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Abstract 

Mountain biking has significantly evolved recently, thanks to utilizing cutting-edge 

technologies in mountain bicycle design and fabrication. In this research we study 

development of a semi-active suspension system using magneto-rheological (MR) fluid 

dampers instead of conventional oil based shocks. MR dampers are devices with 

magnetic field dependent damping characteristics. Low power consumption, high 

controllability, quick response, and high durability are among the major features of MR 

dampers.  

In this work we first investigate the damping characteristics of MR dampers to find out if 

characteristics comparable to the conventional shocks used in mountain bikes can be 

achieved. To this end, experimental tests were performed on an off-the-shelf MR 

damper. The results indicate that damping characteristics similar to the ones used in 

mountain bikes can in fact be achieved using MR technology. However, requirements 

such as small weight and wide dynamic range have to be addressed in designing a MR 

damper for mountain bikes. These considerations are studied in this thesis by 

formulating a simple design followed by a constrained optimization problem and 

designing the damper accordingly. Utilizing Finite element modeling and simulation tools 

are further utilized to fine tune and optimize the design. A prototype MR damper is 

fabricated after the above design steps are carried out.  

Keywords:  Magneto-rheological fluid; MR damper; mountain bicycle shocks; 
fabrication; optimization; simulation  
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Chapter 1. Introduction 

Downhill biking is a popular off-road biking consisting of high speed descents 

with extended air time off jumps and obstacles such as logs and rocks. The hasty and 

stimulating nature of downhill biking has emboldened mountain bikers to push their limits 

and aim for riskier goals. In order to assist customers overcome much tougher terrains, 

mountain bicycle manufacturers are competitively looking for new technologies to help 

them reduce weight while improving safety, handling, durability, and comfort of their 

bicycles. 

In order to withstand harsh terrains and rocky paths, exceptionally strong frame, 

durable tires, and a suspension system with high travel capability are required. A main 

feature of a full suspension mountain bicycle is that the rear wheel suspends using a 

combination of shock absorber and spring coil, which allows rear wheel to displace 

relative to the main frame; hence providing safer and more comfortable ride, higher 

handling ability, less net rolling resistance, and better braking performance due to a 

harder grip between tire and surface. The rear suspension travel of typical downhill 

bicycles are between 7-10 inches (180-250mm)[1]. 

Common shock absorbers utilized in mountain bicycles are air shocks and spring 

coil shocks. Application of Magneto-Rheological (MR) dampers in mountain bicycles has 

attracted attention in recent years. Magneto-Rheological (MR) dampers are a new 

generation of dampers, which use controllable Magneto -Rheological Fluid (MRF). MRF 

is a smart material consisting of micron size ferromagnetic particles floating in a water-

based solvent. The rheology of MRF can be controlled using magnetic flux. The required 

magnetic flux density is produced using of copper wires wound around a ferromagnetic 

core. The main considerations in designing these dampers are weight, power 

consumption, and response time[2]–[4]. 
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1.1. Mountain bicycle rear suspension system 

Mountain biking has significantly evolved recently, thanks to utilizing cutting-edge 

technologies in mountain bicycle design and fabrication. One of the most important 

components in a high performance mountain bicycle is the suspension system. The 

suspension system protects riders from roughness of the road and provides them with 

comfort and safety. The optimum design of a suspension system is dependent on  

whether it is used for cross-country or downhill biking[5]. Each application has different 

parameters that need to be considered in suspension design, due to the nature of the 

forces in the suspension system. 

The forces that need to be considered in suspension system design are rider-

induced forces (pedal force, weight), interstice forces existing between bicycle 

components (chain tension, shock absorber force), and terrain associated forces 

(vertical normal force). Different suspension designs are proposed to achieve desirable 

performance such as reducing bob-pedal, bio-pacing and DISC effect[6]. These designs 

include single pivot, URT, strut, and four bar linkages[5].  

Besides the geometrical design impact, a shock absorber has significant impact 

on performance of the suspension system. The choice of material to improve shock 

absorber performance was investigated in [5]. Magneto-rheological fluids, owing to 

characteristics such as semi-active controllability, high reliability, and fail-safe 

performance were discussed in[3], [7]. Several MR damper devices have been 

developed recently, for example, in seismic damping of structures, MR elastomers in 

vibration control, and shock absorbers in automotive industries [8]. 

Three types of suspension systems have been proposed and successfully 

implemented in mountain bicycles: passive, active, and semi-active. Although, the 

passive shock absorber, featuring oil damping, provides design simplicity and cost-

effectiveness, performance limitations are inevitable due to the lack of damping force 

controllability. On the other hand, an active shock absorber can provide high control 

performance in a wide frequency range. However, this type of damper may require high 

power sources, a large number of sensors, and complex actuators such as servo valves. 

One way to resolve this issue is to use a semi-active suspension system [3]. Semi-active 
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control systems offer the reliability of passive devices but maintain the versatility and 

adaptability of active systems. A semi-active control device can be adjusted in real time, 

but cannot input energy into the system being controlled. The force delivered by the 

damper is inherently constrained to be proportional and opposite to the excitation speed 

of the damper [9] 

1.1.1. Conventional shocks 

Shock absorbers are made of elastic and viscous elements in parallel with each 

other. Each element can be separately adjusted. Common shock absorbers utilized in 

mountain bicycles are either equipped with pre-inflated air chamber, ora pre-loaded 

spring coil, as their elastic element. The viscous element is generally an oil–filled 

cylinder divided into two chambers using a piston. The pressure drop due to passage of 

oil across the piston provides damping [6]. Selection of an appropriate shock absorber is 

directly dependent on the amount of rear wheel travel. Air springs show nonlinear and 

thus less predictable behavior [10]. Besides, air shocks produce smaller amounts of 

damping force. Downhill bicycles usually suffer more significant hits; therefore, coil 

spring shocks are usually employed to provide effective downhill shock absorption [5].  

Many shocks offer external damping adjuster knobs, called rebound circuit knob, 

while others can be adjusted internally. Internal adjustments include changing the oil 

weight and viscosity,  changing the orifice size [5], implementing a series of thin shims to 

avoid the passage of oil flow[11]. Adjustment of the rebound circuit knob changes the 

amount of oil flowing back through the orifice and shims. It can therefore control the 

damping coefficient and the speed by which the shock will open after hitting an obstacle. 

Fast or small rebound can result in bouncing the wheel off the ground, throwing the rider 

off balance, or providing poor traction. A slow or greater rebound makes the shock not to 

respond to the next impact, resulting in a harsh ride [3]. Adjustments can be made to 

tune the damping so that the best possible performance is achieved based on the rider's 

weight and riding style. 

 Another adjustable knob is the compression circuit, which controls the speed at 

which the shock collapses, or compresses, as it encounters an obstacle. Fast or small 

compression damping makes the shock to go through all its travel on smaller sized 
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bumps and bottom out, whilst, too much compression damping will induce a harsh 

feeling and will not achieve full travel [5]. A detailed examination of a conventional shock 

absorber is provided in chapter 4. 

Additionally, high end shock absorbers intended for more aggressive riding, have 

two external compression adjustments: high and low speed. High-speed compression 

damping controls the shaft motion during sharp, sudden impacts, and reduces bottom 

out. Furthermore, low-speed compression damping controls the shock during low 

velocity shaft movement such as braking and smaller bumps, reducing brake dive and 

loss of biker‟s energy while pedaling [5]. In addition, high-end shocks are heavier and 

more expensive. 

1.1.2. Semi-active shocks 

In conventional shock absorbers, the rider must adjust the settings for each riding 

scenario by dismounting the bicycle and manually adjusting the knobs to the desired 

configuration. This requires the rider to carry additional tools which may cause some 

discomfort if riding conditions change during a downhill travel. Besides, performance of a 

conventional shock absorber is highly affected by temperature changes during the 

course of each ride. Also, since in  passive shocks the stiffness and damping are tuned 

for a specific design condition, one cannot provide optimal vibration isolation for various 

road conditions[12]. The above limitations of conventional shocks have motivated 

mountain bicycle manufacturers to seek alternative solutions. Semi-active, fail-safe 

controllable Magneto rheological (MR) dampers are amongst the proposed solutions. 

A conventional MR damper consists of a cylinder divided into two chambers, 

filled with MR fluid, and separated by a piston head. The piston head contains a 

magnetic circuit and orifices. Whenever the rod moves; the MR fluid flows between 

chambers through the orifice, where the MR fluid is exposed to the applied magnetic 

field. A gas chamber is located in the lower chamber to compensate for the volume of 

rod, which occupies upper chamber. Note that a gas accumulator may be used inside 

the cylinder or an additional cylinder may be attached to the main body [3], [13]. 
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MR dampers have a relatively small power consumption, are semi-actively 

controllable, and can respond quickly, Durability, wide dynamic range, and continuously 

variable damping are other desirable features of MR dampers. The above potential 

characteristics of MR dampers have lured shock absorber manufacturers to consider 

their utilization in mountain bicycle applications [11], [14]. 

1.2. Research motivation and contributions 

MR dampers have been vastly utilized in auto industries lately. Cadillac ATS, 

Chevrolet Corvette, Ferrari 458 Italia, Audi TT, and R8 are amongst vehicles which are 

equipped with MR dampers, known as, MagneRideTM. In this thesis we study the 

application of MR dampers for mountain bikes to address the following topics and 

contributions: 

A. Development of a test mechanism to perform compression and tension tests 
on existing MR dampers and selection of conventional shock absorbers. 

B. Analysis of the acquired data for comparing characteristics of various shocks 
and their comparison with MR-based solutions. This is a feasibility study for 
adopting MR dampers in mountain bicycles. 

C. Investigation of different types of MR dampers in terms of their relative 
behavior and determining efficient designs. 

D. Application of finite element analysis to simulate magnetic fields and 
calculation of the amount of magnetic flux.  

E. Contribute an optimization method to optimize the damper components 
including piston valve to minimize the weight while maximizing the value of 
damping. 

F.  CAD design of prototype MR damper by considering manufacturing issues, 
material availability, and sealing.  

G. Fabrication of a lightweight MR damper for mountain bicycle application. 

H. Running of experimental tests to illustrate performance properties of 
prototyped damper.  
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1.3. Fabrication and assembly of a prototype MR damper 
Thesis outline 

This thesis is organized in seven chapters. Chapter 1 provides a brief 

introduction to the mountain bike rear suspension system various types of shock 

absorbers, and the motivation for this thesis. Chapter 2 discusses background 

information on MR fluids such as rheology, magnetism, modes, structure, and 

applications. Chapter 3 presents the test mechanism that was assembled to perform 

dynamic tests on several bike shock absorbers, and their comparison with an MR 

damper. Chapter 4 investigates structural design details by disassembling an MR 

damper and a Fox shock absorber. Based on a selected MR structure, an appropriate 

magnetic circuit is designed to provide damping. In this chapter, a finite element model 

of piston valve was utilized to achieve design accuracy. Chapter 5 combines the FEA 

model, previously developed, with optimization methods to achieve an optimised design 

for the piston valve. Chapter 6 covers further details in prototyping the damper including 

material selection, sealing process, CAD modeling, and fabrication of the MR damper. 

Conclusions are presented in chapter 7 along with suggestions for future work. 



 

7 

Chapter 2. Review of MR Fluid and MR Damper 
Mechanism 

This chapter provides an introduction to MR fluids. Topics such as MR effect, 

composition and structure of MR fluid, rheological and magnetic properties, models for 

MR fluid, and modes of operation are presented.  

2.1. MR Fluid 

Smart materials are a class of materials which have one or more properties that 

effectively changes by external stimuli such as stress, temperature, electric, or magnetic 

field. For instance, Piezoelectric (electrical voltage to mechanical strain), Pyroelectrics 

(temperature to electric polarization), Electrorheological Materials (electric field to 

rheology change) and Magnetorheological Materials (magnetic field to rheology change) 

[3]. MR fluid is a type of smart material consisting of suspended microscopic magnetic 

 

(a) 

(b) 

Figure 2.1 (a) MRF in absence of a magnetic field, (b) MRF particle alignment under 
influence of magnetic field. 
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particles in a base carrier fluid, which shows sudden changes in rheological properties in 

the presence of a magnetic field. MR fluid can be visualized as a very large number of 

macron-sized beads that are threaded onto a very thin string. This string is stretched 

between two magnetic poles alongside the magnetic field Figure  2.1[8].MR fluid changes 

state from free flowing fluid to a solid state. This process is reversible by eliminating the 

magnetic field. The early discovery of MR fluids can be accredited to Jacob Rabinow at 

the US National Bureau of Standards in the 1940s [3], [8], [15]. 

2.1.1. MR Fluid components and composition 

Generally, there are three basic components in a conventional MR fluid. 

Base fluid, solvent, or carrier oil is a non-magnetizable liquid which combines 

lubrication and damping features. To maximize the MR effect, the carrier oil should be 

low-viscous and insensitive to temperature changes, so that during the off-state the MR 

effect is the dominant factor in creating shear stress [16].There are various types of 

liquids which can be utilized including hydrocarbon, mineral, silicon, and hydraulic oils; 

silicone copolymers, polyester, polyether; halogenated organic liquids, diesters, 

polyoxyalkylenes, fluorinated silicones, glycols, and water [3], [13], [17]–[19].A 

combination of these fluids may also be used as the carrier component of the MR fluid 

[19]. 

Ferromagnetic particles: Alignment of these particles along path of magnetic 

field causes the MR effect [16]. The most common magnetic particles used are iron, 

iron/cobalt alloys, iron oxides, iron nitride, iron carbide, and carbonyl iron. These 

particles yield high magnetic saturation values in the order of 2.1 T[3], [16]. Magnetic 

materials can take as high as 50% of the total volume. Increasing the volume fraction of 

magnetic material and employing a rapid compression-assisted-aggregation process can 

force MR fluids to form a microstructure [3], [16], [20] and highly affect yield shear stress 

in MR fluids. 

The additives: Few different additives can be used in MR fluids including 

surfactants, nanoparticles, nanomagnetizable, or coating magnetizable particles [19]. 

Additives are suspending compounds, with shear thinning property and ability to modify 
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friction which should be anti-corrosion/wear [16]. Thixotropic materials such as grease, 

metal soaps, lithium stearate, or sodium stearate have high viscosities in static 

conditions and become thin over time when shaken, agitated, or otherwise stressed. 

These materials are very effective in preventing caking or particle sedimentation and can 

alleviate the settling problem [10], [15]–[17]. Additives such as ferrous naphthanate or 

ferrous oleate can be used as dispersing agents to prevent clumping [21]. 

All three components of MR fluids above play a part in the Magneto-rheological 

behaviour of the MR fluid. The total density is a factor of particle volume fraction, and 

method of MR fluid composition. For a typical carbonyl iron based MR fluid, the value of 

volume fraction is approximately 3 to 5 𝑔
𝑐𝑐 , off-state viscosity is 

0.1 𝑡𝑜 0.3 ( 𝑃𝑎. 𝑠−1@ 25°𝐶), the value of yield stress @ 1𝑇 is about 100 𝑘𝑃𝑎, and size of 

magnetic particles are between 0.1 𝑡𝑜 10 𝜇𝑚[3], [15] 

 
Figure 2.2 Powder metallurgy process main stages. 
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Powder metallurgy is a series of mechanical and chemical techniques, which are 

used to produce metallic powders [22], [23]. There are various methods for each stage 

Figure  2.2 illustrates three main stages of powder metallurgy consisting of mixing, 

compacting, and sintering [22]. Mixing is the process of combining metallic powder with 

binder and/or lubricant powder and additives. Mixing efficiency is dependent on shape 

and volume of the powder and rotation speed of the mixer. Powder flow can be hindered 

by high centrifugal forces that are created by rapid rotation. However, very slow rotation 

might prevent the mixing from happening [22]. Compacting forms a high density mass, 

provides shape, and generates dimensional control by applying external axial and 

isostatic pressure to mixed powder [22], [23]. Sintering is the process of bringing up the 

temperature of metal powders close to melting point. Duration and temperature of 

sintering have significant effects on properties of powder such as ductility, strength, 

fatigue life, electrical conductivity, and corrosion resistance [22], [23]. 

2.1.2. MR fluid magnetic behaviour 

Magnetic material 

Magnetic materials are categorised based on their magnetic behaviour, which is 

mainly determined by their electronic structures. The categories include diamagnetic, 

paramagnetic, ferromagnetic, ferromagnetic, and anti-ferromagnetic materials [3], [13]. 

Ferromagnetic materials have a large positive susceptibility to an external magnetic field, 

high magnetic permeability, and high magnetic saturation, when compared to other 

materials [3]. Ferromagnetic materials are able to retain their magnetic properties after 

the external field has been removed. A magnet is ferromagnetic material that attracts 

certain metals [13]. 

Three existing magnets can be categorized as permanent (hard) , temporary, and 

electromagnets[3], [13]. Loadstone, an iron oxide ore, excavated from magnetite is 

known to be one of the first magnets [22]. A permanent magnet holds on to its magnetic 

properties including high permeability, high coercivity, large hysteresis loop, and high 

remanence until demagnetized under certain circumstances [21]. Temporary magnets 

have the same properties as permanent magnets under the influence of a strong 

magnetic field. However, due to their low coercivity (narrow hysteresis), they magnetize 
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and demagnetize rapidly [13]. Electromagnets only magnetize in the presence of 

external magnetic fields An example of these magnets is a solenoid wounded around 

iron core [3], [24].  

The hysteresis curve, also known as the B-H curve, describes the ferromagnetic 

properties of materials. Coercivity 𝐻𝑐  is a measure of the external magnetic field required 

to decrease themagnetization of a material to zero after it has reached saturation which 

indicates the width of hysteresis curve [3]. Remanence, residual magnetism, or residual 

flux 𝐵𝑟  is the value  of remaining magnetism, or remaining flux in a substance, after the 

external magnetic field is reduced to zero [13], [22]. It is the point that the hysteresis 

curve intersects the magnetic flux density 𝐵 axis. The saturation flux density 𝐵𝑆𝑎𝑡 , or 

𝐵𝑀𝑎𝑥 , is the maximum flux density that a material can reach. After that point, increasing 

field intensity does not elevate the magnetic flux density [25]. Magnetic susceptibility, 𝜒𝑚 , 

is the extent of magnetization of a material in response to a magnetic field[3]. Magnetic 

permeability 𝜇 represents the ability of a material to achieve a high magnetization in a 

relatively small magnetic field [3], [13]. In the other words, permeability is the ease of 

 

Figure 2.3 Typical hysteresis loop for a ferromagnetic material. 
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establishing a magnetic flux in the component [22]. Also, the slope of the linear section 

of hysteresis curve represents the permeability of a substance. Relative permeability 𝜇𝑟  

indicates the ratio of permeability of a magnetic material to the permeability of vacuum, 

4𝜋 ∗ 10−7 𝐻.𝑚−1[3]. Figure  2.3 exhibits a typical hysteresis curve for a ferromagnetic 

material. 

In general, hard magnetic materials are more difficult to magnetize and 

demagnetize, whereas soft magnetic materials easily adopt magnetization and once the 

magnetizing field is removed, the flux density instantly goes to zero[3]. A soft magnetic 

material typically exhibits a high permeability and a small intrinsic coercivity of less 

than100 𝐴𝑚−1. Hence, they are mainly used as magnetic cores to enhance and channel 

the flux produced by the electric current of a solenoid [22]. Permeability is a main 

consideration in selection of material in DC applications where saturation may be 

significant. In AC applications, energy loss is the most important factor in material 

selection, since the material is cycled around its hysteresis loop[3]. Figure  2.4 shows the 

soft and hard material hysteresis loops. The low coercivity and high saturation flux 

density of a soft magnetic material result in a narrow loop when compared to a hard 

material due to high coercivity.  

 

Figure 2.4 Comparison of soft and hard magnetic material hysteresis curve. 
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Concept of electromagnetism 

The motion of electronic charges, such as electric current, generates magnetic 

fields. Solenoids or wounded coils are usually utilized to produce magnetic fields. Figure 

 2.5(a) exhibits a solenoid around an air core [3]. Soft magnetic cores propagate  

magnetic fields [13]. Figure  2.5 (b) shows a solenoid with a soft magnetic core and a 

magnetic flux path [22]. A solenoid with a soft magnetic core reacts like a simple magnet, 

in which one end of the coil is the North Pole, and the other end is the South Pole. The 

total magnetic field is obtained by superposing the magnetic fields due to all the turns 

[22].  

