly in post-yield area. 
Hence, as the frequency increases, the plastic viscous force starts to govern the damper 
reaction especially at higher frequencies. 
Moreover, the effect of accumulator pressure on MR damper reaction is discussed. A 
pressurized accumulator is seen effective to decreasing the force lag due to the residual air 
trapped in the damper. In addition, an approach for minimizing the air in the damper 
during the filling method is provided. 
As can be seen, the MR damper resisting force increases as the applied current increases. 
Moreover, the area enclosed by the force-displacement loop also enlarges and more energy 
is dissipated. Fig. 6.6(b)-6.21(b) provide the measured MR damper force-velocity 
behaviours and comparisons with theoretical results. Due to the plastic viscous force, a 
larger damping force is seen at high velocity. Fig. 6.6(c)-6.21(c) provide the measured MR 
damper force-time behaviours and comparisons with theoretical results. Table 6.3-6.6 
provides the measured maximum damping force, controllable force and dynamic range 
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with their comparison to analytical results. Again, close agreement is observed with 
maximum errors of about 10%. 
 
7.3.1 MR fluid damper characteristic analysis 
To design appropriate MR fluid damper model, examination of elements which affect the 
dynamic responses of the damping system has been done. The first affecting element is the 
applied displacement/velocity on the piston rod of the damper. Fig. 6.6-6.21 shows a 
comparison amongst damping results under various sine excitations with 0.5, 1.0, 1.5 and 
2.0 cm amplitude and frequency 0f 0.75, 1.0, 1.5 and 2.0 Hz under the provided current 
level in range commencing 0 to 1A. Outcomes display that at fixed current level applied to 
the damper, the damping force fluctuates because of the change in piston rod velocity 
affected by the simultaneous variation of frequency and/or amplitude of the applied 
excitation. The second element affecting the damper behaviour is the change in current 
applied to the damper coil.  
 
From Fig. 6.6-6.21, it is readily apparent that: 
(1). The force produced by the damper is not centered at zero. This effect is due to the 

effect of an accumulator containing high pressure nitrogen gas in the damper. The 
accumulator helps to prevent cavitation in the fluid during normal operation and 
accounts for the volume of fluid displaced by the piston rod as well as thermal 
expansion of the fluid. 

(2). Greater the current level, greater is the damping force. Increasing the current in the 
device’s coil enlarges the magnetic field flux and thus, increases the yield stress 
denoted as ߬(ܤ)  as shown in Fig. 7.9, increases the controllable force and the 
dynamic range. 

 
FIGURE 7.9: Relation between Magnetic flux density, Viscosity and Shear stress 
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(3). The alteration amount of force is more rapidly at lesser current levels due to the 
effect of magnetic field saturation. With respect to the above examines, it is clear that 
the damping force of the MR fluid damper be influenced by the 
displacement/velocity of the damper piston and the current supplied for the coil 
inside the damper. 

(4). Referring to Table 6.3-6.6, MR damper with low frequency and high current value 
have higher dynamic ranges. Dynamic range is increased by increasing current value 
which increased controlled force up to saturation state. By increasing value of 
frequency, instantaneous value of velocity is increased which increased viscous force 
or uncontrolled force and reduction in dynamic range. 

(5). As shown in Fig. 7.9, the magnetic field is almost saturated at the input current level 
of 1 A for MR fluid used for this investigation of MR damper; only very small 
increase in yield stress is observed when the input current increases from 0.9A to 1A. 
However, the yield stress increase is more noticeable in the current range of 0.2A to 
0.8A, which is also effect of the material of cylinder housing; in this case it is low 
carbon steel. 

(6). With the help of mathematical model (Fig. 7.10), if gap size for damper is increased, 
large gap size reduces the magnetic field due to its larger magnetic resistance. 
Consequently, it reduces the yield stress of the MR fluid; it assumes that the 
materials used in the magnetic loop are the same. This also implies that the use of 
proper material. In this investigation, it is low carbon steel having high conductive 
permeability increases the magnetic field in the gap at a high current level. This 
results in an increased yield stress. Moreover, these configurations also exhibit 
reduced damping forces due to their geometry. 
 

 
FIGURE 7.10: Effect of Gap height on controlled force and dynamic range 
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(7). From Fig. 6.6(a)-6.21(a) (measured), force overshoots are clearly seen at the 
displacement extremes, where the velocity changes its direction. These overshoots 
appear to be primarily due to the stiction phenomenon found in MR fluids. Because 
large acceleration occurs at these points due to the velocity discontinuity of the 
sinusoidal displacement excitation, other effects such as fluid inertial force may also 
be contributed to these overshoot. 

(8). The predicted and measured values of damping forces controllable force and 
dynamic range are differing about ±10%. This is due to the assumed simplifications 
of the phenomena connected with the operation of the device, revealed a major 
influence on the computational inaccuracies. This effect may also be related to the 
simplifications in calculation of the pressure drop.  

(9). Precise computations of the magnetic induction are complicated, while the accurate 
experimental research is time and effort consuming. The ߬(ܤ) function provided by 
the manufacturer of the MR fluid is usually approximate and imprecise which 
negatively influence the accuracy of the computations. It is experimentally concluded 
that the maximum damping force varies linearly as the value of the yield stress 
varies. Difficulties in determining the magnetic induction value explain the high 
variation of the error. The most accurate calculations can be obtained for the smallest 
gap height due to the possibilities of the precise determination of the magnetic field 
and the small error of the simplified model of the flow between parallel plates. 
 

