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Abstract 

 

MagnetoRheological (MR) dampers have been used as reliable electronically 

adjustable shock and motion control devices in the past few years. Although these 

dampers have proven their performance in practice and the cost has decreased, their 

usage has been limited to high-end applications. The main drawback of MR dampers 

is their relatively large weight and energy consumption when compared to their 

passive counterparts. In this thesis, we investigate factors affecting weight and energy 

consumption of MR dampers and devise solutions to achieve energy-efficient and 

light-weight dampers. To this end, an analytic approach is presented to design and 

build a low-energy consumption and lightweight MR damper. It is shown that the 

proposed configuration can decrease the mass of MR damper significantly and 

reduce the energy consumption when AlNiCo alloys are utilized in the magnetic core. 

A proof-of-concept MR damper for mountain bike applications is designed, fabricated, 

characterized, and tested in the field, which meets the requirements in mountain bike 

industry in terms of energy consumption, compression and rebound forces, mass, 

size, and on-the-fly adjustability of the damping forces, by the user. 

Keywords:  Magnetorheological Dampers, Vibration Control, Optimal Design, 

Smart Materials 
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Chapter 1. Introduction 

MagnetoRheological (MR) technology, since its discovery in 50's[1], has been the 

baseline for several innovations in the engineering sectors such as automotive suspension 

systems [2]–[4], prosthetics [5]–[7], structural engineering [8], [9], and aerospace [10], [11]. 

This technology has proven its effectiveness as a reliable solution for motion and vibration 

control in commercial applications by being employed in shock absorbers, rotary brakes, 

elastomers, and clutches.  

MR technology is based on MR effect that can be seen in MR fluid and MR 

elastomer. In both of these cases, micron-sized ferromagnetic particles are dispersed in 

a carrier medium, which is liquid in MR fluids and a polymer in MR elastomer. The main 

effect observed in MR fluid is an increase in the viscosity by applying an external magnetic 

field. In micro scale, the magnetic field brings the ferromagnetic particles together to form 

chains in the direction of the magnetic flux lines. The chain formation results in a limitation 

in the fluid-flow or surface movement that is seen as an increase in the viscosity or shear 

rate [1]. 

 Until early 90's the biggest barrier to MR technology commercialization was the 

lack of advancements in control systems, microelectronics and sufficient funding for 

research and development [12], [13]. Since the mid-90s, with improvements in electronics 

and digital control systems, MR technology started to become widely employed in 

industrial applications. Moreover, the investments from compines  such as Lord and Delphi 

accelerated the adoption of MR technology, by automakers for consumers and military 

purposes. 
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Not until very recently, due to relatively high prices of MR fluid, luxury and high-

performance applications were the main areas of its application, and it was not very well 

received for mainstream commercial products. In other sectors of industry, although MR 

technology could significantly improve the performance, it was not widely commercialized 

not only because of its cost but also due to its power inefficiency and weights matters.  

MR technology cost has significantly decreased in recent years because of 

advancement in the chemistry side and expiry of major patents. Although the prices have 

depreciated over time, MR technology has not found its way into new industrial 

applications due to the power consumption and weight. To overcome these barriers the 

aim and scope of this dissertation is to investigate new methods, technologies, and 

algorithms to make MR devices more efficient in terms of the energy consumption and 

lightness and make it market ready for weight and energy sensitive applications. It is 

necessary to recognize the sources of weight and power consumption inefficiencies and 

investigate methods and resolutions to address the issues.  

1.1. Motivation of Research  

The main two drawbacks of MR technology devices is power consumption and 

weight. MR dampers have higher weight comparing to its counterparts which are hydraulic 

and friction dampers. The main reason is the high density of MR fluid that consists of 80-

90 weight percent of iron particles. Moreover, achieving bigger force range in MR dampers 

requires a wider active area of magnetic poles that results to a larger size of the piston 

and bigger reservoir for the MR fluid. As a result, designing MR dampers for applications 

with constrained mass and dimensions is a lot more challenging.  Other than the mass 

inefficiency another major drawback of MR dampers is their energy requirements. MR 

dampers will require continuous electric current whenever a stiffness other than off-state 
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stiffness is required. This makes utilizing MR dampers very costly in terms of energy 

consumption. The side-effect to high energy requirements is requiring a bigger energy 

storage device. Considering the available battery technologies and the energy per KG 

they can provide, higher energy consumption means higher weight due to the weight of 

the battery.  

The weight issue is usually addressed by optimizing the dampers to remove the 

excess parts that do not play a role in the hydraulics and magnetics. Different topologies 

and configurations are also studied to address the size and weight issue. A novel 

perspective that can indirectly result in weight and size reduction of the MR dampers is to 

maximize the dynamic range while constraining the weight and size of the damper in the 

process of design. This can be done by optimizing the conventional configurations for MR 

dampers or deploying novel configurations that can improve the performance.  

There are two major approaches to tackle the energy consumption of MR dampers. 

The common approach that has been used in the optimal design of MR dampers is to 

minimize the resistive dissipation of the coil by investigating the energy consumption for 

different wire gauges considering the number of turns that can potentially be wounded in 

the space available for the electromagnetic coil. Using this method the joules of energy 

dissipated per weber of magnetic flux generated is calculated and most efficient wire 

gauge will be picked. This method cannot significantly reduce the energy consumption 

and alternative solutions should be investigated. The other solution that has recently 

attracted more attention among researchers is employing AlNiCo as a magnetic latch. 

Using AlNiCo will eliminate the need for continuous electric current that can significantly 

decrease the energy requirements while switching the state of the damper is not required 

very often. These solutions will be investigated in more details in the following chapters 

with the objective to design an MR damper for energy and mass sensitive applications.  
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1.2. A Review on The Background and Current Status of 
MR Technology 

MR fluids are a group of smart materials that respond to the external magnetic field 

by increasing their shear rate/viscosity. An MR fluid consists of micron-sized ferromagnetic 

spheres dispersed in a carrier fluid.  The carrier fluid can be a polar fluid such as water 

and alcohol, or a non-polar liquid such as synthetic oil, or any other hydrocarbon. Based 

on the type of carrier fluid, additives, which are usually surface active agents (surfactant), 

are added to stabilize the fluid and prevent sedimentation of particles [1]. 

When MR fluid is subjected to a magnetic field, the particles are magnetized into 

magnetic bipolar and align to form a chain of particles in the direction of the magnetic field 

as shown in Fig 1.1.  

Since the fluid and the particles are stuck together by the surfactants, the formed 

chains can restrict the flow of the fluid. The restriction in the fluid flow is seen as an 

increase in the fluid viscosity or shear rate in the macro scale.  
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Figure 1.1 (a) MRF in the absence of a magnetic field, (b) MRF particle 
alignment under the influence of magnetic field. 

1.2.1. MR Fluid Modes of Operation 

As mentioned earlier the operation of MR fluid is all about chain formation and 

change in the viscosity of the fluid. An MR fluid can be used in three different modes 

including shear mode, squeeze mode, and valve mode. In this section, these three modes 

will be briefly explained. 

Shear Mode 

In the shear mode, two parallel plates are moving relative to each other, and the 

area between them is filled with MR fluid. Once the magnetic field is applied 

perpendicularly to the plates, the chain formation between the surface of the two plates 

causes a friction-like force that opposes the movement of the plates.  This mode is 

 

 

(a) 

(b) 
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depicted in Figure 1.2.  Shear mode is commonly applied in MR brakes and less regularly 

in MR dampers [14]. 

 

Figure 1.2 MR fluid operation in shear mode. 

Squeeze Mode 

Another mode of operation for MR fluids is the squeeze mode. In this mode, two 

plates are squeezed to each other, and the area between the plates is filled with MR fluid. 

By applying a perpendicular magnetic field, the chain formation opposes movement of the 

plates. This mode is mainly used in MR elastomers [12]. Figure 1.3 shows this mode of 

operation.  

 

Figure 1.3 MR fluid operation in squeeze mode. 
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Valve Mode 

In this mode, the MR fluid acts as a valve. The plates are fixed and the MR fluid is 

flowing in between. By applying the magnetic field in the vertical direction relative to the 

fluid flow direction,MR effect will excite the particles to form chains that constraints the 

fluid flow [12]. Figure 1.4 demonstrates how this mode of operation works. 

 

Figure 1.4 MR fluid operation in valve mode. 

1.2.2. Types of Suspension Systems  

Suspension systems are a necessary part of every vehicular system with the 

functionality to mitigate the shock and vibration and improve the handling of the vehicle. 

Suspension systems are divided into three groups including passive, semi-active and 

active suspension systems. Each of these systems has their own pro and cons. In this 

section, each of these technologies will be briefly explained.  

Passive Suspension Systems 

Passive systems are the most common type of suspension used for different types 

of vehicular systems such as automobiles, aircrafts, and bikes. In passive systems the 
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hydraulic force generated while the hydraulic fluid is pushed to pass through an orifice 

dissipates the kinetic energy. The biggest advantage of these systems is the simplicity, 

reliability, fail-safety and the fact they do not require batteries and electronics to function. 

The disadvantage though is that this type of suspension systems are not adjustable in real 

time thus the performance is not the best in every situation.  

Active Suspension Systems 

Active suspension systems are based on an actuator system that will adjust the 

stiffness and characteristics of the suspension to the system to fit the situation the vehicle 

is at. Active suspension systems while having a superior performance are known to have 

higher costs of maintenance and added complexity, which will increase the end-user price. 

The other drawback of active suspension systems is that these systems are prone to 

failure. With complex electrical and mechanical parts integrated together, active 

suspension systems have a higher probability of failure comparing to passive and semi-

active suspension systems.  

Semi-Active Suspension Systems  

Semi-active suspension systems are a mixture of both worlds. These systems are 

highly similar to passive systems while having the ability to adjust their characteristics in 

real time. The most common type of semi-active dampers are MR dampers that more or 

less are similar to conventional passive dampers. This makes MR damper fail-safe as if 

there is a failure in the control systems the damper will function as a conventional hydraulic 

damper.  



9 

1.3. Summary of Contributions and Outline of This 
Dissertation 

The aim in this research is to optimally design magnetorheological damper for 

applications where weight, space and energy consumption is a concern. In this regards it 

is necessary to investigate optimal design approaches, alternative configurations and 

redesign MR dampers in a way that they fit real world applications. To achieve the 

objectives the three major contributions have been made that are listed as follows. 

1. A comprehensive approach for optimal design of MR dampers  

2. A novel configuration for MR dampers that minimizes the weight and 

dimensions of the damper while utilizing solutions to optimize energy 

consumption. 

3. A novel configuration for MR dampers with asymmetric damping 

characteristics that addresses the damping requirements for industrial 

applications such as automotive and mountain bike industry.  

The summary of each chapter in addition to highlight of contributions is discussed 

in the following sections.  

1.3.1. Chapter 2: Modeling and Optimal Design of MR Dampers 

The modeling of MR dampers is explained in chapter 2. Different modeling 

methods are discussed in this chapter and quasi-static as a reliable and trusted method 

of modeling for design purposes is introduced.  The suggested modeling scheme is 

employed in this chapter to develop a design approach based on genetic algorithm. The 

cost function of the optimal design problem is set in a way to minimize the overall mass 
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while maximizing the dynamic range of the damper subject to various constraints such as 

avoiding  magnetic losses and keeping the off-state force in a certain range.  

1.3.2. Chapter 3: A Comprehensive Approach for Optimal Design of 
MR Dampers 

Employing the lessons learned from chapter 2, a novel comprehensive approach 

for optimal design of MR dampers is developed in this chapter. The proposed optimal 

design approach utilizes analytic methods along with Finite Element Analysis (FEA) to 

obtain the best global optimum solution for MR dampers with multi-material structures with 

given specifications such as length of piston, off-state force and cylinder radius. The 

proposed design approach is employed to optimally design and fabricate an MR damper 

with AlNiCo core. The experimental results of the fabricated damper characterization are 

compared with the ones obtained from simulation and it is shown that the results match 

with an slight error.  

1.3.3. Chapter 4: Alternative Configurations for Low-Energy, Low-
Mass MR Dampers 

Conventional MR damper configurations have not been able to fulfill the 

requirements for applications with mass, size and energy limitations. This has led to less 

adoption of the MR technology ion those applications. In this chapter, alternative 

topologies for MR dampers are studied and a novel configuration for MR dampers is 

proposed. The proposed configuration utilizes the entire length and surface of the MR 

damper pistons active magnetic area of contact that minimizes the mass and space loss. 