For a solenoid, the magnetic flux density of center of core and magnetic field 

intensity can be calculated from [22], [26]: 

 𝐵 = 𝜇.𝐻  2.1 

 
𝐻 =  

𝑁𝐼

 4𝑟2 + 𝑙2
  2.2 

 

 

 

(a) (b) 

Figure 2.5 (a) Solenoid coil wounded around the air (b) Solenoid wounded 
around a soft magnetic core. 
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where 𝐵 is magnetic flux density (𝑇𝑒𝑠𝑙𝑎), 𝐻 is magnetic field strength (𝐻𝑒𝑛𝑟𝑖𝑒𝑠)., or 

intensity; 𝜇 is magnetic permeability constant, 𝑁 is the number of loops or turns of 

windings,𝐼 is the current flow through the coil(𝐴𝑚𝑝𝑒𝑟𝑒),𝑟 is the effective radius of the 

coil (𝑚), and𝑙 is the length of the coil (𝑚). 

The following relationship provides a formula between magnetic flux density, 

magnetic field intensity, and magnetization [3], [27]: 

where 𝑀 is Magnetization,𝜒𝑚  is magnetic susceptibility,𝜇𝑟 is relative permeability of the 

soft magnetic material, and is used to extent of a material magnetization, and 𝜇0 is 

permeability of vacuum (𝐻 𝑚 ). 

MR Fluid magnetic properties 

Conceptually, the combination of applied flux density and the particle 

organizational state governs 𝑑𝑥
𝑑𝑡

 which is the rate of change of organizational state [28]. 

Magnetic properties of an MR fluid can be derived from its B_H and M-H hysteresis 

curves. That knowledge is essential in designing any MR device, since the response to 

an applied current can be predicted using the hysteresis loop [3]. There are various 

measurement methods to acquire the hysteresis loop  such as vibrating sample 

magnetometer (VSM) [3], [29] and alternating gradient magnetometer (AGM) [3]. Figure 

 2.6 shows the B-H curve of a commercial MR fluid by Lord Corp.  

 𝜇 = 𝜇𝑟 .𝜇0.  2.3 

 𝐵 = 𝜇0𝐻 + 𝜇0𝑀  2.4 

  𝑀 = 𝜒𝑚 . H  2.5 

  𝜇𝑟 = 1 + 𝜒𝑚   2.6 
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2.1.3. Rheology of MR fluid 

Basics of rheology 

Study of flow properties and response of a material to applied stress is called 

rheology [3]. Rheology for solids and liquids is the response of materials to applied 

stress, which is mainly concentrated on the relationship between  shear stress and shear 

strain[30].Figure 2.7 shows the concept of shear stress when a force is applied onto the 

surface of a fluid element. When a shearing force 𝐹 is applied at the top area 𝐴 of the 

element, shear stress is calculated as follows: 

Which is the ratio of force over effective area which is equal to the force per unit 

area [3]. Relatively, shear stress generates a deformation, called shear strain. In fluids, 

shear strain might change depending on the rheological properties of that fluid and 

duration of time, while shear stress in applied [3].  

 

Figure 2.6 B-H curve of MRF132DG MR fluid by Lord Corp. 

 

 
𝜏 =

𝐹

𝐴
 2.7 
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The shear strain angle 𝛿𝜃 will continuously grow with time, as long as the 

stress𝜏is applied and the upper surface moving at speed 𝛿𝑢 larger than the lower. From 

the geometry of Figure  2.7, when a small particle moves𝛿𝑢 𝛿𝑡 on the surface,small  

deformation known as shear strain is generated, due to shear stress. Shear strain cab 

be written as: 

In the limit of infinitesimal changes, this becomes a relation between shear strain 

rate and velocity gradient 𝑑𝑢
𝑑𝑡

 : 

Shear stress is proportional to the rate of shear strain, as a result: 

When a fluid under shear stress, it begins to move at a strain rate inversely 

proportional to a property called its coefficient of viscosity [30] 

 

Figure 2.7 Shear force applied to a surface[30]. 

 
𝛾 = tan 𝛿𝜃 =  

𝛿𝑢 𝛿𝑡

𝛿𝑦
 

2.8 

 

 

 

 𝑑𝜃

𝑑𝑡
=

𝑑𝑢

𝑑𝑦
 

2.9 

 

 

 

 𝜏 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑎𝑛𝑡 ∗  𝛾  2.10 
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Non-Newtonian fluids are a kind of Newtonian fluids with a different stress-strain 

relationship. Newtonian fluids have proportional shear strain rate changes to applied 

viscous stress. Equation 2.12 shows the main ruling formula over Newtonian fluid flow. 

On the contrary, non-Newtonian fluids significantly deviate from stress-strain behaviour. 

Equation 2.11 is the governing formula over non-Newtonian fluids [3], [30], [31]. 

where, 𝜏 is the shear stress(𝑃𝑎), 𝑢  velocity distribution (
𝑚

𝑠
) , 𝜂 is viscosity 

coefficient ( 𝑘𝑔

𝑠.𝑚
), or dynamic viscosity,𝑑𝑢

𝑑𝑡
 is strain rate(𝑠−1), 𝜏𝑦  is yield stress(𝑃𝑎), 𝑛 is 

coefficient that varies for all types of Newtonian and non-Newtonian fluids. 

Non-Newtonian fluids are categorized, based on their stress-deformation rate 

behavior. Resistance of Dilatant, or shear-thickening, is a condition in which the fluid 

raises with increasing the applied stress. Alternately, a Pseudo-plastic, or shear-thinning 

 

Figure 2.8 Rheological behavior of various viscous materials. 
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𝑑𝑢
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2.12 

 

 

  
𝜏 = 𝜏𝑦 +  𝜂(

𝑑𝑢
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fluid decreases its resistance with increasing stress. If 𝜏𝑦 in Equation 2.11 equal zero, 

then 𝑛 > 1 represents Dilatant fluid, and 𝑛 > 1 represents pseudo-plastic fluid[3], [30]. A 

plastic material shows little or no deformation up to acertain level of stress, called the 

yield stress[31] in which the thinning effect is significant. The limiting case of a plastic 

substance is when the substance requires an initial yield stress before starting to flow. In 

other words, Bingham plastic behaves as a rigid body at low stresses but flows as a 

viscous fluid at high stress. Figure 2.8 shows various types of rheological behavior of 

viscous materials such as rheology behavior of the ideal Bingham plastic linear-flow is 

shown; noteworthy that in some substances post yield rheology behavior may be 

nonlinear[30].Toothpaste is an example of a yielding fluid, which does flow out of the 

tube until the applied stress surpasses the yield stress[30].  

Rheological properties of MR fluid 

Unique rheological behaviour of MR fluids are as a result of various factors such 

as rapid liquid-to-solid transition, hydrodynamic forces, carrier oil viscosity, electrostatic 

forces, and size and shape of particles[3], [15].MR fluids behave similar to a normal 

Newtonian fluid,in the absence of an external field[3], meaning thatdynamic viscosity of 

Bingham plastics is regularly consistent [32]. MR fluids, appear to have similar apparent 

viscosities like the liquid paint (0.1– 1 𝑃𝑎. 𝑠−1 at low shear rates), when operating in „off‟ 

state [29], [33] 

Figure  2.9 (a) shows the „off‟ state behavior of an MR fluid. Although, a model 

such as the Bingham model proposes that stress less than yield stress results in no flow 

of MR fluid, in reality, the fluid reacts to stress as a viscoelastic solid. The shear stiffness 

of viscoelastic solid is often modeled by complex shear modulus 𝐺 and strain 𝛾. Equation 

2.13 shows stress-strain relationship at viscoelastic domain[32]: 

 𝜏 = 𝛾 𝐺 𝜏 <  𝜏𝑦  2.13 

 
 

𝜏 = 𝜏𝑦 +  𝜂(
𝑑𝑢

𝑑𝑡
)𝑛  

2.14 
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Whenever an external magnetic field is applied, the static yield stress of MR fluid 

increases substantially [29]. Once aligned; the iron particles become magnetized and 

resist moving out of their respective magnetic field. Aligned magnets act as a barrier to 

an external force; therefore, a shear stress, or a pressure difference is necessary to 

break this structure[19]. At zero shear rate under stress, the fluid resists to flow. 

Meanwhile, the force causes a plastic deformation while there is no continuous 

movement. In this condition, the maximum stress, which can be applied without causing 

continuous movement, is the yield stress [16]. As mentioned before, the strength of MR 

Fluid known as static yield stress, increases the non-linearly by increasing the magnetic 

field intensity [3], [29]. Yield stress 𝜏𝑦(𝐻), which is a function of the magnetic field 

intensity, signifies the maximum of stress-strain curve. The particle chains will be 

breached when the stress has reached this maximum after which the MR fluid will start 

to flow even in „on‟ state [3], [29], [34].In other words, yield stress must be overcome to 

initiate gross material deformation or flow [18]. Equation 2.15 can be used to calculate 

the shear stress. 

 
 

(a) (b) 

Figure 2.9 MRF132DG Lord Corp MR fluid (a) Shear stress Vs Shear rate (b) 

Yield stress Vs Magnetic field intensity. 

 𝜏 = 𝜏𝑦(𝐻) +  𝜂 𝛾  𝜏 > 𝜏𝑦  2.15 

 
 

𝜏 = 𝜏𝑦 +  𝜂(
𝑑𝑢

𝑑𝑡
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where,𝜏 is total shear stress, the field dependent yield stress is𝜏𝑦 , and is producedby an 

applied magnetic field intensity 𝐻, 𝛾  is shear strain rate , and 𝜂 is dynamic viscosity of 

fluid. Figure  2.9 (b) exhibits non-linearity of yield stress vs. magnetic field intensity curve. 

An optimum MR fluid has minimum viscosity during „off‟ state, while during „on‟ 

state yield stress of the fluid is maximized. Both viscosities are very important in order to 

achieve a maximum MR effect. Turn-up ratio represents the dynamic range of MR fluid, 

which is the differences between off-state viscosity and on-state yield stress [3]. The MR 

fluid yield stress can be elevated using certain techniques such as increasing the volume 

fraction of MR particles, increasing the strength of the applied magnetic field [19], and 

using materials with higher saturation magnetization [29]. However, none of these 

techniques is efficient. A higher volume fraction of magnetic particles significantly 

increases the weight of the MR devices while increasing the viscosity of „off‟ state of the 

material.  

Furthermore, a higher magnetic field substantially increases the power 

consumption of the device[19].Also, the cost and availability of material with high 

saturation magnetization is a limiting factor[29].Generally speaking, MR fluids must have 

large saturation magnetization and small coercivity/remnant magnetization, be active 

over a wide temperature range, and be stable against settling, irreversible flocculation, 

chemical degradation and oxidation. The field-dependent mechanical strength of MR 

fluids depend on the composition, particle size, and volume fraction[3]. 

MR fluid models 

The behaviour of MR fluids is characterized by a modified Bingham model, or a 

combination of Bingham model with other models such as viscous and coulomb 

friction[3]. An MR fluid shows nonlinear behavior when exposed to external magnetic 

fields. Materials rheology can be separated into distinct pre-yield and post-yield 

domains[19].Various nonlinear models have been proposed to characterize MR 

fluids[19]. The Bingham plastic model  is a widely used method to describe the MR 

behavior [3], [18], [19]. Other models have been proposed to better model complex 

behaviors of MR fluids. The Herschel–Bulkley model, considers the MR fluid‟s shear 

thickening and thinning effects [19], [32]. A nonlinear bi-viscous model was presented in 

[35] which is based on an expanded version of the Bingham model. Another model, 
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called Buckingham model (Bingham modified), has been proposed by considering a 

nonlinear magnetic flux distribution across a small gap [35]. 

Bingham plastic model 

The Bingham plastic model is commonly used to explain behavior of MR fluid, 

model consists of a variable plastic element in parallel with a Newtonian viscosity 

element. In the pre-yield region, shear stress is less than the dynamic yield[36]. 

Furthermore, shear stress is proportional to shear rate in the post-yield region in this 

model[37].This model can be formulated as: 

where 𝜏 is shear stress, 𝜂 is dynamic viscosity,𝛾 is strain rate(𝑠−1), 𝜏𝑦  is the field 

dependent yield stress, and sgn(·) is the signum function. The Bingham plastic shear 

stress-strain model is shown in Figure  2.10 (a), where  𝛾𝑦  is the pre-yield strain. The pre-

yield region has a strong viscoelastic nature, whereas the post–yield region 

demonstrates a dominant viscous behaviour. The two rheological domains are separated 

Increase H

y

y
Shear Strain

S
h

e
a
r

S
tr

e
ss



 y

 y

 

Strain rate

S
he

a
r

st
re

ss





Newtonian fluid
H=0

 

(a) (b) 

Figure 2.10 (a) stress-strain of MR fluid (b) Bingham model of MR fluid. 
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by a yield point which is determined by the applied magnetic field. In the post yield 

region, the shear stress versus the shear strain rate is close to a linear relationship. 

Figure  2.10 (b) shows shear stress-shear strain rate of Bingham model. 

Herschel-Bulkley plastic model 

Herschel-Bulkley fluids are materials that act like a rigid material in shear 

stresses below the yield stress. When the shear stress exceeds that limit, the material 

flows with a non-linear stress-strain rate relationship. This model is a modified version of 

Bingham plastic [38]. This model is more suitable for high shear stress regions, since it 

shows non-linear change of shear strain rate; therefore, it corrects overestimations made 

by Bingham model [19]. Model can be expressed as:  

where 𝐾 is the consistency parameter, and 𝑚 is fluid behavior index of the MR fluid. 

For 𝑚 >  1, Equation  2.18expresses a shear thinning fluid, while shear thickening fluids 

 

Figure 2.11 Herschel-Bulkley model of MR fluid. 

 𝜏 = (𝜏𝑦 𝐻 𝑠𝑔𝑛 𝛾  +  𝐾 𝛾  
1

𝑚  )𝛾   2.18 
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are described by 𝑚 <  1. Additionally, for 𝑚 =  1 the Herschel–Bulkley model is similar 

to Bingham plastic model, Figure  2.11. Various other models have been proposed to 

estimate the behaviour of MR fluids more accurately. Bingham model is used throughout 

this thesis in the initial design stage. 

2.1.4. MR Fluid modes and applications 

Depending on the fluid flow, and rheological stress, there are three operational 

modes for MR fluids: The Valve mode, the Direct Shear mode, and the Squeeze mode. 

Devices can use each one of these modes, or various combinations of them, based on 

the target applications. It is important to know that more than one mode of MR fluid can 

be facilitated, in order to achieve greater force and more functionality [3]. 

Valve mode 

In the valve mode, the fluid is located between a pair of stationary poles. Flow 

between two parallel plates is created by pressure drop [39]. The resistance to the fluid 

flow is controlled by changing the magnetic field intensity between the poles, in a 

direction perpendicular to the flow, Figure  2.12 (a). Devices using this mode of operation 

include servo-valves, dampers, shock absorbers and actuators. 

The typical shear stress diagram and velocity profile of the Bingham plastic flow 

in a rectangular annular gap is shown in Figure  2.12(b). Two separate flow regions are 

indicated. The central plug region, Region 1, or pre-yield region; is characterized when 

the shear stress is less than the fluid yield stress, and the shear rate or velocity gradient 

is zero. Additionally, the plug thickness 𝛿 is the width of pre-yield region. The post-yield 

region, or Region 2, is where the local shear stress exceeds the yield stress of the 

fluid[19], [36]. Figure  2.12 (c) illustrates flow of MR in between the two parallel plates.  

The pressure drop ∆𝑃 developed in the valve mode in a device can be divided 

into a field independent viscous component∆𝑃𝜂, and yield stress dependant 

component∆𝑃𝜏. These components can be calculated with[15], [40]:  
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where 𝑄 is the volumetric flow rate, 𝜂 is the dynamic viscosity with no applied field and 

𝜏(𝐻) is the field dependant yield stress, the parameter 𝑐ranges from a minimum value of 

2 (for ∆𝑃𝜏/∆𝑃𝜂 less than ~1) to a maximum value of 3 (for ∆𝑃𝜏/∆𝑃𝜂 greater than 

~100)[15], [16]. The most common application of valve mode is in dampers. MR 

dampers have utilized MR fluid both in valve mode and direct shear mode; but since 

2002,GM / Delphi used valve mode in damper designs for automotive vehicle 

suspensions valve due to simplicity and functionality [16]. MR dampers are fully 

investigated in section 2.2. 

 

 

Figure 2.12 (a) concept of valve mode (b) Bingham velocity profile of MR fluid 
in valve mode [19](c) flow through a parallel duct [48]. 

c 
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Shear mode 

In direct shear mode, MR fluid is situated between two surfaces; one of which is 

fixed and the other one slides or rotates with respect to the first surface. A magnetic field 

is applied perpendicular to the direction of motion of these shear surfaces[19]. Figure 

 2.13 (a) shows the concept of shear mode in MR fluid application. 

Figure 2.13 (b) illustrates a typical shear stress diagram and velocity profile of the 

Bingham plastic shear flow in an annular. There are three different flow regions, Region 

C (pre-yield region) is where no flow happens, since shear stress is less than yield 

stress. The MR fluid flows in regions I & II (post-yield regions), due to exceeding of shear 

stress over yield stress. Boundaries of the regions are dependent on a plug thickness𝛿 

controlled by magnetic field intensity[41]. The pressure gradient, or pressure drop ∆𝑝, is 

given by equations of velocity profile, volume flow flux, and boundary conditions in three 

different flow regions[41], [42].  

The total shear force developed by a device in shear mode is consist of viscous 

component 𝐹𝜂 , and a magnetic field induced component 𝐹𝜏 [3], [15], [16]: 

 𝐹 =   𝐹𝜂 + 𝐹𝜏  

 

 2.22 

 
𝐹𝜂  =   

𝜂𝐿𝑤𝑉

𝑔
 

 

 2.23 

 

  

(a) (b) 

Figure 2.13 (a) concept of direct shear mode [19] (b) Bingham velocity profile of MR 
fluid in shear mode [15]. 
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in this equation,𝜂 [𝑃𝑎. 𝑠] is dynamic viscosity with no applied field, 𝐿;𝑤;  𝑔[m], are length, 

width, and gap size of flow channel, relatively 𝐴 = 𝐿𝑤 [𝑚2] is working interface area,𝜏(𝐻) 

is yield stress developed by applied magnetic field, and 𝑉[𝑚/𝑠] is the relative speed of 

the pole plates[15], [41], [43]. The most important design consideration, when using 

shear mode operation, is controlling the ratio𝐹𝜏

𝐹𝜂
, which indicates the range of intrinsic 

force that can be produced in the device. A large ration indicates that the device is 

capable of enduring a major force variation from „off‟ state to „on„ state [43] 

Shear mode devices are the most popular operational modes after valve mode, 

due to extraordinary features of this mode such as simplicity, simple interface between 

electrical input and mechanical output, fast response, and controllability. These 

properties of the shear mode make MR fluid suitable for applications such as locking 

devices, dampers, breakaway devices, and structural composites [16], [41], [43].  

MR Brakes 

The direct shear mode of operation can be utilized in rotational power transfer 

devices such as rotary brakes and clutches. During the „off‟ state, a negligible amount of 

shear force is produced by the MR fluid in a rotary brake, therefore it operates such as 

motor oil. Since there is no shear stress generated, the rotational pole plates can rotate 

easily with no force transmitted across the fluid. Once the magnetic field is applied 

perpendicular to flow direction, considerable shear stress is generated between the 

rotational disc and fixed plate. Hence, power can be transmitted from one plate to the 

other, and speed of the rotatory plate can be reduced or the plate can be stopped [43]. 

MR rotary brakes are highly controllable, generate high torque transfer in low 

speed, have low power requirements, and have fast response time (10-30 [𝑚𝑠]). 

Additionally, MR brakes have long-life, rugged construction, and are easily 

programmable [43]. Figure  2.14exhibits different types of MR rotary brakes. 

 𝐹𝜏 = 𝐿𝑤𝜏(𝐻) 
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Squeeze mode 

In this mode, the fluid operates between a pair of moving magnetic poles. The 

relative displacement is perpendicular to the direction of the fluid flow as shown in Figure 

2.15. The compression force applied to the fluid varies periodically. The displacements 

are small in comparison to other modes; however, resistive forces are considerably 

higher[44]. Alignment of magnetic particles in this mode is along the magnetic field, 

 

Figure 2.14 Major MR-brake designs: (a) drum (b) inverted drum (c) T-shaped 

rotor(d) disk (e) multiple disks. 

 

Figure 2.15 Concept of squeeze mode[19]. 



 

28 

similar to other modes. When exposed to a magnetic field, the squeezing of MR fluid 

causes broken chains of particles to form shorter and more compact and strong 

chains[3], [45]. This behavior of MR fluid provides a wide range of controllable forces in 

comparison with other modes. 

