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Agrip (in Icelandic)

Kveikjan ad rannsékninni er rafsegulvokva gervitij@@ sem parfnast betrumbota.
Gervihnjalidurinn er adlogunarhaefur, i rauntimagrhg@lp rafsegulvokva. Vandamal hafa
komid upp pegar gervihnjalidurinn er notadur i jaerfli adsteedum, eins og fjallgbngu sem
deemi. Markmid verkefnisins er tvipeett: ad auka ls@reegi hnjalidarins undir ahrifum
segulsvids og samtimis ad minnka bremsuvaegi Bajatis pegar segulsvids nytur ekki
vid. Til ad nd markmidunum tveimur er notud sampéetbdferd vokvahdonnunar og
rafsegulvokvavirkjarahonnunar. Rafsegulvokvi enredur, sérsnidinn fyrir notkun i
gervihnjalid. Samhlida vokvahonnuninni, er rafsegldva snuningsbremsa hénnud fyrir
gervihné.

Vio rafsegulvékvahdnnunina er notud adferd tilraumattugu og tveer veenlegar
rafsegulvokvablondur eru metnar i meelitseekjum, titkanar i gervihnjalionum. Vokvar
pbessir eru blandadir og peim gefin einkunn samkvadminnunar markmidum
gervihnjalidarins. Veenlegar rafsegulvokvablonduru emedal annars; eintoppa
rafsegulvokvar med breytilegri agnasteerd og agnamdgitoppa rafsegulvokvar med
blondu af tveimur gerdum af 6gnum i mikrémetra akalg tvitoppa rafsegulvokvar med
ognum i nandmetra skala. Meelikvardi & geedi vokvakdgreindur sem hlutfallid milli
skerspennu i vokvanum, pegar hann er undir ahrgegulsvids, a moti seigju vokvans,
pbegar segulsvids nytur ekki vid. S& vokvi sem hehaeesta hlutfallid mun leida til vids
svids bremsuvaegis i gervihnjalionum.

Vio honnun rafsegulvékvavirkjarans eru notadar ebfelikanagerdar og bestunar.
Likdn eru smidud fyrir bremsuvaegi gervihnjalidarimsed og an segulsvids, par sem
segulsvidslikanid byggir a smabutagreiningu. Hormmomarkmid gervihnjalidarins eru: hatt
bremsuvaegi undir ahrifum segulsvids, lagt bremsuyeegar segulsvids nytur ekki vid og
litta pyngd. Malamidlanir milli hénnunarmarkmidauerannsakadar med fjél-markmida
bestun. Greiningin leidir i ljos betrumbaetur & hdmsem hefur verid nytt i framleidslu a
nyrri og baettri utgafu af rafsegulvokva gervinrgalium.






Abstract

The motivation for this study is a magnetorheolab{®R) prosthetic knee joint. The MR
prosthetic knee is adaptive in real-time via an MRJ. Problems have been experienced
when the prosthetic device is used in demandingitns, like hill-climbing for example.
The goal of this project is twofold; to increase thn-state torque output of the prosthetic
device and, at the same time, to decrease thdaté-torque. To achieve the two goals, a
combined MR fluid design approach and an MR actudésign approach is adopted. An
MR fluid is designed that is tailored for this sifiecapplication. Parallel to the fluid
design, an MR rotary brake actuator is designethi@iprosthetic knee.

The MR fluid design is approached by experimentalaluating twenty-two
potential MR fluid compositions for the proposedide. These fluids are mixed and rated
against the design objectives of the prosthetidogevPotential MR fluid compositions
include; unimodal MR fluids, with a varying pareickize and a variable solid loading,
bimodal MR fluids with two grades of micron-sizedrficles, and bimodal MR fluids with
nanoparticles. A fluid figure of merit is defindait is the ratio between the on-state shear
yield stress and the off-state viscosity. The fluiith the highest ratio will result in the
widest torque range for prosthetic device.

The MR actuator design is approached by buildimgue models of the device and
optimizing the models. An off-state and an on-statalel are developed where the on-
state model is based on a magnetic finite elemaadysis. Design objectives for the device
are: high on-state braking torque, low the offestattational stiffness and low weight.
Trade-offs between the design objectives are egglarith a multi-objective optimization
technique. The analysis suggests design improvenikat have been realized in a newly
built and an enhanced version of the MR prosthetee.
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1 Introduction

Regaining biomechanical function, comfort and dyabf every-day life is a prime
consideration when designing prosthetic devicesafoputees. The magnetorheological
(MR) prosthetic knee, which is the subject of tsiisdy, is an example of such a device.
The study presents a comprehensive and a combirfedd®¥ice design and MR fluid
design approach, aiming to advance the MR prostkate.

1.1 Background

MR fluids are a class of smart materials whose |dggcal properties can be controlled
with a magnetic field. Conventional MR fluids costsof a base fluid, immersed with
ferromagnetic micron-sized particles. With the &ggilon of a magnetic field, the iron
particles are drawn together in electromagnetianshddence, the stronger the magnetic
flux in the fluid, the stronger the particle chaingR fluids have many industrial
applications. They are, for example, increasingin considered in a variety of devices,
such as, dampers, valves, brakes and clutches{@aat al., 2001; Kavlicoglu et al., 2002;
Li et al., 2003; Wereley et al., 2008). ExamplesMR prosthetic devices are a variable
stiffness knee joint (Herr et al., 2003; Ossur ,Ii#)11) and a variable stiffness, below
knee, leg (Carlson et al., 2001; Biedermann, 2088)example of an MR orthotic device
Is a variable stiffness brace (Zite et al., 2006).

An MR prosthetic knee, manufactured by the comgassur Inc. (Ossur Inc., 2011),
is called the Rheo knee. It was originally devetbg®y a group of scientists at the
Massachusetts Institute of Technology and patenteder US patent specification
6,764,520 (Deffenbaugh et al., 2001). The knee ®syreergy of artificial intelligence,
advanced sensors and MR actuator technology adésiibed in detail in Chapter Two.
The knee uses a magnetic field to vary the visgadithe MR fluid, and thereby its flexion
resistance. Unlike existing hydraulic systems, tbsistance offered by the MR fluid is
activated only when the individual needs it, andsitactivated instantly. Hence, the
stiffness of the knee can vary in real time asdtmputee walks. This results in a natural
and effortless motion. The knee is equipped withvidh rotary brake that utilized the MR
fluid in direct-shear mode. The brake consists ofmagnetic coil which is fed with
electrical current to generate a controlled magrfetld in the fluid. The core and the core
sides are made of a cobalt-iron alloy, named Vago{Vacuumschmelze, 2011). This
alloy has the highest magnetic saturation of ativkm soft magnetic materials. The outer
and the inner houses are made of aluminum andurtarrespectively, which are non-
magnetic materials. The steel blades are arrangktlyt side by side in the chamber to
enlarge the area that is affected by the sheae fofte blades are connected alternately to



the outer house (stator) and to the inner hous®rjroThe stator is connected to the
amputee’s residual limb while the rotor is connddtethe amputee’s lower part of the leg
(below the knee), producing the relative motionngein the stator and the rotor. The gap
between the blades, where the fluid resides is Isocmahpared to the thickness of the

blades. As the knee rotates into flexion or extansthe thin rotary blades shear the
particle chains to create resistance. The resualtvaried fluid shear force within the knee,
restoring more natural pelvic position during pvérgy and reducing fatigue levels. The

research presented here aims to advance this dell@eing amputees to tackle more

demanding situations, like hill-climbing for exarapiThe aim is to improve the quality of

life for above-knee amputees using the MR prosthetee.

MR fluids have three common modes of usage, théibi® mode, squeeze mode and
shear mode. Flow mode and squeeze mode are wsezkadmple, in dampers and shock
absorbers. The shear mode is used in the fieldakels and clutches which this project is
concerned with. In shear mode, the fluid is comdi between two plates that move
relative to one another. When considering the figeMR fluid in a particular application,
there are three main concerns associated withluigsf namely, the strength of the fluid
(i.e., the achievable yield stress), the stabihtythe fluid, and the durability of the fluid
(Carlson, 2002). All three areas, mentioned abaxejmportant in the design of prosthetic
devices. The field-induced braking torque of a firesc knee is affected directly by the
shear-yield stress of the MR fluid and the stapilif the knee is affected by the
sedimentation stability of the MR fluid. In addiiioto the three common concerns
mentioned above, a very important factor in thegiesf prosthetic and orthotic devices, is
the zero-field or off-state viscosity of the fluifihe off-state viscosity controls the ability
of the device to move freely in the absence of metgriield. This is of utmost importance
for the user of a prosthetic knee cause it resals more natural and effortless motion.
Although, all areas mentioned above, are importankimit the scope of this project, the
focus will be on the strength and the off-stateasity of MR fluids and to the on-state and
off-state torque of an MR rotary brake device.

A number of research groups have investigated loenhance the strength of MR
fluids; see for example (Tang et al., 2000; Mart805). Perhaps the most widely
employed technique for increasing the yield stiasBIR fluids is increasing the volume
fraction of iron powder. The problem is that thesethods also increase the field-
independent plastic viscosity (Heyes et al., 2004)the field of suspension rheology, it is
well known that the particle size distribution hamsiderable effects on the viscosity of
the suspension (Barnes et al., 1989). A suspensitna broad particle size distribution
will have a lower viscosity than a suspension vaitharrow particle size distribution. The
mechanism by which the viscosity is reduced is teelato the particle packing
characteristics. In recent years, a number of magfieid formulations have used bimodal
distributions to increase the iron concentrationleviimultaneously reducing the viscosity
of the fluid; see, for example (Thurm et al., 20Ggiden et al. 2005). It has been reported
that adding nano particles to a MR fluid sampleaeases the field-induced yield stress of
the fluid (Chaudhuri et al., 2005; Wereley et @D06). This holds true, up to a certain
point. A decrease in yield stress is observed wigro particle concentration is increased
to 7.5% by weight which indicates an optimum inlgistress when a nano particle
concentration of 5% by weight is used (Chaudhuralet 2005). This result is based on
particles sizes of 10 microns and 30-40 nm pasgicfeur application requires smaller
micron sized particles since the prosthetic kndaator can not be loaded with particles



bigger than 7-9 microns in size. The project wilinato find the optimum particle
combination for the proposed application.