The proposed configuration is compatible with AlNiCo core that helps to minimize the 

energy consumption and excess heat generation. To verify the superiority of the proposed 

design it was optimally designed along with a conventional MR damper with similar weight, 
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size and characteristics utilizing the design approach explained in chapter 3.  It was shown 

using experimental results that the proposed design, called Zebra, is able to beat the 

dynamic range of MR dampers by 100%. 

1.3.4. Chapter 5: MR Dampers with Asymmetric Damping Behavior  

In real world applications it is required that the dampers provide  three to five times 

more force on the rebound side comparing to compression side. However in the academic 

researchers done on MR dampers this necessity have been ignored. In this chapter and 

novel configuration for MR dampers with asymmetric damping behaviors will be proposed. 

An MR damper is designed and fabricated using the proposed configuration for downhill 

mountain bike application. The MR damper is characterized on an experimental setup 

along with a commercial damper of the same size and dimensions. The results will be 

compared and the behavior of the two dampers will be analyzed. It is shown that the 

proposed configuration is able to match and beat the characteristics of the commercial 

damper while bringing the controllability and features of MR dampers into effect.  

1.3.5. Chapter 6: Summary, Conclusion and Suggestions for Future 
Works 

The research work in this thesis is summarized in this chapter. Based on the 

theoretical, simulation and experimental studies done in this research a conclusion is 

made and further suggestion to enhance the outcome are proposed to be done as future 

works. 
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Chapter 2. Modeling and Optimal Design of 

MR Dampers 

2.1. Introduction 

Several authors using recursive search and analytical approaches have studied 

performance optimization of MR devices. In [9-11], the authors used the ANSYS 

optimization toolbox to optimally design the magnetic structure of their damper. This 

method has been utilized in the design of several different MR devices such as brakes, 

dampers, and valves. In [12], the authors used the simulated annealing method to 

optimally design an MR brake. The simulated annealing algorithm is inspired by an 

industrial process of heating a metal and cooling it down slowly to decrease deficiencies 

in the metal part. Although simulated annealing is a useful method, it does not guarantee 

convergence to the optimum point. A multi-objective genetic algorithm was used in [13] to 

optimally design an MR damper. The multi-objective genetic algorithm is a powerful 

method to optimize complex systems; however, it is computationally complex and can take 

several iterations to reach the solution. Moreover, this method does not guarantee whether 

the solution is a local or a global optimum. All of the aforementioned methods are based 

on numerical or recursive search methods for obtaining the global optimum solution. There 

have also been several analytic studies on the optimal design of MR dampers. Analytical 

design of MR devices is a challenging problem due to their multiphysics nature and non-

linearities (e.g., see [14],[15]).  A shortcoming of these methods is that they can become 

quite complex, especially for more advanced configurations and multi-material structures 

such as MR dampers with built-in controllable permanent magnets, known as AlNiCo [16]. 
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In this chapter MR damper modeling methodologies for will be studied for optimal design 

purposes.   

2.2. MR Damper Operation and Mechanism 

Any hydraulic damper consists of a piston that moves in a cylinder. Figure 2.1 

shows the diagram of a commercial MR damper. The kinetic energy of the system is 

dissipated in the fluid that passes through the orifices in the piston. The amount of 

dissipated energy is dependent on the viscosity of the fluid that passes by the piston’s 

annular duct and the speed of movement. In MR dampers, the piston is equipped with a 

magnetic circuit that can change the viscosity of the fluid that is passing by the piston’s 

annular duct by adjusting the electric current. Considering the magnetic valve in the micro-

scale and applying current to the coil results in the magnetic field to form chains of bipolar 

magnetic particles.  The change in the fluid viscosity will then result in a change of the 

damping characteristics of the damper. 

 

Figure 2.1 Schematic of an MR damper. 
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As it can be seen in Fig 2.1, the cylinder is divided into two chambers with a floating 

piston in between. The fluid chamber is filled with MR fluid and the piston moves in this 

chamber. The gas chamber is filled with air or pure nitrogen and its functionality is to 

compensate for the increase in the volume of the fluid chamber when the shaft enters the 

fluid chamber.  

2.3. Modeling of MR Dampers  

Several methods have been proposed for modeling MR dampers [15]–[18] that 

can be used to simulate, design, and control MR dampers. However, in addition to high 

accuracy, a suitable model for design should be able to relate damper performance to 

physical dimensions and fluid characteristics.  In this work, we utilize the modeling 

technique presented in [13],[14], in which the total force of MR damper is separated into 

three parts: Gas chamber force, hydraulic force, and MR effect force. This method of 

modeling is very well accepted in the research community for being accurate and justifying 

the experimental behaviour with physics and dimensions. This model is called quasi-static 

modeling. 

 

Figure 2.2  MR damper schematic. 
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Referring to Fig. 2.1, the following relationships can be obtained 

 

 

                                             

 

 

 

 

 

The various parameters in formulas (2.1) – (2.3) are defined in Table.2.1.  

Table 2.1 Parameters definition for formulas (2.1) – (2.3). 

Parameter Statement Parameter Statement 

Fg Hydraulic force Fvis Viscous Force 

As Cross section area of the 

shaft 

FMR MR effect force 

Pa Pressure of gas C Fluid flow velocity  

dependent variable 

P0 Initial pressure Lp Length of magnetic 

pole 

V0 Initial volume of the gas 

chamber 

τy Yield stress 

Xp Position of the piston Ap Area of the piston 

γ Coefficient of thermal 

expansion 

Rd Average radius of 

the fluid flow gap 

η Viscosity of the fluid tg Thickness of fluid 

flow gap 

L Length of the piston   

 

2.4.  Model Verification and Validation 

The model discussed in section 2.2 has been used widely for design purposes 

[15], [16] and [19]. However, there is no information available about how accurate this 

model is. In this section, we will investigate the accuracy of this model by simulating a 

𝐹𝑔 = 𝐴𝑠𝑃𝑎  =  𝐴𝑠 𝑃0(
𝑉0

𝑉0+𝐴𝑠𝑥𝑝
)𝛾                    (2.1) 

𝐹𝑣𝑖𝑠 =
12 𝜂𝐿

𝜋𝑡𝑔
3𝑅𝑑

(𝐴𝑝 − 𝐴𝑠)
2

(𝑋̇𝑝)                       (2.2)   

𝐹𝑀𝑅 = 2𝑐
𝐿𝑝

𝑡𝑔
 𝜏𝑦 (𝐴𝑝 − 𝐴𝑠)𝑠𝑔𝑛(𝑋̇𝑝)               (2.3) 
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commercial damper and comparing the results with experimental data of the same 

damper. The LORD 8040 damper was selected for this purpose.  The parameters of this 

damper are shown in Table 2.3. A picture of this damper is shown in Fig 2.3. 

 

Figure 2.3  Exploded view of LORD8040 MR damper. 

 

The magnetic structure of the MR damper was modeled in the COMSOL-

Multiphysics with the physical properties mentioned in Table 2.2.  COMSOL is a Finite 

Element Analysis (FEA) software that is capable of calculating different physical 

parameters. At this stage, we took advantage of this software to calculate the magnetic 

field intensity in the MR fluid in order to calculate the yield stress which is a function of 

magnetic field. Figure 2.4 Shows the FEA result of Lord MR Damper in electric current 

equal to 0.8 A. 
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Table 2.2 Specififcations of the Lord 8040 commercial damper. 

Value Parameter 

MRD-8040 Commercial Name 

MRF 122EG MR Fluid Name 

0.042 P.S Fluid Viscosity 

20.8 mm The outer diameter of the cylinder 

19.4 mm Inner Diameter of Cylinder 

0.65 mm The thickness of gap (tg) 

14.575 mm  The median radius of the gap (distance of center 
and middle of the gap)  

5.1 mm Pole length (Lp) 

5 mm Shaft Diameter 

 11 mm Core Length (Lc) 

10 mm Core Radius(Rc) 

3 mm  Thickness of outer piston 

 

 

Figure 2.4  FEA analysis for LORD 8040 damper. 
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Using the information obtained from FEA and the model given by (2.3), (2.4) and 

(2.5), the damper force at 3 different speeds (0.11, 0.30,0.48 m/s) and two different electric 

currents (0,0.8A) were calculated. The results can be seen in the third column of Table 

2.3. The force varies between 158.6N in low speed and no current to 1489.6 N at the 

highest speed and 0.8A .  

In order to compare the calculated forces with experimental results, the damper 

was tested in the mentioned speeds and currents using a hydraulic shaker by MTS. The 

picture of the experimental setup can be seen in Fig 2.5. The results obtained from testing 

the damper are shown in Figure 2.6.  

 

Figure 2.5  LORD 8040 damper test setup. 
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The modeling error in lower speed is 1% when the current is zero and it is about 

2% when current is applied to the coil. By increasing the speed from 0.11 m/s to 0.48 m/s 

the error is increased from 1% to 3% for no current, and from 2% to 4.5% for 0.8 A current.   

 

 

 

Figure 2.6 Force-velocity and force-displacement graphs for LORD 8040 
damper. 
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As expected, at lower speeds this model is more accurate. As the speed increases, 

the fluid flow gets closer to turbulent regime and doesn’t follow the laminar fluid flow and 

ideal gas model assumptions considered in formulas (2.3)-(2.5). However, we will consider 

the 4% error reasonable in this study and will rely on this model for representing the 

physical properties effects on the behavior of the damper. 

 

2.5. Optimal Design of MR Dampers Using Genetic 
Algorithm (GA) 

Optimal design is a critical stage in any design problem.  In general, the goal of 

any design optimization problem is minimizing undesired situations while maximizing the 

desired ones. For example, in a mechatronic control system, the design goal might be to 

minimize the power consumption and control effort and maximize the error performance 

of the system. In this research, our goal is to minimize the total weight and power 

consumption of a MR damper while maintaining the performance (damping force) within 

a specified range. 

There are many different methods for optimal design and optimization of a system. 

These methods can be generally categorized into two groups, i.e.  analytic and random 

optimization methods. Analytic methods are based on solving the mathematical model of 

the system to maximize a special feature. These methods are sometimes done graphically 

to implement the constraints on the calculations. Although these methods are highly 

efficient, it is not always easy to use them in a multi-variable optimization problem with 

nonlinear elements and constraints. 
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Random optimization methods are inspired from a natural effect or system such 

as ants’ colony algorithm which is inspired from ants’ endeavor in looking for food, or 

Genetic Algorithm (GA), which has been inspired by the evolution theory in genes. GA is 

considered as a powerful method for optimal design of complex systems in the past 

decade [20]–[23] specially for MR devices [24]. Because of its abilities and unique features 

for complex systems, we have chosen this algorithm to be used for optimal design in this 

study.  

Many works have already been done on optimizing MR devices and structures. 

For example, in [24] a GA was used for optimizing a MR brake. In [15], [25], [26] the 

ANSYS optimization toolbox was used for optimal design. In the aforementioned works, 

the optimization goal was to increase the dynamic range and decrease the time constant. 

However, in this research our goal is to minimize the weight in order to design a MR 

damper for application that weight is an issue such as biomedical systems and mountain 

bikes.  

 In this chapter, the optimal design and simulation of MR dampers will be 

presented.  

2.5.1. Genetic Algorithm 

As it was mentioned earlier, GA is inspired by natural evolution theories. This 

algorithm was first introduced by John Henry Holland in 1975 in a book named “Adaptation 

in Natural and Artificial Systems” and since then it was used in different industrial and 

scientific applications  [36].  

The goal in GA is to maximize (or minimize) a function, called fitness function or 

cost function. Fitness function is usually a dimensionless function, comprising one or more 
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parameters, that are normalized to be comparable.  For instance, a fitness function can 

take the following form 

If our intention is to maximize this function, then P1 is a parameter that we want to 

maximize, that is normalized with constant “a”, and P2 is a parameter that we want to 

minimize, which has been normalized with constant “b” [27].  