7.4 Achievements with respect to objectives 
 
All factors related to objectives of present research project are defined in section 1.6 of this 
report are achieved positively. MR fluid is prepared and tested with rheometer available in 
the laboratory of physics department, M. K. Bhavnagar University and the output is shown 
in Fig. 5.2. All the parameters are studied carefully related with MR damper design and 
finally a prototype of MR damper is designed and fabricated. Investigation is carried out 
by mathematical modelling and experiments on proto type MR damper test rig which has 
been designed and developed at this laboratory. Design of Experiment also carried out for 
validation of experiment procedure and the results of DOE is quite satisfactory. 
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7.5 Conclusions 
 
In present research work, physical occurrences of a MR fluid base damper has been 
carefully examined through both experimental data and modelling methodologies. The test 
rig with the MR fluid damper has been fabricated appropriate to design the model in 
addition to assess the projected damper.  
The assumed simplifications of the phenomena connected with the operation of the device, 
revealed a major influence on the computational inaccuracies. It can be concluded that the 
most accurate calculations can be obtained for the smallest gap height, due to the 
possibility of the precise determination of the magnetic field and the small error of the 
simplified model of the flow between parallel plates. The analysis suggests the need to 
develop more precise tools supporting the design process of the devices with MR fluids. 
It seems reasonable to create a reverse algorithm that will allow estimation of the geometry 
of the device based on the desired value of the dissipated energy. In addition it is necessary 
to determine more accurately the value of the magnetic induction in the flow gap of the 
MR device. It would be also interesting to define the influence of the temperature on the 
viscosity and the yield stress, as well as to take this influence into account for the 
theoretical calculations. 
Various tests have been carried out using a test rig to verify the damping characteristics of 
developed MRF dampers.  The following test results are obtained:  

(1) The damper functioned by using a unit of the electromagnet under an 
appropriate electrical current control 

 (2) The magnitude of the damping force depends on the input magnetic field but it 
has an upper limit 

(3) In the absence of an applied magnetic field, an MRF damper exhibits viscous 
like behaviour, while it shows friction-like behaviour in a magnetic field.  
Through a series of experiments, it is confirmed that the behaviour of the MRF damper is 
fairly predicted by the velocity-displacement and velocity-force relationship over a wide 
range of applied current, amplitude and frequency.  It is clarified that the MRF dampers 
provide a technology that enables effective semi-active control in real development of 
various structures. 
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 7.6 Future Scope 
 
During the course of present study, a number of additional considerations and concepts be 
present. These possibly will be established into opportunities for forthcoming study, are 
point out as:  

 The present investigation was directed assuming steady-state situations.  In 
exercise, on the other hand, fluid flow inside a specific passage is rarely steady-
state.  Quite the reverse, the flow is mostly transient by means of a lot of variations 
in flow direction and flow velocity.  For example, the study of current helps to 
recognize behavior under adverse steady-state circumstances.  An addition would 
be toward consist of adverse, non-steady circumstances. 

 The MR fluid utilized for present investigation was developed in house at Physics 
Department, Shri M K Bhavnagar University, Bhavnagar. This specific fluid 
consumed an iron particles of 40% by volume in castor oil.  Forthcoming studies 
might reflect the influence of iron content on the behavior of the fluid when it 
operates with damper. 

 Forthcoming effort may also consist of to recognize the dependency of normalized 
yield stress on magnetic field strength. It comprise several supplementary tests 
done at different magnetic field strengths.  With adequate records to characterize 
the magnetic field dependency, it may be probable to redevelop the suggested 
model designed for the normalized yield stress such that this one be able to express 
clearly as a function of dwell time and magnetic field strength.  

 Recognize a model for the response time of MR fluid as a function of magnetic 
field strength  

 Examine the dependency of particle dimensions and form on behavior of MR fluid  
 Examine the influence of the off-state behavior with respect to on-state behavior. 
 Examine the temperature effect on overall performance of MR fluid base damper. 
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Appendix B:  
C  Program Codes 

 
#include <stdio.h> #include <stdlib.h> #include <string.h>  #define MAX_LINE_SIZE 50 #define MAX_STRING 30  main() {  int a,avg_no, loop_count; double tim, pos, lod; double init_time, sum_pos, sum_load, avg_pos, avg_load, grp_time; double max_pos, min_pos, center_pos; char in_file[MAX_STRING],out_file[MAX_STRING], fileline[MAX_LINE_SIZE]; FILE * fp_in; FILE * fp_out;  printf("Enter the name of file you wish to process\n"); scanf("%s", in_file); fp_in = fopen(in_file,"r"); // read mode if( fp_in == NULL )    {       perror("Error while opening the file.\n");       exit(EXIT_FAILURE);    }   printf("Enter the name of file you wish to write to\n"); scanf("%s", out_file); fp_out = fopen(out_file,"w+"); // read mode fprintf(fp_out, "%s %s %s\n%s %s %s\n", "Time", "Displacement", "Force", "Sec", "cm", "N");  /* number of points per average */ printf("How many points per average \n"); scanf("%d", &avg_no);  /* skip first two lines containing headers */ fgets( fileline, MAX_LINE_SIZE, fp_in); fgets( fileline, MAX_LINE_SIZE, fp_in);  fgets( fileline, MAX_LINE_SIZE, fp_in); sscanf(fileline,"%lf,%lf,%lf\n", &tim, &pos, &lod);  max_pos=pos; min_pos=pos; while(!feof(fp_in)) {     fgets( fileline, MAX_LINE_SIZE, fp_in);     sscanf(fileline,"%lf,%lf,%lf\n", &tim, &pos, &lod); 
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    if(pos > max_pos)         max_pos = pos;             if(pos < min_pos)         min_pos = pos;  }     center_pos =  (max_pos + min_pos)/2 ;  printf("Max = %f, Min = %f, CP = %f\n", max_pos, min_pos,center_pos);   rewind(fp_in);  /* Now do the averaging and other processing skip first two lines containing headers */ fgets( fileline, MAX_LINE_SIZE, fp_in); fgets( fileline, MAX_LINE_SIZE, fp_in);  loop_count = 0; while(!feof(fp_in)) { fgets( fileline, MAX_LINE_SIZE, fp_in); sscanf(fileline,"%lf,%lf,%lf\n", &tim, &pos, &lod); if (loop_count == 0)     init_time = tim; /* only first time to be stored for zeroing out*/ loop_count++;  grp_time=tim; /* initial time of avg_no readings */ sum_pos = pos; sum_load = lod;  for (a =0; a<=avg_no-2; a++) {     fgets( fileline, MAX_LINE_SIZE, fp_in);     sscanf(fileline,"%lf,%lf,%lf\n", &tim, &pos, &lod);     sum_pos = sum_pos+ pos;     sum_load = sum_load + lod; }     avg_pos = sum_pos / avg_no;     avg_load = sum_load / avg_no; fprintf(fp_out, "%f %f %f\n", (grp_time - init_time), ( center_pos - avg_pos) *3.0, avg_load*500); printf("%f,%f,%f\n", (grp_time - init_time), ( center_pos - avg_pos) *3.0, avg_load*500); } fclose(fp_in); fclose(fp_out); }  
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Experimental Investigations of Parameters Influence 
on Total Damping Force in MR Fluid Base Damper 