Three factors affect the amount of pressure produced in this operational mode, 

they are ongoing viscous forces, MR effect related forces, and pressure produced due to 

inertia of MR fluid. Since the amount of MR fluid is very small, inertia is negligible. A 

mathematical model is presented in [46] based on pressure sources. The squeeze mode 

has been explored for use in small amplitude vibration and impact dampers as discussed 

in [44].Large structural vibration absorption systems, impact dampers, and engine 

mounts are examples of devices that can benefit from MR squeeze mode control[44]. 

MR fluid elastomer mount 

Fluid filled elastomer vibration mount are made from rubber and MR fluid. Due to 

the reaction between MR fluid and rubber, the physical property of rubber changes by 

becoming softer and losing some elasticity. As a result, the shape of rubber changes 

[44]. The result is a hollow elastomer puck filled with MR fluid. The stiffness of this 

device can be adjusted using MR squeeze mode properties [43].Figure  2.16(a) shows a 

MR squeeze mount. Changes in the shape and properties of rubber, due to relaxation of 

internal stresses, motivated researchers to find a substitute. A new polyruretane 

membrane was fabricated, tested, and validated [44]. Figure  2.16 (b) shows the structure 

of the new polyruretane membrane.  

Typically, mechanical systems with a known operating frequency, such as 

constant RPM engines, use simple vibration isolators. Stiffness adjustable isolators are 

utilized in applications where the device might pass through a resonance zone such as 

start-up and shutdown of major scale steam turbines. These isolators can provide 

optimum vibration cancelation characteristics[43]. Other main applications are in 

squeeze mode rheometers, squeeze film damper, and haptic devices by which users 

can interact with virtual objects [3]. 
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2.2. MR Damper 

MR Dampers are devices which employ MR fluid adjustable viscosity to reduce 

undesirable vibrations. High controllability, low power consumption, and durability of 

these devices have attracted a lot of attention recently. Applications include knee 

prosthesis, vibration dampers, active engine mounts, prop shaft mounts and seismic 

dampers for civil industry[3]. In automotive suspension systems and mountain bicycles 

linear MR dampers are used. The focus of this thesis is on linear MR dampers. 

 In this section, a review of the previous works is presented. First, various 

designs of MR damper components are studied; followed by models describing MR 

dampers properties. Finally, a review of previous works on the application of MR 

dampers in mountain bicycles suspension system is presented. 

2.2.1. MR damper components and designs 

MR damper consists of a hydraulic cylinder, containing MR fluid; and a magnetic 

control valve, which is implemented in a piston head and has the duty to produce the 

necessary magnetic field. MR fluid usually passes through the valve, under the influence 

of a magnetic field, and can reversibly change from a free-flowing linear viscous fluid to a 

 

 

(a) (b) 

Figure 2.16 (a) Rubber puck shape vibration mount (b) new polyruretane membrane 
for vibration mount application[44]. 
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semisolid with controllable yield strength instantaneously [46]. Deferent designs have 

been proposed for cylinder and control valve of MR dampers. Some of these designs are 

investigated in this thesis as follows. 

Cylinder structures 

MR dampers may consist of various cylinder sizes and materials and utilize 

different modes of MR fluid, based on their application and configuration. In cases that 

cylinders are used as part of the magnetic flux loop, shear mode can be engaged and 

the cylinder needs to be fabricated from magnetic materials. In applications where the 

magnetic flux path is completed without engagement of the cylinder, the valve mode is 

usually engaged in which the materials can be non-magnetic. Since cylinders are usually 

under high pressure, in contact with highly corrosive MR fluid, the materials need to be 

appropriately selected.  

Monotube damper structure 

A basic type of MR damper cylinder is the monotube damper shown in Figure 

2.17. The cylinder is divided into two champers, called extension chamber and 

compression chamber, using a piston head which contains a control valve. The MR fluid 

flows between chambers through the orifice of the piston head, where MR fluid is 

exposed to the applied magnetic field [8], [47], [48]. A pressure differential is produced 

as a result of changes in the viscosity of MR fluid passing through the orifice, which is 

proportional to amount of induced magnetic field[48]. There exists an accumulator 

located at the compression chamber part of cylinder, which is a floating piston or a 

diaphragm, separating MR fluid from a compressible gas (Nitrogen). The accumulator 

accommodates volume change of incompressible MR fluid due to the shaft rod entering 

the cylinder. Moreover, it operates as an offset air spring force in addition to the damping 

force. It also prevents formation of cavities in low pressure side of the piston head[41], 

[49], [50]. 

Monotube designs are known to have simpler mechanical structures with fewer 

parts, resulting in less weight and lower manufacturing cost. On the other hand, 

monotube dampers are more vulnerable to impacts and need more gas be pressurized, 

which reduces the dynamic force range of the damper [48], [49]. 
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Twin tube structure 

The basic conceptual structure of a twin-tube MR damper is shown in Figure  2.18 

(a). MR damper has an inner and an outer housing[8]. The inner housing is filled with 

MR fluid and acts as a mono-tube cylinder. The outer housing is partly filled with MRF 

and acts as a pneumatic accumulator in the mono-tube mechanism by accommodating 

volume changes produced by piston displacement. Figure  2.18 (b) exhibits a sectional 

view of a twin-tube damper. A regulating valve assembly attached to the bottom part of 

inner cylinder, called “foot valve”, is show in Figure  2.18 (c). The foot valve is responsible 

for regulating the flow of MR fluid between two housings[8], [48]. During compression, 

the rod enters the extension chamber, which causes the MR fluid to flow to the outer 

housing through the foot valve.  The volume of MR fluid displaced by the rod is the 

amount that flows into the outer piston. The process is reversed during extension of the 

shaft [51]. 

A main advantage of the twin-tube MR damper is that the gas pressure in gas 

accumulator is less than the mono-tube MR damper [8], [47], [52]. Another advantage of 

using the outer housing is that dissipated heat can easily be transferred to the outside 

environment and the inner mechanism of MR damper is protected by the outer 

cylinder[49]. However, complexity and higher weight makes this design unfavorable for 

mountain bicycle applications.  

 

Figure 2.17 Mono tube cylinder[8]. 
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Double-ended structure 

Double-ended structure is a modification of the monotube MR damper.Figure 

2.19 exhibits a double-ended MR damper. As shown in the Figure  2.19, the piston rod is 

extended from one end to the other with the same diameter, eliminating the need for a 

gas accumulator in the double-ended MR damper. As a result, the spring effect of the 

damper is removed. However, in some situations a compact accumulator might be used 

to compensate for thermal expansion of the fluid [8], [42], [53]. Some applications of this 

damper include gun recoil, and seismic dampers for protection in civil structures and 

bridges [8], [47].  

 
 

(a) (b) 

 

(c) 

Figure 2.18 (a) conceptual structure of twin-tube[51] (b)foot valve sectional 

view [8] (c) section view of a twin tube damper[8]. 
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Valve structure 

 MR control valve is a component of MR damper that has the responsibility of 

generating the magnetic field, applying magnetic field to MR fluid, and control the 

damping force by controlling the input current. Figure  2.20 (a), (b) show a typical MR 

valve. Depending on the design of the valve, components may vary. In general, the 

valve consists of a magnetic core, a number of magnetic poles, induction coils, magnetic 

housing, non-magnetic bobbin, and MR fluid flow channels [48], [54]. A number of 

different valve configurations have been proposed in the literature which are out of 

scope of this review.  

Application of input current to an electromagnetic coil generates an adjustable 

magnetic field throughout 1the magnetic closed path. The path consists of core, poles of 

MR fluid, and magnetic housing. As a result, dynamic yield stress of MR fluid can be 

varied; consequently, the damping force of MR damper can be altered through the input 

current. In the absence of the magnetic field, the damping force can be generated by  

viscous fluid flow through the channel [48], [55]. To achieve this, electromagnetic coils 

are placed inside the moving valve, known as internal coil Figure  2.20(a), or located on 

the outside of the cylinder, called external coil Figure  2.20(b). The direction of exposure 

of MR fluid to the applied magnetic field differs based on orientation of coils and MR 

channel. Higher dynamic pressure range, faster control response, and less leakage 

could be achieved using internal coil[17], [48]. Due to these advantages, only designs 

with internal coil are investigated in this report. In designing electromagnetic coils, the 

number of turns and wire gauge are important [56]. 

 

Figure 2.19 Double-end MR damper[8]. 
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The magnetic core, poles, and housing are usually fabricated from materials with 

high magnetic permeability, to be able to amplify induced magnetic field; low coercivity, 

to achieve quick response time by dispersing magnetic field quickly; and high saturation 

magnetization, to allow achievement of greater magnetic flux density. Dimensions of 

core, poles, and housing; the number of poles and the number of coils, have significant 

effect on the amount of induced magnetic field [3], [48], [57]. 

Another main component of control valve is the MR flow channel, known as gap 

size. Certain designs with different number of coils and different configurations of the 

magnetic circuit have been presented in the literature. The gap size can be considerably 

change, both in the „off‟ state and „on‟ state. An increase in the gap size highly reduces 

the „off‟ state force, or passive force; since an increase in the gap size means that MR 

fluid can easily flow through the channel. Therefore, in order to achieve a desired 

passive force, the gap size cannot be selected too large. Also, a large gap size reduces 

the maximum „on‟ state force, or active force as well [56].To maximize the effectiveness 

of the MR damper, the amount of active force, and hence the dynamic force range, 

should be large. Consequently, small gap sizes are required [42]. Very small gap sizes 

can result in plug of the orifice, due to film effect of the oil [58], [59]. In damper 

applications, gap sizes between 0.5~2 millimetres have been reported [3], [37], [48], [56]. 

 In any procedure with hydraulics involvement, sealing plays an important role to 

contain fluid inside the damper. In order to prevent leakage, a set of non-corrosive, 

highly resistive O-rings and rod wipers should be utilized. Linear shaft bearings prevents 

any non-axial movement of the rod which aligns the piston head with the outer 

cylinder[60]. 

Single coil valves 

A common commercial MR damper is shown in Figure  2.21(a). The valve 

consists of a magnetic core, two poles, and an internal coil between the two poles. The 

valve is placed inside the moving piston. Different modes of MR fluid can be employed 

here, valve mode or shear mode; if a magnetic field outside cylinder is used. Hence, the 

magnetic path is closed between magnetic core, poles, and cylinder. In this case, the 

shear mode of MR damper creates the pressure drop as shown in Figure  2.21(b). 

Another configuration of the valve utilizes a sliding magnetic tube inside the cylinder, 
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which is attached to the magnetic core and poles. The MR gap is constructed between 

magnetic poles and the magnetic tube in Figure  2.21(c). Since the tube and poles slide 

with the same velocity, MR fluid will flow similar to a valve. Lighter non-magnetic 

materials, such as aluminum, can be utilized instead of steel. Therefore, this 

configuration is more favorable in lightweight applications such as mountain bicycles.  

 

  

(a) (b) 

Figure 2.20 (a) Typical control valve of MR damper[48] (b) MR damper with external 
stationary coil[17]. 

 

 

 

 

(b) 

(a) (c) 

Figure 2.21 (a) Single coil valve mode MR damper[88] (b) Single coil valve in shear 
mode (c) Single coil valve in valve mode. 
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Multi coil valves 

Active force or MR force is highly dependent on the area by which the MR fluid is 

under influence of the magnetic field, known as the active region or choking region. 

Multi-coil dampers have been developed [42] with longer active regions and relatively 

high damping forces as shown in Figure  2.22(a). As it can be seen in Figure  2.22(b), the 

total active area is dependent on 𝐿𝑝𝑜𝑙𝑒 (𝑡𝑜𝑡𝑎𝑙 ) = 𝐿𝑝𝑜𝑙𝑒  1 + 𝐿𝑝𝑜𝑙𝑒  2 + ⋯.  Thus larger gap 

sizes can be designed, due to additional activation regions, which increases the 

controllability and dynamic range of the device [42], [56]. 

In the design of a multi-stage or multi-coil valve one should consider that, for the 

magnetic fields not to cancel each other, the coils should be alternately wound that their 

induced magnetic fields added up [8]. Another consideration is parallel connection of 

electromagnetic coils for achieving faster response times [42]. Finally, magnetic 

saturation  should be considered [39]. Multi-stage or multi-coil valves are fairly heavier 

than single coil valves due to more magnetic material used in their structure. 

Perpendicular coil axis valve 

A novel MR fluid damper was presented in [53] which increases the choking 

region significantly, and consequently provides a higher yield stress. Figure  2.23(c), 

shows major components of this design. Coils are wound perpendicular to the flow axis, 

in contrary to other designs, around a magnetic core as shown in Figure  2.23(b). The 

magnetic path is completed between magnetic core and poles, outside cylinder as 

 
 

(a) (b) 

Figure 2.22 (a) Multi coil MR damper [42] (b) schematics of double coil MR 
damper. 
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shown in Figure  2.23 (a) [52]. The advantage of this coil alignment is that almost all the 

cylindrical orifice is exposed to the magnetic field instead of a small 𝐿𝑝𝑜𝑙𝑒  in other 

designs. The result is higher controllability, lower power consumption, and faster 

response time. Overall, the length of the piston can be reduced, since all length of piston 

is considered to be in the active region [48]. 

Different numbers of magnetic poles were proposed. The reported results 

indicate that four poles can increase the damping coefficient up to three times using 

2 𝐴𝑚𝑝 currents. Furthermore, eight magnetic poles allow the damper to reach the same 

damping with 1 𝐴𝑚𝑝 current input. In fact, eight poles allow an optimum capacity in 

various frequencies [48]. In order to reduce the eddy current produced on the surface, 

core and poles are constructed from welding of numerous metal sheets and washers 

[52]. Complexity of the core and poles design makes them more costly. Furthermore, 

sealing is reported to be a major challenge due to complexity of the design [48], [52]. 

Valve with both annular and radial flow channel 

Increase in the input current and flow volume are the most common ways of 

increasing the damping force in MR dampers. In an innovative design, the authors in [59] 

proposed a damper with both annular and radial flow channels, to generate damping 

forces without changing power consumption or size of the flow channel. Figure  2.24(a) 

shows the schematics of this damper in which the fluid flow path is shown in Figure 

   

(a) (b) (c) 

Figure 2.23 (a) Components of perpendicular coil axis configuration (b) core 
structure (c) Magnetic field path in perpendicular coil axis 
configuration [52]. 
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 2.24(b). By increasing the length of flow channel and increasing the active area, 

damping forces can be considerably elevated and made highly adjustable. Annular-

radial designs reach saturation under larger induced flux through magnetic body when 

compared to annular dampers [54]. 

As it can be seen, the magnetic flux is applied normal to flow direction at all-time. 

The produced pressure drop is a summation of annular pressure drop, consisting of a 

viscous component and a field-dependent induced yield stress component; and radial 

pressure drop, due to conflux mode flow, headstream mode flow, and field dependant 

radial flow [10], [54], [59]. High force applications such as seismic systems in structural 

engineering usually utilize annular-radial dampers [48], [54]. 

Fail-safe MR dampers 

Failure of electronics, electrical power loss, faulty electrical wires, and disrupted 

control circuits can cause MR dampers to fully lose input current. As a result, no 

magnetic field will be induced and the active portion of damping force will vanish. In 

typical MR dampers, the entire active force is generated by an electromagnetic coil. 

Therefore, any electrical failure, including no current or constant current lock, causes 

significant abnormalities in the damping coefficient. To overcome the above problems, 

innovative fail-safe designs have been proposed such as an inner bypass magneto-

  

(a) (b) 

Figure 2.24 (a) Detailed schematics of valve with both annular and radial flow 
channel [59] (b) Flow path and magnetic field of damper [48]. 
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rheological damper with magnetic bias [61], a bidirectional controllable MR fluid valve 

[62], and MR dampers with  hybrid magnetic circuit designs [55]. 

Bose et. Al [55] designed and fabricated a hybrid damper by implementing a 

series of permanent magnets in three stages. In the first stage, a couple of rare earth 

permanent magnets, Neodymium was implemented at both ends of magnetic poles (dark 

areas in Figure  2.25(a)). The permanent magnet constantly generates a magnetic field to 

the MR fluid channel. In case of failure of the electromagnet, the shear stress that 

permanent magnet generates, prevents the system from failing. The electromagnet can 

strengthen or weaken the permanent magnet field. The components of magnetic system 

are then designed to even out the effect of the permanent magnet [48], [55]. 

In the second stage, an AlNiCo permanent magnet was implemented in the 

center of the magnetic core. AlNiCo has a high magnetic remanent flux, low temperature 

coefficients, and is low cost. However, it has a low coercive force and exhibits an 

extremely non-linear demagnetization curve. Magnetization of the AlNiCo can be 

changed by short pulses of the coil current; therefore, it works similar to a magnetic 

 

 

 

(a) (b) (c) 

Figure 2.25 (a) Implementation of permanent magnets in poles of MR damper 
only(b) magnetic core structure with permanent magnet (c) fail-safe 
hybrid damper with permanent magnets inside core and poles [55]. 
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latch, resulting in different magnetic flux densities and damping forces without 

permanent electric energy consumption[55]. Figure  2.25(b) displays this configuration 

and the relative magnetic field. 

Another concept is the combination of the above three magnetic sub-circuits, 

such that all magnetic fluxes superpose in the MR fluid flow channel as depicted in 

Figure  2.25(c). Theoretical and experimental results indicate great improvements in 

terms of achieving a wide range of damping forces and significant reduction in power 

consumption [55].  

2.2.2. MR damper modeling 

MR dampers exhibit inherently hysteretic and highly nonlinear dynamics. Such 

behavior makes the modeling of MR dampers very challenging. In order to characterize 

the performance of MR dampers, several models have been proposed [63]. The 

proposed models must be accurate, meaning that the output of the predicted model and 

experimental data should converge. The model  must also be simple to allow easy 

parameter identification and less complex controllers, and finally be reversible, meaning 

that different input and outputs can be selected [64]. 

.In general, models can be categorized according to the properties that they 

represent, such as velocity profile, shear stress of MR fluid, or according to modeling 

methods that describe the behavior of MR damper. Models based on the properties of 

MR dampers can be divided into two main categories: Quasi-static models and dynamic 

models. Another group of models are the ones that match the behavior of MR damper 

with physical or mathematical models, which can be categorized as parametric dynamic 

model and non-parametric dynamic models [64].  

Quasi-static models 

Quasi-static analysis of MR fluid flowing through an annular duct under a 

constant velocity and fully developed fluid flow is based of deriving a physical model 

[42], [48]. A relatively accurate model for predicting an MR damper behavior is the 

axisymmetric model. Approximate models such as parallel plate model and non-
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dimensional parallel plate model have been proposed [48]. In order to predict the design 

concept prior to prototyping, non-dimensional models were presented in [65]. 

Axisymmetric models 

The rheological models of field dependent MR fluids, or constitutive models, are 

employed in asymmetrical method. This method analyzes velocity dependent damping 

forces, due to the pressure drop through the flow gap, when force is applied to the shaft 

of the damper. Previously, Kamath et al.[66], and Gavin et al.[67] used quasi-static 

axisymmetric analysis to model a proposed damper. Gavin et al. assumed that yield 

stress satisfied an inverse power law[67]. Kamath et al. assumed constant yield stress in 

the annular gap when studying the MR fluid shear thinning/thickening effects [48]. Wang 

and Gordaninejad [68] proposed an axisymmetric model for a large scale MR damper, 

the using Herschel-Bulkley model of MR fluid [48]. 

The general force equilibrium, Navier-stoke, equation governing this mechanism 

is [66]: 

where 𝑢 is the velocity, 𝜏 is the shear stress, 𝑟 is the radial coordinate, 𝑧 is the 

longitudinal coordinate, and 𝑝 is the developed pressure due to the piston head motion. 

The fluid density is denoted by 𝜌[66]. Since the analysis is quasi-static, the inertia term is 

neglected and it is assumed that pressure changes linearly along the length of the flow 

cap. Therefore, equation can be reduced to: 

where, ∆𝑃 is the pressure drop along flow channel, 𝐿 is length of flow channel, and 𝑟 is 

the gap size  

Generally, we assume that MR fluid is resisting flow until shear stress level 

passes the controlled yield stress as described by Equation 2.15[42], [48]. For a 
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cylindrical piston with an annular orifice, using Bingham plastic model analysis and 

boundary conditions indifferent regions of Figure  2.12(b) and Figure  2.13 (b), the velocity 

profile and flux volume of each region can be obtained. The total volume flux of MR 

channel is obtained by adding volume flux of all flow regions. Since, the volume flux 

displaced by the piston is equal to the volume flux through the flow channel, the velocity 

of the piston 𝑣0can be determined using following: 

where,𝑄𝑝 is volume flux through piston, and 𝐴𝑝  is cross section area of fluid before 

entering the flow channel. Finally, equivalent viscous damping 𝐶𝑒𝑞can be expressed 

using damping force 𝐹and velocity of piston 𝑣0as [66]: 

Following a similar procedure, different axisymmetric models can be developed, 

for different MR fluid models and  geometrical configurations [56], [69], [70].  