GA requires an initial population that can be chosen randomly (or with a special 

strategy) based on the constraints of the optimization problem. Some members of this 

population will be chosen based on the fitness value to do the reproduction.  There are 

some methods for choosing the members for reproduction. One of the most common 

methods for selection is the roulette wheel method, in which a roulette wheel will be divided 

into some sectors and the area of each sector represents the fitness function of each 

member. The roulette wheel starts to rotate (virtually) and members will be chosen 

randomly using the wheel. In this method, a fit member is more likely to be chosen such 

that the chosen members can produce better children for the next generation. The chosen 

members will get married by some methods such as cross-over and procedures such as 

mutation. This procedure continues until a stopping criterion is achieved.  The stop criteria 

can be one of the following: 

 The fitness criterion is achieved 

 Number of generation achieves the limit 

 Time limit  

Objective Function= 
𝑃1

𝑎
+

𝑏

𝑃2
 

 

(2.4) 
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 Fitness difference between members diminishes so that no better generation is 

produced 

In this research we will use MATLAB optimization toolbox to solve the optimal 

design problem. 

2.5.2.  Simulating MR Damper in COMSOL 

COMSOL-Multiphysics is a Finite Element Analysis (FEA) software that is able to 

solve multiple physical problems at once. In this research we take advantage of its DC/AC 

magnetics module to simulate magnetic structure of MR dampers.  

In FEA we can simulate and solve a structure in three different ways based on its 

shape: a) 3D b) 2D c) 2D Axisymmetric. 

 

Figure 2.7 Meshed 2D axisymmetric model(left) and 3D model (right) of MR 
damper piston in COMSOL. 
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 It is obvious that 3D analysis is the most accurate and most time consuming 

method.  In this research, after doing the simulation with all of these methods we finally 

decided to use 2D axisymmetric method. The meshed 2D axisymmetric and 3D model of 

an MR damper can be seen in Fig 2.7. 

In order to model the MR damper, the magnetic characteristics of materials should 

be modeled and imported into COMSOL. In our design, the MR fluid and Iron are the only 

magnetic materials and other materials are considered to have no magnetic properties. 

The B-H curve of MR fluid and Steel are shown in Figure 2.8.  

 

B (T) 

H (KA/m) 
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Figure 2.8 Magnetic characteristic curve for MR fluid(top) [28] and steel (down) 
[29]. 

An effect that is usually seen in magnetic materials is saturation, which means that 

after a certain value of magnetic field intensity, the rate of change in magnetic field density 

will decrease. The saturation point in steel is shown in Figure 2.8 that happens at magnetic 

flux density of about 1.8T. Magnetic saturation is a limitation that should be considered in 

designing a magnetic structure in order to avoid unnecessary power consumption.  

After a sketch of the damper in COMSOL was drawn and the materials were 

defined, the model is ready to be solved. In order to do so, we defined some variable 

parameters in COMSOL, that could be used by MATLAB optimization toolbox for 

optimization.  

The quasi static model presented earlier in this chapter was used in the COMSOL 

model to calculate the forces of the damper.  

The relationship between 𝜏𝑦   and magnetic field intensity was extracted form the 

curve provided by Lord as shown in Figure 2.9 for commercial MR fluid 132DG.  

B (T) 

H (A/m) 
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Figure 2.9 Yield stress versus magnetic field intensity curve [28]. 

To import the information of the curve in Figure 2.9 into MATLAB, a curve fitting was 

done with the following third order polynomial 

                  𝜏𝑦 = 𝑝(𝐻𝑚𝑟) =  𝐶0 + 𝐶1𝐻𝑚𝑟 + 𝐶2𝐻𝑚𝑟
2 + 𝐶3𝐻𝑚𝑟

3 (2.5) 

after the completion of the fitting procedure   𝐶0, 𝐶1, 𝐶2  𝑎𝑛𝑑 𝐶3 were found as 0.3, 0.42, -

0.0012 and 1.05e-6 [15].  

2.5.3. Optimal Design of MR Damper  

So far, the optimization algorithm and the modeling procedure are explained. The 

next stage will be connecting these two tools and run the optimization algorithm with the 

model. to do so, the COMSOL-Livelink package for MATLAB was used to generate an m-

file that works like a COMSOL simulation in MATLAB workspace. The variable parameters 

in the design are shown in Figure  2.10. 
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Figure 2.10 Optimization parameters definition. 

As mentioned at the beginning of this chapter, in this study we are looking into 

minimizing the weight and maximize the dynamic range. To this end, let us define the 

dynamic range as, 

𝜆𝑑 =
𝐹𝜂 + 𝐹𝑚𝑟

𝐹𝜂
 

(2.6) 

To calculate the weight, the volume of each part can be multiplied to its 

corresponding density. The following formula is used to obtain the mass, 

𝑀 =  𝜋𝜌𝑖𝑟𝑜𝑛 ((𝑅𝑖𝑐
2  – 𝑅𝑖𝑛𝑝

2 )𝐿𝑝𝑖𝑠𝑡𝑜𝑛) + (2𝑅𝑝
2 𝐿𝑝) + (𝑅𝑐

2 𝐿𝑐)) +  𝜋 𝜌𝑐𝑜𝑜𝑝𝑒𝑟((𝑅𝑝
2  − 𝑅𝑐

2)𝐿𝑐))     (2.7) 

In (2.7),  𝜌𝑖𝑟𝑜𝑛  and 𝜌𝑐𝑜𝑜𝑝𝑒𝑟  are representing the density of Iron and Copper 

respectively. Here the mass of the piston is calculated since it is the only part we are 

optimizing. Eventually the fitness function to be minimized is given by, 

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 =  𝑤𝑚 (
𝑀

𝑀𝑑𝑒𝑠𝑖𝑟𝑒𝑑
) + 𝑤𝜆 (

𝜆𝑑𝑒𝑠𝑖𝑟𝑒𝑑

𝜆
) 

(2.8) 

In (2.8), the parameters 𝑤𝜆  and 𝑤𝑚  are used to adjust the importance of each 

parameter in the fitness function.  The objective function used for optimization is as 

follows: 
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𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 =  0.7 (
𝑀

0.8
) + 0.3 (

4

𝜆
) 

(2.9) 

As it can be seen in (2.9), weight minimization is more important for us in comparison to 

dynamic range maximization.  

To prevent magnetic saturation and avoid unfeasible solutions, some constraints were 

added to the optimization problem as shown in Table 2.3. 

Table 2.3 Optimization problem constraints. 

explanation Constraint  Parameter 

Radius of core 0.004𝑚 ≤ 𝑅𝑐 ≤  0.008𝑚 Rc 

Length of core 0.006𝑚 ≤ 𝐿𝑐 ≤  0.02𝑚 Lc 

Length of pole 0.002𝑚 ≤ 𝐿𝑝 ≤  0.015𝑚 Lp 

Thickness of gap 0.0004m ≤ tg ≤  0.0015m Tg 

Outer piston Wall 
thickness 

0.002m ≤ Wop ≤  0.0045m Wop 

Coil cross section area 25m𝑚2 ≤ 𝐴𝑐𝑜𝑖𝑙 Acoil 

Length of piston 0.05m ≤ 𝐿𝑝𝑖𝑠𝑡𝑜𝑛 Lpiston 

Max Magnetic field 
density 

𝐵𝑚𝑎𝑥 ≤  1.8 T Bmax 

- 3 ≤ 𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑟𝑎𝑛𝑔𝑒 Dynamic Range 

Off-State force  0.9 𝐹𝑑𝑒𝑠𝑖𝑟𝑒𝑑 ≤ 𝐹𝑝𝑎𝑠𝑠𝑖𝑣𝑒

≤  1.1 Fdesired 

Fpassive 

Inner radius of the 
cylinder   

15.875 mm Ric 

For the optimization algorithm some stop criteria were set that are shown in Table 2.4.  

Table 2.4 Optimization stop criteria. 

Value Criterion  

Inf  Number of Generations 

Inf Time limit 

Inf Fitness function limit 

50 Stall generations limit 

Inf Stall time 

1e-3 Fitness function variations 
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2.5.4. Results and Discussion 

The optimization was run and the results in Table 2.5 were obtained. As it can be seen 

in Table 2.5, the magnetic field density does not go above the constraints and the 

dynamic range is in a reasonable range.  

Table 2.5 Optimization results. 

Design Variables Characteristics 

Parameter Initial Value Optimal Value Parameter Optimal Value 

𝑅𝑐 0.008 𝑚 0.0089 m  𝑀𝑎𝑥 𝑑𝑎𝑚𝑝𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒 𝐹𝑡𝑜𝑡𝑎𝑙 

@ 0.5m/s  

1750 𝑁 

𝐿𝑐 0.012 𝑚 0.0145𝑚 𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝐵𝑚𝑟 0.849 𝑇 

𝐿𝑝 0.008 𝑚 0.0051𝑚 Max B 1.871𝑇 

𝑡𝑔 0.001 𝑚 0.0008 m 𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑟𝑎𝑛𝑔𝑒 𝜆 4.6 

𝑊𝑜𝑝 0.004 𝑚 0.0042m 𝑊𝑒𝑖𝑔ℎ𝑡 𝑀 785 𝑔 

 

Based on the fitness function that was chosen for this study, the results do not represent 

the lightest design or the design with the highest dynamic range. 

 In Figure 2.10, the FEA result is shown for the optimized damper. In this figure, the red 

areas represent the parts with higher magnetic field density.  
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Figure 2.11 Designed MR damper finite element analysis. 

After performing the optimization, the coil parameters should be calculated. At this 

stage, there is a groove that the coil can be wounded on. The cross section of the coil was 

calculated to be a 1.9 mm to 14.5mm rectangle. Different sizes of wire can affect the 

performance of the whole system. In Table 2.6, different parameters for different sizes of 

wire have been compared.  The number of wire layers should be an even number so that 

the wire enters and exits the coil from the same side.  
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Table 2.6 Coil optimization results. 

 AWG 24   AWG  25 AWG 26 AWG 28 AWG 30 

Resistance of 
wire (Ω/m) 

.084 .106 .1338 .2128 .3384 

Max current 
(A) 

3.5 2.7 2.2 1.4 .86 

Layers of wire 4 4 4 6 8 

Maximum wire 
turns 

146 204 223 342 571 

Length of wire 
(m) 

5.36 5.88 6.47 12.44 21.03 

Resistance of 
coil (Ω) 

.449 .622 .869 2.64 7.09 

Power 
consumption 

(W) 

5.50 4.53 4.2 5.18 5.24 

Inductance (H) .004 .0075 .0096 .023 .0631 

Time constant 
(Sec) 

.009 .0121 .0111 .0087 .0089 

NI 511 550.8 490.6 478.8 491 

 

In Table 2.6, the length of wire in each layer was calculated and added together 

to find the whole length. By finding the wire length and using the wire datasheet, the 

resistance of the coil was found and the power consumption was calculated. 

The Calculation of  inductance is more involved since it depends on the structure 

of magnetic circuit and materials. To find an accurate value for inductor, the FEA software 

was used. In FEA, the total magnetic flux passing a section of the circuit was calculated 

and by using the formula below the inductance was calculated: 

Nφ= LI (2.10) 
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In (2.10), N is the number of turns, φ is the magnetic flux obtained from FEA, L is 

the inductance and I is the current passing through the coil.  

After finding the inductance and resistance of the coil, the time constant of the 

coil can be calculated.  In practice, the system response time is about four to five times 

of the time constant [30]. For a resistive-inductive load, the time constant is defined as 

follows 

𝜏 =
𝐿

𝑅
 

(2.16) 

Finally, the parameter NI was calculated to have a reference to compare 

magnetic field strength produced by each of the coils.  

2.6.  Conclusion 

The focus of this chapter was on different features of optimal design for MR 

dampers. First of all, the genetic algorithm was utilized as a powerful optimization tool in 

order to optimize the magnetic structure of a MR damper. In this stage, the piston was 

modeled in COMSOL. Afterwards, using Matlab-COMSOL LiveLink, Matlab Optimtool was 

used to apply genetic algorithm on the COMSOL model. finally, based on the results 

obtained from the optimization stage, an optimal design strategy for coil was proposed 

that takes different features of coil such as power consumption, time constant, and 

magnetic field strength into account.  
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Chapter 3. A Comprehensive Approach for 

Optimal Design of MR Dampers 

 

3.1. Introduction 

 

MagnetoRheological (MR) fluid is a ferro-fluid made up of ferromagnetic particles 

dispersed and stabilized in a carrier fluid. The dispersed particles, when subjected to a 

magnetic field, form chains in the direction of the magnetic flux lines and increase its 

viscosity by resisting the flow of the fluid. This unique property is utilized to make 

adjustable hydraulic devices called MR devices. These devices have been utilized in 

industrial applications including automotive suspension systems [3], [31], [32], civil 

structures [20], [33], [34], and biomedical systems [35], [36].  