Hamir Sapramer, Dr. S. P. Bhatnagar, Dr. G. D. Acharya 
Sir Bhavsinhaji Polytechnic Institute, Gujarat Technological University, Ahmedabad, India 

Abstract  A magnetorheological fluid composition having a 
magnetisable carrier medium loaded with magnetisable particles 
to provide a magnetorheological fluid exhibiting enhance 
rheological properties. Also disclosed in a magnetic particle 
damper utilizing the magnetorheological fluid composition.  
Magnetorheological (MR) dampers are one of the most 
advantageous control devices for mechanical engineering 
applications due to many good features such as small power 
requirement, reliability, and low price to manufacture. The 
smart passive system (semi active control system) consists of an 
MR damper and an electromagnetic induction (EMI) system that 
uses a permanent magnet and a coil. According to the Faraday 
law of induction, the EMI system that is attached to the MR 
damper can produce electric energy and the produced energy is 
applied to the MR damper to vary the damping characteristics of 
the damper. Thus, the smart passive system does not require any 
power at all. Besides the output of electric energy is proportional 
to input loads due to vibration, which means the smart passive 
system has adaptability by itself without any controller or 
sensors. 
In the present study, an attempt has been made to investigate the 
effect of velocity, amplitude and current on total damping force 
in MR fluid base damper developed at Physics Department, Shri 
M.K. Bhavnagar University. The experiments were conducted 
based on response surface methodology (RSM) and sequential 
approach using face cantered central composite design. The 
results show that all the factors (piston velocity, Amplitude and 
Current) has significant effect on Total Damping Force. A linear 
model best fits the variation of total damping force with velocity, 
amplitude and current. Current is the dominant contributor to 
the total damping force. A non-linear quadratic model best 
describes the variation of total damping force with major 
contribution of all parameters. The suggested models of total 
damping force adequately map within the limits of the 
parameters considered. 
Keywords  DOE, MR fluid, Damper, Damping force, Dynamic 
range 

I. INTRODUCTION 
ibration suppression is considered as a key research field 
in engineering to ensure the safety and comfort of their 

occupants and users of mechanical structures. To reduce the 
system vibration, an effective vibration control with isolation 
is necessary. Vibration control techniques have classically 
been categorized into two areas, namely passive and active 
controls. For a long time, efforts were made to improve the 
effectiveness of the suspension system by optimizing its 

parameters, but due to the intrinsic limitations of a passive 
suspension system, improvements were effective only in a 
certain frequency range. Compared with passive suspensions, 
active suspensions can improve the performance of the 
suspension system over a wide range of frequencies. Semi-
active suspensions were proposed in the early 1970s [1], and 
can be nearly as effective as active suspensions. When the 
control system fails, the semi-active suspension can still work 
under passive conditions. Compared with active and passive 
suspension systems, the semi-active suspension system 
combines the advantages of both active and passive 
suspensions because it provides better performance when 
compared with passive suspensions and is economical, safe 
and does not require either higher-power actuators or a large 
power supply as active suspensions do [2].  

No field                Applied field 

 
Figure 1: Chain-like structure formation in controllable fluids 

The initial discovery and development of MR fluid can be 
credited to Jacob Rainbow at the US National Bureau of 
Standards in the late 1940s [6, 7]. These fluids are suspensions 
of micron-sized, magnetisable particles in an appropriate carrier liquid [8-12]. Normally, MR fluids are free flowing 
liquids having consistency similar to that of motor oil. 
However, in the presence of applied magnetic field, the iron 
particles acquire a dipole moment aligned with the external 
field which causes particles to form linear chains parallel to the field, as shown in Fig. 1. This phenomenon can solidify 
the suspended iron particles and restrict the fluid movement. 
Consequently, yield strength is developed within the fluid. 
The degree of change is related to the magnitude of the 
applied magnetic field, and can occur only in a few 
milliseconds. A typical MR fluid contains 20-40% [5] by volume of relatively pure, soft iron particles, e.g., carbonyl 

V 
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iron. These particles are suspended in mineral oil, synthetic 
oil, water or glycol. A variety of proprietary additives similar 
to those found in commercial lubricant are commonly added 
to discourage gravitational settling and promote suspension, 
enhance lubricity, modify viscosity, and inhibit wear. Recently developed MR fluids appear to be attractive 
alternative for designing of semi active system (controllable 
fluid dampers) compared to other smart fluids. [6-12]. Magneto rheological (MR) fluids possess rheological 
properties, which can be changed in a controlled way. These rheological changes are reversible and dependent on the 
strength of excited magnetic field. MR fluids have potential 
beneficial applications when placed in various applied loading (shear, valve and squeeze) modes. The squeeze mode is a 
geometric arrangement where an MR fluid is sandwiched 
between two flat parallel solid surfaces facing each other. The 
distance between these two parallel surfaces is called the gap 
size. These surfaces are either pushed towards or pulled apart 
from each other by orthogonal magnetic-induced force. 