Parallel plate model 

When the ratio between gap size and piston diameter is small, the axisymmetric 

model can be approximated by flow of MR fluid through two parallel duct [48], [65]. In 

general, an annular flow channel can be approximated by a rectangular duct with 2𝜋𝑅 as 

width ( 𝑅 is average radius of the center of annular gap), 𝐿 as length , and   as the 

thickness of equivalent rectangular duct [59]. A polynomial expression for pressure 

gradient in the flow of a Bingham fluid through a rectangular duct was initially developed 

by Philips [40], [42], [48]. Further simplifications for yield stress equations in the valve 

flow mode of MR damper results in [40], [59] :  
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where  𝑐  is an empirical coefficient dependent on the velocity profile bounded to [2.07, 

3.07]. The lower bound is related to no filed and higher bound to maximum current. If we 

integrate above equation over length of flow channel we obtain: 

where𝐿𝑝 is pole length; By implementing 𝑄 = 𝐴𝑣0, 𝐹 = ∆𝑃𝐴 we can obtain[12], [47]: 

For the MR damper in Figure  2.26, with given geometric parameters, the total 

damping force can be written as a combination of spring force induced by gas 

accumulator 𝐹𝑔 , and forces due to MR effect 𝐹𝜏and viscosity 𝐹𝜂 [12], [47], [69] as follows: 

In which 𝑃0 and 𝑉0 are the initial pressure and initial volume of the gas chamber,𝐴𝑠 is 

the cross sectional area of shaft, and 𝑃𝑎 is the pressure due to gas accumulator, 

respectively. The parameter 𝛾 represents the coefficient of thermal expansion which 

varies between 1.4 and 1.7[12]. By separating the viscose and field dependent parts, the 

total damping force is given by: 

where 𝑡𝑔  is the gap size, 𝑅𝑏 = 𝑅𝑐 +  
1

2
𝑡𝑔 is the radius of an imaginary cylinder to the 

center of the gap,and (𝑥𝑝)  is the piston velocity. 
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Dynamic models 

In the initial stages of the design quasi-static models are very useful. However, 

they are not sufficient to explain the nonlinear behavior of MR dampers under dynamic 

loading [64]. Using the actual physical process analysis of MR fluids through an annular 

gap, various parametric and non-parametric models have been proposed [48]. 

Parametric modeling techniques characterize the MR damper behavior as a combination 

of physical elements, whereas the non-parametric modelling techniques describe MR 

damper test data as a series of mathematical functions [64], [71].  

Parametric dynamic model 

Parametric models use mechanical elements to simulate the behavior of MR 

damper.In order to create these models some assumptions need to be made. A series of 

dashpots, springs, and non-linear elements represent MR behavior. Using curve fitting 

techniques, the parameters of these elements can be determined [64], [72]. Several 

parametric models have been proposed including the Bingham model [73], [74],  bi-

viscous models [65], [73], viscoelastic-plastic models [65], [75], Bouc-wen hysteresis 

model [74], [76], and modified Bouc-wen (Spencer) model [74], [77]. In the following, 

some of these models are explained in further detail. 

 

Figure 2.26 Schematics of a valve mode MR damper piston with 

geometrical parameters. 
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Bingham dynamic model 

Bingham model for MR dampers was proposed by Stanway et al.[78], which 

consists of a Coulomb friction element 𝑓𝑐placed in parallel with a viscous dashpot 𝑐0, as 

shown in Figure  2.27(a). For nonzero piston velocities 𝑥𝑝 , damping force 𝐹𝑑  can be 

calculated from [74]: 

In above formula, 𝑓0 is the simplified force due to the presence of an accumulator. This 

simplification is if we neglect the spring effect of gas chamber. Bingham body model 

added this spring effect to Bingham model. This model is shown in Figure  2.27(b) The 

Bingham body model combines three elements: St. Venant (plastic body model), Newton 

(Newton flow model), and Hook‟s law (elastic body model).For low shear forces, the 

model works as solid body, when shear stress exceeds yield stress, MR shows liquid 

behavior. This behavior is shown In Figure  2.27(c)[79]. The damping force for Bingham 

body model can be expressed as: 

where the term 𝑘 represents the stiffness of the elastic body.  

Bouc-wen and Spencer dynamic models 

The Bouc-Wen model is a differential hysteresis model commonly used to 

represent the damping force of MR dampers. The Bouc-Wen model is numerically 

tractable, extremely versatile, and adequately represents a wide variety of hysteretic 

behaviours. Spencer [75]has used the Bouc-Wen model, as shown in Figure  2.28(a), to 

analyze the nonlinear hysteresis behaviour of an MR damper. 

 

 𝐹𝑑 = 𝑓𝐶  𝑠𝑔𝑛(𝑥𝑝) + 𝑐0𝑥𝑝 + 𝑓0 2.34 
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The damping force is given by: 

 

where Fd  is the damping force provided by damper; force 𝑓0can is the corresponding 

force for an initial deflection 𝑥0 of spring 𝑘0;and k0 , c0 ,α, γ β, A, are experimental 

parameters of the model, z is a rotational variable, x is the displacement of damper shaft; 

and x  is the velocity of the piston [47]. 

 

 

(a) (b) 

 

(c) 

Figure 2.27 (a) Bingham model (b) Bingham body model (c)Bingham and Bingham 
body model Force-velocity curve. 

 𝐹𝑑 =  𝑘0 (𝑥 − 𝑥0) + 𝑐0 𝑥 +  𝛼𝑧(𝑡, 𝑥) 2.36 

 

 
 𝑧 =  − 𝛾 𝑥  𝑧|𝑧|𝑛−1 −  𝛽𝑥 |𝑧|𝑛 +  𝐴𝑥  2.37 
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Spencer et al.[75] proposed a modified version of Bouc-wen model to describe 

the nonlinearities more clearly. The model was expanded by adding a dashpot, 

represented by𝑐1, to exhibit the roll-off at low velocities and a spring𝑘1to compensate for 

the effect of the gas chamber [72], [75]. Figure  2.28 (b) represents the Spencer model. 

The damping force of Spencer model can be calculated using: 

where, 𝑘0 is used to control the stiffness at larger velocities, and 𝑥0 is the initial 

displacement of spring 𝑘1 associated with the nominaldamper due to the accumulator. 

Furthermore, 𝑧 is a revolute variable and 𝐹𝑑  is the predicted damping force. 

Non-parametric dynamic model 

Unlike parametric models, non-parametric models do not describe the MR 

damper behavior based on input/output relationship of the system. Basically, non-

parametric models use analytical expressions to express the behavior of MR dampers. 

These models consider both experimental data and device physics [65], [73].  

 
 

(a) (b) 

Figure 2.28 (a) Bouc-wen model for MR damper (b) Spencer model for MR 
damper [75]. 

 
 

 
𝑧 =  − 𝛾 𝑥 − 𝑦  𝑧 𝑧 𝑛−1 −  𝛽(𝑥 − 𝑦 ) 𝑧 𝑛 +  𝐴(𝑥 − 𝑦 )     

𝑦 =
1

𝑐0 + 𝑐1

 𝑘0 (𝑥 − 𝑦) + 𝑐0 𝑥 +  𝛼𝑧(𝑡, 𝑥) 

𝐹𝑑 =  𝑐1 𝑦 + 𝑘1 (𝑥 − 𝑥0)

  

 

2.38 
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 Non-parametric models can be categorized as interpolation techniques and 

neural-based methods [73]. The various models developed include polynomial [80], 

multi-function [72], black-box [78], neural network [81], and fuzzy [82].  

2.3. Conclusion 

In this chapter we studied characteristics of MR fluid along with its modeling 

techniques and its application in MR damper designs. To this end, rheology basics and 

rheology properties of MR fluids were discussed followed by MR fluid models and modes 

of operation. Models for MR dampers were studied along with their applicability to 

damper design.  
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Chapter 3. Experimental comparison of MR and 
conventional dampers 

To investigate the feasibility of using MR dampers in mountain bicycle 

applications, a series of comparisons were performed between using an MR damper and 

conventional dampers. In downhill biking, the shock absorber should be tuned to provide 

a smooth ride over a high frequency range with low amplitude bumps. In this process, 

the bicycle should not lose traction. Furthermore, the bicycle should handle situations 

when a large bump is encountered or "bottom out" of the shock absorber. The shock 

absorber should also recover fast enough to quickly absorb high frequency bumps and 

prevent loss of traction. Consequently, controllability and low power consumption of MR 

damper combined along with comfort and safety are important issues to consider in the 

design of the suspension. In this chapter we study if the damping levels expected in a 

typical mountain bike can be achieved using a MR damper. 

3.1. Feasibility Testing 

To be able to perform high force, and high precision tests on dampers, a 

hydraulic shaker is utilized. The dampers are connected to a hydraulic shaker using a 

suitable attachment setup built in our lab. Tests were performed on both systems and 

the acquired data was used to obtain the force vs. displacement and force vs. velocity 

plots. By comparing the performances of MR damper with conventional dampers in 

different operating modes, it is proven that MR dampers are a potential candidate to be 

used in downhill bicycles. The test mechanism structure, data acquisition process, and 

result analysis are explained in subsequent sections. 
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3.1.1. Test mechanism 

To evaluate the feasibility of using MR dampers in mountain bicycle suspension 

systems, we need to compare their performances with the conventional bicycle shocks. 

For this purpose, the same set of vertical displacement inputs have to be applied to MR 

dampers and conventional bicycle shocks followed by a measurement of force response 

for different velocity and displacement profiles. The test mechanism should be powerful 

enough to provide high speed excitations. In this work, we used a MTS 248.03s 

hydraulic actuator shown in Figure 3.1(a) available at Simon Fraser University 

Mechatronics department. This system is originally designed to simulate road conditions 

for mid-size vehicle suspension systems. Its main actuator can apply up to 25KN (25000 

Newton) and is equipped with an internal LVDT sensor to record the displacement data. 

The hydraulic shaker is highly accurate and controllable in terms of displacement, 

applied force, acceleration, and applied torque. A MTS 661.19f-04 force transducer 

shown in Figure 3.1 (b) was also utilized in series with the shocks to capture the force 

response. The actuator is controlled by a MTS FlexTest 40 digital controller machine 

shown in Figure 3.1(c), which can work in either displacement control or force control 

modes. Based on the application, different types of force or displacement excitations can 

be implemented. Profiles including ramp, sinusoidal, triangular, or even a set of data 

representing the road profile can be generated using this powerful controller. 

   

(a) (b) (c) 

Figure3.1 (a) Hydraulic shaker, (b) Force transducer, (c) Digital controller. 
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The required adaptors and connectors were designed and fabricated so that 

each shock can be easily connected to the hydraulic actuator. Furthermore, the shocks 

can be substituted for different testing procedures. Figure  3.2 shows the fabricated setup 

 

Figure 3.3 Test mechanism components, while testing MR damper in parallel 
with coil spring. 

 

•  

Figure 3.2 Fabricated connector to attach dampers to the hydraulic shaker. 
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to connect dampers to the hydraulic shaker. All parts are made of cast steel for high 

tensile stress and durability. 

Figure 3.3 exhibits the components of the designed test mechanism during a test 

procedure. The top parts of the shocks are fixed to the ground and the lower part is 

excited using the hydraulic actuator. A coil spring is located parallel to the MR damper. A 

power supply is utilized to provide necessary input current to MR damper. The force 

transducer is attached in series with actuator to record displacement and force data. 

3.1.2. Damper selection 

In downhill biking, metal coil springs are usually preferred over air springs. The 

main reason is due to the non-linear behavior of air springs and the fact that coil springs 

show both higher and more predictable damping. In this study, three different 

conventional mountain bicycle dampers with coil spring are tested. The selection of 

dampers was based on dynamic behaviors. The first tested damper referred to as (D1) in 

this report is a Fox Van R damper from Fox Corporation shown in Figure 3.4 (a). It has 

only a rebound circuit with one knob for adjusting the damping force during the 

rebounds. The second one, referred to as (D2), is a Fox Van RC damper from Fox 

shown in Figure 3.4 (b). This damper is equipped with both rebound and compress 

circuits. The two knobs on this damper enable us to regulate the damping force in 

rebound and compression directions as desired. Finally, the last mountain bicycle 

damper, referred to as (D3), used in this study is a Double Barrel damper from Cane 

Creek 2013 shown in Figure 3.4 (c), which is known as one of the most advanced 

dampers in the market. With its twin tube damping technology, this damper provides 

highly controllable, independent damping for both compression and rebound strokes. 

The double Barrel damper has four knobs including low-speed compression, high-speed 

compression, low-speed rebound, and high-speed rebound knobs; which can be 

adjusted entirely independent of each other.  

The goal of this study is to evaluate whether it is possible to replace the above 

mentioned conventional dampers with semi-active MR dampers. The first step toward 

this goal is to provide a preliminary comparison between conventional bicycle dampers 

and MR dampers available in the market. For the experiments, a commercial RD-8040-1 
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MR damper manufactured by the Lord Corporation was utilized. This damper has almost 

the same dimensions and stroke length  ≈ 56 mm  as the selected bicycle dampers. 

Figure 3.4 (d) shows the Lord MR damper used in this study. 

3.1.3. Test procedure and guidelines 

To compare the MR damper with a conventional mountain bicycle shock, a series 

of tests are conducted to measure the response of the MR damper under various 

combinations of frequencies 𝑓 =
w

2π
, amplitudes of damper stroke xa , and current 

supply ic. The performances of both conventional bicycle dampers and MR dampers can 

be considerably different if the testing conditions change significantly. For example, it is 

a well-known fact that the efficiency of dampers drops at high temperature. To avoid 

unwanted effects and ensure data consistency, the following considerations were taken 

into account 

 

Figure 3.4 Tested Shocks: (a) Fox Van R (D1), (b) Fox Van RC (D2), (c) Cane 
Creek Double Barrel (D3), (d) Lord Corporation MR damper. 
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 General Guidelines for testing all the dampers: 

I. The testing is stopped if temperatures exceeded 85° C. 

II. The testing is stopped if the force exceeds 5500 Newton to ensure that 
the tests will not damage the testing machine. In order to avoid hitting the 
ends of the strokes and damaging the shocks, the maximum travel of the 
excitations (2 × 23 𝑚𝑚) is set to be less than damper‟s full stoke (≈ 2 ×
28 𝑚𝑚).  

III. As recommended by Fox Inc., speed limits should be considered during 
heavy compression and heavy rebound damping tests. For each of the 
selected damper settings. Sinusoidal displacement inputs with 
frequencies of 0.5, 1, 2, 4 and 6 Hertz, and amplitudes of 3, 8, 13, 18 and 
23 millimetres, are applied to the dampers which gives us a maximum 
speed of 0.867 m/s. 

 Guidelines for testing conventional dampers (D1, D2, and D3): 

I. In order to avoid the cross coupling effect of compression and rebound 
adjustments, only one circuit is tested at a time (Rebound circuit is set to 
be fully open when testing the compression circuit and vice versa). 

II. The rebound circuit should never be fully closed (i.e., the rebound knob 
should always have backed off at least two clicks from the fully closed 
state). Therefore, each of conventional bicycle dampers are first tested 
under fully open compression and closed rebound (two clicks out from fully 
closed). In the next step, they are tested under fully open rebound and 
compression closed state (two clicks out from fully closed state). 

 Guidelines for testing the MR damper 

I. The damper coil has a 1 and 2 amperes current limits for continuous (up 
to 30 seconds) and instant working modes, respectively. Therefore, to 
prevent the coils from burning up, the damper is tested for current values 
up to a maximum of 0.80 amperes. 

II. For each frequency-amplitude pairs of displacement excitation, the MR 
damper is tested under the applied current varying from 0.20 to 0.80 
amperes in increments of 0.20 amperes. 

 For each experiment, the machine controller is programmed to apply 15 

complete cycles of sinusoidal excitation to the dampers. The machine's data acquisition 

system records forces and displacement of the actuators at a rate of 256 Hz. The 

velocity of the damper piston can also be obtained via a derivative of displacement. 
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In this research, three different groups of experiments are carried out with the 

results presented in the following sections. The overall performance of the suspension 

system is determined by the force contributions of its two main elements: the damper 

and the spring. Each of D1, D2 and D3 dampers has a parallel coil spring component 

with different spring constants; however, the MR damper does not have any spring 

attached to it. Therefore, to have a fair comparison, we decided to cancel the effects of 

coil springs on the produced forces. In the first series of the experiments, all the coil 

springs were removed and tests performed on D1, D2, D3 and MR dampers without the 

springs. 

In the first set of experiments, a large number of tests were performed on all four 

test dampers over wide range of frequencies and amplitudes of input displacement. 

Table  3.1shows all test scenarios performed on the dampers. Damper D1 was not tested 

above 2 Hz and damper D2 was not tested above 4 Hz due to safety precautions and 

limitation set by the manufacturer. During this group of tests, the damping characteristics 

of each damper without external spring effect were also evaluated.  

Table 3.1 All performed tests, over a wide range of input displacement profiles. 
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The second group of tests were performed using a Fox shock (300lbx3.0). In coil 

springs the first number represents the spring rate and the second number represents 

the maximum stroke (or spring compression at shock bind in Fox‟s case). For the second 

group of tests, only the MR damper and Cane Creek shock were used as test objects. 

The objective is to verify whether the MR damper has the capability to match the 

performance of more advanced shocks. Considering the amount of force that a coil 

spring adds displacement tests were performed using input sinusoids with amplitudes of 

8mm and 13mm and frequencies of 2Hz, and 4Hz, respectively. Table  3.1 shows all 

second group test scenarios in dark color. 

The last group of tests performed at this stage were investigating the result of 

temperature changes on the performance of the MR damper. Since this effect was not of 

great value at the initial stages of the project; not too many accurate tests were 

performed.  

3.2. Analysis of results 

The force vs. displacement and force vs. velocity plots were used to study the 

performance of various shocks tested Figure  3.5 shows four key positions of 

experiments on force vs. displacement curve for a conventional bicycle damper. In this 

figure, BDC and TDC refer to bottom dead center (maximum damper length) and top 

dead center (minimum damper length) of the excitation travel, respectively, while the M 

points during compression and rebound, indicate the point at which the shock reaches 

peak velocity. The experiments on force vs. displacement and force vs. velocity plots 

start at zero velocity at BDC. It then follows the curve in counter clockwise and clockwise 

directions, respectively.  

The actuator compresses the shock from low speed (0.0 m/s) at point BDC and 

then accelerates until the maximum velocity is reached at point M. The compression 

decelerates from point M to point TDC where shocks reach zero speed again. The shock 

rebound can be seen on the plot starting at point TDC which accelerates to the 

maximum speed at the mid-stroke. From here, the shock rebound circuit is under 

deceleration until BDC is reached. 
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3.2.1. Data acquisition and Performance evaluation 

After performing the tests, all acquired data were converted and altered into 

MATLAB format. Using the MATLAB filter toolbox, a low pass filter was designed and 

applied to the input signal. A code was developed to read appropriate data from relative 

folders and calculate velocity and obtain the force vs. displacement and force vs. velocity 

curves. Afterward, a series of different scenarios were chosen to illustrate the 

performance of the dampers. The results of these scenarios are shown in in Appendix A. 

A summary of the results obtained are described in the following sections. 

Effect of input stimuli amplitude on performance 

Generally speaking, a larger input amplitude results in higher damping forces. 

Increasing the amplitude affects both rebound and compression, resulting in wider force 

 

(a) 

 

(b) 

Figure 3.5 Experimental results (a) the force-displacement curve for a 
conventional bicycle damper (b) the force-velocity curve for a 
conventional bicycle damper. 
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vs. velocity hysteresis loop. The area inside force vs. displacement loop determines the 

energy dissipation in a damper. Since power is the rate of change of energy in a system; 

therefore, the area inside force vs. velocity curve represents power consumption. In this 

section, the forces vs. displacement responses of all four dampers are compared based 

on amplitude of the input displacement. A comparison of the dampers using a frequency 

of 2Hzin the high rebound condition and low compression is presented in Figure  3.6. The 

same comparison for low rebound and high compression and a force vs. velocity for this 

condition is provided in Appendix A.  