Performance optimization of MR devices has been studied by several authors 

using recursive search and analytical approaches.  ANSYS was used in several works as 

the optimization toolbox for designing the magnetic structure of dampers[25], [26], 

[37].This method has been applied to design a variety of MR devices such as brakes, 

dampers, and valves. In [38] simulated annealing method was used to design an optimal 

MR brake. The simulated annealing algorithm is inspired by an industrial process of 

heating a metal and cooling it down slowly to decrease deficiencies in the metal part. 

Although stimulated annealing is a useful method, it does not guarantee convergence to 

the optimum point. Response surface method was proposed in [39] for optimal design of 

MR dampers. This method suggests a solution to find the global optimal parameters in a 
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computationally efficient way. A multi-objective genetic algorithm was used in [40] to 

optimally design an MR damper which is a powerful method to optimize complex systems. 

However, the method is computationally complex and does not guarantee reaching a local 

or global optimum. All of the aforementioned methods are based on numerical or recursive 

search methods for obtaining the global optimum solution. There have  been several 

analytic studies on optimal design of MR dampers. Optimization based on analytical 

approaches is  challenging due to the multi-physics nature and non-linearities involved in 

MR dampers (e.g., see [41], [42]).  Another shortcoming of those methods is that they can 

become quite complex, especially for more advanced configurations and multi-material 

structures such as MR dampers with built-in controllable permanent magnets known as 

AlNiCo [43]. Thus a comprehensive design approach for optimal design of MR dampers 

that can be utilized in practical applications is highly required.  

In this chapter, we present an analytic MR damper optimal design approach for 

complex and multi-material structures. Considering the manufacturing limitations and 

practical specifications, the proposed method guarantees feasibility of the final solution 

and can significantly simplify the optimization process and reduce the computational 

complexity.  

3.2. Modeling of MR Dampers  

 

Several methods have been proposed for modeling MR dampers hat can be used 

for simulation, design and control purposes  [15]–[17] . However, a suitable model for the 

design purposes should be able to relate damper performance to its physical dimensions 

and fluid characteristics.  In this work, we utilize the modeling technique presented in [15], 

[16], where the total force of MR damper is separated into three parts: (i) Gas chamber 
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force, (ii) hydraulic force, and (iii) MR effect force as explained in chapter 2. A simplified 

schematic of a MR damper can be seen in Figure 3.1. 

 

 

 

Figure 3.1  Schematic of a conventional MR damper piston. 

 

For a given application, the main characteristics of an MR damper are the off 

state force, physical size, and maximum stroke as described in the following: 

 Off State Force:  is equal to the sum of viscous force and force generated by the 

air chamber, normally when the magnetic circuit is not energized. The off-state force is the 

minimum damping force that can be obtained from the damper. The magnitude of this 

force is important from a reliability point of view. For example, when there is a loss of 
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magnetic field due to an electric failure this force should be large enough to safely operate 

the device. Also, the off-state force plays an important role in the performance of semi-

active vibration control algorithms such as sky-hook. Thus for most applications the off-

state force should be predetermined before the design is started.    

Damper Size: Depending on the application, the damper size can be critical. For 

instance, in automotive applications the length and radius of the damper are determined 

by constraints such as the coupling mechanism, spring size, and the distance between 

the tire and chassis.   

Maximum Stroke: The stroke of a damper is the total travel distance required for 

the mechanical system. Depending on the application the stroke magnitude can be as 

small as a few centimeters (e.g., in automotive/robotic applications) to a few meters 

(e.g., in large scale structural applications).  

 

3.3. Design of MR Dampers 

 

The quasi-static model presented in chapter 2 can be utilized to design an MR 

damper. To this end, there are certain considerations to be taken into account including 

manufacturing limitations, magnetic design of the MR piston, incorporating constraints, 

and the cost function.  

Manufacturing limitations: In the design process of MR dampers, the 

manufacturing process is usually not taken into account. It should be noted that 

manufacturing limitations can have a significant effect on the design, manufacturability, 
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and the performance of the damper. In this work we incorporate limitations such as 

tolerances and standard pipe size in the design process to simplify the manufacturing 

stage. Machining tools such as lathe and mill machines have certain minimum tolerances. 

If these tolerances are taken into account in the design process; all the dimensions can 

be considered as discrete parameters instead of continuous ones. Parameter 

discretization can also be done by considering the standard raw material availability in the 

market. For example, when designing the cylinder of an MR damper, one may utilize off-

the-shelf pipes with ANSI or ISO standard dimensions. 

Magnetic Design of the MR piston: In designing MR dampers, one has to deal with 

a multi-domain magnetic structure with the objective of minimizing the losses and 

maximizing the magnetic field density in the MR fluid gap. In this respect, avoiding 

magnetic saturation is necessary since it can limit the magnetic flux in the circuit and cause 

magnetic losses. Magnetic bottlenecks can be avoided by adjusting the cross sectional 

areas of the magnetic circuit. Based on  the magnetic flux conservation law (KφL), we can 

relate the cross sectional area of each part of the magnetic circuit to other parts as follows:  

 

Φ1 = Φ2 = … = Φn                                                                                            (3.1) 

A1 B1 = A2 B2=…= An Bn                                                                                   (3.2)  

where Φi is the magnetic flux, Ai is the cross sectional area in each part of the 

circuit, and Bi is the magnetic flux density in each part of the magnetic circuit.  

An operating point has to be selected when designing a magnetic structure based 

on the KφL rule. In this study, it is assumed that the device is operated at the edge of 

saturation. This means that all and every part in the magnetic structure, regardless of the 
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material, is at the edge of saturation. If two or more materials are used in the magnetic 

structure, the saturation magnetic flux density of each material can be considered as the 

operating point for that specific material to calculate the corresponding cross sectional 

areas. We refer to the above approach as Area Equality. 

MR damper Model simplification: As discussed in chapter 2, the total force of an 

MR damper can be separated into gas chamber, hydraulic part, and MR part. There are 

five variables in formula (2.2); namely L, Fvis, Rd, tg and Ap. The value of L is obtained 

depending on the application and space limitations as discussed earlier. The value for Fvis 

can also be found based on the off-state force (𝐹𝑚𝑖𝑛) requirements. The cross sectional 

area Ap can be written in terms of Rd and tg as follows:  

 

Ap= (π Ric
2) – (π (𝑅𝑑 +

𝑡𝑔

2
)2 + (π (𝑅𝑑 −

𝑡𝑔

2
) )2                                                        (3.3) 

Substituting (3.3) into (2.2) and simplifying results in 

𝑅𝑑 =
12𝑥̇𝑝𝜂 𝐿 𝜋

𝑡𝑔
3𝐹𝑚𝑖𝑛

 (4𝑡𝑔
2𝑅𝑑

2 + 𝑅𝑖𝑐
4 + 𝑅𝑠

4 − 2𝑅𝑖𝑐
2 𝑅𝑠

2)                                                             (3.4) 

Simplifying (3.4), the following second order equation can be obtained in terms of 

𝑅𝑑  

12𝑥̇𝑝𝜂 𝐿 𝜋

𝑡𝑔𝐹𝑚𝑖𝑛
   𝑅𝑑

2 − 𝑅𝑑 −
(𝑅𝑖𝑐

4 + 𝑅𝑠
4 − 2𝑅𝑖𝑐

2 𝑅𝑠
2)(12𝑥̇𝑝𝜂 𝐿 𝜋) 

𝑡𝑔
3𝐹𝑚𝑖𝑛

= 0                                         (3.5) 

For a specific tg, the value for Rd can be calculated by solving (3.5).   

There are five variables in (2.3), namely FMR, LP, tg, τy and Ap, that have to be 

determined. The term FMR, also known as MR effect, should be maximized. The value for 
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AP can be calculated using (3.2) and (3.5). The term τy is a function of the magnetic field 

strength over the magnetic poles in the annular duct which can be found using FEA. The 

relationship between τy and magnetic field strength for the LORD MR Fluid 132-DG can 

be found in Figure 2.8.The term τy  can be represented using a second order equation as 

follows 

                                     τy= C0+ C1 HMR +C2 HMR
2                                                                   (3.6) 

                                     C0= -1.457, C1=0. 3834, C2= -7.405 e-4    

  Utilizing fundamental magnetism rules we have  

                           HMR  = 
𝐵

µ
                                                                                     (3.7)    

                                

                           BMR =
𝜑

𝐴
                                                                                               (3.8)                                               

   

where A is the cross sectional area of the magnetic pole, H is magnetic field 

strength, B is the magnetic field density, and µ is the magnetic permeability of MR fluid.  

Since the fluid flow gap is an annular duct, the cross sectional area is not constant through 

the duct. Thus the average value is obtained by integrating the magnetic field density as 

follows: 

𝐵𝑀𝑅 =   
1

𝑡𝑔
∫    

φ

𝐿𝑝2 𝜋 𝑟

𝑅𝑑+
𝑡𝑔

2

𝑅𝑑−
𝑡𝑔

2

 𝑑𝑟 =  
φ

𝑡𝑔𝐿𝑝2 𝜋 
  〖(ln〗 (𝑅𝑑 +

𝑡𝑔

2
) − ln (𝑅𝑑 −

𝑡𝑔

2
))          (3.9) 

This formula can be further simplified as follows: 



40 

𝐵𝑀𝑅 =  
𝛼

𝑡𝑔𝐿𝑝
  (3.10) 

where α is a constant value given by 𝛼 =
φ

2𝜋 
 (ln (𝑅𝑑 +

𝑡𝑔

2
) − ln (𝑅𝑑 −

𝑡𝑔

2
) ) .   

Using (3.11) we can calculate the value of HMR as follows: 

𝐻𝑀𝑅 =   
𝐵𝑀𝑅

µ
                                                                                                                          (3.11) 

Since the system is operating near its saturation point, it can be assumed that 

the MR fluid acts in its linear region with the value of µ being constant. Hence, 

𝐻𝑀𝑅 =   
𝛼

𝑡𝑔𝐿𝑝µ
    =        

𝛼′

𝑡𝑔𝐿𝑝
              𝛼′ =  

𝛼

µ
                                                 (3.12) 

By substituting (3.12) and (3.6) into (2.3) we have, 

𝐹𝑀𝑅 =   (𝐴𝑝 − 𝐴𝑠) 2  
𝑐 𝐿𝑝

𝑡𝑔
 (𝐶0 + 𝐶1𝐻𝑀𝑅

 + 𝐶2𝐻𝑀𝑅
2 )                                                (3.13) 

Assuming that the only unknown in (3.13) is Lp, we can find it by differentiating 

(3.13) and maximizing FMR , i.e., 

𝑑 𝐹𝑀𝑅

𝑑 𝐿𝑝
=  (𝐴𝑝 − 𝐴𝑠) 2 𝑐 ( 

𝐶0𝑡𝑔
2𝐿𝑝

2 − 𝐶2𝛼′2

𝑡𝑔
3𝐿𝑝

2 )   = 0                                                  (3.14) 

Hence 

𝐶0𝑡𝑔
2𝐿𝑝

2 −  𝐶2𝛼′2
= 0                                                                                                       (3.15) 

Since Lp is not zero, (3.15) can be simplified as follows 

𝐶0𝑡𝑔
2𝐿𝑝

2 =  𝐶2𝛼′2
                                                                                                           (3.16)        
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From which we have  

𝐿𝑝 =  √
𝐶2𝛼′2

𝐶0𝑡𝑔
2                                                                                                                      (3.17) 

The above formula can be used to find the optimum value for magnetic pole 

length. As an alternative the value of  𝐿𝑝 can be determined by considering all and every 

feasible values for 𝐿𝑝 between zero and half of entire length of the piston. 

3.4. Optimal Design 

In this section, the results obtained in sections 2 and 3 are used to introduce a 

comprehensive approach in the optimal design of MR dampers with the objective to 

maximize the MR effect force, also known as dynamic range. This approach is developed 

based on the quasi-static model for valve mode MR dampers; however, the same 

approach can be used for other types of MR dampers.  