The ultimate strength of an MR fluid depends on the square 
of the saturation magnetization of the suspended particles. The key to a strong MR fluid is to choose a particle with a large 
saturation magnetization. The best practical particles are 
simply pure iron, as they have saturation magnetization of 
2.15 Tesla. Typically, the diameter of the magnetisable 
particles is 3 to 10 microns. Functional MR fluids may be 
made with larger particles; however, particle suspension 
becomes increasingly more difficult as the size increases. 
Smaller particles which are easier to suspend could be used, 
but the manufacturing of such particles is difficult. Due to the 
special behaviour of MR fluid, it is used for vast applications 
such as: dampers, shock absorbers, rotary brakes, clutches, prosthetic devices, polishing and grinding devices, etc. 
Among them, MR fluid dampers are widely used because of 
their mechanical simplicity, high dynamic range (Ratio of Controllable force to uncontrollable force), low power 
requirements, large force capacity and robustness. This class 
of device has shown to match well with application demands 
and constraints to offer an attractive means of protecting 
various engineering systems against interrupted force. MR dampers are being developed for a wide variety of 
applications where controllable damping is desired. MR 
damper which utilize the advantages of MR fluids, are semi-
active control devices and is popular topic for researchers. A 
typical MR damper includes MR fluid, a pair of wires, 
housing, a piston, a magnetic coil and an accumulator as displayed in Fig. 2a. Here, the MR fluid is housed within the 
cylinder and flows through a small orifice. The magnetic coil is built in the piston or on the housing. When a current is 
supplied to the coil, the particles are aligned and the fluid 
changes from the liquid state to the semi-solid state within milliseconds. Consequently, the controllable damping force is 
produced. The force produced by a MR damper depends on 
magnetic field induced by the current in the damper coil and 
the piston velocity as in Fig. 2b.  

 
Figure 2. General configuration of a MR fluid damper. 

It is capable of generating the force with magnitude 
sufficient for rapid response in large scale applications [13-
15], with requirement only a battery for power [10]. Additionally, these devices offer highly reliable operations 
and their performance is relatively insensitive to temperature fluctuations or impurities in the fluid [9]. As a result, there has 
been active research and development of MR fluid dampers 
and their applications [6-18, 20-21]. 

The controllable force and the dynamic range are two of the 
most important parameters in evaluating the overall 
performance of the MR damper. As illustrated in Fig. 3, the total damper force can be decomposed into a controllable 
force due to controllable yield stress and an uncontrollable 
force . The uncontrollable force includes a plastic viscous 
force  and a friction . The dynamic range (D) is defined as 
the ratio between the damper controllable force  and the 
uncontrollable force  as follows: 

 

 
Figure 3: Conceptual design for the MR damper and the EMI part 

Most of the experimental investigations on damping force 
have been conducted using two-level factorial design (2k) for 
studying influence of parameters on total damping forces. In two-level factorial design, one can identify and model linear 
relationships only. For studying the nonlinearity present in the output characteristics at least three levels of each factor are 
required (i.e. three-level factorial design, 3k). A central 
composite design which requires fewer experiments than 
alternative 3k design is usually better [19]. Again, sequential 
experimental approach in central composite design can be 
used to reduce the number of experiments required. Keeping 
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the foregoing in mind, the present work is focused on 
investigations of total damping force as a function of 
amplitude, velocity and current value using sequential 
approach in central composite design. The study was 
conducted on MR damper developed at physics department, Shri M. K. Bhavnagar University, Bhavnagar. 

II. ENXPERIMENTAL DETAILS 
The details of experimental conditions, instrumentations 

and measurements and the procedure adopted for the study are 
described in this section. 
A. Magneto Rheological Fluid (MR Fluid) 

The magneto rheological fluid developed in house was used 
in the prototype. The fluid is a suspension of a 10 micron 
diameter sized magnetically susceptible particles, in Castrol 
oil carrier fluid. According to the data available by testing this 
MR fluid on rheometer at this laboratory, the density of the liquid is around 3 g/cm3 and off state viscosity of a 3.5 Pas. 
The maximum yield stress value is 15 kPa and it is achieved 
with the magnetic induction of 0.7 T. When exposed to a magnetic field, the rheology of the fluid reversibly and 
instantaneously changes from a free-flowing liquid to a semi-solid state with the controllable yield strength as a 
consequence of the sudden change in the particles 
arrangement. Figure 4 shows the detail relations of magnetic flux density, viscosity and shear stress available from 
rheometer. 

 
Figure 4. Relation between Magnetic flux density, Viscosity and Shear stress 

B. MR Fluid base Damper 
The damper is made up of two principal components: 

housing and piston. Housing contains a volume of 
magnetorheological (MR) fluid. One fluid which has shown 
itself to be particularly well-suited for this application consists of carbonyl iron particles suspended in castor oil. Housing is a 
cylindrical tube with a first closed end with an accumulator 
and attachment eye associated therewith. A second or open 
end of the cylinder is closed by upper end cap. A seal is 

provided to prevent fluid leakage from housing. Accumulator 
is necessary to accommodate fluid displaced by piston rod as 
well as to allow for thermal expansion of the fluid. Piston 
head is spool shaped having an upper outwardly extending 
flange and a lower outwardly extending flange. Coil is wound upon spool-shaped piston head between upper flange and 
lower flange. Piston head is made of a magnetically permeable 
material, in this case, low carbon steel. Guide rails are attached above and below side of piston to keep the piston in 
centring position to housing during operation. Piston head is formed with a smaller maximum diameter (in this case, Dpole) than the inner diameter, Di of housing. The external surfaces 
of guides are contoured to engage the inner diameter Di of housing. Guides are made of non-magnetic material, in this 
this model, gap g (in conjunction with coil) functions as a 
valve to control the flow of MR fluid past piston. Electrical 
connection is made to coil through piston rod by lead wires. A 
first wire is connected to a first end of an electrically conductive rod which extends through piston rod to outside of 
damper. The second end of the windings of coil is attached to 
end of piston rod has threads formed thereon to permit 
attachment of damper, as depicted in figure. An external power supply, which provides a current in the range of 0-4 
amps at a voltage of 12-24 volts, is connected to the leads. 
The outer surface of coil is coated with epoxy paint as a 
protective measure. The damper of this experiment functions 
as a Bingham type damper, i.e., this configuration approximates an ideal damper in which the force generated is 
independent of piston velocity and large forces can be 
generated with low or zero velocity. This independence 
improves controllability of the damper making the force a 
function of the magnetic field strength, which is a function of 
current flow in the circuit. 