As said before, the goals of the projects are amtred from a device point of a view
and from a MR fluid point of view. This is done fpcusing simultaneously on the device
and the fluid. The geometrical design of an MR mpfarake is investigated. A model is
build describing the on-state and the off-statguerof the device. An optimization is
performed on the structure, aiming to increaseotirstate torque and to lower the off-state
torque, at the same time. Summarizing, the prageconcerned with developing an MR
fluid and an MR rotary brake for a particular apation in a prosthetic knee. Results will
show that, what at first might seem as two contitady goals, increasing the on-state
torque and lowering the off-state torque, can Hmthachieved with an appropriate MR
fluid composition and an optimal MR rotary brake tloe proposed application.

1.2 Motivation and goals

Motivated by the use of MR technology in prosthet@vices and to improve an existing
design of an MR prosthetic knee, the goals ofstusly are twofold:

e To develop an MR fluid composition for the prostbé&nee actuator.
* To develop an MR rotary brake for the prosthetie&kjoint.

An MR fluid composition is sought with a suitablalénce between the field-induced
shear yield stress and the off-state viscosityored for the requirements of the proposed
application. An MR rotary brake design is soughtiétiver the desired torque range in the
knee joint.

The research is an MR fluid design endeavor andiRractuator design endeavor. The
aim is to develop an MR fluid for the proposed aggilon and to optimize an MR actuator
to maximize to torque output range of the prosthetvice. The MR fluid design is
approached by indentifying constraints, implicabgdthe proposed application, regarding
solid loading, particle size and the base fluidedd constrain influence the choice of
potential MR fluid compositions. The resulting MRifls are experimentally evaluated and
rated against the proposed application.

Motivated by reducing the cost of testing and ofpeximents in the
development of the prosthetic device, on-state @hgtate torque models are built that
describe the torque output of the device. The mdslelalidated against actual torque
measurements of a working device and has been showe accurate. The models
predictions will reduce the cost in advancing th&® Mrosthetic knee and accelerate
developments.

1.3 Contribution

The contribution of the research is fivefold:

1. The research presents a device model of an MRyrbtaike actuator. Models of
direct-shear mode devices have been built by @thtrors (Kavlicoglu et al., 2006;
Wereley et al., 2008). The model presented hecengprehensive and quantitative



(Gudmundsson et al.,, 2010). Based on MR fluid dtargstics, magnetic finite
element analysis (FEA) and the geometry of theadotu the model predicts the
torque output of the device. The model has beerdatad, with actual torque
measurements of the device, and is shown to aetydescribe the torque output
of a direct-shear mode, multi-plate, MR rotary lr&&udmundsson et al., 2010).

. A multi-objective optimization procedure for an Mitary brake is presented.

Optimization of MR structures has been investigdtgdumerous authors (Nguyen
et al., 2007; Yang et al., 2008). The researchemtesl here realizes that trade-offs
between design objectives exist (Gudmundsson et 28110). Three design

objectives are considered: high on-state torquwe ofif-state torque and low weight.

The optimization procedure explores the couplingwben these three design
objectives. The procedure is believed to be a tmriton to the MR device design

community.

. The effect of nanoparticles on the on-state andoffistate characteristics of MR
fluids have been experimentally investigated. Nantigles in MR fluids have
received the attention of numerous researchesgltiimlast decade (Chaudhuri et
al., 2001; Wereley et al., 2006). This researchliespthat nanoparticles can be
used to moderately increase the on-state sheal sigtss (Wereley et al., 2006).
For the proposed device, nanoparticles were bali¢ggebe attractive due to the
small micron-sized gap in the actuator. A comprehen experimental
investigation on the effect of two grades of nambglas is presented (Jonsdottir et
al., 2010). The research shows a moderate inchedise on-state shear-yield stress.
This was expected at the outset and has been edgaytother authors (Wereley et
al., 2006). However, the research shows a congitbermcrease in off-state
viscosity, even with a small concentration of naartiples (Jonsdottir et al., 2010).
The large negative effect on the off-state visgosias not expected. For the
proposed application in an MR prosthetic knee, wheedimentation is not a
problem, nanoparticles are shown not be desirapteorn This is believed to
provide additional information to the MR fluid reseh community, especially for
researchers developing MR fluids where off-staseasity is of importance.

. The effect of particle size on the characterist€dVIR fluids is experimentally
investigated. This has been researched to a latgateboth theoretically (Lemaire
et al.,, 1995) and experimentally (Genc et al., 2002e literature does not,
however, provide the numerical data needed to npa&dictions for the goals of
this project. The research presented here provitesgjuantitative data, needed to
suggest a carbonyl iron powder for the proposediagimn (Gudmundsson et al.,
2011). This is believed to provide valuable infotimia to MR fluid designers and
MR device designers.

. A preliminary experimental investigation into thiéeet of mixing two grades of
micron-sized particles is presented. This has beeestigated by other authors,
theoretically by Kittipoomwong et al. (2005) andpeximentally by Foister (1997)
and by Bombard et al. (2005), for example. Theltesf this study show that the
off-state viscosity of MR fluids can be decreasgdrixing two grades of micron-
sized particles (Gudmundsson et al., 2011) whichn iagreement with previous
studies. At the same time, the on-state shear gieébs can be maintained when



mixing two grades of micron-sized particles (Gudagson et al., 2011) but an
increase in on-state shear yield stress was netnads. MR fluids using a mixture
of two grades of micron-sized particles are showhé an attractive option for the
proposed application.

1.4 Overview of the thesis

The thesis starts by introducing the applicatiost timotivates the study in Chapter Two.
This is an adaptive MR prosthetic knee with a \@eatorque output. The output is
controlled with a microprocessor that actively colst the magnetic field in the MR fluid

based on sensors in the knee. The design of andi#Ryrbrake is described that utilizes
the MR fluid in direct-shear mode.

Chapter Three describes an on-state and an off-siejue model for an MR rotary
brake. The models are based on on-state and téf-citaracteristics of the employed MR
fluid and the geometrical design of the device. Thedels are validated with torque
measurements from a reference design of the device.

In Chapter Four, the models of Chapter Three aeel tig optimize the device for
torque output. The device design is investigatedaasingle objective maximization
problem and as a multi-objective maximization / mmization problem. The multi-
objective approach explores the trade-offs betwberon-state and the off-state torque of
the device.

Chapter Five describes the MR fluid design procedanlopted for the prosthetic
knee. The chapter lists the ingredients of the Mil$ and the constraints the effect the
chose of ingredients. Twenty-two resulting MR flwdmpositions are presented that will
be evaluated for a potential application in a grest knee.

Chapter Six first describes an experimental sétbap is used to evaluate the MR
fluids. The chapter then presents on-state andtafé rheological measurements for the
twenty-two potential MR fluids. The MR fluids aranked, for the proposed application,
according to a figure of merit. The figure of mastthe ratio between the on-state shear
yield stress and the off-state viscosity. PromiridR fluids are selected for the prosthetic
knee.

Chapter Seven describes MR fluid shear-yield stmagdels. The chapter starts be
introducing a preliminary simple dipole model. Thedel is calibrated with magnetic
characteristics of a particular carbonyl powdesutieng in correct order of magnitude
predictions of shear-yield stress.

Finally conclusions and suggestions about furthatkvare presented.






2 Magnetorheological (MR) Prosthetic
Knee

This chapter introduces the application that maésathis research. This is an MR
prosthetic knee equipped with an MR rotary brakeator. The MR fluid in the actuator is
sheared by densely pack steel blades in the fhaghder, utilizing the fluid in direct shear-
mode.

2.1 Background

Magnetorheological (MR) fluids are currently usadivariety of applications due to their
property of varying viscosity under the influendeaomagnetic field (Jolly et al., 1999;
Carlson, 2005; Wereley, 2008). A sector in which M&ds have been successfully
introduced is prosthetic devices (Carlson et &Q13. For example, MR fluids are used in
prosthetic dampers (Biederman, 2002) and in prasthetary disk brakes, utilizing the
fluid in direct shear mode (Herr and Wilkenfeld 030 Deffenbaugh et al., 2004). An MR
prosthetic knee is an example of a direct shearemielice (Jonsdottir et al., 2009;
Gudmundsson et al., 2010) and this device is thivatmn for the research. In this device,
the field-induced characteristics and the off-steltaracteristics of the MR fluid are of
equal importance. The field-induced shear yieldsstrdetermines how rigid the knee joint
Is, under the influence of a magnetic field, and dif-state viscosity determines how
flexible it is, in the absence of a magnetic field.

Besides MR damping, the most common variable torouakes that have been
employed in prosthetic knees in the past are: rityidn brakes, where one material surface
rubs against another surface with variable forecel siscous torque brakes, which use
hydraulic fluid, squeezed through a variable siagfice or flow restriction plate. Each of
these technologies, as conventionally practicetheénfield of prosthetics, can pose certain
disadvantages. For example, the frictional padsl tenwear and thereby change the
frictional characteristics of the brake and thegtmr response. Viscous torque brakes are
susceptible to leakage of hydraulic fluid due ta@essive pressure build up. The MR
prosthetic knee can overcome most of the limitatiohabove technologies (Ossur, 2006;
Deffenbaugh et al., 2001). The chapter will nowctdiée the MR prosthetic knee.



2.2 MR rotary brake

The reference design of the prosthetic knee, matwied by Ossur Inc., shown in Figure
2.1 can only support light weighted patients. Thal @f this work is to investigate ways to
increase the maximum obtainable torque of knee,itfdo be able to support heavier
patients without decreasing the flexibility of theee joint. Heavier patients require a
higher maximum braking torque when walking dowrnaarsase, but still require a low off-

state stiffness for comfortable movement in fregiom

Figure 2.1. An MR prosthetic knee joint and a oarlfiber prosthetidoot (Ossur Inc.,
2011).

The problem is approached by deriving a device rnibdé describes the on-state and
off-state torque of the knee. Selected design peatens in this model are varied, to
determine which changes can be made to the refer@esign in order to maximize the
braking torque and the knee's operational rangeceSihe torque transmissibility of the
MR devices, shown in Figure 2.2, greatly dependgherrheological properties of the MR
fluid, it is important to fully understand its betar for different conditions.



Figure 2.2. An adaptive MR prosthetic kneeom5$ur Inc., 2011).