As a baseline for this study the FOX DHX RC4 is used, which is a commercial 

adjustable damper. The goal is to design an MR piston with integrated AlNiCo as the core 

which can be retrofitted in the DHX RC4 with the specifications and constraints given in 

Table 2. The machining tolerance was set to 0.01 mm which is the finest accuracy 

achievable with common machining tools. The off-state force in this case was set to match 

the minimum compression force achievable from the DHX RC4 at a speed of 0.25 cm/s.  
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Table 3.1 Design specifications and constraints. 

Parameter Value  

Machining tolerance 0.01 mm 

Length of the piston (L) 20 mm 

Off-state viscous force (Fmin) 100 N 

Cylinder inner radius (Ric) 13.3 mm 

Shaft radius (Rs) 8 mm 

Radius of Core (Rc) 7.93 mm 

 

The optimization steps are as follows: 

Thickness of gap (tg): Given the machining tolerance in Table 3.2, a vector of all 

possible values for the thickness of fluid flow gap (tg) is generated between 0.2mm to 

1.5mm. This will result in a vector of 130 feasible values for tg. This range is considered 

to be large enough to cover all feasible solutions.   

Average radius of fluid flow gap (Rd): The elements of the vector obtained in the 

last step will be used to calculate values for Rd using (3.2) and the off-state force. At this 

stage we have to make sure that all of the values found for Rd by solving (3.2) are 

positive and real.  

Width of the outer piston (Wop): Given the inner radius of cylinder, tg, and Rd, the 

value of Wop can be obtained as follows 

Wop = Ric – (𝑅𝑑 +
𝑡𝑔

2
)                                             (3.18)  
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 Alternatively, when the radius of the core is known, the value of Wop should be 

calculated using the Area Equality approach when the radius of the core is known. This 

can be done using equation (3.19). The material of the core is AlNiCo while the outer pole 

is made of steel 1018. The saturation point for steel is 1.8T and for AlNiCo5 is  1.2T.  Thus 

using the Area Equality rule we have 

πRc
2 =  

1.2

1.8
   ((πRic

2) - (π (Ric-Wop)
2))                                       (3.19) 

This would be useful in the cases that off the shelf ANSI or ISO standard AlNiCo 

alloy bars are being used. In this case we used a standard AlNiCO bar with radius of 

7.93mm (5/8 inch). 

Core radius (Rc): In this specific case the radius of the core is known because of 

using standard AlNiCo alloy bars however if the core radius is unknown this approach 

can be taken. Using the Area Equality rule, the radius of the magnetic core can be 

found. The equation (3.19) is useful in this case as well.  

Length of magnetic pole (Lp) : Since in each solution vector we have the value of 

tg and Rd, we can use (3.20) to find the value of  Lp. Alternatively, the values for Lp can 

be calculated using an approach similar to what was done for 𝑡𝑔 by considering a vector 

of all feasible Lps. In this case, the minimum value for Lp should be calculated using area 

equality rule to make sure we avoid magnetic saturation in the poles. The minimum 

value for Lp can be calculated using the following formula. 

𝐿𝑝 𝑚𝑖𝑛 =  
𝜋(𝑅𝑖𝑐

2 − (𝑅𝑑 +
𝑡𝑔

2 )
2

)

2𝜋(𝑅𝑖𝑐 − 𝑊𝑜𝑝 − 𝑡𝑔)
                                                                                (3.20) 
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In this study, the above method was used to ensure that every single feasible 

solution is taken into account.   

FEA analysis: At this stage we have a vector of all feasible solutions for the MR 

damper design problem. These solutions should be analyzed using FEA in order to find 

the optimum solution. To this end, we utilized COMSOL and Matlab Livelink packages to 

find the MR forces for each of the calculated vectors of solution.  The results are illustrated 

in Fig 3.2. The wire gauge was selected as AWG28 and the number of windings was set 

to maximum, considering the area available for coil in each design.  

 

Figure 3.2  The simulation result for calculated MR effect force for all the 
feasible solutions. 

The optimum solution is the vector number 431 with MR force of 108N.  As it can 

be seen in Fig. 3.2, there are many extrema points. However, using the proposed method 

the global optimum solution can be found since we have taken all of the feasible solutions 

into account and none of the feasible data point has been missed. The FEA analysis 

results for the optimum design are shown in Fig. 3.3. The overall time to perform the above 
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optimization process was 22 minutes on a standard desktop computer with 16GB of RAM 

with an Intel Core i7 4470 CPU.  

 

Figure 3.3  Axisymmetric FEA results for the optimum MR piston. 

The values found using this optimal design approach can be found in Table 3.3. 

The dynamic range of 108N is a reasonable value for such a small MR damper which is 

comparable to the dimensions and dynamic ranges reported in the literature (see e.g., 

[44]–[46] .  Considering the results of section 2.4 that verified the accuracy of quasi-static 

model and the fact that all and every feasible solution has been taken in this design 

process the result presented in Table 3.2 is the optimum solution.  

Table 3.2 Optimal Design and simulation results. 

Parameter Value 

tg 0.73 mm 

Wop 2.61  mm 

Lp 6.00 mm 

MR Force obtained from simulation 108 N 

Off-state viscous force obtained from simulation 100 N 
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3.5. Fabrication and Experimental Results 

Based on the results obtained in section 4, an MR piston with AlNiCo core was 

built. The parts were made of Iron 1018 with a machining tolerance of 0.01mm (10 micron).  

The parts of the MR damper are shown in Fig. 3.4.  

 

 

Figure 3.4  Fabricated MR damper parts based on the optimal design approach. 
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The electromagnet was built using 180 turns of AWG28 wires around the AlNiCo 

core and the piston was retrofitted in a commercial Fox RC4 damper. The damper was 

tested using a Roehrig shaker system as shown in Fig. 3.5. This shaker is able to generate 

sinusoidal displacements with maximum amplitude of 2.54cm (1 inch) and adjustable 

frequency (speed).  

 

Figure 3.5  Designed damper under test using a Roehrig shaker. 

The test was performed at 37.7o C with a gas chamber pressure of 100Psi using a 

sinusoidal excitation with a maximum speed of 25 cm/s. During the test, the sealing drag 

force was measured and subtracted from the results. The experimental results were 
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obtained while the AlNiCo was fully magnetized and demagnetized. Fig. 3.6 illustrates the 

force-velocity curve for the experiments.     

 

Figure 3.6  Experimental results for on-state (red) and off-state (blue) AlNiCo 
states and comparison with simulation results. 

As it can be seen in Fig. 3.6, the curves exhibit hysteresis shaped loops. In order 

to magnetize the AlNiCo core, the coil was excited with a 100ms pulse of 7A current and 

for demagnetizing purpose the same current was applied in the reverse direction for 24ms. 

When the AlNiCo is magnetized (on-State), the MR fluid is activated and thus the fluid flow 

through the piston requires more pressure which leads to higher forces. On the other hand, 

when the AlNiCo is demagnetized (off-State), the fluid can flow easily through the piston 

with only the hydraulic force being in effect. As a result, smaller forces are obtained.  The 

maximum force in the off-state is about 110N, considering that the gas chamber force has 
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been removed from the results by the measurement system. In the on-state, the max force 

reaches 213N, which means that the MR force is about 103N. The error does not reach 

more than 4 percent comparing to the simulation obtained using the quasi-static model. 

The above results can be attributed to the relatively high speed of the tests performed and 

possible fabrication errors such as piston and rod misalignment. Therefore, the 

experimental results match simulation values with negligible error.  

3.6. Conclusion 

 MR dampers have a complex behaviour that makes their design and optimization 

quite challenging.  The optimal design method presented in this paper can be utilized in 

multi-material structures with guaranteed convergence to the global optimum solution with 

a reasonable amount of computational effort. A particular feature of the proposed design 

approach is that fabrication limitations can be taken into account. Thus the approach leads 

to the reduction of the computational complexity and achieving feasible solutions. The 

proposed method was used to design and manufacture a valve-mode MR damper with 

integrated AlNiCo as the core. The designed damper prototype was manufactured and 

tested experimentally. The experimental results were compared with theoretical results 

obtained in the design stage which validates the efficacy of the approach in finding the 

optimum solution.  

 

  



50 

Chapter 4. Alternative Configurations for Low-

Energy, Low-Mass MR Dampers 

4.1. Introduction 

In pursue of low-energy, light-mass MR dampers solutions to optimally design 

conventional MR dampers have been investigated. As it was concluded from  outcome 

the previous  chapters, enhancing the performance and reducing the weight of MR damper 

is challenging and more or less impossible using the conventional configuration for MR 

dampers. While optimal design approaches are slightly helpful in minimizing the weight 

and energy consumption of MR dampers, they cannot rectify the issues and barriers 

against the development of MR technology. Investigation of alternative configurations is 

necessary to overcome the drawbacks of MR dampers. For this purpose a deeper insight 

into the mechanism of MR damper is essential. In this chapter the operation of MR 

dampers will be studied in more detail and alternative configurations will be proposed with 

the objective to maximize the use of the entire length of the damper while minimizing the 

energy requirements by employing AlNiCo as the core of the damper. 

4.2. Strategies to Increase Dynamic Range and Decrease 
the Weight of MR Dampers 

As a fundamental fact, having two MR dampers with similar size and weight but 

different configuration, if one of those MR dampers offers a larger effective dynamic range 

(FMR), compared to the other one, it can be used to decrease the overall size and mass. 

Let's say if a novel configuration is compared with a conventional MR damper, called I-

piston in this context, with similar off-state force, weight and size. If the novel configuration 
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offers a wider dynamic range; that can be utilized to design lighter MR dampers. This 

happens by designing the off-state force and dynamic range to match the one for 

conventional dampers while the cylinder diameter is decreased. Thus our mission is to 

identify alternative configurations that can increase FMR or the effective dynamic range of 

the damper as much as possible.  

One of the major ideas to improve the performance of MR dampers is to increase 

the effective length of the magnetic poles (Lp). This idea has been investigated in [16], [47] 

by employing multi-coil MR dampers. The idea of multi-coil MR dampers can be expressed 

as putting two I-pistons in series. Doing so will increase the dynamic range ratio. However, 

the off-state force needs to be recalculated because the length of the piston (L) has 

changed.  

Multi-coil design is a great method to increase the dynamic range in a fixed cylinder 

diameter. However, it doesn’t help mass reduction since the length of the damper and the 

piston mass are increased by adding a new part to the piston. This design can be classified 

in the same category as I-piston.  

The idea of increasing Lp was investigated in [48], [49] by employing a vertical 

coil structure. The highlight of this configuration is that almost the whole length of the 

piston is used as the magnetic pole except the top and bottom parts that are used as an 

area for the coil to be wound.  In this method, not only a higher length of the piston is 

used as the magnetic pole but also no extra part is added to the piston, therefore, the 

weight is not affected much when compared to the I-piston design.  

Another idea for increasing Lp is to modify the I-piston design so that the coil area, 

which has no usage from the magnetic point of view, is also utilized as an effective 

magnetic pole. This idea is the baseline for a novel configuration concept that I refer to it 
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as Zebra. In this design, the electromagnetic coil is covered with a set of inner poles and 

the outer pole is cut into smaller sections. The inner and outer poles are isolated with 

insulators made of non-magnetic materials such as Aluminium or plastic. These magnetic 

insulations guide the magnetic flux through the annular duct. By utilizing this method, the 

whole length of the piston, except the magnetic insulation parts, will be used as an active 

magnetic pole. A schematic of the Zebra concept is shown in Figure 4.1.  

 

Figure 4.1  Diagram of the Zebra concept. 

 

     So far, three design concepts have been introduced. In order to compare the 

performance of these concepts, a standard design and test condition should be defined. 

For this purpose, some limitation and specification were defined and summarize in Table 

4.1.  

Outer Poles 
Inner Poles 
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Table 4.1 Design assumptions. 

Parameter Value 

Off state force at 25 cm/s 
velocity 

200 N 

Length of piston 20 mm 

𝐂𝐲𝐥𝐢𝐧𝐝𝐞𝐫 𝐢𝐧𝐧𝐞𝐫 𝐝𝐢𝐚𝐦𝐚𝐭𝐞𝐫 28.57 mm (1.125Inch) 

MR fluid type Lord 132DG 

 

Given the design criteria from Table 4.2, the three design concepts were modeled 

using COMSOL Multiphysics. In this study, the I-piston design was optimally designed to 

achieve an off-state force of 200 N with the largest dynamic range possible. The other two 

designs were also modeled by using the same dimensions which are not necessarily 

optimal. The results of the Finite Element Analysis (FEA) can be seen in Figure 4.2. 