 
Figure 5. Basic assembly of proposed MR Damper 

 
Figure 6. Details of proposed MR Damper Piston 
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The linear damper prototype is presented as a blueprint in 
Figure 5. Details of MR damper piston is shown in Figure 6. 
C. Total Damping Force Measurement 

The shock absorber is characterized by its instantaneous 
value of position velocity, acceleration, force, pressure, 
temperature etc. and various plots among these parameters. For the measurement of listed parameters of the shock 
absorber a test rig is designed and developed. An experiment 
on the test rig is carried out at different speeds and loads 
which lead to the output in terms of sinusoidal waveform on 
attached oscilloscope. The waveform is used to find out the characteristics at different load-speed combination. The results 
obtained are used to find out the behaviour of shock absorber 
at different speed and loads. 

 
Figure 7. Shock absorber test rig 

Figure 7 indicates details of shock absorber test rig setup. 
The setup consist of Piston and crank (Single Slider Crank 
Mechanism). This mechanism consists of a crank, connecting 
rod and piston (reciprocating arm). The crank plate has holes 
drilled to achieve different stroke lengths shown in figure 7. 
The advantage of this mechanism is its cost effectiveness 
because there is less high tolerance machining. The frequency 
is adjusted by using variable gear drive system based electric 

motor. The output from the motor is geared down using 
gearbox. The maximum output shaft speed is in the range of 
350 to 400 RPM at full speed of motor having 1440 RPM. 
Variation 
of stroke is possible by fixing the connecting road in 
appropriate hole made in crank plate, so the stroke is set to 
give the desired maximum speed within the limits of the 
damper and test apparatus. There are twelve screwed holes 
located over spiral shape; connecting rod can be fixed in 
suitable hole to select stroke length. The longer the stroke, the 
greater the power needed on motor to move the shock 
absorber 
D. Experimental plan procedure 

Thirty two experimental runs composed of 23 factorial 
points, four centre points and five axial points were carried out in block 1. Table 2 shows complete design matrix with 
responses to total damping force. In design matrix, the coded 
variables were arranged as follows: A: amplitude (A), B: 
angular speed (N) and C: current (I). F is the responses 
representing total damping force. The experiments were 
in Table 2). The design matrix also, shows the factorial points, 
centre points and axial points with coded and actual values. 

Table 1  Parameters and their levels 
Factor Unit Low level (-1) Centre level (0) High level (1) 
Amplitude mm 5 10 15 
Angular speed RPM 60 90 120 
Current Amp 0 0.5 1.0 
 
The Model F-value (Table-3) of 255.862 implies the model 

is significant.  There is only a 0.01% chance that a "Model F-
Value" this large could occur due to noise. Values of "Prob > F" less than 0.05 indicate model terms are significant. In this 
case A, B, C and AB are significant model terms. Values 
greater than 0.05 indicate the model terms are not significant. 
The "Pred R-Squared" of 0.976504 is in reasonable agreement 
with the "Adj R-Squared" of 0.986665. "Adeq Precision" 
measures the signal to noise ratio.  A ratio greater than 4 is desirable.  The ratio of 67.89797 indicates an adequate signal.  
This model can be used to navigate the design space. 

 
Table 2  Design matrix with responses (Total Damping Force) 

Std Run Block Type A:A(mm) B:N(rpm) C:I(Amp) A:A(mm) B:N(rpm) C:I(Amp) F(N) 
1 5 1 Axial 0 0 -1 10 90 0 805 
2 16 1 Fact -1 1 0 5 120 0.5 907 
3 29 1 Centre 0 0 0 10 90 0.5 1080 
4 14 1 Centre 0 0 0 10 90 0.5 1080 
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5 20 1 Fact 0 -1 1 10 60 1 1215 
6 8 1 Fact 0 1 -1 10 120 0 960 
7 12 1 Fact 1 -1 0 15 60 0.5 1124.5 
8 13 1 Axial -1 0 0 5 90 0.5 794 
9 4 1 Fact -1 0 -1 5 90 0 510 

10 19 1 Fact -1 -1 1 5 60 1 958 
11 17 1 Axial 0 1 0 10 120 0.5 1205 
12 27 1 Fact 1 1 1 15 120 1 2070 
13 10 1 Fact -1 -1 0 5 60 0.5 638 
14 32 1 Centre 0 0 0 10 90 0.5 1080 
15 7 1 Fact -1 1 -1 5 120 0 616 
16 30 1 Centre 0 0 0 10 90 0.5 1080 
17 26 1 Fact 0 1 1 10 120 1 1492 
18 18 1 Fact 1 1 0 15 120 0.5 1803 
19 25 1 Fact -1 1 1 5 120 1 1263 
20 23 1 Fact 1 -1 1 10 90 1 1360 
21 22 1 Fact -1 0 1 5 90 1 1151 
22 24 1 Fact 1 0 1 15 90 1 1669.5 
23 11 1 Axial 0 -1 0 10 60 0.5 903 
24 21 1 Fact 1 -1 1 15 60 1 1434.5 
25 9 1 Fact 1 1 -1 15 120 0 1545 
26 2 1 Fact 0 -1 -1 10 60 0 599 
27 28 1 Fact 0 0 0 10 90 0.5 1080 
28 6 1 Fact 1 0 -1 15 90 0 1155 
29 1 1 Fact -1 -1 -1 5 60 0 342 
30 3 1 Fact 1 -1 -1 15 60 0 875 
31 15 1 Axial 1 0 0 15 90 0.5 1397.5 
32 31 1 Fact 0 0 0 10 90 0.5 1080 

  
Table 3  ANOVA (Partial sum of square) for total damping force (F) 

Source Sum of squares d.f. Mean square F-value Prob>F Remark 
Model 4365178 9 485019.7354 255.865 < 0.0001 Significant 

A-A-Amplitude 1930613 1 1930612.5 1018.466 < 0.0001 Significant 
B-B-RPM 790443.6 1 790443.5556 416.9868 < 0.0001 Significant 

C-C-Current 1505691 1 1505690.889 794.3049 < 0.0001 Significant 
AB 107541.3 1 107541.3333 56.73183 < 0.0001 Significant 
AC 7752.083 1 7752.083333 4.089497 0.0555  
BC 638.0208 1 638.0208333 0.336578 0.5677  
A^2 17807.78 1 17807.77502 9.394227 0.0057  
B^2 2.640405 1 2.640405294 0.001393 0.9706  
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C^2 874.9481 1 874.9480976 0.461566 0.5040  
Residual 41703.38 22 1895.60825    

Lack of Fit 41703.38 17 2453.140088    
Pure Error 0 5 0    
Cor Total 4406881 31     

       
Std. Dev. 43.53858  R-Squared 0.990537   

Mean 1102.25  Adj R-Squared 0.986665   
C.V. % 3.949974  Pred R-Squared 0.976504   
PRESS 103545.1  Adeq Precision 67.89797   

III. RNESULTS AND DISCUSSION 
Table 2 shows all values of total damping force. The total 

damping force was obtained in the range of 342 N to 2070 N. 
 The increase in total damping force is due to  

 Increasing of applied current value, which 
increases the shear stress of MR fluid. 