The power source in the actuator is a 3 cell Litivion battery, each cell having a
voltage of 3.7 V when it is fully charged, whichsuodts in a total voltage of 11.1 V. The
total voltage drops to approximately 9 V for neapgy batteries. The voltage to the coil is
controlled with a high speed MOSFET transistor. Bletuator is equipped with current
feed-back loop to ensure that the required cuirettie coil is obtained. This is necessary
since a non-linear relationship has been obsereddden the current in the coil and the
applied voltage. This gives a maximum power outgfuapproximately 17 W and allows
for over 24 hours usage of the prosthetic kneeowitla recharge. At the knee’s rotational
axis is an MR rotary brake actuator (Herr and Wifieéd, 2003; Deffenbaugh et al., 2004),
shown if Figure 2.3.

Figure 2.3.The MR rotary brake actuator (Ossur Inc., 2011).

This is a rotary disk type of an actuator, utilgithe MR fluid in direct-shear mode.
The fluid is sheared by densely packed rotatingdddawith a micron-sized gap,



approximately 2Qum (Jonsdottir et al., 2009). The small gap betwsades constrains the
particle size and the solid loading in the MR flulthe MR rotary brake in the knee joint is
micro-processor controlled based on sensors ineheThis allows for a user-adaptive
control during gait (Herr et al., 2003). The bralmsists mainly of a magnetic circuit, a
fluid chamber and housing. An amputee, weightingk§0requires a braking moment of
approximately 40-45 Nm, when walking down stairkisTis what the current reference
design of the knee joint can support. The motivatior this study is to increase the
usability of the knee for heavier patients and rfasre demanding applications, like hill
climbing. The aim is to increase the field-indudedking torque while at the same time
consider how this will affect the off-state rotasgeed of the knee joint and its weight.
Figure 2.4 shows the inner parts of the device.

Outer blade
attchment to outer

spline

Thin blades 5
MR fluid gap

separating outer

and inner blade

Outer spline

Inner spline ri

Second core side-—“"'" l % T Inner blade attachment

to inner spline
Core: Return Path for L’ .__.__\>t
——.»

magnetic field Qt core side

Magnetic coil

Knee axis of
rotation

Figure 2.4. The configuration of the MR rotary leactuatorPeffenbaugh et al., 2001

The actuator consists of a magnetic coil whiched With electrical current to
generate a controlled magnetic field in the bralte arrows inside the actuator, in Figure
2.4, show the direction of the magnetic flux. Tlewecand the core sides are made of a
cobalt-iron alloy, named Vacoflux (Vacuumshmelz@&] P). This alloy has a high magnetic
saturation value. The outer and the inner housesnzde of aluminum, nickel and
titanium. The steel blades are arranged tighttye &y side in the chamber to enlarge the
area that is affected by the shear force. Theelslaule connected alternately to the outer
house (stator) and to the inner house (rotor). WMRefluid separates the stator from the
rotor. The inner parts belong to the rotor whhe uter house along with half of the
blades belong to the stator. The stator is conddotéhe amputee’s residual limb while the
rotor is connected to the amputee’s lower parthefleg (below the knee), producing the
relative motion between the stator and the rofbhe gap between the blades, where the
fluid resides, is small compared to the width & tlades. Without a magnetic field, the
fluid flows freely between the blades. When a nedignfield is applied, carbonyl iron
spheres in the MR fluid are drawn together, formghgins that extend from one blade to
an adjacent one. As the knee rotates into flexioextension, the thin rotary blades shear
the particle chains to create resistance. Thetresa varied fluid shear force within the
knee, restoring more natural pelvic position dugng-swing and reducing fatigue levels.

This particular device introduces constraints anphrticle size and the solid loading
of the MR fluid in the device due to a small migiaed gap between the rotating blades in
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the actuator, shown in Figure 2.4. These consgant considered in a MR fluid design
procedure aiming to develop an optimal fluid fog firoposed application.
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3 An Actuator Model

An actuator analysis will now commence, analyzing developing an MR rotary brake
for the prosthetic knee. Mathematical models areldped that describe the on-state and
the off-state rotary torque of the MR prosthetie&noint and its weight. The applicability
of the prosthetic knee joint to heavy amputees@did by the field-induced torque of the
MR rotary brake. The finite element method is usedvaluate the magnetic flux density
in the MR fluid. The rotational speed is decided diff-state torque and the weight affects
the usability of the knee joint. Low weight of theake facilitates for heavy components
like batteries to be installed in the prosthetie&nThe device and the models will now be
described.

3.1 Background

The subject of this study is an MR rotary brakeiceto be used in a prosthetic knee joint.
An axisymmetric view of the configuration of the gmetic circuit and the fluid chamber in

the brake is shown in Figure 3.1, wherand g are the inner and outer radii of the fluid
chamber, respectively.

Fluid Chamber|
‘7

Inner Housing

Steel blades with
a MR fluid in
between

Magnetic flux oo

Side

Coil

d Fe-Co Core
Fe-Co Core

Fc-C Coil
Side

t Inner Housing

Fluid Chamber

v | v

—

Rotation axis
of the knee

V'S

Figure 3.1. A schematic view of the layout of thagmetic circuit and the fluid chamber.
The schematic is based on the original design of eleal. (2003) and Deffenbaugh et al.
(2004).
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The figure describes the original design of thekbrbom Herr et al. (2003) and
Deffenbaugh et al. (2004). The magnetic circuitthie brake consists of a coil wound
around a cobalt-iron alloy core. The magnetic fisldirected towards the fluid via cobalt-
iron alloy sides that are connected to the endleofluid chamber. The cobalt-iron alloy is
chosen because of its high magnetic saturatiorevafl2.2 T (Jonsdottir et al., 2009). The
gap between the blades, where the fluid residesjdson-sized and small compared to the
thickness of the blades. As the knee rotates ilexidn or extension, the rotary blades
shear the particle chains to create resistancer@hat is a varied fluid shear force within
the knee, restoring more natural pelvic positiomirdy pre-swing and reducing fatigue
levels.

3.2 On-state torque model

The geometry of the brake determines the on-staitpi¢ output of the brake along with
two MR fluid parameters; the shear-yield stress &l post-yield viscosity. The linear
Bingham model (Philips, 1969) is used to represmatshear yield stress in the fluid. The
MR fluid in the actuator, the size of the area th&racts with the fluid, and the magnetic
flux density in the fluid, are factors that affatie field-induced braking torque. The
braking torque is estimated by integrating the slsg@ss, in the fluid, over half of the total
area of blades. Only half of the area is used samég half of the blades are sheared by the
MR fluid. The other half is stationary since theg aonnected to the stator of the actuator.

The yield part of the braking torque can be deriasdfollows and is shear-rate
independent:

Tysa = | Mases 0 O, (B) (WA = 272] 1y, 7 (B) (1 0 (3.1)

wherety(B) is the field-induced shear yield stress in thedflui and ¢ are the inner and
outer radii of the fluid chamber, respectively. eT¥ield part of the on-state torque is
therefore:
2111, (B) [Ny 40
Tyiag = - 3 2= (1 1) (3.2)

The post-yield viscosity part of the braking torquan be derived as follows. The
shear stress is given by:

u
r=y % (33)

wherepy.y is the post-yield viscosity of the MR fluid. Thelocity profile is denoted by
and is a function of the angular velocity, and the radius, r, measured from the axis of
rotation; that is:

u=calr (3.4)
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A linear velocity profile between the blades istased and therefore:

T=H,, B(ﬂ (3.5)

d

whered is the distance between the rotating blades irltiee chamber. The braking force
is:

dF =r(@A= g, de_m [2rlidr M, (3.6)

wherengages IS the number of blade gaps in the fluid chamb&he on-state post-yield part
of the torque is therefore:

2 Lol
dT,, =r[@F = Ty 20 Mt 33 3.7)
d
. Ty, Wy e
Tis = _L dr,., = ° y2d - (=% (3.8)

Equation (3.8) describes the on-state torque douted from the post-yield viscosity
of the MR fluid. This part of the on-state torquepdnds on the shear-rate. Combining
equations (3.2) and (3.8) gives the on state bgakirque in the knee:

T Lv
Ton — % UTB'(B) mblad&s [qros _ r|3) +_; D D’ID—Y d E]blad&s (ro4 _ ri4) (39)

The field-induced shear stress in the MR fluid iatés with steel blades in the fluid
chamber, producing the braking torque of the kikeietion in oil seals and bearings is not
included in Equation (3.9) since it is small congghto the field-induced shear stress in the
MR fluid. A magnetic finite element analysis is doyed to evaluate the magnetic flux
density in the fluid and on-state characteristita ceference MR fluid is used to quantify
the analysis.

3.2.1 On-state characteristics of a reference MR fluid

The on-state braking torque model is based onrsleld stress measurements for a
PFPE-based MR fluid that is currently employedhe brake. The fluid was characterized
with an Anton-Paar Physica MCR 100 rheometer (ArRaiar, 2011), using parallel plate
geometry at a temperature of 20°C. Plates withamdter of 20 mm were used with a gap
size of 1 mm. The MR fluid shear yield stress cusveepresented by:

r,(B) =29000- 29000 cos(B (3.10)

wherezy is the yield stress anl is the average MFD in the fluid. Figure 3.2 shdiws
shear yield stress curve for the reference MR fluid

15



60

I
|
|
|
50****:****
|
|
|
|

N
S

N
o

Shear yield stress [kPa]
w
o

10F---

0 01 0.2 03 04 05 06 07 0.8 0.9 1
Magnetic flux density [T]

Figure 3.2. The shear-yield stress versus magfiexicensity for the reference MR fluid.

The shear yield-stress curve is in agreement wehsured characteristis of MR fluid
with a solid loading of 0.28 by volume and with tH& iron powder, shown in Chapter
Six.

The post-yield viscosity of the reference MR flinids been measured to ey = 4
Pas at a magnetic flux density of 0.55 T. It is ob& by fitting the linear Bingham model
to a measured flow curve at 0.55 T. This value loé tmagnetic flux density is
representative for flux values in the actuator. @hgular speed is assumed to be 8.2 rpm
which is representative for the working angularespef the knee and it equals the speed in
a test rig used to measure the torque of the brékis. defines the on-state MR fluid
characteristics for the device model.