 

Figure 4.2 Illustration of I-piston side view (left) vertical coil top view (center) 
and Zebra side view (right) and their FEA analysis 

Comparing the results of the FEA simulation the following results were obtained: 

Table 4.2 Alterntive configurations comparison. 

Design Concept Off state force 
at 25 cm/s (N) 

Active pole 
length (mm) 

Field density 
average in the 

duct (T) 

Calculated MR 
force  

I-Piston 200 12.8 0.477 65 

Vertical coil 200 16 0.433 72 

Zebra 200 17.5 0.617 128 
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It can be seen in Table 4.2 that the vertical coil design and the Zebra design have 

significantly higher MR forces compared to the I-piston design. Thus, if the Zebra or 

vertical coil configurations are used for designing an MR damper, the damper mass can 

be decreased. Since our aim is to design MR dampers for mass and energy sensitive 

applications, each of these designs should also be studied from the energy consumption 

point of view. 

4.3.  Integrating AlNiCo into MR Damper Configuration  

Designing an MR damper with AlNiCo is quite similar to the common MR damper 

design methods. However, one should take into account the magnetic characteristics of 

AlNiCo. AlNiCo is a type of permanent magnet that has a relatively low coercivity 

compared to other types of permanent magnets, such as rare-earth magnets, while it has 

a reasonable remanence or magnetic strength. The most common type of AlNiCo for 

controllable magnets is AlNiCo5 that has an anisotropic crystal structure.  This type of 

magnet can only be magnetized in one orientation [50]. Thus, AlNiCo is not compatible 

with MR damper concepts that require the magnet to be magnetized in different 

orientations. More specifically, the vertical coil concept is not compatible with AlNiCo 5. 

Zebra concept requires magnetization in one direction that makes utilization of AlNiCo 

core possible in this concept. 

To verify the performance of Zebra design compared to the I-piston configuration, 

an experimental validation should be performed. For this purpose, the DHX RC4 

commercial shock absorber made by FOX Inc. was chosen as a baseline and the Zebra 

and I-piston configurations were designed to fit into the DHX RC4 frame. AlNiCo5 model 

was imported into the design process to optimally design the I-piston and Zebra concepts 

powered by AlNiCo.  The main constraint in the optimal design process was to avoid 
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magnetic saturation while the MR effect was maximized. Also, the off-state force at a 

speed of 25cm/s was set to 200N and was considered as a constraint in the optimal design 

process. The FEA results for the Zebra concept can be seen in Figure 4.3. In this figure, 

it can be seen that the AlNiCo inner poles and outer poles are all on the edge of saturation. 

It is worth mentioning that the saturation point is about 1.2T for AlNiCo and 1.8T for Iron 

1018 that were used to design the magnetic parts of the structure.   

 

Figure 4.3 FEM result of optimally designed AlNiCo5 powered Zebra design. 

The same study was also conducted for an I-piston MR damper. The damper was 

optimally designed to be used as a reference design for comparison with the Zebra design. 

The I-piston design can be seen in Figure 4.4.  
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Figure 4.4 FEM result for optimally designed AlNiCo5 powered I-piston design 

 

4.4. Fabrication and Experimental results 

The results of the FEA analysis were used to manufacture two MR dampers by 

using the DHX RC4 as a baseline for the design. The manufactured dampers can be 

seen in Figure 4.5. 
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Figure 4.5 Designed prototypes of the Zebra and I-piston concept. 
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The dampers were wired with AWG-28 wires. Each of the pistons was wrapped in 

a Teflon strip to make sure all the fluid goes through the annular duct and it does not 

bypass the valve. Finally, the dampers were filled with Lord MRF 132DG and all the air 

was bled out of the cylinder. To avoid the cavitation and compensate the volume change 

due to the damper rod volume, the gas chambers were utilized and their pressure was 

adjusted to 100Psi.  

A Roehrig shaker was used for testing the dampers and measuring their 

performance. The test scenario used is as follows: 

1. Preheat the damper to 32.2oC  (90o F). 

2. Measure the seal drag and gas chamber force 

3. Shake the damper with sinusoidal input with max speed 25cm/s and 

amplitude of 2.54 cm (1 inch). 

4. Remove the seal drag and gas chamber force 

 

The test was done both on the Zebra piston and the I-piston in the off-state and 

on-state modes and the dynamic ranges were observed. The obtained result for the I-

piston can be observed in Figure 7. The dampers were switched between the on and off 

state using a power electronic circuitry that let us adjust the voltage and time duration of 

the electric pulses. The amount of energy used for switching the dampers between the 

two states was roughly about 6 J which means 60 W of power for a period of 100ms. 

Obviously, the electrical behavior of the MR damper is inductive-resistive that causes the 

electric current and voltage relations to seem similar to a first order system.  
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Figure 4.6 Experimental results for off-state (red) and fully on-state (blue) of the 
I-piston configuration. 

As it can be seen in Figure 4.6, the off-state force is 110N and the MR effect force 

is about 103 N. The amount of MR effect force is quite small which is due to the relatively 

small diameter of the damper that leads to the smaller surface of contact for the magnetic 

poles. This is one of the drawbacks for MR dampers that have limited their application. 

The results presented here differ from the simulation results presented in Table 4.2. This 

is mainly because in the above design AlNiCo was integrated into the core of the damper. 

AlNiCo saturates at a lower magnetic field density that results in lower magnetic flux 

generated in the core hence the less MR effect force in the AlNiCo MR damper can be 

justified.  
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 Figure 4.7 represents the results for the Zebra configuration.  

 

Figure 4.7 Experimental results for off-state (red) and fully on-state (blue) of the 
Zebra piston configuration. 

 

The off-state force for the built Zebra piston is measured to be 108N, which slightly 

differs from calculations due to manufacturing errors. The maximum on-state force was 

recorded as 296N. The Zebra piston tested here has similar dimensions and mass to the 

I-piston damper. While the off-state forces for the two dampers are very close, the Zebra 

configuration is able to provide significantly higher dynamic range ( ~ 1.8 times) because 

of the higher area of magnetic contact it has.   

This experiment demonstrates  superiority of the Zebra to the conventional MR 

dampers is thus verified. The proposed design has the ability to provide a larger dynamic 
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range that can considerably improve the performance of semi-active vibration control 

systems. The enhancement in the dynamic range makes this concept suitable for mass-

sensitive applications. Finally, the proposed design is AlNiCo compatible, which means 

that it can operate on smaller and lighter batteries and power sources. 

The AlNiCo powered MR dampers require a feasible and effective control strategy 

for operation. In the next section a novel strategy to effectively and efficiently control 

AlNiCo powered MR dampers will be proposed.  

4.5. Control Strategy for AlNiCo Powered  MR Dampers 

The application of AlNiCo as a controllable magnet has been studied in several 

different applications such as robotics and electric machines [51]–[53]. The challenge in 

controlling the magnetic behavior in a permanent magnet is to overcome their hysteric 

behavior and harness them in an energy efficient way [54]. Although the industrial use of 

controllable PMs is increasing as an energy efficient solution, their control have not been 

investigated as deserved.  

The objective of this section is to investigate the behaviour of AlNiCo magnets and 

propose an efficient control approach to switch AlNiCo from an arbitrary state to the 

desired operating point in order to be used in energy-efficient magnetic structures such as 

MR dampers, electric machines and magnetic switches. 

4.5.1. Behavior of AlNiCo Magnets 

The characteristics of a permanent magnet is usually represented with its 

saturation hysteresis curve. This curve can be represented with two main properties which 

are coercivity and remanence. These two parameters are the points that the hysteresis 
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curve of a permanent magnet crosses the axis on B-H curve of the magnet. For instance, 

the saturation B-H curve for a permanent magnet can be seen in Figure 4.8. 

The higher coercivity means that it would be harder to demagnetize the magnet. 

In other words, coercivity tells how much magnetic field strength is required to 

demagnetize a permanent magnet. The parameter remanence defines how strong a 

permanent magnet can be. Remanence represents the magnetic field density of the 

magnet when no external factor such as a coil or another magnet is in effect.  

  

Figure 4.8 A saturation hysteresis curve for a permanent magnet. 

Practically a magnetic material can be excited into any point within the saturation 

hysteresis loop by winding a coil around it and exciting the coil in order to generate enough 

magnetic field strength (H). Once the electric current is stopped, the magnetic field 

strength will become zero, and the magnetic field density will set to a constant.  

The common method to present magnetization characteristics of a commercial 

magnet is to use its demagnetization curve. Demagnetization curve is a quarter of the 

saturation hysteresis curve that summarizes the characteristics of a commercial 
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permanent magnet in a concise way. The demagnetization curve for AlNiCo5 is depicted 

in Figure 4.9.  

 

Figure 4.9 The demagnetization curve for AlNiCo5 [55]. 

In order to use this characteristic curve for simulation purposes, it was digitized 

and an exponential curve was fit on it. Figure 4.10 show the fitted curve.   

 

Figure 4.10 The fitted curve of the intrinsic demagnetization curve for AlNiCo5. 
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The equation for the fitted curve is:          

H= 1.324 e3.653 B  -  46.47  e-0.045 B
    (4.1)  

This formula can be used to relate the desired operation point (B) to its associated 

magnetic field strength (H) and using H the electric current can be calculated :  

𝐼 =
𝐿𝐻

𝑁
                           (4.2) 

4.5.2. Control Strategy for AlNiCo Magnets 

The control of AlNiCo magnets due to their non-linear hysteric behavior is quite 

challenging. Although many efforts such as  [56], [57] have been done to model hysteric 

systems, there is no efficient method to formulate the hysteric behavior of magnetic 

materials.  One of the feasible ways to control AlNiCo is to excite it into its saturation point 

and then control it from the saturation point to any desired value. The AlNiCo can be 

excited into saturation with any magnetic field strength higher than 50 KA/m. The 

advantage of such strategy is simplifying the hysteric system into a linear resistor-inductor 

(RL) model.  

RL load can be easily modeled by a first order system with the following transfer 

function and state space representation. 

 
𝐼

𝑉
=

1

𝑅+𝐿𝑆
                   (4.3) 

𝑋̇ = 𝐼̇ = −
𝑅

𝐿
𝐼 +

𝑉

𝐿
                           (4.4) 

 𝑌 = 𝑋              (4.5) 
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This model, while combined with formulas (4.1) and (4.2), can be used to simulate 

and control an AlNiCo magnet based on the strategy explained. Another advantage of this 

approach is its compatibility with different types of control such as PI and Model Predictive 

Control (MPC).  

4.6. Conclusion 

In this chapter, different aspects of MR damper design and manufacturing were 

studied to explore new possibilities to improve the mass and energy consumption. 

Different configurations and strategies were presented and a new design concept was 

proposed that can improve the dynamic range and significantly decrease the mass of MR 

dampers. It was shown that the proposed concept, Zebra, is able to maximize the length 

of the magnetic pole and the effective magnetic surface; hence improving the dynamic 

range and MR-effect force.  

Furthermore, different strategies to minimize energy consumption in MR dampers 

were investigated and AlNiCo as a controllable magnetic latch was introduced. It was 

shown that Zebra concept is compatible with AlNiCo so that it can be used to design and 

build low-power MR dampers.    

Next, a Zebra MR Damper and a conventional MR damper were optimally 

designed and built with an integrated AlNiCo core. The initial design in last section was 

done with the purpose of comparing the performance in was not necessarily the optimal 

solution. In this section both the Zebra and I-piston concepts were optimally designed with 

AlNiCo core to assure the best results. The two dampers were tested under standard 

conditions and it was shown that the Zebra concept has significantly better performance 

in terms of MR effect force and energy consumption when compared to conventional 

dampers. It is concluded that the Zebra concept has a great potential to improve the 
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performance of semi-active suspension systems while minimizing their mass and energy 

consumption.  