 Increasing of angular speed, which increases the velocity of piston. 
 Increasing of amplitude, this is also due to large 

displacement of fluid inside the piston cylinder 
assembly. 

Fig. 8-10 shows relation between total damping force (measured force in N) with applied current values, angular 
speed and amplitude for different combinations. The rate of 
increasing in total damping force is higher for increasing the 
value of current compare to amplitude and velocity. Fig. 8 also 
shows that the total damping force is increased linearly with 
respect to increase in value of applied current. This observation agrees well with results reported by previous 
researchers. [13, 14, 15, 17, 20] 

 
Fig. 8  Total measured damping force vs. applied current at different 

values of amplitude and angular speed. 
 

 
Fig. 9  Total measured damping force vs. Amplitude at various angular speed and applied current. 

 
Fig. 10  Total measured damping force vs. Angular velocity at various 

amplitude and applied current. 
Furthermore, the results were analysed in Design Expert V6 

software. The results of the block 1 experiments in the form of 
analysis of variance (ANOVA) are presented. An ANOVA 
summary table is commonly used to summarize the test of the 
regression model, test of the significance factors and their 
interaction and lack-of-
ANOVA table is less than 0.05 then the model, the factors, 
interaction of factors and curvature are said to be significant 



3rd International Conference on Multidisciplinary Research & Practice                            P a g e  | 60 
 

Volume IV Issue I                                                                    IJRSI                                                                          ISSN 2321-2705  
 

Table 3 shows that the model is significant and amplitude 
(A), angular speed (B), applied current (C) and (A, B) are only 
the significant factors (terms) in the model. All other terms are 
insignificant. The contribution of factors, their interaction and 
curvature is also shown in Table 3.  

The various R2 statistics (i.e. R2, adjusted R2 (R2 Adj) and 
predicted R2 (R2 Pred)) of the total damping force Table 3. 
The value of R2 = 0.990537 for total damping force indicates 
that 99.05% of the total variations are explained by the model. 
The adjusted R2 is a statistic that is 
the model; that is, the number of factors (terms). The value of 
the R2 Adj = 0.986665 indicates that 98.66% of the total 
variability is explained by the model after considering the significant factors. R2 Pred = 0.976504 is in good agreement 
with the R2 Adj and shows that the model would be expected 
to explain 97.65% of the variability in new data (Montgomery, 
model and it is the error expressed as a percentage of the mean 
((S.D./Mean) ×100). Lower value of the coefficient of 
variation (C.V. = 3.9%) indicates improved precision and 
reliability of the conducted experiments. As curvature 
(nonlinearity) is not present in the model, additional 
experiments are not required to be performed. This is the main 
advantage of sequential approach in face cantered central 
composite design. 

The normal probability plot of the residuals (i.e. error = 
Force is shown in Fig. 11, reveal that the residuals lie 
reasonably close to a straight line, giving support that terms 
mentioned in the model are the only significant (Montgomery, 
2001).  

 
Fig. 11 Normal probability plot of residuals for Total Damping Force data. 
After removing the insignificant factors, the response 

surface equations for Total damping Force is obtained in the 
actual values as follows: 

Total Measured damping Force 

 

Where   
F = Total damping force in N 
A = Amplitude value in mm 
B = Angular Speed value in RPM 
C = Applied Current value in Amp. 
The predicted values from the model (equation value) and 

the actual (experimental) values are shown in Fig. 12. 
 

 
Fig. 12  Actual vs. predicted values of total damping forces. 

Since variable damping force is required for replacing the 
passive vibration control system to a semi-active vibration 
control system. The major focus of research is to find out total 
damping force for which desired damping coefficient can be 
achieved. Hence, the contour plots of the total damping force 
with relation in amplitude of vibration, angular velocity of 
vibrating device and applied current to MR damper are 
essential. The contour plot of the total damping force in 
angular velocity-amplitude at current value of 0.5 amp, 
current-amplitude at angular velocity value of 90 RPM, and current-angular velocity at amplitude value of 10 mm are 
shown in Figs 13-15, respectively. Figs. 13-15 clearly show 
that a good total damping force can be achieved for any level of amplitude and angular velocity, when current value is 
changed from low to high. In present research work, the MR fluid based semi-active damper is designed to achieve variable 
damping force by changing the current value. 

 
Fig. 13  Measured Damping Force (N) contour in Angular speed (RPM) and Amplitude (mm) plane at current value of 0.5 Amp. 
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Fig. 14  Measured Damping Force (N) contour in current (Amp) and 

Amplitude (mm) plane at Angular speed of 90 RPM. 

 
Fig. 15  Measured Damping Force (N) contour in current (Amp) and Angular speed (RPM) plane at Amplitude of 10 mm. 

IV. CONCLUSION 
This paper presents the findings of an experimental 

investigation of the effect of velocity of damper piston, 
amplitude of damping system and applied current value to damper on the total damping force developed by damping 
system of developed MR fluid based damper for this research project and following conclusions are drawn. Sequential 
approach in central composite design is beneficial as it saves 
number of experimentations required. This was observed in total damping force analysis. 

 Quadratic model is fitted for total damping force. 
 All the factors (piston velocity, Amplitude and Current) has significant effect on Total Damping 

Force. 
 The applied current is most significant factor, by 

which the value of total damping force can be 
adjusted according to system requirement. Thus the current provides primary contribution and influences 
most significantly on the total damping force. The 
interaction between amplitude and velocity provide secondary contribution to the model. 

 High value of total damping force can be achieved when amplitude, velocity and current values are set 
nearer to their high level of the experimental range 
(15mm, 120 RPM and 1.0 A respectively). 