3.2.2 Magnetic finite element model

At the outset of this research, an existing twoafsional finite element model of the
magnetic circuit existed (Thorarinsson, Jonsdadiid Palsson, 2006a; Thorarinsson,
Jonsdottir and Palsson, 2006b). The model is sagmifly refined in this work, in order to
determine the magnetic fields in various componehtie knee. The magnetic field in the
MR fluid relates directly to the braking power betknee via the shear yield stress curve of
the MR fluid. The finite element analysis evaluattes magnetic flux density in the fluid
and the yield stress curve gives the shear stneifluid. A coil current of 1.5 A is used
which is the maximum obtainable with the currentfaguration of batteries in the knee.

The magnetic circuit consists of a Co-Fe alloy came sides, and a braking fluid
chamber, with an MR fluid contained between stdablés. The housing is made of
titanium. Figure 3.3 shows the material configrabf the FE model.
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Figure 3.3: Schematic of a finite element modahef MR actuator.

Material 1 in Figure 3.3 is the magnetic Co-Fe citv& magnifies the magnetic
field, generated by the coil. Material 2 is thelcibiat generates the magnetic field.
Material 3 in Figure 3.3 is an internal titaniumusog that is modeled as air, since
titanium is a non-magnetic material. Material 4his fluid chamber of the knee. The model
includes the configuration details of the bladesthe fluid chamber. At last, a large
atmospheric area is modeled around the knee, dimgikne surroundings of the knee.

A non-linear magnetic finite element (FE) analysissed to estimate the MFD in the
fluid. The commercial FE software Ansys (Ansys, POk used in the analysis. The knee
is approximately axi-symmetric and the model igef@e chosen as a 2D axi-symmetric
model. The PLANES3 elements were used to modehtagnetic flux density originating
in a coil wound around the core. This element Bnade 2D plane element, solely with
electromagnetic degrees of freedom. The magrielid is directed with a magnetic
circuit through the MR fluid and back into the coreThe magnetic circuit and its
surroundings are all modeled with the PLANES3 eletmavhere each material receives
different magnetic permeability properties. An age MFD value in the fluid is calculated
to determine a single value for the shear-yieldsstrin the MR fluid. Figure 3.3 shows an
example of the FE analysis a reference designeobtake.
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Figure 3.3 . A magnetic finite element analysisdaeference design of the brake.

The figure shows a saturated cobalt-iron core witMFD of 2.2 T. The MFD in the
fluid is approximately 0.6 T. The FE analysis shdhat the variability of the MFD inside
the fluid chamber is low.

Material properties (Jonsdottir et al., 2009) ie #E model are in the form of non-
linear B-H curves which is the magnetic permeapiit the materials, resulting in a non-
linear FE analysis. Figure 3.4 shows the B-H cudoreghe Co-Fe alloy (Vacuumschmelze,
2007). Note that it has a magnetic saturation vafiebout 2.35 T.

2.5

0 i i i i i i i
0 0.5 i 1.5 2 2.5 3 35 4

H [kAMm]
Figure 3.4. B-H curve for Cobalt-Iron alloy (Vacusohmelze, 2011).

Figure 3.5 shows the B-H curve for the reference Rl (Jonsdottir et al., 2009).
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Figure 3.5: B-H curve for the reference MR fluidriddottir et al., 2009).

It can be seen that the MR fluid has a more limeagnetic property when the
applied magnetic field is small, compared to theReoalloy. As the magnetic field
increases, a gradual magnetic saturation is obdemd consequently, the MR fluid yield
stress saturates.

Figure 3.6 shows the B-H curve for the steel blgdeasdottir et al. 2009).
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Figure 3.6. B-H curve for the steel blades in th&lfchamber.

The steel blade B-H curve has a lower saturatidnevthan the Co-Fe alloy and
reaches the saturation at a much higher excitatibime Co-Fe alloy is therefore a much
better magnetic magnifier compared to standard. stee

The magnetic properties of the atmosphere are @ohahd approximately the same
as of the vacuum. A constamt= 1.257 x 10 H/m relates B and H and describes the
magnetic behavior of the atmosphere.

The magnetic flux density in the fluid is a functiof the geometry of the magnetic
circuit, making the braking torque a function ofddmnal parameters. Figure 3.7 shows
the design parameters and the geometry of the brake
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Figure 3.7. Geometry of the MR rotary brake andi@sign parameters.

It is an axisymmetric view where the axis of synuyés$ at the center of the core.
Table 3.1 shows a list of the design parametergicludes a short description of each
parameter.

Table 3.1. Alist of design parameters.

Parameter | Description

re Radius of the core

Neoil Number of windings in the coil

ts1 Initial thickness of the sides (at the core)

te Final thickness of the side (at the fluid chamber)

ts Start of side thickness reduction (distance froendbre)
tic Thickness of the fluid chamber

d Distance between blades in the fluid chamber

n Number of blades in the fluid chamber

th Thickness of inner housing seat (side cut out)

The inner radius of the fluid chambet,is determined by the radius of the core, the
size of the coil and the size of the inner house, a
(n

rn=r.+a +d, (3.11)

coil coil
where the thickness of coil per winding is dendigd.;, the size of the inner housing by
din. The inner radius is therefore not a design pat@amdhe thickness of the fluid
chambertiy, is used rather than the outer radius of the fndmberr,, wherer, =r; + ts.
The current amplitude in the coil is not a desigrgmeter but is held to a constant value of

1.5 A. This is the maximum the voltage generator ganerate, given the length of the coll
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wire in the current design of the brake. This dedinhe device design parameters of the
StUdy)X = (rC) nCOil) tSl) tSZ) tS) thl dl nl th)'

3.3 Off-state torque model

The geometry of the brake determines the off-dtatgue output of the brake along with
one MR fluid parameter; the off-state viscosityn @éff-state viscosity measurement of the
reference MR fluid is used to quantify the moddieTmain factors affecting the off-state
stiffness are: the inner and outer radii of thelb& the number of blades, the gap between
the blades, the friction in bearings and oils seaisl the off-state viscosity of the MR
fluid.

The off-state viscosity of the reference MR flusdshown in Figure 3.8
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Figure 3.8. The off-state viscosity of the refeeeMR fluid.

It was measured using a StressTech rheometer asaogxial cylinder geometry,
with an inner and outer diameters of 25 mm and 87, nespectively, at a temperature of
20°C.

The off-state device model assumes a constantaif-giscosity ofyr = 0.9 Pa s.
This is a reasonable assumption since a constseusity at high shear-rates is observed in
Figure 3.8.

The off-state rotary stiffness of the brake is dégsd by (Gudmundsson et al., 2010):

off = 1 nu[w w (ro4 - ri4) +Tb +To (312)
2 d
where the off-state viscosity of the MR fluid isnd¢ed byu. The inner radius of the fluid
chamber,r;, is determined by the size of the core, the cod #he inner housing. The
torque due to friction in bearing$,, has been measured to be 0.8 Nm at an angulad spee
of 8.2 rpm, and the friction in oil sealk,, has been measured to be 0.8 Nm, at the same
angular speed.
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3.3.1 Working shear-rate

A rough estimate of the shear-rate, assuming gegmalues from a typical design of the
knee (Gudmundsson et al., 2010) including a ragagipeed of 5 rpm and a micron-sized
gap of 20um, gives a shear-rate of approximately 500shown in Equation (3.13).

p= wl _ 5/600270¢, —r, )/ZDSOOs‘l (3.13)
d d

where angular speed is denoteddbyDespite the low angular speed, the working shear-

rate in the prosthetic knee is high due to the kmalron-sized gap in the fluid chamber

resulting in high shear-rates in the MR fluid. THefines the shear-rate dependent off-state

viscosity that is used in the off-state torque ntode

3.4 Weight model

The weight of the MR rotary brake is decisive i tiotal weight of the prosthetic knee

joint and the below-knee prosthetic leg. The selkaesign parameters all relate to the
magnetic circuit and the configuration of the fluithamber. The total weight of the

magnetic circuit, coil and the fluid chamber is:

M =VCOFe @COFE +VCu |$Cu +VMR |$MR +VFe |$Fe (314)

whereV is the volume of a material apdis the density of a material. The materials are:
cobalt-iron alloy for the magnetic circuit, copgder the coil, PFPE oil and carbonyl iron
powder for the MR fluid, and steel for the bladeshe fluid chamber.

3.5 Model validation

To validate the proposed models, a test rig wad tseneasure the torque of the actuator,
as a function of the current in the coil and th&tional speed. The test rig can be set to
produce three different rotary speeds and theretemiirrent can be adjusted to any value
between 0.0 A and 1.5 A. Table 3.2 shows the resaflithe measurements, made on a
reference design of the rotary actuator (Thoradns2006).
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Table 3.2. Torque measurements made on a refedesggn of the actuator
(Thorarinsson, 2006).

Cail Brakingtorqueat a | Brakingtorqueat a | Brakingtorqueat a
current rotary speed of 1.4 | rotary speed of 4.2 | rotary speed of 8.2
[A] rpm rpm rpm
[Nm] [Nm] [Nm]
0 (off-state) 1.0 1,2 2.4
0.2 6.4 7.8 8.9
0.4 13.1 15.2 17.4
0.7 23.6 26.5 29.1
0.9 29.7 32.6 35.3
1.0 32.8 35.4 37.6
1.1 35.3 37.4 39.7
1.3 37.9 39.9 42.3
1.5 39.7 41.7 43.8

A rotary speed of 8.2 rpm is believed to most dipsepresent the actuator in use.
Table 5.2 shows the torque, in the absence of aetadield, to be 2.4 Nm at rotary speed
of 8.2 rpm. The rotary speed in the models in s$higly is set to 8.2 rpm in all cases. Table
3.3 shows a comparison between the models predéctiod the measured torque values at

this rotary speed.

Table 3.3. A comparison between measured torqueranitled torque
at a rotary speed of 8.2 rpm.