 The behavior of AlNiCo magnets was studied in more detail and a feasible and 

effective control strategy was proposed for AlNiCo magnets.  
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Chapter 5. MR Dampers with Asymmetric 

Damping Behavior  

5.1. Introduction  

The conventional MR dampers are mostly designed to provide symmetric damping 

characteristics in compression and rebound half cycles. This makes their utilization 

impossible or quite expensive in terms of energy consumption wherever different damping 

force is required in compression and rebound. For instance, in mountain bikes, the shock 

absorbers are usually tuned in a way to have less damping force in compression and 

higher force in the rebound half cycle so that riders have a smoother ride [58]. This is the 

same in many other applications such as automotive suspension systems [59]–[61]. In 

[62] it is suggested to use the MR effect and switch between magnetic states in 

compression and rebound to achieve asymmetric damping characteristics.  The rebound 

force required in such applications is usually 3 to 5 times higher than the compression 

force [63], which is not achievable by MR effect in most cases. The amount of the force 

generated by the MR effect in MR dampers highly depends on the active area of magnetic 

contact and the magnetic field the coil can generate. Wherever the size and weight of the 

damper is a concern, the size and dimensions decrease and as a result, smaller coil and 

less active magnetic area of contact will be available, this leads to a smaller MR effect 

force. Moreover, when weight is a concern, there would be less room for the batteries. For 

instance, in portable systems such as bikes, prosthetics and robotics low energy 

consumption is a necessity to decrease the weight of the entire system and improve the 

lifetime of the battery. In the light of these, the MR effect is not the best way to generate 

asymmetric damping characteristics and alternative methods should be investigated.  
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Mountain bike manufacturing industry is one of dynamic and rapidly growing 

sectors that have developed significantly in the past couple decades as more consumer 

have shown interest in using them for athletic and recreational purposes.  Several studies 

have been done on the dynamics and design of mountain bikes such as [58], [64]–[66] 

several of which have been done to study the suspension systems and specifically 

dampers [65], [67], [68],[69] and [70]. Although extensive research has been done on the 

design of bike suspension systems, application of MR technology has not been very well 

studied in this field and only a limited number of investigations have been done [71]–[73]. 

The challenges in applying MR technology in bike industry are high weight, high energy 

requirements, heat control, and the necessity of asymmetric damping behavior.  

In this study we seek to address the challenges of applying MR technology in 

mountain bike industry to minimize the weight, energy consumption and excess heat 

generation while providing asymmetric damping characteristics. Similar to the design 

approach in chapter 4, DHX RC4 is considered as a baseline for the design and the 

objective is to design an MR damper that can match the characteristics of this commercial 

damper. 

5.2. Damping Mechanisms 

In order to design an MR damper with asymmetric behavior, different methods of 

generating damping force in hydraulic dampers should be investigated. The common 

methods in damping force generation can be categorized into three different groups. 
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5.2.1. Flow Restriction and Rectification Using Shim Stacks 

Shim stack is a common method to adjust the characteristics of hydraulic dampers. 

The most outstanding feature of shim stacks is their ability to rectify the fluid flow direction 

and apply the force in one direction that can be compression or rebound. For instance, 

the operation of a piston equipped with shim stacks can be seen in Fig 5.1. 

 

Figure 5.1  The schematic diagram of a conventional hydraulic damper with 
different passive valve mechanisms. 

There are two shim stacks depicted in Fig 5.1 each of those is activated in one 

half cycle. The quantity, thickness and material of shims can be adjusted to achieve 

certain characteristics and damping force.  
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5.2.2. Adjustable Needles and Spring Loaded Ball Valves 

The other common method to adjust the damping force in hydraulic dampers is 

using adjustable needles and spring loaded ball valves. This method is used wherever 

wider range of force or full blockade is required. The needle can be used to adjust the fluid 

flow in a wide range by opening and closing an orifice that fluid flows through. The spring 

loaded ball valve is also an automated mechanism to rectify the fluid flow. Fig 5.1 depicts 

the schematic of an adjustable needle and spring loaded ball valve.  

5.2.3. MagnetoRheological (MR) Effect 

There are two types of smart fluids known with viscosity adjustability used for 

shock absorption; ER fluid and MR fluid. These fluids are made by dispersing micron and 

nano-sized particles in a carrier fluid. While the ER fluid offers the higher stability of the 

particles, the MR have much better performance and have been more widely used in 

commercial products. In this method, the hydraulic fluid within the damper is altered with 

a smart fluid with adjustable viscosity and the fluid is excited with magnetic field for MR 

fluids and electric field for ER fluid. In this study, we focus on MR dampers as their 

superiority has been proven in several prior works [13], [74]. 

5.2.4. Comparison of Mechanism 

The downside of using shim stacks and adjustable needles for generating 

asymmetric behavior is the fact that adjusting the tuning in real time can be very 

challenging if not impossible. There have been some efforts to automate mechanical 

valves to be adjustable electronically by using solenoid valves and electromotors [75], [76] 
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however due to the complexity, costs of maintenance and high response time they have 

not been very well received. 

Damper adjustability is more sought on the compression side while the rebound 

force of the damper is tuned very less often. Considering the aforementioned facts the 

most feasible solution to achieve an adjustable damper is to combine the mechanical 

valves with the MR technology. On one hand, it has been mentioned that the required 

rebound forces are higher in comparison to compression force while this force less often 

is tuned. On the other hand, the compression force is relatively smaller and easily 

achievable by MR technology. Also the compression force is the force that regularly needs 

to be adjusted depending on the situation and riders’ preference. Thus, the aim in this 

research is to design a hydraulic damper based on MR technology that utilizes MR effect 

to tune the compression force while taking advantage of conventional hydraulic valves to 

generate the rebound force and provide the sophisticated functionalities required for a 

hydraulic damper.  

5.3. Designing the Asymmetric Damper 

As mentioned in section 5.1 the aim of this design problem is to achieve the 

characteristics of a DHX RC4 damper by employing MR technology. DHX RC4 is a 

commercial damper for downhill mountain bikes that have adjustable mechanical valves 

for tuning the compression and rebound force. This damper also utilizes shim stacks on 

compression and rebound circuits. For a downhill rider it is essential to be able to switch 

and adjust the compression circuit between locked and open to optimize the ride and 

minimize the unnecessary damping. For this purpose and in order to measure the force 

range that a DHX RC4 damper can provide; several tests and characterisation was done. 

Fig 5.2 demonstrates the force-displacement curves of this damper in locked and open 
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states for a sinusoidal excitation with an amplitude of 2.54 cm and maximum velocity of 

0.25 m/s. 

 

Figure 5.2 Force-displacement curves for a commercial DHX RC4 damper. 

The approach here is to prove that MR technology is able to provide the same 

range of force on compression side without affecting the adjustability of the force on the 

rebound side. For this purpose the Zebra valve configuration will be used. The Zebra valve 

is a novel configuration for MR valves that improves the dynamic range of MR damper 

significantly. Based on our tests this damper improves the dynamic range of MR dampers 

up to 100% in fixed size, weight and dimensions. Moreover, Zebra configuration is 

compatible with AlNiCo magnets as explained in [77]. This leads to significantly lower 

energy consumption and higher lifetime of the batteries. AlNiCo powered MR dampers will 
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not require continuous electric current as they employ the magnetic characteristics of the 

AlNiCo to generate magnetic field without supplying electricity. This feature will address 

two of the major challenges of using MR technology in portable systems, first is the energy 

consumption and second one is the excess heat generation that defects the MR effect in 

MR dampers.   

The Zebra valve should be retrofitted into the damper. The proposed design 

comprises a Zebra valve installed underneath the gas chamber of the DHX RC4 as shown 

in Fig 5.3. 

 

Figure 5.3 The proposed concept for MR-based mountain bike damper. 

The modeling of this sort of damping mechanism is slightly different with the 

common method explained in chapter 2. The quasi-static model explained in chapter 2 

assumes the MR valve is a moving part installed as a piston while in the proposed 

configuration in this chapter the Zebra MR valve is stationary and the fluid passes through 

that. The equivalent velocity of the fluid passed through the Zebra valve can be calculated 

using the formula (5.1) and (5.2). This can be derived considering the volume change in 

the fluid chamber due to the movement of the damper rod in quasi-static movement.  
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𝜋𝑅𝑠
2𝑋̇𝑝 = 𝜋𝑅𝑖𝑔

2 𝑋̇𝑔                  (5.1) 

Hence 

𝑋̇𝑔 = − 
𝜋𝑅𝑠

2𝑉1

𝜋𝑅𝑖𝑔
2 =  − 

𝑅𝑠
2

𝑅𝑖𝑔
2  𝑋̇𝑝               (5.2) 

In formulas (5.1) and (5.2)  Rs represents the radius of the damper rod (shaft) , 

𝑋̇𝑔 is the equivalent velocity on the gas chamber side and the 𝑅𝑖𝑔 is the inner radius of 

the secondary chamber. Using the formula (5.2) the quasi static model can be rewritten 

as :         

                      𝐹𝑔 = 𝐴𝑠𝑃𝑎  =  𝐴𝑠 𝑃0(
𝑉0

𝑉0+𝐴𝑠𝑥𝑝
)𝛾                       (5.3) 

                               𝐹𝑣𝑖𝑠 =
12 𝜂𝐿

𝜋𝑡𝑔
3𝑅𝑑

(𝐴𝑧𝑝)
2

(𝑋̇𝑔)                          (5.4) 

                                 𝐹𝑀𝑅 = 2𝑐
𝐿𝑝

𝑡𝑔
 𝜏𝑦 (𝐴𝑧𝑣)𝑠𝑔𝑛(𝑋̇𝑔)                     (5.5) 

 

 

In this formula  𝐴𝑧𝑝 represents the cross-section area of the Zebra valve.  

By substituting (5.2) into (5.4) and (5.5): 

               𝐹𝑣𝑖𝑠 =
12 𝜂𝐿

𝜋𝑡𝑔
3𝑅𝑑

(𝐴𝑧𝑝)
2

(−
𝑅𝑠

2

𝑅𝑖𝑔
2  𝑋̇𝑝)                            (5.6)  

                𝐹𝑀𝑅 = − 2𝑐
𝐿𝑝

𝑡𝑔
 𝜏𝑦 (𝐴𝑧𝑝)𝑠𝑔𝑛 (−

𝑅𝑠
2

𝑅𝑖𝑔
2  𝑋̇𝑝)         (5.7) 

Using these formulas the off-state force and the MR effect force for Zebra valve 

can be calculated in stationary mode. . Using (5.6) and (5.7) the calculated off-state force 
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and MR effect force for an optimally designed Zebra valve filled with MRF 140CG at the 

velocity of 0.25 m/s are obtained as 68 N and 104 N, respectively. The calculated MR 

effect force is larger than the dynamic range of a DHX RC4 damper which was measured 

to be 72 N. The calculated MR effect force is larger than the dynamic range of a DHX RC4 

damper. Thus, it is expected that employing Zebra valve can address the design objective 

which was matching the DHX RC4 dynamic range on compression side using the MR 

technology. In addition to the MR effect force the Zebra valve also adds an offset into the 

off-state force due to hydraulic effects; this extra force can be compensated by adjusting 

the shim stacks on the piston.  

The Zebra valve should be redesigned in a way that it can be retrofitted on the 

DHX RC4 gas chamber. For this purpose the Zebra valve was redesigned by adding an 

additional cylindrical sleeve that could hold the Zebra valve in place. The drawing of this 

design can be seen in Fig 5.4. 

    

Figure 5.4 Drawing of the redesigned Zebra valve concept for mountain bikes. 
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In Fig 5.4 the yellow color represents Aluminum; red is AlNiCo and grey is Iron 

1018. These parts are held together using a centric screw. The screw should be made of 

non-magnetic materials such as brass, aluminum or stainless steel 316 in order to avoid 

magnetic field bypassing the valve. In this case we used a 4-48 screw made of stainless 

steel 316 to have the non-magnetic features and tensile strength at the same time. The 

designed Zebra valve was built and assembled. The parts after manufacturing can be 

seen in Fig. 5.5.  

 

Figure 5.5 Zebra valve parts after manufacturing. 
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The coil was wounded with 225 turns of AWG 28 enameled wires and the parts 

were assembled to each other. The assembled valve was fixed in the sleeve using epoxy 

and the entire part was installed on the damper. The DHX RC4 damper was filled with 

MRF 140CG. The assembled damper can be seen Fig. 5.6.  

 

Figure 5.6 Assembled Zebra valve damper filled with MRF 140CG. 