Input stimuli frequency effect on performance 

As it was mentioned in chapter 2, the velocity of oil flowing through the orifices of 

a damper has a direct relationship with the amount of damping force created. This 

a 

  

b 

c 

  

d 

Figure 3.6 Force vs. Displacement in High Rebound (HR)- Low Compression (LR) 
with 2Hz frequency and different amplitudes: (a) D1 (b) D2 (c) D3 (d) 
MR damper. 
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phenomenon can be seen in Figure  3.7, where the performances of D3 and MR damper 

under the same displacement amplitude of 23mm but different oscillation velocities are 

presented. 

Rebound circuit and compression circuit effect on performance 

A general understanding is that high rebound is a situation in which the damper 

tends to quickly return to its normal location, meaning that the amount of damping force 

during rebound would increase. Higher rebound affects the top half of the displacement 

curve. On the other hand, the bottom half of displacement curve is related to 

compression circuit. When on high, a valve that connects the air chamber to the main 

cylinder closes, making it harder for oil to flow. Consequently, compression produces 

more damping force. Figure  3.8 exhibits the effect of changing the knob setup on each 

D1 to D3 dampers. 

  

(a) (b) 

Figure 3.7 (a) F-V curve of D3 damper for different frequencies at 23mm amplitude, 
(b) F-V curve of MR damper for different frequencies at 23mm 
amplitude. 
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The damper D1 does not have a compression circuit. Hence, it is only tested 

under higher and lower rebound adjustments. The flat bottom part of the curve clearly 

illustrates non variability of the compression. In the meantime, a comparison between (a) 

and (c) can easily show the effect of the compression circuit. Now the difference 

between D2 and D3 is very obvious at low speeds (close to the origin). D3 is equipped 

a 

  

b 

c 

  

d 

e 

 
 

f 

Figure 3.8 Comparison of the effect of knob adjustment: (a) F-D of D1 for LR and 
HR, (b) F-V of D1 for LR and HR, (c) F-D of D2 for LR and HR, (d) F-D 
of D2 for LR and HR, (e) F-D of D3 for LR and HR ,(f) F-D of D3 for LR 
and HR. 
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with two extra knobs for low velocity rebound and high velocity compression, which 

makes the damper range very wide. Also the characteristic of the damper is almost 

linear when considering the force vs. velocity curve (a desirable feature in mountain 

bicycle damper design).  

Effect of the Input current on performance 

MR dampers do not have any compression or rebound circuits, but instead, their 

damping force can be regulated by applying different values of currents to the coil. 

Because of internal design of flow annular, the hysteresis effect of an MR damper is 

bidirectional. This behavior can be easily modified by applying a controller that can 

provide current to the MR damper as necessary. Figure  3.9 (a), (b) show changes in MR 

fluid performance when an input current is applied to the coil of MR fluid. The apparent 

increase in the damping force can be achieved by increasing the applied current. This 

property enables the MR damper to achieve a wide ranch of damping forces and in 

meantime be able to switch between different curves simultaneously. 

Effect of the parallel coil spring on performance 

The coil spring does not affect the damping properties since it simply adds an 

offset spring force to the damping force. Figure  3.10 compares two MR dampers with the 

  

(a) (b) 

Figure 3.9 MR damper characteristics for different input currents (6Hz, 23mm): (a) 
F-D curve, (b) F-V curve. 
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same input current, frequency, and amplitude, one with coil spring, and the other one 

without. The results show that the force applied to the sensor at BDC significantly 

increases because of adding an offset to the force. Changes in the shape of F-D curve 

are due to the proportionality of spring force with the displacement, i.e. 𝑓 = 𝑘𝑥 . The 

same explanation can be given for the case of F-V curve. The amount of spring force 

just widens the curve, meaning that it adds an offset to the total force, since it releases 

all the potential energy stored in it. As mentioned before, the area under F-V curve is 

power. Clearly, implementing a spring increases the level of power consumed. Figure 

 3.10 shows the effect of adding a spring to the MR damper for different amplitudes and 

frequencies. 

a 

  

b 

c 

 
 

d 

Figure 3.10 Results for MR with spring (current: 0.8 A; amplitude: 08 and 13 mm; 
frequency: 2 and 4 Hz): (a) F-D characteristic, (b) F-V characteristic. 
Comparison of MR characteristic with and without spring (current: 0.8 A; 

amplitude: 13 mm; frequency: 4 Hz): (c) F-D curve, (d) F-V curve. 
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3.2.2. Proof of feasibility 

Amongst all the selected conventional dampers, the D3 damper is the most 

advanced one, Most of the riders prefer to use this model in their downhill bikes. 

Therefore, if the MR damper can duplicate the damping force of D3 dampers, then it has 

the capability to replace D3 dampers as well as many other available models in the 

market. In order to have a meaningful comparison between D3 and MR damper, we 

selected a specific amplitude-frequency excitation pair (i.e. amplitude: 13 mm; 

frequency: 4 Hz), and gathered all the results of D3 and MR damper tests for this pair as 

shown in Figure  3.11. 

 

 

Figure 3.11 Comparison of results for MR and D3 dampers (Without Spring; amplitude: 13 
mm; frequency: 4 Hz): (a) F-D curve, (b) F-V curve. 
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As it can be seen in the figures, the damping force of D3 damper in Higher 

Compression - Lower Rebound condition, can be easily duplicated if the MR damper 

applied current is properly controlled. The recorded forces from the MR damper tests do 

not cover the force range of the D3 damper in the Lower Compression - Higher Rebound 

condition. This is because we applied electrical currents only up to 0.8 amperes to avoid 

coils overheating during the long time experiments. In an actual ride, high rebound 

damping is needed only for short periods of time, which can be produced by applying 

higher electrical currents (up to 1.5 amperes). 

3.3. Conclusion 

In this chapter an existing MR damper was tested alongside three conventional 

mountain bicycle shocks. The objective was to verify the feasibility of such 

implementation. A mechanism was designed, fabricated, and employed to perform the 

above comparative tests.  A comparison between conventional double barrel damper, by 

Cane Creek, and MR damper, by Lord Corp, was made. The results indicate the 

feasibility of using MR dampers to provide the same levels of damping that can be 

achieved by using conventional mountain bike dampers.  
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Chapter 4. Design, Simulation, and Optimization 

In this chapter, we initially investigate the structure and components of two 

commercial dampers. Based on these designs and requirements for a mountain bike, a 

series of design criteria are developed. The magnetic circuits of MR damper valves are 

further investigated. An Initial model is created in SolidWorks which is imported into the 

COMSOL Multiphysics software to be analyzed using Finite element Analysis (FEA) 

techniques. The finite element model is imported into the MATLAB optimization toolbox 

for design and optimization to achieve the required design criteria.  

4.1. Study of two commercial dampers 

In this section, we study the conventional Fox Van R shock and Lord 8041-MR 

dampers in full detail. The idea is to get familiar with the structural configuration of these 

dampers. These designs can be modified to achieve the required design criteria, for 

example in terms of weight and size.  

Fox Van R Downhill Shock absorber 

A downhill conventional shock by Fox, referred to as D2 in the previous chapter 

disassembled for reverse engineering. In hydraulic dampers, movement of the rod is 

transferred directly to the piston. The displacement of the piston would result in a 

pressure change in each chamber. As a result, oil flows from the higher to the lower 

pressure chamber. In the above path, oil deflects the shims that block the flow orifice. 

Increasing the thickness using a harder material, and tighter configuration of shims, 

would increase the pressure drop. As a result, the damper becomes stiffer and 

consequently the damping force increases. A mathematical model for the damping is 

proposed in [83].  
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A detailed dissection of this damper is shown in Figure  4.1. In order to 

disassemble the damper, a small hole was drilled in the gas chamber pressure valve to 

let the air pressure out and prevent any sudden outbreak of oil. After inflation of gas the 

chamber, a cylinder rod-end cap was opened and hydraulic oil was unfilled carefully. 

Each part was taken out and cleaned carefully, and role of each component was 

investigated. 

Shaft and Rebound mechanism: Both ends of the shock absorber include 

Eyelets, which are used to attach the damper to a frame body. The rod is made of 

anodized steel with an eyelet at one end with the other end attached to the piston. As it 

was mentioned in chapter 3, a shock absorber is equipped with two adjustment knobs, 

controlling rebound and compression circuits. The rebound adjustment knob is located at 

the shaft end. This adjustment mechanism controls the rate at which the shock extends 

or pulls apart. Turning the knob counter clockwise softens the shock. Figure  4.2(a) 

displays the rebound circuit mechanism. Increasing the damping force happens as a 

result of extended needle, blocking the main passage of oil and directing oil through 

shims. Due to the same mechanism, the rebound phase would be slower, and vice versa 

[84].  

 

Figure 4.1 Detailed dissection of Fox Van R shock absorber. 
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Cylinder rod-end cap: This part is shown in Figure  4.2(b). It is used to close the 

cylinder on one side and contains sealing and guiding of the shaft. A rod wiper is 

implemented for the dual purpose of preventing oil leakage and stopping dirt to enter the 

cylinder. A bushing is utilized to guide the rod and prevent unnecessary non-axial 

movements. The cap is threaded to be fastened to the cylinder with an O-ring used to 

seal the device. A bottom out bumper is used to prevent damage in case of sudden and 

full compression of the damper. 

Piston and shim stacks: The piston is comprised of rebound and compression 

valves and a series of shims, washers, and spacers, attached to each other using a bolt 

and nut as shown in Figure  4.2(c). One way to achieve different damping characteristics 

of the damper, in compression and rebound, is that the two sides of the piston have 

different orifice geometries (see Figure  4.2(d)). An orifice may be large on one side and 

small on the other, which affects how the oil flows through the piston. Shock tune 

generally refers to how the shim stacks are laid out on the piston. Different number of 

shims, shims diameters, and shims thicknesses all contributing to how the shock will 

react to compression and rebound forces. The overall design of the needle orifice, piston 

ports, and stacked shims allows damper operation at various shock shaft speeds. The 

high and low speed compression and rebound forces are affected by this configuration. 

Also, a valve is used for high speed movements of the piston, called blow-off valve. In 

case of sudden greater bumps, the blow-off valve opens due to the pressure rise within 

the damper. This allows the fluid to effectively bypass the more restrictive orifices which 

are normally at work during damper movement on bump[85]. 

Cylinder and preload ring: The cylinder is a lightweight aluminum alloy tube. The 

inside of the cylinder is hard anodized and threaded at the shaft end. To minimize the 

length, the outside of cylinder is fine threaded and fastened into the gas chamber 

coupler. Anodizing of the cylinder is important in preventing corrosion and providing a 

smooth movement of the piston. A preload ring is fastened on the outside of the cylinder 

which has adjustment capability. Figure  4.2(e) exhibits the cylinder and preload ring. By 

fastening the preload ring, the coil spring is simply tightened and the rider can apply a 

preload spring force. Sag is the amount the shock compresses when the rider sits on the 

bike, usually referred to in terms of distance, or as a percentage of the overall travel.  
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Figure 4.2 (a) Rod and rebound adjustment mechanism, (b) cylinder cap and 
bottom out bumper, (c) Piston and shim stacks, (d) compression and 
rebound valves, (e) cylinder and preload ring, (f) Coupler and 
compression adjustment knob, (g) gas chamber cylinder and 
pressure valve, (h) Floating piston. 
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The more preload, the less the sag will be. Increasing preload also increases the amount 

of force required to start the shock in motion which reduces small bump sensitivity. 

Gas chamber coupler and compression mechanism: Often the oil route to 

and from the attached reservoir is used for various adjustments to damping 

characteristics by the addition of separate oil ports with external adjusters. A well 

designed machined coupler (see Figure  4.2(f)) allows for guiding oil from compression 

chamber into the gas chamber through a single radial valve. The flow can be controlled 

by adjusting the compression knob. Turning the knob clockwise tightens the valve, 

making the shock stiffer to compress. This adjustment is also commonly referred to as 

the “Bump”. 

Gas chamber cylinder and floating piston: The damping oil is placed under 

pressure by gas and separated by a floating piston. This concept has several 

advantages. It prevents the chance of cavitations, which happens when the oil cannot 

move fast enough and become extremely hard. It also provides for better cooling, 

especially if the shock absorber has an external cylinder. Another advantage is provision 

of consistent damping, regardless of the shock absorber's working temperature. 

Furthermore, the durability and lifetime of the shock are improved. The external cylinder 

creates a larger cooling area and improves performance and durability[85], (see Figure 

 4.2(g)). The floating piston in Figure  4.3(h) is made of durable plastics and fully sealed to 

prevent leakage of fluid to the gas section.  

Lord 8041 MR Damper 

The MR damper 8041 from Lord Corporation is designed for industrial 

suspension applications. The damper performance was investigated in chapter 3. As 

discussed in chapter 2, the inside cylinder is filled with MR fluid with a piston dividing the 

cylinder into two chambers. The damper was dismantled by drilling a small hole in the 

body of the cylinder to get all the MR fluid out. After drainage of the MR fluid, a section of 

the cylinder was cut, so that the components of the damper can be studied. Figure  4.3 

shows all the components of the MR damper. 
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Cylinder:  The thin cylinder is fabricated from a magnetic material with a black 

coating. In order to figure out the material, an alloy spectrometry was performed at 4D 

labs at SFU. The results show that the alloy is a low-carbon steel, which has most likely 

been used due to its strength, cost, and machinability. Figure  4.4illustrates the results of 

alloy spectrometry. The peak element is iron and shorter ones are carbon and oxygen, 

respectively. Both ends of the cylinder are hard pressed to caps. 

Shaft and cylinder rod-end cap: The rod is a hollow hard anodized steel to 

accommodate wires. There is a handle containing an eyelet and a bushings situated 

inside of eyelet, enabling the MR damper to be attached to a frame. The end of the rod 

is further threaded and attached to the handle as shown in Figure  4.5(a). The cap has a 

mechanism very similar to the Fox damper cap in which a bushing and a rod wiper are 

placed inside the cap to seal the cylinder and guide the rod. 

Piston housing and piston guides: A low-carbon magnetic steel is used in 

fabrication of the tube shaped piston housing, which fits inside the main cylinder. There 

is a slot machined on the outer surface of the piston housing, where a Teflon wear strip 

is fitted. A wear strip is used to prevent wearing of the piston housing and inside of the 

 

Figure 4.3 Detailed dissection of Fox Van R shock absorber. 
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cylinder, as well as stopping any transition of MR fluid in between the housing and 

cylinder. To allow for a proper MR fluid gap between the piston poles and housing, poles 

and core need to be perfectly centered inside the housing. To achieve that, a thin piece 

of metal, shown in Figure  4.5(b), is pressed to the piston housing and held inside the 

piston aligned at the center. 

Piston core, piston poles, and coil: These parts include a magnetic core with a 

through hole at the center for passing wire and a slot for installing the coil. Two magnetic 

poles are pressed on both sides of the core, in order to complete the magnetic path 

shown in Figure  4.5 (d) (showing core and one pole). Finally, a coil wound with non-

magnetic cover fits around the core and between the two poles (see Figure  4.5(c) 

showing coil with a Teflon cover). The main wires pass through the hollow gap inside the 

core, pole, and rod. As mentioned in chapter 2, the diameter and length of core, lengths 

of poles, MR fluid flow gap, and cross section of coil determine the number of turns and 

cross section of the wire. These parameters are important factors that determine the 

value of the induced magnetic.. Figure  4.5(f) shows the MR fluid flow gap. 

Gas chamber mechanism: The Lord 8041 MR damper is not equipped with a 

variable gas chamber or floating piston. The gas chamber consists of a rubber 

diaphragm which divides the fluid from gas. The only purpose of using an air chamber is 

 

Figure 4.4 Spectrometry result for cylinder material (peaks showing Fe, O, C). 
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to compensate for the rod volume entering the cylinder. The cylinder gas chamber-end 

cap is made of steel to endure high pressures. The damper caps are pressed to the 

cylinder body and cannot be opened easily. Figure  4.5(e) displays the diaphragm and 

cap. 

a 

 
 

b 

c 

  

d 

e 

  

f 

Figure 4.5 (a) Rod handle with bushing and wires, (b) Piston housing, wear strip, 
and guides, (c) Coil, (d) Magnetic pole and hallow core with coil slot, 
(e) Rubber diaphragm and cap, (f) MR fluid flow gap filled with MR. 
.fluid. 
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4.2. Optimal design of an MR damper 

Various designs which were investigated in chapter 2 have the potential to be 

implemented in a mountain bicycle application. In this thesis, we study an initial design 

based on the Lord Corp RD-8040-1 MR damper. The objective is to redesign the damper 

based on criteria such as weight and size dictated by the mountain bike application. 

This section presents further details of the design process for our MR damper 

using FEA analysis. The materials utilized in the damper design are investigated 

followed by an analysis of the magnetic field in MR valve. A finite element simulation of 

the MR valve in Comsol Multiphysics is presented next. A constrained optimization 

problem is formulated and solved by integrating MATLAB optimization toolbox and 

Comsol Multiphysics. 

4.2.1. Material selection 

A main step in the design process is to obtain the requirements in a mountain 

bicycle application. Such requirements include having a wide dynamic range, quick time 

response, small power consumption, and most importantly a smaller weight than 

conventional dampers. An important consideration is the choice of the materials to be 

used. In particular, the materials should withstand the induced forces and pressure, be 

corrosion resistant, provide the desired magnetic properties, and have s small mass 

density. 

The first group of components studied were the cylinder, cylinder caps, and the 

shaft. One of the reasons to choose above configuration is that the magnetic circuit is 

formed between the core, poles, and piston housing. Therefore, the cylinder does not 

need to be of magnetic material, hence it can be substituted by less dense materials. An 

important consideration in this case is the strength of materials under pressure. It should 

be noted that most of the applied force is axial. As mentioned before, the cylinder in Lord 

Corp MR damper is made of carbon steel, which is a high density material. Furthermore, 

the shaft is made of high carbon anodized steel and the caps are made of high strength 

steel. Table  4.1 shows various alternatives for carbon steel which are compared in terms 

of density, tensile stress, and material yield point. 
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 Aluminum is a widely available material, easily machinable, fairly light, and high 

strength in high grading. On the other hand, carbon fibre (CF) has high stiffness and 

tensile strength, low weight, high chemical resistance, high temperature tolerance, and 

low thermal expansion. The above characteristics make carbon fibre a favorable choice 

in this application. However, high cost and hard machinability are the shortcomings of 

this material. For the first prototype, Aluminum 7075 which is a strong zinc alloy is 

utilized. This material has strength comparable to many steels, has a good fatigue 

strength, and average machinability. The shaft is made of the same material with a hard 

anodized finish to prevent corrosion. 

Materials for core, poles, and piston housing are made of cold rolled carbon-steel 

1018, a low carbon steel with high machinability, a fairly high relative magnetic 

permeability of 1000, and good strength. Cold rolling increases tensile strength, yield 

strength, torsional strength, surface hardness, and wear resistance. Nguyen and Choi 

[19] employed silicon steel as the magnetic body. Silicon steel is a specialty steel 

tailored to produce certain magnetic properties such as a small hysteresis area (small 

energy dissipation per cycle, or low core loss), high relative permeability of 4000, and 

high saturation up to 1.5 T. However, silicon steel is usually manufactured in the form of 

cold-rolled strips less than 2 𝑚𝑚 thick, called laminations, stacked together to form a 

core, but is hard to machine. Another main consideration for the magnetic body material 

in DC applications of the damper is permeability and saturation magnetization [3]. Based 

on the above considerations, the cold rolled carbon steel 1018 was utilized in the design. 

Table 4.1 Material available for Cylinder body. 

Material Density 
(g/cm^3) 

Tensile 

stress 
(psi) 

Yield point 
(psi) 

Carbon Steel 1018 7.7 64,000 54,000 

Aluminium 6061 2.7 45,000 40,000 

Aluminium 6063 2.7 27,000 21,000 

Aluminium 7075 2.7 83,000 73,000 

Carbon Fiber Tube 1.75 87,000 80,000 
 

 

http://en.wikipedia.org/wiki/Steel
http://en.wikipedia.org/wiki/Magnetic
http://en.wikipedia.org/wiki/Hysteresis
http://en.wikipedia.org/wiki/Core_loss
http://en.wikipedia.org/wiki/Permeability_(electromagnetism)
http://en.wikipedia.org/wiki/Cold_rolling
http://en.wikipedia.org/wiki/Lamination
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The diaphragm used in Lord MR damper was substituted with a floating piston, 

made of ™ Delrin ® acetal resin, with high mechanical strength and rigidity, toughness, 

high resistance to repeated impacts, long-term fatigue endurance, excellent resistance to 

moisture, gasoline solvents, and many other neutral chemicals. 