Coil current | Measured torque Predicted torque | Model error
[A] [Nm] [Nm] [%]

0 (off-state) 2.4 2.3 4
0.2 8.9 7.3 18
0.4 17.4 14.4 17
0.7 29.1 26.4 9
0.9 35.3 34.2 3
1.0 37.6 37.1 1
1.1 39.7 39.0 2
1.3 42.3 40.6 4
1.5 43.8 41.7 5

The table shows the device model to be in accosarth measured torque values
in the prosthetic knee actuator. Based on the ptedenodels, a design optimization will

be performed.
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4 Actuator Optimization

The geometrical design of an MR rotary brake isresied in this chapter. This includes
the design of the magnetic circuit and the geometrithe fluid chamber. The design is
formulated as an optimization problem, aiming to xmaze the braking torque.
Subsequently, a multi-objective optimization prabls defined that considers three design
objectives: the field-induced braking torque, tliestate rotary stiffness and the weight of
the brake. Trade-offs between the three desigrchbgs are investigated which provides a
basis for informed design decisions regarding thaities of the prosthetic knee.

4.1 Background

Optimization of MR structures has been investigdigdvarious authors (Nguyen et al.,
2007; Yang et al., 2008; Jonsdottir et al., 2009)s involves optimizing for, among other
properties, the output response (Jonsdottir e28D9), the power consumption (Yang et
al., 2008; Nguyen et al., 2008) and the volumehef $tructure (Nguyen et al., 2007) by
varying the geometry of the device or the MR fl@dmposition (Yang et al., 2008).
Structures utilizing the fluid in valve-mode (Nguyet al., 2007 and 2008) have been
optimized more thoroughly than structures utilizthg fluid in shear-mode. The focus of
this study is on the optimization of a shear-mod® Wbtary structure. The study
demonstrates how multi-objective design optimizatitechniques can aid in the
development of an MR rotary brake.

The prime consideration in existing studies haslmeethe field-induced responses,
leaving the off-state response to a lesser attenfloparametric study has already been
performed on the geometrical design of the MR yobaake in question (Jonsdottir et al.,
2009). This involved maximizing the braking torgofethe knee but did not consider the
off-state minimum rotary stiffness or the weight thie actuator. The previous study
provides valuable insight into the influence ofyiag a single parameter in the model on
the magnitude of the field-induced braking torqiigh® knee. The current study takes a
wider perspective, looking at three design objestivand varying simultaneously all
parameters. It maximizes the field-induced brakimgjue of the knee. This is important
since it allows the knee to be able to support ieearssers and to work in more demanding
situations, such as hill climbing, for examplemiinimizes the rotary stiffness of the knee
in the absence of a magnetic field. This is impdrts it allows faster movements of the
knee, when desired. Finally, the weight of the aitiuis minimized for user comfort and to
facilitate for the installment of heavy componerlike batteries. It is realized that the
design goals can not be addressed separately asdnte extent, the design goals are
contradictory.
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4.2 Optimization problem definition

The actuator design problem is laid out as an apétion problem. Three objective
functions are developed to represent the threguedjectives. The optimization problem
is a mixed integer-continuous problem with nondinebjective functions and non-linear
constraints. First, the design problem is explagd single objective problem. The single
objective approach aims to maximize the field-iretbstrength, implementing the off-state
rotary stiffness as a constraint. The constraiseisto a value that results in an acceptable
rotary speed in the absence of a magnetic fietdpayh a higher speed is desirable. This
leads to a design problem, formulated as a mufgatlve optimization problem. The three
design objective functions represent the on-statkitg torque, the off-state rotary
stiffness and the weight of the brake. This apgdragiges interesting information on the
interaction between three design objectives andaldé information about the design of
the actuator.

4.2.1 On-state objective function

It is important to maximize the on-state brakinggtee of the actuator to facilitate the
prosthetic knee for a wider usage. Objective fuumdli describes the field-induced braking
torque and is based on Equation (3.9), and is gagen

1,00 =N, (B)2/3TLLG +1, 7 - (P 5T 220 (@ +t, )= €))(4)

To evaluate the objective function, a magnetic R&lysis is employed to estimate
the magnetic flux density in the fluid. An averaggdue for the magnetic flux density in the
fluid is calculated giving a single shear yieldess valuezy(B), in the fluid for a given
design parameter set. This completes the formulatidhe first objective function.

4.2.2 Off-state objective function

It is important for the prosthetic knee joint to &ele to rotate freely in the absence of a
magnetic field as it is important for it to providerigid support under the influence of a
magnetic field. Objective functioia describes the off-state rotary torque of the beaietis
based on Equation (3.12), and is given as:

0= ”%;m 0+t — (1)) +T, +T, (4.2)

The parameters of objective functibnare the same as in objective functigrbut
fewer since the off-state rotary stiffness is ueetiéd by the strength of the magnetic field.
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4.2.3 Weight objective function

Describing the material volumes as function of thesign parameters gives objective
functionf; as:

F3(X) = Beore (71 (2 + Loy )+ 72((F, +1,)* — 1) (R
+71((1, + 1) = (1 +1) ) (tg 1)) +
Peu(Negy 270, Tt(doy 1 2 )+ Py (Myaces 8 TT(E +1, Y —17))+ (4.3)
Pre((Looit = Nyaes 18) TT((F; +t,)* = 1))

wherelL i andd are constants representing the length and theediéarof the coil wire,
respectively. This concludes the definition of theee design objectives.

4.2.4 Optimization problem

The design is approached in two ways. In a simgpgroach, the rotary stiffness in the
absence of magnetic field is represented as camsinathe optimization. A maximum of
2.4 Nm is allowed at a rotary speed of 8.2 rpm. dtfiestate torque value is the maximum
tolerable off-state rotary stiffness and represant@acceptable rotary speed in the absence
of a magnetic field. This value is the off-statéarg torque in a reference design of the
actuator and whose value is shown in Table 3.3hétigotary speeds, in the absence of a
magnetic field, are, however, desirable. This lgadhe second approach, where the off-
state rotary stiffness is represented as an additiobjective function, treating the design
problem as a multi-objective optimization problefthird objective is also considered,
the weight of the brake. The multi-objective appioahows the trade-offs between the on-
state and off-state behavior and gives valuablermé&tion on design of the prosthetic
knee.

To represent a limitation in the power capabsitef the batteries, a constraint is
included in the optimization that limits the totehgth of the coil wire, to that of the
reference design of the brake. This limits theltptaver consumption in the optimization
and does, therefore, not reduce the capabilitiéseobatteries.

The optimization problem is defined as follows:

Approach 1:
maxfy(X)
subject to:
fo(x) < 2.4 Nm This value is set has a constraint in
optimization and limits off-state torque to that
of the reference design of the brake.
2nlr Ing, <n[1905[352mm The constraint is the maximum length of the

coil wire based on that of the reference
design.
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Approach 2:
maxfy(X) and minf,(x) and minfz(x).

subject to:

2nlr,[ng <nl19050352mm

coil

The coil constraint in both approaches is due lim#ation in the power source of
the actuator. The power source is 11.1 V and itgemerate a maximum power of 17 W.
The analysis assumes an unchanged power sourceplingzation therefore implements
a constraint on the total length of the coil wirdlte wire resistance to that of the reference
design of the actuator. This limits the analysisthte current power capabilities of the
actuator.

4.2.5 Optimization algorithms

In approach 1, the single objective optimizatiomeaolution strategy algorithm (1+1)-ES
(Coello et al., 2007) is used to maximize the fielduced braking torque. In approach 2,
the multi-objective optimization, a particle swaoptimization (PSO) procedure (Coello et
al., 2007) is used to map the trade-offs betweentlinee design objectives. The PSO
algorithm has been shown to have a fast rate ofargence (Coello et al., 2007) which is
important for the current problem, since the eviadwmaof field-induced braking torque is
computationally expensive. Also, evolutionary altions do not require any assumptions
about the optimization problem, like differentiatyil of the objective functions for
example. The PSO algorithm has been shown to perfeell on a problem where
continuity, differentiability or unimodality of thebjective function is unknown (Ye et al.,
2007). There is no single optimal solution for altirabjective optimization problem. The
solution space is, therefore, explored by inspgatithree dimensional trade-off surface for
the three design objectives. This surface is cdaltledpareto-front (Coello et al., 2007) and
shows a set of solutions that exhibit what is bedie expected in the design of the brake
with regards to the three design objectives.

4.3 Maximum on-state braking torque
Given a rational optimization process, the resolftshe single objective optimization

procedure will now be investigated. Table 4.1 shdhks optimal values of the design
parameters compared to that of the reference design
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Table 4.1. Design parameter values for a maximehd-induced braking torque.

Parameter | Optimized | Reference
design design

le 10.7 mm 9.5 mm

Neoil 310 350

ts1 5.5 mm 4.2 mm

to 3.5 mm 3.2 mm

ts 14.0 mm 12.0 mm

tie 6.5 mm 5.0 mm

d 35um 20um

n 71 63

th 0.60 mm 0.80 mm

A maximum of 61 Nm modeled field-induced brakinggiee is achieved in the
optimized design compared to a torque of 40-45 Nnoriginal design. The optimized
design gives an off-state rotary stiffness of 2mM Which equals the constraint representing
the maximum tolerable off-state rotary stiffneskeTmean magnetic flux density in the
fluid is 0.57 T. The MR fluid is not saturated histvalue as its shear yield stress curve in
Figure 3.2 shows. Gains can, therefore, be expeéctdek braking torque by increasing the
magnetic flux density in the MR fluid. The coil witength constraint, however, restricts
the size of the cobalt-iron core as a bigger ceselts in a longer wire for given number of
windings. This result in a loss of current ampléud the coil using the voltage generator
currently employed in the brake. A core sizergf= 10.7 mm is obtained, given the
presented constraints, which represents the opfilesign. This is a considerable larger
core compared to that of the reference design, avithlue of 9.5 mm.

Comparing the optimized design to the referencggdeof the MR rotary brake,
Table 4.1 shows the parameter values for the cudesign of the brake compared to that
of the optimized design. A measured braking toriguehe current design of the prosthetic
knee, at a rotary speed of 8.2 rpm, is 43 Nm, atimmam current amplitude of 1.5 A. The
most prominent changes, implied by the optimizateme a bigger cobalt-iron core, fewer
coil windings to facilitate for a bigger core, irased number of blades, larger blades, and
a larger gap between blades. A bigger core incsetimemagnetic flux density in the MR
fluid as the FE analysis has shown the core taabgated at current amplitude of 1.5 A in
the coil. A bigger core also increases the magriktic density in the fluid although the
number of windings in the coil is decreased to nama constant wire length. Increasing
the number of blades and their size has a strdiegtefn both the field-induced braking
torque and the off-state rotary stiffness. The tiegaeffect on the off-state behavior can
however be countered with a larger gap betweemltdees. This holds the off-state rotary
stiffness below a tolerable value of 2.4 Nm whiteirgcreased gap has a lesser effect on the
magnetic flux density in the fluid. This results anhigher field-induced braking torque
without increasing the off-state rotary stiffness.