5.4. Characterization of the Damper: 

In order to verify the design objective achievement characterization of the designed 

damper was necessary. The damper was tested in a standard condition using a Roehrig 

shaker. The gas chamber pressure was set to 827 kPa (120 psi), the temperature of the 

damper was set to 32.2C (90 F) degrees centigrade and the damper was shaken with 

sinusoidal movement with amplitude of 2.54cm (1 inch) and frequency of 10 Hz. The 

results obtained on the compression side for on-state and off-state can be seen in Fig 5.7. 

It is worth mentioning that the number of shims was adjusted before the test to make sure 

the off-state force of the damper equipped with Zebra Valve matches the off-state force of 

the conventional DHX RC4.  
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Figure 5.7 Force - Displacement curve for the Zebra valve damper in off (blue) 
and on state (red). 

As it can be seen in Fig 5.7 the dynamic range of the Zebra equipped damper is 

about 40 Lbs which is about 60 percent more than the conventional DHX RC4 damper. 

On the rebound side the force could be adjusted anywhere between 100lbs to 450 Lbs 

using the built-in knob. As mentioned earlier the aim here is to control the compression 

force since that is the force that more often needs to be tuned. The rebound force though 

is tuned less often that can be done offline before the ride based on the rider’s preferences. 

For the sake of switching the magnetic circuit on and off an electronic interface was 

employed that will further be explained in the next section.  

The characterization was also done using a real world test bed to compare the 

performance of designed Zebra valve damper with the conventional DHX RC4 damper. 

The test bed can be seen in Fig. 5.8.  This setup is equipped with two displacement 
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sensors and two accelerometers to measure the base excitation and the transmitted 

displacement and acceleration to the rider.  

 

Figure 5.8 The vibration test-bed with a Maiden downhill bike installed on it. 

In this setup the weight on the saddle of the bike was set to 75kg that represents 

the weight of a typical rider. The weight slides up and down as the base is excited and the 

displacement and acceleration are recorded.  The results for the conventional DHX RC4 

damper and the Zebra damper while the compression and rebound valves are both open 

can be seen in Fig. 5.9 and Fig. 5.10.  

Both dampers were set to be fully open on compression and rebound side so the 

damping would be maximum and the bike will go back to its equilibrium point as fast as 

possible since the rebound force is also set to minimum. The test was done with a 

sinusoidal base excitation with an amplitude of 0.02 m at three different frequencies, 1, 2 

and 3 Hz. It can clearly be seen that the two dampers have a very similar characteristics 

both in the transmitted displacement and transferred acceleration.  
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Figure 5.9 Displacement transmissibility for DHX RC4 and Zebra dampers in 
off-state (valves open). 
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. 

 

Figure 5.10 Acceleration transmissibility for DHX RC4 and Zebra dampers in off-
state (valves open). 
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As it was seen in Fig. 5.9 and Fig. 5.10 and will be seen in the Fig. 5.11 and Fig. 

5.12 a phase shift takes place as the excitation frequency changes. This effect is 

commonly seen in second order systems as the frequency gets closer to the resonance 

frequency. The present system, which consists of mass, spring and a damper, can be 

classified as a second order system.  

 So far it has been shown that the designed Zebra valve damper can match the 

required behaviour and characteristics in the off-state. To compare the performance of the 

Zebra Valve and DHX RC4 in the on state, the compression force for both dampers was 

set maximum. It was done by closing the compression knob for the DHX RC4 and 

activating the AlNiCo for the Zebra Valve. The results can be seen in Fig. 5.11 and Fig. 

5.12. The test for the closed compression valve shows that the Zebra is able to perfectly 

match the characteristics of DHX RC4 and even in higher frequencies the transferred 

displacement and acceleration exceeds the measurements of the DHX RC4. This means 

Zebra can provider wider dynamic range comparing to DHX RC4. The two tests prove that 

the designed Zebra valve damper can match the off-state characteristics of the 

commercial DHX RC4 damper while it can beat that in dynamic range.  
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Figure 5.11 Displacement transmissibility for DHX RC4 and Zebra dampers in 
on-state (compression valve closed). 
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Figure 5.12 Acceleration transmissibility for DHX RC4 and Zebra dampers in on-
state (compression valve closed). 
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5.5. Electronics 

The MR dampers will require an Electronic Control Unit (ECU) to supply the power 

into the magnetic circuit. As discussed in section 4.6 the MR dampers with built-in AlNiCo 

will require more sophisticated control strategy. For this purpose an ECU was designed 

comprising of a battery stack, voltage regulator, power electronic h-brige and a 

microcontroller. The schematic of the designed ECU can be seen in Fig 5.13.  

 

Figure 5.13 Schematic of the electronic control unit for the Zebra valve damper. 

Based on the calculations, the required electric current for the electromagnet to 

operate is about 6.0 A. Considering the fact that the resistance of the coil is about 3 Ω the 

minimum required voltage is 18V. For this purpose six lithium ion batteries were stack 
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together to provide a nominal voltage of 22.2V. In order to supply the digital circuit, a 

voltage regulator is essential to produce 5V supply. For the sake of simplicity in this case 

an Arduino nano was used to implement the control scheme.  

The AlNiCo magnet for magnetization and demagnetization requires bi-directional 

electric current which is achievable using h-bridge circuits. Considering the current and 

voltage ratings and the limited weight and space Pololu G2 2992 was chosen. This bridge 

converter is able to operate with currents and voltages up to 13A and 30V, respectively 

without requiring a heat sink. 

The algorithm explained in section 4.6 was implemented on the microcontroller 

and the designed electronic circuit was installed on a Maiden mountain bike built by Rocky 

Mountain bikes as demonstrated in Fig 5.15. 

 

Figure 5.14 The Zebra valve damper installed on a commercial Maiden bike with 
battery, electronics and user interface included. 
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5.6.  Field Tests 

To verify the functionality of the designed Zebra damper field tests were planned 

to be done by two professional riders in standard downhill biking trails in North Vancouver, 

Canada. In this test the bike shown in Fig 5.15 was rode for several times by different 

riders to see if any difference in performance is reported in comparison to a commercial 

damper. According to the riders, the designed Zebra valve damper does not have a 

noticeable difference with a conventional downhill bike damper in terms of forces felt on 

the pedals, handle bar and saddle while it has an added functionality that lets the rider 

adjust the compression force using a knob on the handle bar.  The Fig. 5.16 demonstrates 

the bike with a Zebra valve damper installed on a downhill biking trail in North Vancouver, 

Canada.   

Also, a financial analysis was also conducted to study the financial feasibility of the 

designed MR damper. A conventional mountain bike damper is sold at consumer price of 

several hundred dollars while the cost of manufacturing, labour and MR fluid for one single 

prototype was less than 200 Canadian dollars. For an industrial mass manufacturing, the 

cost can be decreased significantly. It can be concluded that the proposed technology can 

be applied to mountain bike dampers for commercial use.  
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Figure 5.15 The Maiden mountain bike with a Zebra valve damper installed on it 
in a downhill biking trail. 

5.7. Conclusion 

Asymmetric damping behavior is a necessary feature for commercial shock 

absorbers.  This feature has not been very well foreseen in the design and development 

of MR dampers. In addition to asymmetric damping, MR dampers are inefficient in terms 

of mass, energy consumption, required space and the excess heat generation. In this 

research the shortcomings of MR dampers have been taken into account it has been tried 

to address all the challenges against applying MR technology in consumer products.  
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This study includes all the possibilities for hydraulic damping generation and has 

proposed a novel configuration, which is a combination of conventional hydraulic valves 

and   novel MR technologies to address all the requirements for a commercial shock 

absorber. The proposed damper configuration employs the Zebra concept as a mass and 

energy efficient system for MR valves. Also, AlNiCo magnets have been employed in this 

design as an effective solution for minimizing the energy consumption and excess heat 

generation. The proposed design was utilized to design and fabricate an MR damper for 

mountain bike application. The designed damper was characterized and tested in lab 

condition and real world situation and the results were compared with a commercial 

damper of the same dimensions. It was shown that the proposed configuration is able to 

perfectly match the characteristics of the commercial damper and it can beat that in terms 

of the dynamic range and adjustability.    
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Chapter 6. Summary, Conclusion, and 

Suggestions for Future Works 

6.1. Summary and Conclusion 

In this thesis, the idea of developing a low-power light-weight MagnetoRheological 

damper was investigated. This was done by investigating various modeling methods and 

optimal design approaches and studying alternative configurations for high performance 

MR dampers for mass and energy sensitive applications. In addition, the utilization of MR 

dampers where asymmetric damping behavior is necessary was studied. The key 

contributions of the present dissertation can be summarized as follows:  

1. A novel comprehensive optimal design approach was proposed for 

optimization of MR dampers. The proposed approach is an analytic solution to 

design MR dampers with multi-material structures that guarantees the global 

optimality of the solution while being computationally efficient. This approach 

was verified by design and fabrication of an MR damper with AlNiCo core. 

2. An innovative configuration for MR dampers was proposed in this thesis. The 

proposed configuration addresses the mass and energy inefficiency of 

conventional MR dampers by significantly increasing the active magnetic area 

of contact and employing AlNiCo as a magnetic core. The proposed 

configuration was utilized to design and fabricate an MR damper that was 

compared with an optimally designed conventional MR damper with similar 

dimensions, weight and off-state force. It was shown that the proposed 

configuration is able to significantly increase the dynamic range. In this case 
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the designed MR damper could increase the dynamic range of the damper 100 

percent while providing the same size, weight and characteristics.  

3. In most applications it is essential that the dampers provide asymmetric 

damping characteristics. In this research an innovative solution was suggested 

to employ MR technology in applications with asymmetric damping 

requirements.   The proposed solution was utilized to design and fabricate a 

downhill mountain bike suspension damper that could provide a wider dynamic 

range and relatively better performance while compared to a commercial 

downhill hydraulic damper. 

The outcome of this dissertation provide a framework for design and fabrication of 

MR dampers for mass and energy sensitive applications such as robotics, 

mountain bikes, and prosthetics.  

6.2. Suggestions for Future Works 

Based on the experience gained and lessons learned over the course of this 

research the following activities may be considered for future works. 

6.2.1. Design and Fabricate a Mass and Energy Efficient MR Damper 

for Automotive Applications 

In this research a novel configuration for MR dampers was proposed that could 

significantly improve the performance and increase the energy efficiency of MR dampers. 

The proposed configuration was optimally designed using a novel optimal design 

approach for mountain bike applications. The same process can be followed to design an 

efficient high performance MR damper for automotive applications. Specially in the field 
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of Electric Vehicles (EV) where weight and energy consumptions are of concern this 

configuration can be very useful.   

The other factor that makes this novel configuration more attractive in the field of 

EVs is the fact that these vehicles are design to be light. Lower weight results in less 

effective performance of conventional hydraulic suspension systems. The proposed MR 

damper concept as a high performance low-power, light-weight semi-active suspension 

solution can significantly improve the performance in EVs. 

6.2.2. Improve Energy Efficiency  

In this research the focus was design and implement a novel concept for MR 

dampers and energy efficiency of the power electronics and battery system was not 

investigated in detail. It is suggested that the control system to be optimized in following 

terms: 

1. Employ model-based control solutions to control the magnetization of AlNiCo 

without exciting that into saturation. This can significantly improve the energy 

efficiency. 

2. Regenerating the excitation current supplied into the electromagnetic coil.  

3. Employ boost converters  to further decrease the required battery voltage and 

decrease the overall weight of the system. 

6.2.3. Adaptive Damping Control System Design 

It is suggested that an adaptive damping control system be developed which is 

able to fulfill following functionalities: 
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1. Sense the pedaling behavior of the rider and adjust the damping so that the 

rider's effort dissipation while pedaling in minimized in the damper and overall 

performance is improved.  

2. Sense the terrain, road roughness and base induced vibration using an 

ultrasound sensor or through a sensor installed on the front fork and adjust the 

damping of the rear shock absorber to increase the handling and ride comfort 

for the rider. 

3. Sense the temperature of the damper and adjust the damping to assure 

consistent damping characteristics to match the preferences of the rider. A 

common effect seen in mountain bike dampers, called fade out effect, happens 

when the temperature of the damper increases which leads to a decrease of 

hydraulic fluid viscosity. This undesirable effect can be compensated by 

utilizing the MR effect force through magnetizing the electromagnetic coil to a 

certain point based on the damper temperature.    
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