The last component in an MR damper is the MR fluid. Lord Corp have not 

disclosed the MR fluid used in their damper. In general, there are a few MR fluids 

available in market. Table  4.2compares important properties of some of the available 

commercial MR fluids in the market. The properties of a good MR fluid in mountain bike 

applications are low mass density, low off state viscosity, high maximum shear stress, 

small thermal dependency, near neutral pH (Non-corrosive carrier and additives), and 

having appropriate additives to prevent oxidation.  

In order to reduce the weight, MRF-122EG was initially chosen. However, after 

simulation and optimization of the design, it was concluded that the chosen MR fluid 

cannot provide enough shear stress for produced magnetic field. Therefore, MRF 132DG 

was replaced with the previous MRF which met the optimization constrains. Appendix C 

provides datasheets from Lord Corp. on characteristics of the MR fluids. 

Table 4.2 Commercial MR fluid available. 

 Producer Density 
 g/cm3 

Solids 

Content 

Weight, % 

Max Shear 

stress (Kpa) 
@ 0.7 T 

Off-State 

Viscosity 
 Pa.s 

MRF-122EG Lord 2.28-2.48 72 ~33 0.042 ± 0.020 

MRF-132DG Lord 2.95-3.15 81 ~45 0.112 ± 0.02 

MRF-140CG Lord 3.54-3.74 85 ~55 0.280 ± 0.070 

BASF 2040 BASF 2.47 N/A ~38 0.5 ± 0.04 

BASF 5030 BASF 4.12 N/A ~70 0.41 ± 0.03 
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4.2.2. Magnetic field analysis of MR damper 

The MR fluid flow gap is one of the links in the magnetic circuit of an MR damper, 

along with the magnetic poles and piston housing, Figure  4.6shows all links and the 

magnetic field path passing through the device. Using Kirchoff`s law magnetic circuit for 

an axisymmetric model can be written as: 

where 𝐻𝑘  is the magnetic field intensity in the 𝑘𝑡 link of the circuit,𝑙𝑘 is the overall 

effective length of that link.Also, 𝑁 is the number of turns of the valve coil,𝐼 is the applied 

current, and 𝐻𝑐 ,𝐻𝑝 ,𝐻𝑜𝑝 ,𝐻𝑚𝑟 are the magnetic field intensity of core, pole, outside piston 

or piston housing, and MR fluid gap, respectively. The magnetic flux conservation rule of 

the circuit is given by: 

where 𝛷 is the magnetic flux of the circuit [webers] passing through 𝐴𝑘  the cross-

sectional area [𝑚2], with 𝐵𝑘  magnetic flux density of the 𝑘𝑡 link, respectively. Magnetic 

flux in all links are equal. 𝐵𝑘  is the number of flux lines per unit area [tesla] and increases 

in proportion to the magnetic intensity 𝐻𝑘  as mentioned in chapter 2 [12]: 

Here𝜇0 is the magnetic permeability of vacuum (𝜇0 =  4𝜋 ∗ 10−7 𝑇 𝑚 𝐴−1) and 𝜇𝑘  

is the relative permeability of the 𝑘𝑡 link material. Generally, the B-H curve is nonlinear 

due to entering saturation, or a decrease in polarization capability when magnetic field 

intensity is increased [12]. By using equations  4.1, 4.2, and considering that magnetic flux 

everywhere is equal, and after some simplification, the magnetic field intensity in an MR 

fluid gap can be approximated by [12]: 

 𝐻𝑘 𝑙𝑘 = 2𝐻𝑚𝑟 𝑡𝑔 +  𝐻𝑐  (𝑙𝑐 + 𝑙𝑝) + 𝐻𝑝  (2𝑅𝑃𝑜𝑙𝑒 + 𝑊𝑜𝑝 ) + 𝐻𝑜𝑝  (𝑙𝑐 + 𝑙𝑝) = 𝑁𝐼 4.1 

 

 
 

 𝜙 =  𝐵𝑘𝐴𝑘  4.2 

 

 
 

 𝐵𝑘 = 𝜇0𝜇𝑘𝐻𝑘  4.3 
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in which 𝑁, 𝑡𝑔  and 𝐼 represent the number of coil turns, the gap size, and electrical 

current to the coil, respectively. The electromagnetic force is proportional to the product 

of the number of turns around the core in which the flux is induced. By increasing 

number of turns or input current, the magnetic field in the gap can be increased. Since 

the cross section of the c oil is limited, a higher number of turns should be used to 

reduce the wire cross section, which allows less current. That necessitates the 

optimization of the magnetic circuit for this damper. From the above equation, it can be 

concluded that the relationship between 𝐼 and 𝐻𝑀𝑅  is linear. This level of simplification 

can reduce the accuracyand of results [12], [53]. Therefore, the finite element method 

has been used to achieve an accurate result. 

4.2.3. Finite element simulation 

Initially, a detailed CAD model of the Lord 8041 damper in SolidWorks was 

developed as shown in Figure  4.7(a). In order to set the start point of simulations, The 

LiveLink by Comsol Multiphysics was employed to import a CAD model into Comsol as 

shown in Figure  4.7(b). The imported model was a 3D model which made calculations 

extremely time consuming. Since the geometry of MR valve structure is axisymmetric, 

and to reduce the computational cost, a 2D axisymmetric model with the same 

 

Figure 4.6 MR valve magnetic links and magnetic path. 

 
𝐻𝑚𝑟 =

𝑁𝐼

2𝑡𝑔
 

 

4.4 

 

 
 



 

78 

dimensions as 3D model was developed. Subsequently, the finite element was used to 

model the valve for the purpose of electromagnetic analysis. Furthermore, magnetic flux 

density 𝐵, and magnetic field intensity 𝐻 , in different valve regions were calculated for a 

constant 1 Amp input current (operational current of Lord MR damper for continuous 

operation), and a coil with 400 wire turns. 

Approach and Assumptions 

Design variables (DV) which are chosen for valve optimization are assigned as 

global parameters in Comsol. Figure  4.8illustrates the optimization parameters: core 

radius 𝑅𝑠, gap size 𝑡𝑔, thickness of piston housing wall 𝑤𝑜𝑝 , core length 𝐿𝑐 , and pole 

length𝐿𝑝  chosen as design variables. The Comsol AC-DC module was utilized in 

simulation of the magnetic valve. A stationary magnetic field (mf) was assumed in 

Comsol. The magnetic core material, poles, and outside piston was chosen as soft iron 

with losses to account for magnetization, remnant flux density, and saturation. The coil 

was defined as copper from materials library with general Ampere‟s law applied to 

magnetic field calculations. Finally, the MR fluid was created as a new material using 

data provided in the datasheet of Lord MR fluids MRF122EG and MRF132DG.  

 

  

(a) (b) 

Figure 4.7 (a) SolidWorks CAD model of the Lord 8041 MR damper, (b) Imported 
3D model using LiveLink, (c) 2D model in Comsol. 
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A multi-turn coil was implemented as the magnetic intensity inducer.  The multi-

turn coil node is a lumped model for a bundle of tiny wires tightly wound together but 

separated by an electrical insulator. In this scenario, the current flows only in the 

direction of the wires and is negligible in other directions. For the coil current applied in 

simulation is static (DC), current density is calculated using: 

where 𝑁 is the number of coil turns, 𝐼 is input current, and 𝐴 is the cross sectional area of 

the coil [12]. Therefore, from equation  4.1 it can be inferred that current density of coil 

wire is equal to gradient of magnetic field intensity: 

In simulation study, we assumed that the outside boundaries are fully insulated 

from the surroundings with no magnetic leakage happening. Magnetic insulation adds a 

boundary condition that sets the tangential components of the magnetic potential to zero 

at the boundary. The magnetic field intensities are calculated in nodal points for the core, 

poles, MR fluid, and the piston housing. In order to apply magnetic losses for both iron 

and MR fluid, an alternative Ampere‟s law is used. In the second Ampere law, the 

constitutive relation is based on HB curve. Consequently, using a polynomial 

 
𝐽 =

𝑁𝐼

𝐴
 4.5 

 

 
 

 𝐽 = ∇ × 𝐻 4.6 

 

 
 

 

Figure 4.8 MR damper selected design with DVs. 
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interpolation and soft iron HB curve with losses (see Figure  4.9(a)) flux density is 

calculated. In case of MR fluid, the HB curve was acquired from datasheet using graph 

converting software (see Figure  4.9(b)). Note that the saturation flux of iron is around 1.8 

[𝑇] and for the MR fluid it is around 1.6 [𝑇]. 

Mesh nodes enable the discretization of the geometry into small units of simple 

shapes, referred to as mesh elements. As it is well known, using finer meshes results in 

more accurate results. However, a smaller meshing size results in an increase in the 

computational cost. Different meshing sizes and attributes were applied, and finally a 

fine free triangular meshing was chosen for the entire geometry, except for the MR fluid 

gap, which is meshed using extremely fine free triangular meshes. From simulations, it 

was observed that at the edges of each solid part, inconsistencies happen. Thus to 

increase accuracy at solid part borders, an edge type mesh was applied to borders of 

MR gap and the border line between coil and core. Meshing of the model is exhibited in 

Figure  4.11. The dimensions could change during the optimization process and model 

was rebuilt. Comsol automatically changes the meshing properties during each run.  

 

 

  

(a) (b) 

Figure 4.9 (a) HB curve of Comsol materials library, (b) MR fluid HB curve from 
Comsol obtained from datasheet. 
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(a) (b) 

Figure 4.10 (a) 3D simulation to study x density for Lord MR damper, (b) 2D 
simulation of flux density for Lord MR damper. 

 

Figure 4.11 Customised meshing used for FEA simulation. 
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Output data 

In this study, the finite element method was used to investigate magnetic field 

intensity and magnetic flux density in different domains of valve, during changes in 

geometrical dimensions. The obtained results were further utilised in the optimization of 

magnetic valve. The geometrical model of Lord MR damper was simulated at first to 

investigate the flux density distribution. Design variable dimensions for this model are 

shown in Table  4.3. The resulting 3D model is shown in Figure  4.10(a) and the 2D model 

is shown in Figure  4.10(b). 

The magnetic field intensity 𝐻 and the magnetic flux density 𝐵 of nodes are not 

constant all around various domains. Thus an averaging method, such as nodal 

summation or nodal integration over surface, was performed to obtain the average flux 

density and field intensity in different domains. For the purpose of design optimization, 

the average values across the MR valve gap have been used as shown in Table  4.3 

contains study results for Lord MR damper. 

4.2.4. Optimization using finite element analysis 

The main goal of optimization is to find optimal internal dimensions for an MR 

damper magnetic valve, considering an objective function, while a desired output 

damping force is provided, mass of the MR damper is minimized, and a desired dynamic 

range is obtained. For the design of the MR damper, a series of assumptions need to be 

made. First, particles are distributed evenly in the MR fluid without any concentrations. 

Table 4.3 Design parameters of Lord MR damper. 

PARAMETER VALUE PARAMETER VALUE 

Piston outside radius 18.25 [mm] MR average field intensity 1.07.91 [𝑘𝐴𝑚𝑝/𝑚] 

Gap size 9 [mm] Iron average flux density 1.1702 [T] 

Radius of core 9.9 [mm] MR average flux density 0.58887 [T] 

Width of outer piston wall 4.35 [mm] Iron max flux density 1.85371 [T] 

Length of core 11.25 [mm] MR max flux density 0.9546 [T] 

Length of pole 5 [mm]   
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Further, linear velocity distribution conditions with no slip govern overflow velocity of the 

MR damper. The thermodynamic and inertial effects of the MR fluid are neglected as 

well as the frictional force[48]. 

The flowchart below indicates all the steps in the optimization procedure. In the 

last section, creating the Comsol geometry model was introduced.  

 

Figure 4.12 Optimization procedure flow chart. 
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Optimization objectives 

In a mountain bicycle suspension system application, a high damping force is 

required to minimize the suspension travel, prevent bob pedalling, and reduce high 

amplitude bumps. Hence, a low damping level is favorable to increase ride comfort. As a 

result, a large dynamic range is needed. Also, minimization of MR damper mass is of the 

highest priority due to the requirement of mountain bikes to be as lightweight as 

possible.  

As it was discussed in chapter 2, the main performance indexes of MR damper 

which can be incorporated into the objective function are the damping force, dynamic 

range, and total mass. The total damping force of an MR damper is a combination of 

forces produced by the gas accumulator 𝐹𝑔 , viscouse force due to pressure drop along 

the piston valve 𝐹𝜂 , and active force or shear stress related the MR force𝐹𝑚𝑟 . In the 

absence of a magnetic field, the only forces available are 𝐹𝑔 ,𝐹𝜂 , which generate the 

passive force for MR damper. On the other hand,𝐹𝑚𝑟  is responsible for active 

orcontrollable portion of the forces. 

where 𝑃0 and 𝑉0 are the initial pressure and volume of the accumulator, 𝛾 is the 

coefficient of thermal expansion (ranging from 1.4 to 1.7 for adiabatic expansion), 𝑥𝑝  is 

the piston displacement, and𝐴𝑝  and 𝐴𝑠 are he piston and piston-shaft effective cross-

sectional area, respectively,𝜏𝑦  is the yield stress of the MR fluid induced by the applied 

magnetic field, 𝜂 is the post yield viscosity of MR fluid equal to 0.092,𝐿 is the length of 

the piston, 𝐿𝑝  is the length of the magnetic pole, 𝑅𝑑  and 𝑡𝑔  are the average radius and 

gap of the annular duct, c is the coefficient which depends on flow velocity profile and 

here is equal to 3 [86]. In our optimization, in order to match previous experimental data, 

𝐹𝑔 = 𝐴𝑠𝑃0(
𝑉0

𝑉0+𝐴𝑠𝑥𝑝
)
𝛾

, 𝐹𝜂 =
12𝜂𝐿

𝜋𝑅𝑑𝑡𝑔
3

(𝐴𝑝 − 𝐴𝑠)2𝑥 , 𝐹𝑚𝑟 = 2
𝑐𝐿𝑝𝜏𝑦


 (𝐴𝑝 − 𝐴𝑠) 

4.7 

 

 
𝐹𝑝𝑎𝑠𝑠𝑖𝑣𝑒 = 𝐹𝜂 + 𝐹𝑔 

4.8 

 

 
𝐹 = 𝐹𝑝𝑎𝑠𝑠𝑖𝑣𝑒 + 𝐹𝑎𝑐𝑡𝑖𝑣𝑒  4.9 
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𝐹𝑀𝑅𝑚𝑎𝑥
 is the yield stress force with the maximum applied current of 1 [𝐴𝑚𝑝] at max 

piston velocity of 0.8 [𝑚/𝑠]. The max velocity selection is to match the maximum tested 

velocity for experimental data of chapter 3. The MRF 132DG datasheet provides shear 

stress vs magnetic field intensity curve. (equation  4.10 was developed using curve fitting 

in MATLAB, which shows the induced yield stress of the MR fluid and can be expressed 

as a function of the magnetic field intensity at the poles active area (𝐻𝑚𝑟 ): 

The units for 𝜏𝑦  and 𝐻𝑚𝑟  are 𝑘𝑃𝑎and 𝑘𝐴𝑚−1, respectively. The coefficients 

𝐶0,𝐶1,𝐶2,𝑎𝑛𝑑 𝐶3 are identified from curve fitting as follows: 0.3, 0.42, -0.0012 and 

1.05e-6. 

The dynamic range of MR damper can be expressed as a ratio of the total peak 

force under maximum applied current to the passive force in the absence of current. The 

overall performance of an MR valve can be expressed by the dynamic range. A larger 

dynamic range is indicator of a wide control range, which is highly desirable. Since the 

gas accumulator force is constant in both states, we can omit that. Therefore, the 

dynamic range can be expressed as [12]. 

The total mass is a critical issue in mountain bikes which introduces another 

important index in the optimization function. The damper device mass is a mass function 

of volumes of each component multiplied by density of the material used for that piece. 

Mass function can be expressed as follows: 

𝑀 = 𝜋 𝜌𝑚𝑟   𝑅𝑖𝑐
2 −  𝑅𝑠

2 𝑆𝑡𝑟𝑜𝑘𝑒 + 2𝑡𝑔𝐿𝑝𝑖𝑠𝑡𝑜𝑛) + ⋯ 

𝜋𝜌𝑖𝑟𝑜𝑛  ( 𝑅𝑖𝑐
2  −  𝑅𝑖𝑛𝑝

2  𝐿𝑝𝑖𝑠𝑡𝑜𝑛) + (2𝑅𝑝
2𝐿𝑝) + (𝑅𝑐

2𝐿𝑐))+ . ..    4.12 

 

 
𝜆𝑑 =

𝐹𝜂 + 𝐹𝑚𝑟

𝐹𝜂
 

4.11 

 

 
 

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

3 4.10 
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𝜋 𝜌𝑐𝑜𝑜𝑝𝑒𝑟 ( 𝑅𝑝
2  −  𝑅𝑐

2 𝐿𝑐))  

𝜋𝜌𝑎𝑙𝑢𝑚𝑖𝑛𝑢𝑚 ∗ ( 𝑅𝑠
2 − 𝑅𝑠

2  𝐿𝑠 +  (2𝑅𝑖𝑐
2 𝐿𝑐𝑎𝑝) +  ((𝑅𝑜𝑐

2  −  𝑅𝑖𝑐
2 )𝐿𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 ) ) 

The mass of MR fluid can be calculated by multiplying density in volume where 

the MR fluid exists. The term 𝜋 𝑅𝑖𝑐
2 −  𝑅𝑠

2 𝑆𝑡𝑟𝑜𝑘𝑒 represents the volume of inside the 

cylinder minus shaft. The term  𝜋 𝑅𝑖𝑐
2 −  𝑅𝑠

2 𝑆𝑡𝑟𝑜𝑘𝑒 deals with flow gap. The iron mass of 

the damper is given by 𝐿𝑝𝑖𝑠𝑡𝑜𝑛 which presents piston outer piston, 𝜋 2𝑅𝑝
2𝐿𝑝 accounts for 

two magnetic poles, and 𝜋 𝑅𝑐
2𝐿𝑐  expressesmagnetic core of the mass of 

electromagnetic coil is given by 𝜋  𝑅𝑝
2 –  𝑅𝑐

2 𝐿𝑐. Finally, an Aluminum piston rod which 

was used to reduce weight is with its volume given by 𝜋 𝑅𝑠
2 − 𝑅𝑠

2  𝐿𝑠  . The cylinder 

caps have volume 𝜋(2𝑅𝑖𝑐
2 𝐿𝑐𝑎𝑝 ) and the cylinder tub volume is given by 𝜋((𝑅𝑜𝑐

2  −

 𝑅𝑖𝑐
2 )𝐿𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 .  

The dynamic range and weight are both important indexes for optimization. In 

this case, a multi-objective function is proposed. The proposed objective function tends 

to increase dynamic the range while minimizing weight is expressed as: 

where, 𝑀,𝜆 are the mass and dynamic range, and 𝑀𝑑𝑒𝑠𝑖𝑟𝑒𝑑 , 𝜆𝑑𝑒𝑠𝑖𝑟𝑒𝑑 are the 

desirable values for mass and dynamic range, and finally 𝑤𝑚 ,𝑤𝜆are the weight 

factors for mass  and dynamic range (𝑤𝑚 + 𝑤𝜆 = 1). The weight factors can be 

modified to change the performance of damper. The objective function was thus 

selected as follows: 

 
𝑂𝐵𝐽 =  𝑤𝑚  

𝑀

𝑀𝑑𝑒𝑠𝑖𝑟𝑒𝑑

 + 𝑤𝜆  (
𝜆𝑑𝑒𝑠𝑖𝑟𝑒𝑑

𝜆
) 

4.13 

 

 
 

 
𝑂𝐵𝐽 =  0.7  

𝑀

0.8
 + 0.3 (

4

𝜆
) 4.14 
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Design parameters and constraint selection 

 Constant values related to the cylinder tube diameter, shaft diameter and caps 

lengths were considered in design, by taking into account the physical limitations, 

fabrication difficulties, and material availability. A set of parameters were chosen as 

design variables, which can be optimized to achieve the desired performance indexes. 

Optimization DVs are core radius 𝑅𝑠, gap size𝑡𝑔 , thickness of the outer piston wall𝑤𝑜𝑝 , 

core length𝐿𝑐  , and pole length𝐿𝑝 . Consequently, a group of dependant variables were 

generated to formulate performance indexes. Figure  4.13 illustrates the above 

mentioned constants (dependant variables in blue and design parameters in red). All the 

values for constants and expressions for dependant variables along with corresponding 

units are shown is Table  4.4. 