This simple design approach has suggested integeshanges in the design of the
MR rotary brake and will help in future developmeritthe knee. This approach does,
however, tend to over-size the magnetic circuittagnores the weight of the brake. It,
also, does not consider opportunities to decrelaseotf-state rotary stiffness. A multi-
objective design optimization technique is appliedhe design problem to obtain more
detailed information on the design of the brake.
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4.4 Minimum off-state rotary stiffness and
weight

Interestingly for the designer, a multi-objectivetimization procedure produces a whole
set of solutions that all are optimal with respecthe three design objectives. That is, no
design is strictly better than another with respedll three design objectives. Figure 4.1a
and b show all optimal solutions in three dimenalospace where the x-axis is the off-
state rotary stiffness, y-axis is the weight arelzkaxis is the field-induced braking torque.
The figures are obtained using a cubic interpatatino all designs found to be on the trade-
off surface.

SR o SR
IR 0 S
BT ',""0"\\\\\\\\\ e
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Off-state stifness [Nm]

Figure 4.1a. The pareto-optimal solution set, regméng a trade-off surface in three
dimensional objective space.
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Figure 4.1b. The pareto-optimal solution set astaumplot, representing the trade-offs
between the three design objectives.
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The figures can give rise to various interpretaiolh shows that low weight and
low off-state rotary stiffness are not contradigt@bjectives. Designs exist with a low
weight and a low off-state stiffness. The figuae¢éso show that a higher on-state braking
torque results in higher weight and higher offststiffness. Clearly, a solution with a high
field-induced braking torque is also high on weight off-state rotary stiffness. A steep
increase in field-induced braking torque is obsénveFigure 4.1a at low values of the off-
state rotary stiffness, ranging from 2.0 Nm to BU®. For a higher value of off-state
stiffness, the braking torque does not increasplyiimg a maximum in on-state behavior at
an off-state stiffness of approximately 3.5 Nm. Hue designer, this introduces trade-off
decisions between design objectives. For examplan ioff-state stiffness of 2.4 Nm is
allowed, this results in a braking torque of apjpmately 60 Nm. Another approach would
be to decide the weight of the brake and use tteetdadetermine what braking torque is to
be expected as a function of the off-state rot#ifiness. The set of optimal solutions is,
therefore, a good basis for informed design dewigiothe development of the MR rotary
brake.

The field-induced braking torque and the off-statéary stiffness are design
objectives that deserve more attention, in thisiqaar application, rather than the weight.
This is because the weight of the magnetic ciramt the fluid chamber is a small
percentage of the total weight of the prosthetg: [Ehe weight of the prosthetic leg is
approximately 5 kg and is comparable to that oéalthy leg of an average person. Figure
4.1 shows the weight of the magnetic circuit arel fthid chamber to be between 0.3 kg
and 0.5 kg. Despite this fact, it is important twlude the weight objective, since it
prevents the optimization procedure to oversize i@gnetic circuit and introduce
unnecessary costs, weight or volume. Volume congtadesigns, of MR structures have,
been studied in more details by other researchEgsyen et al., 2007).

To visualize the trade-offs between these two dives, an optimal curve is
investigated in a two dimensional space ignorirggttiird design objective. This is done by
selecting the optimal solutions without considerithg value of the weight. Figure 4.2
shows a trade-off curve for the field-induced bmngkitorque and the off-state rotary
stiffness.
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Figure 4.2 A pareto-optimal solution set, repreisgna trade-off curve in two dimensional
objective space.

The figure shows how the off-state low limit movas the on-state high limit
increases. At an off-state low limit of 2.4 Nm the-state high limit is approximately 60
Nm, which is in agreement with results obtainedhwitie single-objective optimization.
Surprisingly, there is an approximate linear relaship between the optimal braking
torque and the optimal off-state rotary stiffnesoa values of the off-state stiffness. The
slope of the curve at an off-state stiffness of I8m is approximately 20 Nm/Nm. This
means that for every 1 Nm increase in field-indulbeaking torque, a 0.05 Nm increase in
off-state rotary stiffness is expected. This isesign rule of thumb and is what is to be
expected based on hundreds of simulated desigs.case

Figure 4.2 also shows that optimal curve flattemtsai high values of the off-state
rotary stiffness. Gains in braking torque can bpeeted by allowing the off-state rotary
stiffness to increase up to a value of 3.5 Nm. Ndge gains can be expected when
exceeding this value.

The optimal values for the design parameters vailvrbe investigated, which are
behind the optimal designs in Figure 4.2. The rabijective approach has produced a
whole set of solutions that are said to be paretoyal, meaning that no solution exists
that has, both, a higher field-induced torque ardwaer off-state rotary stiffness. Figure
4.3 shows the values of the core sizeand fluid chamber sizé&,, for the pareto-optimal
set, as a function of the field-induced brakingjtas.
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Figure 4.3. Values for the core sizg, and the fluid chamber sizi, as a function of the
field-induced braking torque, from the pareto-opatirset.

Figure 4.3 shows that with an increasing fluid chamsize, the braking torque
increases. The larger the area of the blades sigetime fluid, the larger the field-induced
braking torque. The core radius does not exhibg #imple linear relationship. It is
coupled with the number windings in the coil. Thghest braking torque is exhibited with
a core radius of approximately 10 mm, with all otparameters free to take any feasible
value. A magnetic FE analysis has shown the caloaitcore to be saturated, at low values
of the core size, at a maximum current amplitudel & A. This means that gains in
braking torque can be expected by increasing the siae, at low values. At larger core
sizes, the braking torque is shown to decreasd) wiit increasing core size. This is
believed to be due the decreasing number of caidings due to the coil wire length
constraint. The increase in fluid chamber size dagative effect on the off-state rotary
stiffness. The negative effect can, however, bentmyad with a larger gap between the
blades.

Figure 4.4 shows the number of blades in the ftlidmbern, as a function of the
field-induced braking torque for the pareto-optinsat. All other parameters are free to
take any feasible value.
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Figure 4.4. Values for the number of blades, na d&snction of the field-induced braking
torque, from the pareto-optimal set.

The trend is that an increased number of bladestseis a higher braking torque.
The number of blades is increased in a set of fduesto manufacturing reasons. Again,
the increase in off-state rotary stiffness dueh® augmented number of blades can be
reversed with an increase in gap size, as Fig@raslbws. Figure 4.5 shows the values of
the gap sized, for all solutions in the pareto-optimal set, afuaction of the off-state
rotary stiffness.
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Figure 4.5. Values for the gap sizkas a function of the off-state rotary stiffnefssin the
pareto-optimal set.
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It can clearly be seen how the off-state rotarfjre&ss decreases with an increasing
gap size. For an off-state rotary stiffness of/2m, an optimal value for the gap size|s
approximately 30-3mwm. This is a considerably larger gap when comptoexigap size of
20 um in a reference design of the brake. The analygidies that a greater number of
blades and a greater gap size is better suitetidacurrent application.

4.5 Summary

The design of the MR rotary brake in the prosth&tiee can be approached in various
ways. The study shows how design optimization teghes can aid the design of the brake.
The design is a trade-off between many objectivesthe multi-objective approach aims
to select the appropriate balance between thetsdleesign objectives. Maximizing the
field-induced braking torque has strong negatifectfon the off-state rotary stiffness. A
design with a maximum braking torque is clearlywwest solution with respect to the off-
state rotary stiffness. It is, therefore, a desiguision to select the highest tolerable off-
state rotary stiffness and to use the valuable Isition data to determine the design
parameters for the optimal design.

The analysis implies an optimal core size of 10m,nan optimal gap between
blades of 30-3um, and an optimal number of blades to be equalltolhis allows the
off-state rotary stiffness to remain at a maximuerable value of 2.4 Nm. Given this, a
design can be obtained with a field-induced brakingque of 60 Nm. This is a
considerably higher braking torque to that of 40Mi for the reference design. The
simulation data can be used to obtain further ogitiparameter values, for a higher or a
lower off-state rotary stiffness. This can aid tkesigner in making informed design
decisions on further developments of the MR rogatyiator in the prosthetic knee.
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5 MR fluid design

Motivated by the use of MR technology in an actuéo a prosthetic knee (Deffenbaugh
et al., 2004; Jonsdottir et al., 2009; Ossur 18011), this study investigates MR fluids
with a potential application in small devices. Inetaforementioned prosthetic knee
actuator, the MR fluid is contained between a numifethin steel blades that move
relative to one another. As the knee rotates ilgxidn or extension, the blades shear the
particle chains to create resistance; the reswtvaried fluid shear force within the knee.
The MR fluid gap in the knee actuator is microrediand hence, in order for the fluid to
be active in the gap, it can not be loaded withiglas bigger than a few microns. Due to
this size limitation, the research looks towardsémicron-sized particles and nano-sized
particles as a feasible option for the MR fluid gmwsitions to be used in the actuator. Low
solid loadings are preferred due to problems imgctluids with high solid loading into
the small actuator.

5.1 Background

A common goal in the design of MR fluids is to havéigh yield-stress, good dispersion
stability, and keep a reasonably low off-state assty (Goncalves, Koo and Ahmadian,
2006; Wang and Gordaninejad, 2008). The same haol@sfor MR fluids designed for
prosthetic devices. The performance characterisfidghe knee joint relate directly to the
MR fluid. The viscosity of the carrier liquid affescthe sedimentation stability of the MR
fluid and hence the durability of the knee. Thpatality of the knee joint to rotate fast, in
the absence of a magnetic field, is affected bydfiestate viscosity of the MR fluid.
Furthermore, the field-induced shear yield strdsth® MR fluid determines the ability of
the knee to provide a rigid support.