Contour plots can be used for selecting the 
parameters for providing the given desired total 
damping force. 

 Experimental results of the developed damper are in 
good agreement with the predicted (equation) values. 
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The shock absorber is characterized by its instantaneous value of position, velocity, acceleration, 
force, pressure, temperature etc and various plots among these parameters. For the measurement 
of listed parameters of the shock absorber a test rig is designed and developed with 
instrumentations. An experiment on the test rig is carried out at different speeds and loads which 
lead to the output in terms of sinusoidal waveform on attached oscilloscope. The waveform is used 
to find out the characteristics at different load-speed combination. The results obtained are used to 
find out the behavior of shock absorber at different speed and loads. Shock absorber test rig is a 
machine to test shocks and generate graphs for the shock characteristics. These graphs could be 
printed for the shocks or stored so user could develop a database of how each shock works under 
the test conditions. This machine replaces the trial and error approach into a reliable and efficient 
method to determine the shocks used during an operation. 
                                                                                  © 2015 A D Publication. All rights reserved 
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1. Introduction  
 

The phenomenon of damping is found everywhere in today’s society and plays a crucial role when it comes 
to safety, stability and fatigue in a product. Using dampers on a car or any other vehicle is just a tiny area where 
damping is used. The phenomenon and concept can be found on buildings, bridges, shoes and many other 
applications. Damping is an effect that reduces the amplitudes of oscillations in an oscillating system, such as 
the examples above. No matter what material something is built from or how stiff it is, it will always move due to 
different conditions, and will eventually become an oscillating system, if only for a tiny bit of time. If the 
oscillations within that system is not controlled or reduced, at some point the material and construction will 
break, or the system will become very unstable, with possible catastrophic consequences. Therefore, damping 
is needed to improve the fatigue and stability, as well as reduce the risk of failure and increase the performance. 

The purpose of dampers is to dissipate any energy in the vertical motion of the body or wheels of a vehicle. 
This includes motion arisen from control inputs or from disturbance by rough roads or winds. When moving, a 
vehicle with their wheels constitutes a vibrating system that needs to be controlled by dampers to prevent 
response overshoots, and to minimize the influence of some unavoidable resonances. 

Testing of theory is required to validate methods of analysis and to give confidence in theory for design 
work. This is likely to involve testing of individual parts or testing of complete shock absorber to relate damping 
characteristics, to investigate piston or rod seal friction effects, etc.  
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Performance testing is required to check that prototypes or samples of production dampers meet their 

specifications within tolerance, and are adequately consistent one to another. In competition, performance 
testing is required to check that a design gives the expected behavior and, again, that dampers are consistent 
and in matched pairs. Testing may therefore be used to select matched pairs or to refine manufacture and 
assembly to the necessary level. 

Attempts have been made previously to find out various shock absorber properties by various approaches. 
Rao and Greenberg carried experiment for measurement of equivalent stiffness and damping properties of 
shock absorber [1]. Y. Ping studied dynamic behavior of an oil-air coupling shock absorber [2]. A K Samantray 
developed preloading mechanism for liquid spring /damper shock absorber and studied the shock isolation 
properties [3]. For nonlinear viscous damping device force transmissibility of multi degree of freedom is also 
studied by Peng and others [4]. Also simulation and experimental validation of vehicle dynamic characteristic for 
displacement sensitive shock absorber with fluid flow modeling [5,6]. 

Following are typical plots of interest for shock absorber to characterize it. 
• Position vs Time; 
• Velocity vs Time; 
• Acceleration vs Time; 
• Force vs Time; 
• Force vs Position; 
• Force vs Velocity; 

For obtaining such parameters, test rig should be properly design and instrumented, which gives the 
parameters listed above in close tolerance. 
 
2. Instrumentations 
 
The basic parameters to be measured may include instantaneous values of  
(1) Position  
(2) Velocity  
(3) Acceleration  
(4) Force  
(5) Pressure  
(6) Temperature. 

 
These need sensors, pulse data processing and suitable display. In addition the data stream will be 

processed to give items such as cyclic extremes of position and force. 
 
The basic shock analyzer kit connections are shown in figure 1. Real setup of develop test rig with 

instrumentation is shown in figure 2. 
 
 

 
Nomenclature  
 
X Position  
V Velocity 
A Acceleration 
F Force 
P Pressure 
T Temperature 
LVDT Linear Variable Differential Transformer 
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Fig.1 Shock analyzer kit connections. 
 

 
 

Fig. 2 Instrumented Shock Absorber Test Setup (Real Photo) 
 
Following are various instruments required to achieve listed variables. 

 
2.1 Oscilloscope 
 

The raw data, change through the cycle, is usually presented on an oscilloscope. The storage type of 
oscilloscope is much superior in showing the cycle shape, such as force against position; F(X) will be attached 
with test rig. 
 
2.2 Linear Variable Differential Transformer (LVDT) 
 

LVDT is a position sensor, will be built into the ram. It will give a voltage output directly to computer by 
oscilloscope and it linearly related to the position, with a positional signal. 
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2.3 Velocity Sensor 
 

Velocity of piston is derived from velocity sensor. Velocity is also obtained by electronic differentiation of the 
position signal obtained by LVDT. 
 
2.4 Load cell 
 

The damper force is measured by load cell. It is simply a slightly flexible beam supporting the static end of 
the damper, giving a small deflection, which can be measured to give an instantaneous load signal. The load 
signals in the form of voltage output transferred directly to computer by oscilloscope. 
 
2.5 Accelerometer sensor 
 

It gives instantaneous value of acceleration. Acceleration can be also obtained by differentiation of the 
velocity signal, but two stage of differentiation will greatly exaggerate any noise in the original position signal. 
Accelerometer sensor is basically just a load cell with a known mass, with acceleration derived from A = F/m. 
Velocity also could be integrated from the acceleration. 
 
2.6 Pressure sensor 
 

Damper liquid pressure is measured by pressure sensor. It is installed into damper body by welding or 
brazing of a tapped boss to accept a standard sensor. It is preferably positioned at the extreme ends of the 
damper so that the piston seals are not damaged by passing over the hole and so that welding distortion of the 
working tube does not cause the leakage. 
 