A constraint function should be generated. Constraints are a series of equality 

and inequalities that describe the physical and performance limitations of the 

optimization process. Table  4.5 shows all the applied constraints in the optimization 

process. Selection of constraints for design variables are mainly based on geometrical 

limitations and experimental observation of sizes in existing models. Also, there are 

constraints to prevent any size value to be negative. The amount of passive force of the 

MR damper is restricted by a 10% tolerance around 𝐹𝑑𝑒𝑠𝑖𝑟𝑒𝑑 , which is applied to prevent 

high values for passive force and consequently, shortening of the controllability range. 

The amount of magnetic field that need to be induced by the coil requires a minimum 

number of wire turn. Therefore, the cross sectional area of coil cannot be smaller than a 

certain size, which is dependent on wire gauge and the number of turns. 

 

Figure 4.13 Optimization design variables and dependent parameters. 
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Table 4.4 Constants and intermediate variables. 

Constant or 
intermediate variable 

Description Value or expression Unit 

𝑹𝒐𝒄 Radius of outside of cylinder 0.019 (1-1/2) Meter (inch) 

𝑹𝒊𝒄 Radius of inside of cylinder 0.015875 (1-1/4) Meter (inch) 

𝑹𝒔 Radius of rod 0.00476 (3/8) Meter (inch) 

𝑹𝒔𝒉 Radius of rod hole 0.00225 Meter  

𝑹𝒐𝒑 Radius of outside of outer piston 𝑅𝑖𝑐 Meter (inch) 

𝑳𝒈𝒄 Length of gas chamber 0.038 (1.496) Meter (inch) 

𝑷𝟎 Initial pressure of gas chamber 4e5 (58) Pascal(psi) 

𝑽𝟎 Initial volume of gas chamber 3e-5  square meter  

𝑹𝒑 Radius of pole 𝑅𝑖𝑐 −𝑊𝑜𝑝 − 𝑡𝑔 Meter 

𝑳𝒑𝒊𝒔𝒕𝒐𝒏 Length of piston 𝐿𝑐 +  2𝐿𝑝 Meter 

𝑾𝒄𝒐𝒊𝒍 Width of coil area 𝑅𝑝 − 𝑅𝑐 Meter 

𝑳𝒄𝒂𝒑 Length of cylinder caps 0.08 Meter 

𝑳𝒇 Length of floating piston 0.08 Meter 

𝑹𝒅 Average radius of annular duct 𝑅𝑝 + (𝑡𝑔/2) Meter  

𝑺𝒕𝒓𝒐𝒌𝒆 Maximum stroke length 55 (2.16) Meter (inch) 

𝑳𝒔 Length of shaft 𝑆𝑡𝑟𝑜𝑘𝑒 + 𝐿𝑐𝑎𝑝
+ .02 

Meter 

𝑳𝒄𝒐𝒊𝒍 Length of coil 𝐿𝑐𝑜𝑟𝑒 Meter 

𝑨𝒄𝒐𝒊𝒍 Cross sectional area of coil 𝐿𝑐𝑜𝑖𝑙 ∗ 𝑊𝑐𝑜𝑖𝑙 square meter  

𝑹𝒊𝒐𝒑 Inner radius of outer piston 𝑅𝑖𝑐 −𝑊𝑜𝑝 Meter  

𝜼 Plastic viscosity 0.092 Pa.s 

𝑰𝒎𝒂𝒙 Maximum current 1 Ampere 

𝑽𝒎𝒂𝒙 Maximum velocity of piston head 0.8 m/s 

𝒄 coefficient of flow velocity profile 3.00 NA 

𝜸 coefficient of thermal expansion 1.4 NA 

𝝆𝒎𝒓 Density of MR fluid 2450 Kg/m3 

𝝆𝒄𝒐𝒑𝒑𝒆𝒓 Density of copper 8690 Kg/m3 

𝝆𝒊𝒓𝒐𝒏 Density of pure iron 7800 Kg/m3 

𝝆𝑨𝒍𝒖𝒎𝒊𝒏𝒖𝒎 Density of aluminum 2700 Kg/m3 

𝑭𝒅𝒆𝒔𝒊𝒓𝒆𝒅 Desired passive force 400 Newton 
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Nguyen et al. [40] indicate that the wire gauge itself does not affect the magnetic field 

induced. Therefore, the cross section of coil is obtained. Section  4.2.5 is dedicated to 

finding the best wire gauge. The term 𝐵𝑀𝑎𝑥  stands for maximum flux density induced in 

the magnetic circuit, which should not exceed saturation limitation of the magnetic 

material. Finally, we need a minimum dynamic range from the damper and values less 

than that do not provide acceptable performance.  

Genetic algorithm for optimum design 

Numerous optimization algorithms have been proposed including non-derivative 

methods such as Simplex, Genetic algorithm (GA), and neural networks. These methods 

have less complexity, but their convergence is not as accurate as more complex 

methods [19]. GA algorithms are stochastic search optimization methods, in which 

random number generation in different computational steps is used. The function 

evaluation methods are not important, since algorithms use function values in search 

process. GA algorithms are easy to employ, but may require a large computational time 

to converge [12]. 

As it was explained in the optimization flowchart, GA starts by assigning random 

initial values within boundaries that are provided for design variables. Optimization uses 

FEA simulation to obtain average magnetic field intensity at active area of poles (𝐻𝑚𝑟 ) 

for each population. Population is the set of design points at current iteration [12]. For 

current population, all the constraints are checked. A population can be considered as fit 

and be used in a parent generation that satisfy all constraints. In the optimization 

problem under study, due to high number of constraints the number of acceptable 

Table 4.5 Design variables and parameters constraints. 

Parameter  Value Parameter Value 

𝑅𝑐 0.005𝑚 ≤ 𝑅𝑐 ≤  0.008𝑚 𝐴𝑐𝑜𝑖𝑙  25m𝑚2 ≤ 𝐴𝑐𝑜𝑖𝑙  

𝐿𝑐  0.008𝑚 ≤ 𝑅𝑐 ≤  0.02𝑚 𝐿𝑝𝑖𝑠𝑡𝑜𝑛  0.05m ≤ 𝐿𝑝𝑖𝑠𝑡𝑜𝑛  

𝐿𝑝  0.003𝑚 ≤ 𝐿𝑝 ≤  0.015𝑚 𝐵𝑚𝑎𝑥  𝐵𝑚𝑎𝑥 ≤  2 T 

𝑡𝑔  0.0005m ≤ tg ≤  0.0015m 𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑟𝑎𝑛𝑔𝑒 3 ≤ 𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑟𝑎𝑛𝑔𝑒 

𝑊𝑜𝑝  0.003m ≤ Wop ≤  0.0045m 𝐹𝑝𝑎𝑠𝑠𝑖𝑣𝑒 0.9 𝐹𝑑𝑒𝑠𝑖 𝑟𝑒𝑑 ≤ 𝐹𝑝𝑎𝑠𝑠𝑖𝑣𝑒
≤  1.1 Fdesired  
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populations are limited. Therefore, population size which is the number of members that 

a generation should perform GA functions was chosen as low as 10. This number is by 

default 15 ∗ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐷𝑉𝑠. In case the constraints are not met, the selected values are 

disposed and new values are randomly selected. 

A few stopping criteria are defined for GA, including the number of generations, 

which has the default value of 100. Since obtaining so many feasible generations are out 

of reach, number of generations are reduced to 20. Function tolerance is another 

stopping criterion which monitors changes in the value of fitness function. The fitness 

function represents the relative importance of a design with higher fitness value meaning 

better design [12]. Depending on what order the fitness function is, an appropriate 

function tolerance need to be assigned. The default value is 1𝑒 − 6 which was changed 

to 1𝑒 − 4 to be in the order of magnitude of the fitness function changes. Another 

stopping criterion is the nonlinear constraint tolerance. Similar to function tolerance, the 

value of this parameter was changed to 1𝑒 − 4 . The smallest tolerance that has an effect 

in the physical model is 0.1 𝑚𝑚, with anything less than that unnecessary due to 

computational complexity. Other stopping criteria are time limit, fitness limit, stall 

generation, and stall time limit, none of which is related to this optimization study and 

therefore left as default value. 

Once enough members of a generation are gathered, GA functions such as 

mutation and cross over are performed in order to increase the average fitness function 

of new born generation in comparison to parents. The optimization cycle continues until 

one of the stopping criteria is met and then the optimized value achieved. A reported 

shortcoming of GA is that the result is not guaranteed to be the global optimum [12].   

Results analysis 

An initial point is selected for the optimization procedure. The performance 

parameters and Comsol simulation results for this initial point are then obtained and 

compared to optimized values Table  4.6. The optimization found 1450 feasible 

populations, until the cost function tolerance reached set limits, after which the 

optimization stopped. Different function values were gathered for each population such 

as maximum damping force, maximum magnetic field intensity in active region of MR 

fluid, volume of MR fluid used in the damper, maximum flux density in the magnetic 
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circuit and MR fluid, and weight of the whole damper. Table  4.6 exhibits the results and 

performance indexes. Figure  4.14 displays the flux density distributions for the initial 

design and consequently for the optimal design. Effect of the optimal design on each 

criteria is investigated here: 

Magnetic field intensity and magnetic flux density: Based on equation 4.7, 

one of the main factors that can increase shear stress and consequently increase the 

damping force is to enlarge the poles active area while avoiding magnetic saturation. 

The length of the core was increased to prevent magnetic saturation, i.e., 1.8 T in iron 

and 1.6 T in MR fluid. Table 4.6 shows that an increase in 𝐻𝑚𝑟 ,𝐵𝑚𝑟 ,𝐵𝑖𝑟𝑜𝑛 with the 

maximum flux density restricted to below saturation levels.  

Dynamic range and maximum damping force: It appears that the optimization 

failed to increase the dynamic range. It should be kept in mind that in problems with so 

many constraints trade-offs are necessary. The reason for reduction in dynamic range is 

an increase in the length of the piston core and a reduction in the magnetic poles length. 

These changes increase the viscous component of damping and decrease the MR 

effect. However, the maximum damping force has increased more than 30%, which 

Table 4.6 Optimization results for design variables and main properties. 

Design Variables  Characteristics 

Parameter Initial Value Optimal Value  Parameter Initial Value Optimal Value 

𝑹𝒄 𝟎.𝟎𝟎𝟖 𝒎  𝟎.𝟎𝟎𝟖𝟗 𝒎  𝑴𝒂𝒙 𝒅𝒂𝒎𝒑𝒊𝒏𝒈 𝒇𝒐𝒓𝒄𝒆 𝑭𝒕𝒐𝒕𝒂𝒍 𝟏𝟑𝟏𝟎 𝑵 𝟏𝟕𝟓𝟎 𝑵 

𝑳𝒄 𝟎.𝟎𝟏𝟐 𝒎    𝟎.𝟎𝟏𝟒𝟓𝒎  𝑨𝒗𝒆𝒓𝒂𝒈𝒆𝑩𝒎𝒓 𝟎.𝟓𝟓𝟗 𝑻 𝟎.𝟖𝟒𝟗 𝑻 

𝑳𝒑 𝟎.𝟎𝟎𝟖 𝒎 𝟎.𝟎𝟎𝟓𝟏𝒎  𝑴𝒂𝒙𝑩𝒕𝒐𝒕𝒂𝒍 ,𝑴𝒂𝒙 𝑩𝒎𝒓 𝟐.𝟏𝟏 𝑻,𝟏.𝟏𝟒 𝑻 𝟏.𝟗𝟔 𝑻,𝟏.𝟓𝟕 𝑻 

𝒕𝒈 𝟎.𝟎𝟎𝟏 𝒎 𝟎.𝟎𝟎𝟎𝟖 𝐦  𝑫𝒚𝒏𝒂𝒎𝒊𝒄 𝒓𝒂𝒏𝒈𝒆 𝝀 𝟔  𝟒.𝟔  

𝑾𝒐𝒑 𝟎.𝟎𝟎𝟒 𝒎    𝟎.𝟎𝟎𝟒𝟐𝐦  𝑾𝒆𝒊𝒈𝒉𝒕 𝑴 𝟗𝟖𝟎 𝒈 𝟕𝟖𝟓 𝒈 

    𝑴𝒂𝒙𝑯𝒎𝒓 𝟗𝟗 𝒌𝑯 𝟐𝟏𝟎 𝒌𝑯 

    𝑽𝒐𝒍𝒖𝒎𝒆 𝑽 𝟐𝟏𝟓 𝒄𝒄 𝟏𝟓𝟗 𝒄𝒄 
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shows that each component of the damping force has increased individually, even 

though the ratio is reduced. Figure  4.15 (a), (b) present changes of maximum damping 

force and dynamic range in different iterations. 

Weight and volume of MR fluid: The optimization problem is targeted to reduce 

the weight. Hence, all attempts were made to reduce the MR fluid volume to reduce 

weight. As a by-product, the volume of MR fluid is also reduced. Figure  4.15 (a), (b) 

shows changes in the weight and volume of MR as the optimization procedure 

progresses. The total weight was reduced by 200 grams in comparison to the initial 

design, and was reduced 300 grams more than the Lord MR damper.  

Other constraint are all satisfied in this design such as the minimum cross 

sectional area of coil (26 𝑚𝑚2), dynamic ratio  more than 3, and viscose force within 

10% of 400 Newton which was set to control the amount of passive force. 

  

(a) (b) 

Figure 4.14 (a) Flux density distribution for initial values, (b) Flux density 
distribution for optimized values. 
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4.2.5. Coil wire selection 

As it was mentioned earlier, cross sectional area of coil 𝐴𝑐𝑜𝑖𝑙  in the finite element 

simulation is highly important. However, there are important performance criteria in MR 

dampers such as inductive time response and control energy consumption of the valve, 

which are dependent on the properties of the wire used in the coil. Parameters such as 

cross sectional area of wire𝐴𝑤  and resistance of coil wire𝑟𝑤  can significantly affect 

performance in terms of time response.  

In order to select an appropriate wire size, a series of standard American wire gauge 

(AWG) wires were investigated in terms of their time constant and power consumption, 

by calculation of the number of turns and maximum current that can pass through the 

wires. Table  4.7 shows wires AWG 24-30 which can be used in this application. All wires 

are covered with an insulation layer made of materials such as plastic, rubber-like 

polymers, or varnish. The diameter of wires are provided by manufacturers that can be 

used to calculate number of possible layers of wire wounds that can be used for given 

coil width: 

  

(a) (b) 

Figure 4.15 (a) The maximum damping force in optimization generations, (a) 
bottom weight values in different iterations (b) top Volume of MR 
used in damper in different generations (b) bottom, dynamic ratio in 
generations. 
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where,wcoil is the width of the coil calculated in the optimization process, and Dwi is the 

diameter of wire with insulation. Most importantly, since wire wound starts from one end 

of the core and needs to be finished at the same side, the number of layers need to be a 

positive, real, and even number. Therefore, the number is rounded down to the nearest 

even number. Afterward, by knowing how many layers the coil has, the number of coil 

turns can be calculated from: 

where, 𝐴𝑐𝑜𝑖𝑙 is the cross sectional area of the coil, and𝐴𝑤 is cross sectional area of wire. 

The same process as layers need to be applied to make sure wires are physically 

woundable. The next calculation is the length of wire which is wound around the core for 

different wire gauges, by adding up length of wire used in wounding each layer: 

where, 2𝜋𝑅𝑐 is the circumference of magnetic core that wire is wounded around,𝐿𝑐 is the 

length of core, and 𝐷𝑤𝑖 is the diameter of insulated wire. Resistance of the coil wire which 

can be described as: 

Resistance of standard wire𝑟𝑤 , and maximum current capacity𝐼𝑚𝑎𝑥  of each 

wire is provided in wire datasheet, and length was just calculated. Using acquired 

data, coil power consumption or valve control energy 𝑃  can be expressed as: 

 𝐿𝑎𝑦𝑒𝑟𝑠 =
𝑤𝑐𝑜𝑖𝑙

𝐷𝑤𝑖
 

4.16 

 

 
 

 
𝑁𝑐 =

𝐴𝑐𝑜𝑖𝑙

𝐴𝑤

 4.15 

 

 
 

𝐿𝑤 =   ((2𝜋𝑅𝑐 + (2𝑗 + 1)

𝑙𝑎𝑦𝑒𝑟𝑠 −1

𝑗=0

𝜋𝐷𝑤𝑖 )
𝐿𝑐
𝐷𝑤𝑖

) 
4.18 

 

 
 

 𝑅𝑤 =  𝐿𝑤𝑟𝑤  4.17 

 

 
 

 𝑃 =  𝑅𝑤𝐼𝑚𝑎𝑥
2  4.19 
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 As mentioned in section 4.2.3, for simulation purposes the number of coil 

turn was set to 400 with a current of 1 Ampere. Now that we calculated number 

of turns for each wire size, and maximum current is given, we can simply run the 

simulation and calculate the average flux density in the middle of the magnetic 

core. The magnetic flux of the valve, then can be calculated from: 

where 𝐵𝑐 ,𝐴𝑐  are the magnetic core flux density and cross sectional area𝐵𝑚𝑟 ,𝐴𝑚𝑟  

are the MR gap flux density and cross sectional area,𝑅𝑐 is the radius of magnetic 

core and𝑅𝑑 is radius of center of gap. Since𝐵𝑐 isobtained from Comsol 

simulation,𝜑can be easily calculated. Inductance of the coil𝐿𝑖𝑛  can then be 

computed using all calculated values:  

Finally, inductive time constant of valve𝑇 can be calculated using Inductance, 

and resistance of coil[12], [87]:  

In order to evaluate performance of different wires, a performance index 

𝑁𝑐𝐼𝑚𝑎𝑥  is introduced which presents the inductance of coil per wire. Due to the fast 

nature of mountain biking, limited supply of energy, and high damping force 

requirements an optimal wire for mountain bicycle application should have a high 

inductance, as well as, a small time constant and low power consumption. Therefore a 

weighted, non-dimensional evaluation criterion is introduced as follows: 

 𝜑 =  𝐵𝑐𝐴𝑐 =   𝐵𝑚𝑟𝐴𝑚𝑟 = 2𝜋𝑅𝑐𝐵𝑐 = 2𝜋𝑅𝑑𝐵𝑚𝑟  4.20 

 

 
 

 
𝐿𝑖𝑛 =

𝑁𝑐𝜑

𝐼𝑚𝑎𝑥
 

4.21 

 

 
 

 
𝑇 =

𝐿𝑖𝑛
𝑅𝑤

 
4.22 
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where, 𝐼𝑁𝐷 = 𝑁𝑐𝐼𝑚𝑎𝑥  is maximum ability of coil to induce magnetic field , 𝑤𝑝  ,𝑤𝑇  ,𝑤𝐼𝑁𝐷are 

weight factors related to power consumption, time constant, and maximum ability of coil 

to induce magnetic field. Since all the above criteria are equally important, all weights 

are considered to be 1 in calculation. The smaller the number, the better the 

performance will be Based on the calculated evaluation factor, an AWG of 25 is the most 

suitable function  implemented in the fabrication. 

Table 4.7 AWG wire properties and calculated performance. 