Perhaps the most widely employed technique fore@sing the yield stress in MR
fluids is increasing the volume fraction of ironwater. However, it is well documented
that increasing the particle loading will incredke field-independent plastic viscosity of
the fluid (Goncalves et al., 2006). The currentkv@ms to increase the strength of an MR
fluid without increasing to a large extent the camtcation of solid particles and also to
explore means to reduce the off-state viscositgviBus studies do not provide the
quantitative data needed to make an informed aec@bout a potential MR fluid for the
prosthetic device. The fluid design endeavor isirgmo tailor an MR fluid for the
proposed application, given a set of fluid desigmstraints relating to the size of the
actuator. Prominent MR fluid compositions are selédor the MR prosthetic knee.

In general, magnetorheological (MR) fluid compasis can vary widely. However,
the majority of existing MR fluids are composednaitron-sized iron particles suspended
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in a carrier fluid (Carlson, 2005). Common carfieids are silicone-based, hydrocarbon-
based and water-based (Jolly et al., 1999). An elaof MR fluid structure can be seen in
Figure 5.1.

Figure 5.1. MR fluid off-state and on-state structure.

The effect of particle size and particle size disttion on the on-state and the off-
state rheological behavior of MR fluids have be&ndied by several research groups
(Lemaire et al., 1995; Genc and Phule, 2002; Bothbaal., 2005). Lemaire et al. (1995)
have investigated the field-induced shear stressdsw solid concentrations and low
magnetic field strengths. They show that the otesteeld stress will increase with particle
size, for small particles (approximatelyuin), but to is independent of particle size for
large particles (approximately 50m). A yield stress that is independent of partsiee
relies on the magnetic energy to be large compardide thermal energy. Genc and Phule
(2002) experimentally investigated the effect aftigke size (2um and 7-9um) on the on-
state rheological characteristics of MR fluids. ¥heported the coarse particles to have
higher shear yield stresses compared to the flusilsg the fine particles. They suggested
this to be due to the finer particles having a $enahagnetic saturation value.

The on- and off-state rheological behavior of bimlo#R fluids has been studied
experimentally by Trendler and Bose (2005). Thegorted the off-state viscosity to
decrease with an increasing ratio between coamelpa (6.7um) and the fine particles
(1.8 um). They also reported a bimodal MR fluid (33 % rseaparticles / 67% fine
particles) to have higher field-induced shear sessvhen compared to the corresponding
unimodal fluids. Foister (1997) and Weiss et alDO@ have also used bimodal size
distributions to increase the yield-stress whilendtaneously reducing the off-state
viscosity of MR fluids.

Ternary mixtures have been studied by lerardi amwdniigard (2009), aiming to
maximize the shear yield stress and minimize thestate viscosity. The minimum off-
state viscosity was found to be a mixture of tharse (9um) and fine (1.4um) powder,
leaving out the medium powder (6n), with 32% coarse powder and 68% fine powder.
The maximum shear yield stress was found to bengposition made solely of the coarse
powder (no blend).

In addition to experimental evaluations, the onesthear yield stress in bimodal MR
fluids has been simulated, at the particle leveglKiitipoomwong et al. (2002; 2005) and
Ekwebelam and See (2009). They reported bimodal fMis to have a higher field-
induced yield stress when compared to unimodal MRIg. Kittipoomwong et al (2005)
also reported that the enhancement of the on-skegar yield stress in bimodal MR fluids
is due to the tendency of the smaller particlegttuce the larger particles to form more
chainlike aggregates.
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The rheological properties of conventional MR fluidhave been researched
extensively; see, for example, Wang and Gordaming@08). It is well established that
the shear yield stress can be increased by simphgasing the volume fraction of iron
particles (Carlson, 2005; Foister, 1997; Genc ahdld? 2002; Ginder and Davis, 1994;
Rabinow, 1951). A clear drawback, however, is thatincrease in particle loading,
increases the field-independent plastic viscositthe fluid (Barnes, Hutton and Walters,
1989). It has been demonstrated that the yie&$stis related to particle sizes and patrticle
size distributions. For example, bigger particlghileit higher yield stresses than smaller
particles because they have a higher magneticasmturvalue (Genc and Phule, 2002;
Ginder and Davis, 1994). Furthermore, bidisperspeansions have demonstrated higher
yield stresses than unimodal fluids (Foister, 198ittipoomwang, Klingenberg and
Ulicny, 2005; Trendler and Bése, 2005).

All of the studies mentioned above, deal with negized particles. When the size
of the particles becomes smaller, Brownian moticay meduce the strength of the MR
fluids, although it can aid in stabilizing agairsgdimentation. Several researchers have
studied the effect on rheological behavior of agdimano-sized particles to MR fluids.
Lemaire et al. (1995) studied the influence of ipktsize on the rheological behavior and
found that if the ratio of magnetic interaction mgyeto thermal energy is much larger than
unity, the yield stress increases with particleskormann et al. (1996) made stable fluids
with nano particles in polar liquids, but reporgetbw yield stress. Rosenfeld et al. (2002)
and Poddar et al. (2004) prepared fluids with nsimed iron powders, micron-sized
powder and hybrid fluids, that is, a mixture of moe-sized and nano-sized particles. Both
groups found that the micron-scale fluid exhibitind highest yield stress. However,
Chaudhuri et al. (2005) and Wereley et al. (2006nt that replacing micro particles with
nano particles, in small concentrations, tendeithdcease the field dependent yield stress.
Furthermore, the nano particles reduced the sedatien rate (Wereley et al., 2006).
Similar results were seen by Park, Song and ClaflqR Burguera et al. (2008) found that
yield stress decreased with increasing concentraifonano particles, although stability
was improved. Fang et al. (2009) have studied tfiecte of carbon nanotubes on
sedimentation stability and yield stress. Finallppez-Lopez et al. (2009) analyzed the
dependence on rheological behavior of cobalt povatgparticle diameters in the range 50
nm to 1 um and found that particle size did notehanuch influence on the MR response
for particles larger than 100 nm.

Intrigued by the studies mentioned above, the fafukis project is on developing
MR fluids suitable for a particular application & prosthetic device. An MR fluid
composition is sought that gives a suitable baldeteseen the shear yield stress and off-
state viscosity. As previous studies on MR fluidsntaining nano-sized particles, have
focused on improved yield strength and sedimentasitability, this work provides a
comprehensive experimental investigation of thielfieduced shear yield stress versus the
off-state viscosity for a number of different fluiixtures.

5.2 An MR fluid figure of merit function

In the prosthetic knee, the on-state and the afestbraking torques are of equal
importance. It is desirable for the knee joint eods rigid as possible, under the influence
of a magnetic field, and to be as flexible as guesin the absence of a magnetic field. The
on-state and the off-state torque are describe@&Edwyation (5.1) and (5.2), respectively
(Gudmundsson et al., 2010),
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where T, is the on-state torque andxT is off-state torque. The off-state viscosity loé t
MR fluid is denoted by and the field-induced shear yield stress(& where B is the
magnetic flux density in the fluid. The post-yielscosity of the MR fluid is denoted by
Lp-y. The geometry of the rotary brake is defined by design parameters r,, d and n
(Gudmundsson et al., 2010), shown in Figure 3.%re/ly and g are the inner and outer
radii of the rotating blades, d is the gap size and the number of blades in the fluid
chamber.

A figure of merit function for the prosthetic degigs the ratio between the field-
induced torque and the off-state torque, showngunagon (5.3),
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where F is the figure of merit and defines the werqange of the device. To
simplify the equation, the shear yield stress ahé post-yield viscosity have been
combined to a single shear stress value, denotedatya shear-rate of 508,swhich is the
working shear-rate in the knee. From this simplel\yais, it can be seen that this particular
figure of merit F, for the MR prosthetic devicenche improved by increasing the ratio
between the field-induced yield stress and thestate viscosity. Similar figures of merit
are shared by other MR applications (Jolly et #99). The effect of the gap size, d, the
radii of the blades,.rand r, will be explored in the actuator design sectiostspwing
optimal values for these parameters for the defitesign objectives. The investigation
will pursue the on-state to of-state ratio of th& Kuids in Chapter Six by experimentally
evaluating selected MR fluid compositions for th& idrosthetic knee.

5.3 Base fluid

The base liquid for all samples is a relativelywyeand fairly high viscosity perfluorinated
polyether (PFPE) oil (Hsu et al., 2006; Gudmundssbal., 2009). This base fluid has
attractive thermal properties and enhances sedatient stability. The base fluid is
composed of two PFPE oils. It is 95% NYE UNIFL&R8510 (Nye Lubricants, 2011) and
5% Krytox' ™ 157-FSL (Dupont, 2011), the latter being a disiperagent and will keep the
particles dispersed in the liquid. A PFPE liquidaighain of carbon, oxygen and fluorine
atoms where the molecular structure can be eiihead or pendent. The carrier liquid
employed has a relative density of approximate®y dompared to that of water. It has a
viscosity of approximately 0.3 Fawhich promotes sedimentation stability for the MR
suspensions. Among other applications for PFPE aiés lubricants in hard disk drive
systems (Choi et al., 2005) and generally in varilricant applications. In addition to
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sedimentation stability, PFPE oils have been sededéh the current application due
attractive thermal properties. A relatively low wapressure is an important quality and
makes PFPE oils better suited for the current epfdin rather than the more common
hydrocarbon oils. Its volatility is very low whidk believed to decrease the tendency for
pressure build-ups in the fluid chamber. And witte thelp of a flexible diaphragm
(Asgeirsson et al., 2010), the pressure build-ugs lbe prevented in the sealed fluid
chamber of the knee. Pressure increase was a prabl¢he device and was believed to
cause leakage in the fluid chamber, a problem whashnow been solved.

The density of UNIFLOR" 8510 is 1870 kg/fhand that of KrytoX" 157-FSL is
1960 kg/ mi. A base fluid viscosity of 0.3 Pais relatively high when compared to more
common MR fluid base fluids. This has a consideraitgative effect on the off-state
viscosity of the resulting MR fluid composition (@uundsson et al., 2009). But as
mentioned before, the PFPE base fluid has othelitigsathat are important for the
proposed application.

5.4 Iron particles

The gap between rotating steel blades in the MRtpetic knee is approximately 20n.

The study does therefore employ carbonyl iron powdth mean particle diameter ranging
from 1 um to approximately §m, shown in Table 5.1 and two grades of nano-sized
powder.

Table 5.1. Micron-sized carbonyl iron powders usetthe MR fluids (BASF, 2011).