2.7 Thermocouple sensor 
 

It is used to measure temperature of damper body and damper fluid. The temperature value is affecting the 
performance, tending to reduce the damping forces at a given speed, required to measure it. The most suitable 
sensors are thin flexible insulated wires, and should be rated for a temperature up to 2000C or better. These are 
easily taped to the body of the damper.  
 
3.   Instrumented Shock Absorber Test Rig 
 

The purpose of Shock Absorber Test Rig is to build a shock absorber dynamometer. Shock absorber 
dynamometer is a machine to test shocks and generate graphs for the shock characteristics. These graphs 
could be printed for the shocks or stored so user could develop a database of how each shock works under the 
test conditions. This machine replaces the trial and error approach into a reliable and efficient method to 
determine the shocks used during an operation.  

 

 
 

Fig. 3 Shock absorber Test rig 
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3.1 Mechanical 
 

The Shock absorber Test rig consists of a metallic main structure, a motor with gear box to reduce motor 
speed, a piston-crank slider mechanism to cycle the shock, and a computer connected with Shock absorber 
Test rig by oscilloscope. The oscilloscope acquires data and displays the test graphs. It is also save individual 
test results and allows overlying a various tests to compare the performance. It is easy to build with industrial 
devices and it is simple to use. The structure consists of a strong steel frame with two vertical cylindrical beams. 
The two cylindrical beams tied together with a strong top beam, to which the load cell is bolted. The load cell 
has an adapter for bolting the shock to it. The main frame act as a mount for the motor, gear box and the two 
cylindrical shafts. A LVDT is mounted on any vertical beam, measure displacement with respect to time, gives 
velocity of the shock. 

 
Basic characteristics of presented Shock absorber Test rig are 
 
Stroke 5-100 mm 
Speed 0-500 mm/s 
Force (Load Cell) 1500 Kg (Output in terms of volt - 0 to 10 V 
Cycle frequency 0 to 400 rpm 
LVDT range 0 to 150 mm (Output is in terms of volt - 0 to 5 V) 
 

 
3.2 Components 
 

Following are the important component by which the shock absorber test rig is instrumented to retrieve data 
during test. 

 
3.2.1 Electric Motor and Gear Box 
 

Shock absorber Test rig is usually powered by 3-phase AC electric motors. The motors size and power is 
limited to its supply voltage. For applications up to 2hp, the motor can be powered by the usual mono-phase 
power source. Larger motors in the 2hp to 10hp range can be powered by 3-phase power source. The motor 
can be connect to a variable frequency drive or variable speed gear box to allow the user to cycle his shock at 
variable cycles/minute to test diverse speed range. Variable frequency drive usually allows connecting 3-phase 
motors to mono-phase mains supply. 

This setup of Shock absorber Test rig powered by 3-phase, 2hp AC electric motor with variable speed gear 
box. The output from the motor is geared down, using gears. The maximum output shaft speed is in the 300 to 
400 RPM range. 

 
3.2.2 Mechanism 
 

This mechanism consists of a flywheel (crank), connecting rod, and piston similar to the piston-crank 
mechanism in an internal combustion engine. The flywheel has holes drilled to achieve different stroke lengths. 
The disadvantage of using this mechanism is that it does not produce perfect sinusoidal motion in the piston, but 
having a longer connecting rod can compensate for this. Although it is not necessary to have sinusoidal motion, 
it does help reduce vibration. The advantage to this mechanism is its cost effectiveness because there is less 
high tolerance machining. 

 
3.2.3 Load Cell 
 

A load cell is a transducer that converts load acting on it into analog electrical signals. A load cell attached 
to the crossbeam is measure the force placed on the shock. 

 
3.2.4 Shock temperature sensor 
 

Shock temperature is measured using a thermocouple attached to the casing of the shock with a Velcro 
strap. Shock performance can vary dramatically at different temperatures. With the temperature monitoring 
system, it can be determine, how the shock is perform under various temperatures.  
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3.2.5 Stroke length selector 
 

There are twelve screwed holes located over spiral shape in a plate, also working as a flywheel for the 
system as shown in figure 4. Connecting rod can be fixed in any hole to select stroke length. The longer the 
stoke, the greater the power needed on motor to move the shock absorber. At higher stroke, it is possible that 
the motor couldn't move the shock absorber, thus it is recommend starting at position 1 and increasing it step by 
step. 

 
 

 
 

Fig. 4 Stroke length selector plate (Real photo) 
 

Table 1. Hole position – Stroke length  
Hole Position Stroke Length 

1 10 mm 
2 20 mm 
3 30 mm 
4 40 mm 
5 50 mm 
6 60 mm 
7 70 mm 
8 80 mm 
9 90 mm 

10 100 mm 
11 110 mm 
12 120 mm 

 
 
4.   Working of Instrumented Shock Absorber Test Rig 
 

Shocks are bolted into the test rig unit on the provided mounting locations. The stroke and motor speed is 
set to a chosen speed range. The computer is set up to receive the data from oscilloscope and the initial 
temperature is taken. The machine is then started and the shock is cycled into the chosen velocity range where 
the data is sent to the computer. The computer can then display the data in a graphical method that will allow 
the operator to adjust the shocks accordingly. For example, if a vehicle is coming out of the turns too tight the 
operator will run the shock on the test rig to check the setting. The shock is then rebuilt to loosen up the shock 
and run on the test rig again. With the proper expertise, the shock can be reinstalled on the system with the 
desired characteristics. 
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Conclusion 
 

The principle mechanism for the basis of this test rig designed to measure the characteristics is single 
slider crank mechanism. This mechanism converts rotary motion of the circulating disc into the linear motion of 
the shock absorber. At various loads and speeds combinations the readings on the test rig is taken with the help 
of various sensors mounting on test rig and by using the data, characteristics of shock absorber is calculated. 
The final accuracy of shock absorbers performance is decided by experimental data collection through shock 
absorber test rig. Thus the shock absorber test rig design is very important for characteristics of shock absorber. 

The authors is continues with predicted test rig in this paper for their future work related to design and 
development of shock absorber.  
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