 AWG
24 

AWG 
25 

AWG 
26 

AWG 
27 

AWG 
28 

AWG 
29 

AWG 
30 

𝐷𝑤𝑖 Diameter with 
insulation(m) 

.00054
1 

.000483 .000431 .000387 .000347 .000312 .000251 

𝐷𝑤𝑜𝑖 Diameter 
without insulation(m) 

.00051 .000454 .000403 .000360 .000320 .000287 .000254 

𝑟𝑤Resistance of 
wire(Ω/m) 

.0841 .1061 .1338 .1688 .2128 .2684 .3384 

𝐼𝑚𝑎𝑥 Max current (A) 3.5 2.7 2.2 1.7 1.4 1.2 .86 

Layers of wire 4 4 4 6 6 6 8 

𝑁𝑐Max wire turns 146 204 223 306 342 436 571 

𝐿𝑤Length of wire (m) 5.36 5.88 6.47 11.39 12.44 13.59 21.03 

𝑅𝑤Resistance of 
coil(Ω) 

.449 .622 .869 1.90 2.64 2.88 7.09 

𝑃  Power 
consumption (W) 

5.50 4.53 4.2 5.50 5.18 4.15 5.24 

𝐿𝑖𝑛 Inductance(H) .004 .0075 .0096 .0175 .023 .0353 .0631 

𝑇 Time constant(Sec) .009 .0121 .0111 .0092 .0087 .0122 .0089 

𝑁𝑐𝐼𝑚𝑎𝑥  511 550.8 490.6 520.2 478.8 523.2 491 

Eval 0.0871 0.29845 0.00750 0.01649 0.21160 0.16803 0.14374 
 

 

𝐸𝑣𝑎𝑙 = 𝑤𝑃  
𝑃 − 𝑃𝑎𝑣𝑔

𝑃𝑚𝑎𝑥 − 𝑃𝑚𝑖𝑛
 + 𝑤𝑇(

𝑇 − 𝑇𝑎𝑣𝑔

𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛
)  + 𝑤𝐼𝑁𝐷(

𝐼𝑁𝐷𝑎𝑣𝑔 − 𝐼𝑁𝐷

𝐼𝑁𝐷𝑚𝑎𝑥 − 𝐼𝑁𝐷𝑚𝑖𝑛
) 4.23 
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4.1. Conclusion 

In this chapter the design, simulation, and optimization of magnetic valve 

components were discussed in full detail. Initially, in section  4.1 a conventional shock 

absorber by Fox, and a MR damper by Lord Corp, were analyzed and each component 

was investigated. Study of existing shocks provided us with a better understanding of 

practical designs and necessary considerations in designing our prototype. Afterward, an 

optimization index was defined and the materials required were. Furthermore, the 

magnetic field for MR valve was analysed and a finite element analysis simulation model 

was developed from existing Lord MR damper. Moreover, an optimal design approach 

using FEA was utilized. A weighted objective function was introduced to optimise weight, 

and dynamic damping force range of MR damper. Optimization results for geometrical 

design were investigated. After obtaining geometrical design, coil area dimensions were 

used to inspect different wire gauges available.  
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Chapter 5. Fabrication and testing of a prototype 
MR damper 

In this chapter, the fabrication procedure of MR damper for mountain bicycle 

application was explained and some of the challenges, limitations, and important 

considerations in the fabrication process were pointed out. A SolidWorks model was 

developed base on the optimization results of Chapter 4 section 2.Additionally , the 

materials for the components were selected and components were fabricated and 

assembled. Also, a series of experiments were performed on the prototype model to 

evaluate the performance. The details of the prototyping and testing are presentedin the 

following sections. 

5.1. Materials, sealing, CAD design, and prototyping 

The prototyping began by using the result of the optimization process in chapter 

4 section 2. One point that we did not considered was that we used Metric units in the 

optimization while for fabrication in machine shops the preference is in Imperial units. 

That imposed some modifications and changes in the design and dimensions. The 

property of the material was identified form the optimization however the real challenge 

was to find exact materials as suggested by the simulation. For the Aluminum parts, one 

important consideration was anodization of the surfaces that were in contact with MR 

fluid to avoid wear and corrosion. Table  5.1 shows the list of the materials used in the 

prototype, and their relative sizes. Figure  5.1 displays a detailed sectional view of the 

proposed MR damper and the bill of material was also included. More CAD designs were 

provided in Appendix B. 

Cylinder: As it was mentioned in chapter 4, the size of the cylinder of damper 

was fixed during optimization. For this application, three diameter sizes of aluminum 

tubes, with outer diameters of 1
3

4
 , 1

1

2
 , 1

1

4
 (𝐼𝑛𝑐) and wall thickness of 1

8
 (𝐼𝑛𝑐), were 
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considered and optimization was performed for all. Results showed that the smallest size 

cannot satisfy the dynamic force range, and largest size increases weight of the  

damper significantly, therefore medium size was selected. For the material of cylinder, 

shaft, and the caps, Aluminum 7075 alloy is chosen because of its high strength, i.e. 

close to steel, as well as high machinability, and light weight (the density is very close to 

other aluminum alloys). The cylinder was threaded inside from both sides, and the caps 

were threads on their circumferences to close the cylinder. To ensure there will be no 

leak PTFE O-ring is placed between the caps and cylinder. A challenging part there was 

to peak the right tolerances for the O-rings. Fabricated cylinder is displayed in Figure  5.2 

(a).  

Shaft and rod-end cylinder cap: the shaft was cut from an anodized rod of the 

same aluminum alloy as the cylinder. A through hole was drilled in the shaft to pass the 

wires. As it can be seen in the CAD model of Figure  5.1 the shaft hole was threaded so it 

can be fastened to the piston to hold it in place as well as the piston guide. Rod-end 

Table 5.1 List of components utilized in prototype.  

COMPONENET MATERIAL SIZE  VALUE 

Cylinder Aluminum 7075 tube 

Outer diameter  

Wall thickness 

1-1/2 [in], 38.10 [mm] 

1/8 [in], 6.35 [mm] 

Cylinder caps Aluminum 7075 bar Diameter 1-1/2 [in], 38.10 [mm] 

Shaft Aluminum 7075  rod Diameter  3/8 [in], 9.525 [mm] 

Magnetic core , poles, outer piston 
AISI 1018 mild carbon 

steel bar 
Diameter  1-1/2 [in], 38.10 [mm] 

Bushing  Steel Inner diameter 3/8 [in], 9.525 [mm] 

H-wiper PTFE Inner diameter 3/8 [in], 9.525 [mm] 

O-Ring PTFE Outer diameter 1-7/16[in], 36.51[mm] 

Quad-ring PTFE Outer diameter 1-1/2 [in], 38.10 [mm] 

Wear strip Teflon Outer diameter 1-1/2 [in], 38.10 [mm] 
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cylinder cap was sealed using a combination of rod wiper and bushing. A PTFE H-type 

rod wiper, i.e. similar to two U-cops was used to prevent leakage and stop dust 

penetrating inside the damper. Also a linear self-lubricating shaft bushing is utilized to 

align the inner piston with the outer body and prevent any lateral movements. The shaft 

and piston can slide along shaft axis. Figure  5.2 (b) displays the rod-end cylinder cap 

with the H-wiper, and the bushing. 

 

Figure 5.1 Detailed SolidWorks CAD design of proposed damper. 

 
 

(a) (b) 

Figure 5.2 Prototype (a) Cylinder and caps (b) Rod-end cylinder cap. 
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Gas chamber cylinder cap and floating piston: As it was mentioned before, a 

floating piston was separating MR fluid from air inside the air chamber. This design was 

different from the Lord MR damper since a high pressure valve was placed at the cap to 

enable us to adjust the pressure of the gas chamber. The adjustable air chamber is 

common in high end conventional mountain bike dampers to give rider higher spring 

force if desired. It should be noted that we used pipe threads, since they provide good 

seal for high pressure pneumatic applications. The floating piston was also made of 

same aluminum alloy as the cylinder. Also, we used a quad-ring which was a seal used 

for sliding application, for the floating piston to prevent MR fluid from entering gas 

chamber. Floating piston was one of the most tolerance sensitive parts in my design, 

because if the ring slot was not perfectly fitting with the quad-ring it can either cause 

leakage, or lots of friction. Figure  5.3 (a), (b) were showing gas chamber cap, and 

floating piston.  

Piston and coil: the piston in Figure  5.4 (a) was consists of a bobbin shape 

magnetic body, which was consist of a magnetic core with the poles attached to each 

other. The coil was wounded around the core. It also included a cylindrical piston 

housing, with an outer diameter very close to the inside diameter of cylinder to prevent 

the fluid pass between them. Two piston guides were placed, to keep the MR fluid flow 

gap constant at all times, and moving the inner piston and outer piston together. Figure 

 5.4 (b), depicts the top view of the piston which shows cross-shaped piston guide, 

attaching inner piston to outer piston. One of the piston guides was attached to the core 

 
 

(a) (b) 

Figure 5.3 Prototype (a) Gas chamber-end cylinder cap with high pressure valve 
(b) Floating piston. 
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using a 4 [𝑚𝑚] long aluminum screw with M4 threads, while the other piston guide is 

fastened between rod and pole. A slot was machined on piston to accommodate the 

wear strip which is a Teflon seal that prevents the MR fluid leak between the cylinder 

and the outer piston. Wear strip needs to be closely fit to minimize friction, while 

preventing the wear of the cylinder. Another design consideration was where to place 

coil winding wires that need to be connected to power source. Wires can get damaged in 

contact with MR fluid. To pass the wire, as illustrated in Figure  5.6,couple of small holes 

were made perpendicular to each other, one to the hallow shaft, and the other  to get 

wire to the surface of the core. Hollow threaded tip attached to pole was used to attach 

the piston to the rod and guide the wire through the shaft. 

As it was recommend by the optimization, two hundred turns of wire was 

wounded around core using AWG 25 coil wire. A layer of insulation was used to prevent 

short circuit due to potential wire damages. Also, a layer of insulation was used to 

prevent the wire to be exposed to MR fluid. Figure  5.4 (a) displays the wounded coil.  

Figure  5.5 (a), (b) illustrate assembled prototyped MR damper. The weight of 

damper without MR fluid was 500 grams. Approximately 150 g MR fluid was used to fill 

the damper and the final weight of the Damper is measured at 650 grams. Considering 

this as the first prototype, a 30% weight reduction in comparison to Lord MR damper was 

achieved, only by material modification and design optimization, which is satisfactory.  

 
 

(a) (b) 

Figure 5.4 Prototype (a) wounded coil (b) Assembled piston. 
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5.2. Experimental performance testing 

In order to evaluate the performance of prototype MR damper same test 

mechanism was utilized. The input was sinusoidal displacement applied to the shaft and 

the damping force was measured using force transducer. Similar to previous tests, 

different input frequencies, amplitudes, and currents were applied to the MR damper. 

Various comparisons were performed to show the performance of developed prototype.  

5.2.1. Effect of displacement amplitude  

Increasing of the amplitude of input displacement resulted in increasing the 

damping force as expected. Figure  5.7 shows three different amplitudes of input 

displacement. Since the results are for input current zero, effect of gas chamber forces 

were totally noticeable in rebound circuit of force vs. velocity graphs.  

 

Figure 5.6 Magnetic core and poles design. 

a 

  

b 

Figure 5.5 Prototype MR damper (a) Assembled part without cylinder (b) 

Assembled MR damper. 
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5.2.2. Effect of displacement frequency 

Tests was done for frequencies of 1 Hz and 6 Hz. A major change in the amount 

of damping force was observed between these frequencies. Since input current is zero, 

the forces are passive and highly sensitive to change in velocity of piston head 

movement.  

a 

  

b 

Figure 5.7 Amplitude change effect for prototype MR damper (a) FD curves (b) FV 
curves. 
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b 

Figure 5.8 Frequency effect for prototype MR damper (a) FD curves (b) FV curves. 
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5.2.3. Effect of input current  

Input current had a significant effect on variations in amount of damping force. 

Since the objective was to have low passive forces and high dynamic range of forces, 

the amount of MR related force is relatively high. Figure  5.9 shows the effect of input 

current on damping force. As mentioned earlier, an increase in the input current may 

cause saturation. When a 3 Amp input current was applied to MR damper, as shown in 

black curve, the amount of damping force did not change respectively, showing that 

magnetic valve have reached saturation.     

5.2.4. Comparison of parallel plate model and experimental data 

 As mentioned in chapter 4, parallel plate quasi-static model was used to predict 

behavior of MR damper. Model is an approximation and is neglects some forces such as 

friction. Also, model is not considering effect of high velocities on performance of 

damper. Therefore, results of predicted model and experimental data can vary in high 

velocities. Figure  5.11 (a) compared maximum damping force for each input current at 

low piston velocity of 0.018 [𝑚/𝑠]. Differences between two results are relatively small, 

11% tolerance, which was mainly due to negligence of friction.  Hence, in high velocity of 

0.867 [𝑚/𝑠], proposed model failed to predict the experimental results. Figure  5.11 (b) 

displayed difference between predicted model and experimental data. 

a 

  

b 

Figure 5.9 Input current effect for prototype MR damper (a) FD curves (b) FV 
curves. 
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5.2.5. Comparison of Lord MR damper and prototype MR damper 

A comparison of performances of Lord MR damper and fabricated MR damper 

was needed to evaluate the validation of design. Figure  5.11 (a), (b) were ploted to 

compare passive forces of two dampers. As it can be observed, passive force of 

prototype is less than MR damper, as designed. Figure  5.11 (c), (d) showed total 

damping forces of dampers at same power consumption level. Worth mentioning that 

since wires used in coil winding of two dampers had different internal resistance, input 

current was not a suitable criterion to compare. Although Lord Mr damper showed higher 

damping force for same power consumption, but main objectives of prototype design 

were dynamic range and weight. Both objectives were achieved with this design. Table 

 5.2 displays a comparison between dampers to illustrate shortcoming of prototype 

damper to achieve maximum force. Weight and diameter of damper had decreased, 

which directly affected damping force. 

a 

  

b 

Figure 5.10 Comparison of max damping force for predicted model and 
experimental data  (a) low velocity @ 0.018 (m/s) (b) high velocity 
@ 0.867 (m/s). 

-0.5 0 0.5 1 1.5 2 2.5 3 3.5
0

200

400

600

800

1000

1200

Input current; Amp

M
a
x
im

u
m

 F
o
rc

e
; 

N

Comparison of max force for predicted model and measured data @ 0.018 m/s

 

 

Measured

Predicted

-0.5 0 0.5 1 1.5 2 2.5 3 3.5
0

500

1000

1500

2000

2500

Input current; Amp

M
a
x
im

u
m

 F
o
rc

e
; 

N

Comparison of max force for predicted model and measured data @ 0.867 m/s

 

 

Measured

Predicted

Table 5.2 Parameter comparison of Lord MR damper and prototype. 

Material Passive Force 
(N) 

Max damping 

force @ 1 Hz 

13 mm (N) 

Weight 
(g) 

Dynamic 

range 

Lord MR 8041 150 1200 900 8 

Prototype  100 900 650 9 
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5.3. Conclusion 

This chapter, presented the MR damper fabrication procedure. Chapter includes 

material selection for each component based on properties and availability; selection of 

appropriate seals, in order to prevent fluid leakage and minimize friction. The Solidworks 

CAD designs with necessary design considerations were also presented in this chapter. 

Experiments were performed to show performance of the prototyped damper and results 

were compared with predicted model and the Lord MR damper.   

  

a 

  

b 

c 

  

d 

Figure 5.11 Comparison of Lord MR damper and prototype (a) FD curve 
showing passive force comparison (b) FV curve showing passive 
force comparison (c) FD curve showing total force comparison (d) 
FV curve showing total force comparison 
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Chapter 6. Summary and future works 

The Last chapter of this thesis was dedicated to a summary of this work and to 

illustrate some of its highlights and contributions to the field. Moreover, some 

recommendations for future work have been provided. 

6.1. Research summery 

This work was mainly focused on optimal design and fabrication of a light weight, 

semi-active, controllable MR damper for mountain bicycle application; considering 

dynamics of application, behaviour of MR substance, and structure of existing practical 

dampers for this application. Since, author‟s work was the beginning of an ongoing 

collaboration with the industrial partner of the project (Rocky Mountain), the main design 

criteria was to fabricate a simple and light functional MR damper, which can be easily 

disassembled  to change parts and  configurations. 

The first part of this study was dedicated to demonstrate the feasibility of the 

application of MR damper in mountain bicycles. This task was delivered by performing a 

series of experiments using an existing Lord Corp 8041 MR damper and three 

conventional mountain bicycle shock absorbers. The performance of those dampers 

were studied, using force-velocity curves at various input frequencies and amplitudes. A 

wide range of data was obtained and it was eventually concluded that the MR damper 

has the capability of producing damping forces similar to conventional dampers. 

Next, the dampers were dismantled to better understand the details of internal 

components design, and assemblies. It was found that conventional shock absorbers 

utilize a complicated shim stack assembly and adjustable orifices to control passage of 

oil flow. They also incorporate floating piston and gas chamber, and occasionally an 

alternative high speed piston to control damping properties. It was concluded that 

although MR dampers can control damping forces by adjusting input current, some 
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modification in their valve and orifices‟ alignments and design is necessary to achieve 

the same behaviour as high end conventional dampers. 

The experimental data and the investigation of components of existing dampers 

helped us clarified our approach and objectives. Low weight and high dynamic range of 

damping forces were chosen as main design objectives. Different materials were 

investigated to substitute existing structural materials. We used high strength aluminum 

instead of carbon steel in cylinder body, and originally employed MRF 122EG which has 

less solid content weight percentage in the design. Unfortunately, enough shear stress 

could not be achieved by using low density MR fluid, therefore, MRF132DG which was a 

medium density MR fluid was finally implemented. 

Furthermore, SolidWorks CAD designs were developed and imported to Comsol 

Multiphysics for finite element simulations. Since, simulation time and complexity for 3D 

model was too high, and damper is cylindrical, a 2D axisymmetric model was developed 

and used in the simulations. ACDC module in Comsol is utilized to perform magnetic 

studies of the valve. In order to improve the accuracy of the simulations, various 

considerations were made. Saturation magnetisation of MR fluid and magnetic material 

were taken into account by using B-H curves of material from datasheets. A multi turn 

coil with 400 turns and 1 amp current was used as source of magnetic field. The active 

regions of MR fluid channel, which refers to regions attached to magnetic poles, were 

selected separate from all areas of channel to calculate more accurate flux density in MR 

fluid. Finally all outside boundaries are assumed to be isolated magnetically from 

outside. 

 The simulation model was linked to MATLAB to conduct optimization using 

genetic algorithms. A series of optimization assumption and stopping criteria were 

utilized. MR damper governing formulas; geometrical and performance constraints were 

selected carefully. An initial point was selected within constraints to start optimization 

process. An objective function was selected to minimize weight, and maximize dynamic 

range, with more focus on light design. During each population evaluation, selected 

sizes within constraint were simulated by obtaining magnetic field intensity and magnetic 

flux density. The results were returned to optimization tool to evaluate performance 
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criteria and the process continued until optimization stopping parameters were satisfied 

and optimal answer was obtained. 

Since optimization in finite element was using current density, selection of coil 

wire could not be investigated. In order to find the most suitable coil wire for this 

application, available AWG wires were selected and the performance of each case in 

terms of maximum magnetic field intensity, time constant, and power consumption were 

evaluated. A non-dimensional objective function was developed for easier evaluation of 

wires performance. Finally AWG25 was chosen as the best wire for the design.   

Finally, detailed SolidWorks CAD designs with the consideration of fabrication 

standards were generated. Materials, and appropriate seals were obtained. The parts 

were fabricated and assembled to be tested. Total weight of damper was reduced by 

30% in comparison to Lord MR damper. Experiments were performed for various input 

frequencies, amplitudes, and input currents using same test mechanism that was used 

before. Results were presented and effect of each criterion was investigated. 

Furthermore, a comparison between predicted model  and experimental data was done 

and model shortcoming was investigated. Finally results for prototype and Lord MR 

damper were compared to show that objectives of design were met, although maximum 

damping force could not be achieved. .  

6.2. Recommendations for future work 

As mentioned before, this work is the beginning of a long term project. In near future, 

series of tests will be needed to find experimental data, and compare those results with 

simulation. Also some modifications will be needed for improving performance of damper 

since the current configuration may not be able to reach all performance indexes 

necessary for mountain biking. A few modifications that can be recommended are: 

 Since weight is the most sensitive issue in this application, design need to be 
focused to minimize the volume of MR fluid. This can be achieved by using a 
combination of gas and MR fluid, or by passing MR fluid from an outside tube. 
Another approach can be the application of air springs instead of coil spring. The 
unpopularity of air spring is due to its non-linearity, and thermal dependency. 
The controllability of MR damper can possibly compensate for those 
shortcomings. 
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 Works need to be done to increase shear stress either by increasing active area, 
utilizing valves with multiple coils, valves with perpendicular coil axis; or by 
changing annular valves to radial valves. 

 Attention has to be given to reduce power consumption by implementation of 
permanent magnet in magnetic core and poles.  
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Appendix A.  
 
Experimental test results for four tested shocks 

 

 

 

Top Force Vs. Displacement, bottom Force Vs. Velocity comparison of MR damper 
and D3 with spring.  
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Force Vs. Velocity in High Rebound- Low Compression with 2Hz frequency and all 

amplitudes (a) top left D1 (b) top right D2 (c) bottom left D3 (d) 
bottom right MR dam 
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Top Force Vs. Displacement, bottom Force Vs. Velocity in 4Hzfrequency for D2 
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Appendix B  
 
SolidWorks drawings of prototype. 

 
Sectional view of wire passage and rod-end cap sealing 

 

 
A detailed assembly of finished part 
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(a) (b) 

Piston and shaft CAD drawing and fabricated prototype 

 

 
Floating piston and Quad-ring 
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Appendix C  
 
MRF132DG Datasheet 
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