Particles | Mean particle diameter Iron content| Mechanically
[Dso um]j [%] hard or soft
HQ 1.0 >97.0 Hard
HS 2.1 > 97.0 Hard
OM 4.6 >97.0 Hard
CC 6.0 > 99.5 Soft
CM 8.3 > 99.5 Soft

Nanoparticles are also explored has a potential ssédium due to the small gap in
the actuator. The nanoparticles are 25 nm in diameith an iron content of 99.5%
(Nanostructured & Amorphous Materials Inc., 20143l 400-250 nm in diameter with an
iron content of 98.0% (Nanostructured & Amorphousatéfials Inc., 2011). The 25 nm
particles where handled in an argon glove box wiigparing the MR suspensions.

5.4.1 Morphology and magnetization characteristics

The morphology of the HS iron powder, shown in F&g5.2, was investigated with a
scanning electron microscope (SEM Gemini 1530 FEG).
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Figure 5.2 Morphology of the HS carbonyl iron powder.

The figure shows the HS particles to be regulahgped spheres with a mean
diameter of approximately 2am. Notably, the powder also contains submicronesize
particles. The mean particle diameter is 21, as specified by the manufacturer (BASF,
2011) and the iron content is above 97%. The lem icontent is believed to make the
particles brittle and affect the durability of thHR fluid, employing this particular carbonyl
iron powder.

The magnetization characteristics of the HS iromvger were measured with a
superconducting quantum interference device (SQW@Dantum Design MPMS-5S).
Figure 5.3 shows a magnetization curve for the &if®anyl iron powder.
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Figure 5.3. Magnetization characteristics of thedd&onyl iron powder.
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The sample size was 0.0678 g of new HS carbongl pawder before mixing the powder
and fluids. Measurements were performed at a tesmtyrer of 20°C. The figure shows the
powder to have a saturation value of approximal&90 kAnf/m® at a magnetic flux
density of approximately 1 T.

5.4.2 Solid loading

Solid loading is the amount of solid materials {joéas) in the fluid. Experience with the
MR prosthetic knee actuator has shown problemsise avhen injecting MR fluids with
high solid loading into the device (Bisbee et 2007). This is due to a small micron-sized
gap between the densely packed steel blades imadhuator. The focus of the study is
therefore on MR fluids with lower solid concentaatithan many commercially available
MR fluids (BASF, 2011; Lord, 2011; Jolly et al., 99). As a rule of thumb, a solid
concentration of 0.28 by volume, or approximated6by mass, has been shown to be
injectable into the knee (Bisbee et al., 2007).|&dh2 lists the solid concentrations
considered in the study, where unimodal refers pardicle size distribution with a single
peak while bimodal refers to a distribution withotpeaks.

Table 5.2. Potential solid loadings for the prosthlenee.

Solid loading MR Fluids
0.25 Unimodal
0.28 Unimodal / Bimodal micron-sized / Bimodal nasiped
0.287 Unimodal / Bimodal nano-sized
0.32 Unimodal
0.35 Unimodal

Another reason for the low solid loading is to keabe off-state viscosity at a
reasonably low value. It is important for the knieeotate freely in load free motion and
this gives preference to low particle loadings.

5.5 MR fluid compositions

Using the base fluid, iron powder and the solidlings described in the previous sections,
twenty two different MR fluid compositions were peged for a potential application in the
MR prosthetic knee.

Five unimodal MR fluid samples were prepared, gaghnesenting a carbonyl iron
powder with a particle diameter ranging fromuh to approximately &m, all using a
solid loading of 0.28 by volume.

Five unimodal MR fluid samples were prepared, eaphnesenting a particular solid
loading ranging from 0.25 to 0.35 by volume. Alesie fluids employ a single grade of
carbonyl iron powder, the HS powder with a particiean diameter of approximately 2
pm.

Three bimodal micron-sized MR fluid samples werepared using a fine powder
with a mean particle diameter of approximatelyrha (HQ powder) and a coarse powder
with a mean particle diameter of approximatelyn® (CM powder).
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Ten bimodal MR fluid samples with micron-sized ammho-sized particles were
prepared. All ten employ a micron-sized powder waittnean diameter of 2.1 (HS powder).
Five use nanoparticles with an average diamet2bafm and five use nanoparticles with a
diameter range of 100 nm to 250 nm. The detailthefselected MR fluid samples are
given in Table 5.3.

Table 5.3. MR Fluid compositions evaluated for ptigd application in an MR prosthetic

knee.

Samples Type Particles Solid
loading
[% viv]
11 Unimodal HS 0.25
12/22 Unimodal HS 0.28
13 Unimodal HS 0.287
14 Unimodal HS 0.32
15 Unimodal HS 0.35
21 Unimodal HQ 0.28
12/22 Unimodal HS 0.28
23 Unimodal oM 0.28
24 Unimodal CcC 0.28
25 Unimodal CM 0.28
31 Bimodal / micron 75%-HQ / 25%-CM 0.28
32 Bimodal / micron 50%-HQ / 50%-CM 0.28
33 Bimodal / micron 25%-HQ / 75%-CM 0.28
41 Bimodal / 25 nano 58.75%-HS / 1.25%-nand 0.28
42 Bimodal / 25 nano 57.5%-HS / 2.5%-nano 0.28
43 Bimodal / 25 nano 56.25%-HS / 3.75%-nand 0.28
44 Bimodal / 25 nano 55.0%-HS / 5.0%-nano 0.28
45 Bimodal / 25 nano 57.5%-HS / 4.17%-nano 0.287
51 Bimodal / 100 nano 58.75%-HS / 1.25%-nand 0.28
52 Bimodal / 100 nano 57.5%-HS / 2.5%-nano 0.28
53 Bimodal / 100 nano 56.25%-HS / 3.75%-nand 0.28
54 Bimodal / 100 nano 55.0%-HS / 5.0%-nano 0.28
55 Bimodal / 100 nano 57.5%-HS / 4.17%-nano 0.287

All compositions have a solid loading of 0.28 byluroe, apart from the unimodal
compositions using the HS particles to investighteeffect of solid loading. Also, two of
the nanoparticle based samples are allowed to éx@emlid loading of 0.28. These two
were prepared to investigate the difference betwsaeasing the total solid concentration,
by simply adding micron-sized particles or by iragig the concentration of nano-sized
particles.

The accuracy of the scale, employed in the mixihthe fluids, was one-hundred of
a gram. The particles were weighed prior to addimegcorresponding amount of fluid to
the solution. The MR fluid samples were mechanycstifred for 15 minutes at the time of
preparation and then stirred again for 60 minutetha time of measurement. All fluid
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samples were subjected to 3 minutes of ultrasoatb.bThe samples containing 25 nm

where then subjected to an additional 5 minutadtcdsonic bath to avoid agglomeration.
The MR fluid compositions, listed in Table 5.3, Wiih the following chapter be

experimentally evaluated for a potential applicaiio the MR prosthetic knee.
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6 Experimental evaluation of MR
fluids

The aim of the experimental evaluation is to selttMR fluid composition for the
proposed applications with a maximum ratio betwienon-state shear-yield stress and the
off-state viscosity.

6.1 Background

All measurements were performed with an Anton-PRhysica MCR 100 rheometer,
shown in Fig 4.1, with a parallel plate measuriggtesm. Plates with a diameter of 20 mm
were used, with a gap of 1 mm. Both, on-state dfdtate behavior were measured, for
shear-rates ranging from i&" to 10° s* for the on-state characteristics, and for shear-
rates ranging from 1Ds™ to 200 & for the off-state characteristics. The upper shagr
limit is lower in off-state measurements than ie thin-state study since the parallel plate
geometry of the rheometer did now allow for higbleear-rates with the magnetic field off.
On-state measurements were performed with valuéseomagnetic flux density ranging
from 0.1 T to 0.55 T. All on-state and off-stateological measurements are performed at
a temperature of 20°C.
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Figure 6.1. An Anton-Paar Physica MCR 100 rheometer used in d@kperimental
evaluation of the MR fluids.

Figure 6.2 shows an example of an MR fluid sampléhe rheometer. The sample is
the unimodal MR fluid using the HS iron powder ansolid loading of 0.28 by volume.

Figure 6.2 An MR fluid with the HS iron powder and a solid ¢tihiag of 0.28 by volume.

The linear Bingham model is fitted to the measupeestate flow curves, using a
least-squares error fit. The fit is based on sk&ass values for shear-rates between 200 s
and 1000 3. This is the linear region of the flow curves dinig representative for the high
shear-rates in the proposed application (Gudmumdssal., 2009). The on-state and off-
state rheological characteristics of the select&ifMids will now be investigated.
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6.2 Unimodal MR fluids with a varying particle
size

Five unimodal fluids were prepared to investigdte effect of particle size. All fluids,
samples 11-15, have a solid concentration of (bg8/olume, and each fluid employs a
particular grade of micron-sized carbonyl iron pewdisted in Table 5.1.

6.2.1 Rheological characteristics

Figure 6.3 shows on-state flow curves for the umiatidviR fluids, samples 11-15, at a
magnetic flux density of 0.55 T.
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Figure 6.3.0n-state flow curves for unimodal MR fluids, sangplel-15, each representing
a particular iron powder. Measurements are perfdrate& magnetic flux density of 0.55 T.

Distinctively, the smallest particles exhibit tleviest shear stresses and the largest
particles exhibit the highest shear stresses. ihweef indicates an increase in the field-
induced shear stress when going from fine powdesosrse powder. Measurements are
now performed for six different values of the magnéeld. Figure 6.4 shows the shear
yield stress, exhibited by the five samples, asation of the applied magnetic field.
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Figure 6.4.The field-induced shear yield stress, as a funadiotihe magnetic flux density,
for unimodal MR fluids, each representing a patéciron powder.

The figure shows that the field-induced shear yisttess increases with an
increasing particle size. The fine powder exhiltits lowest shear yield stress while the
coarse powder exhibits the highest shear yieléstrEhe difference is approximately 15%,
at magnetic flux density of 0.55 T. Leaving the Bes particles out of the comparison,
the difference in shear yield stress between thaseopowder and the HS powder, is
approximately 10%, at a magnetic flux density &30T. The other powders exhibit a
lesser difference in shear yield stress.

The general behavior, showing the larger partigzroduce a higher field-induced
shear yield stress, is in agreement with previduslies by Lemaire et al. (1995) and
Bombard et al. (2002); the study by Bombard beiagially based on the same carbonyl
iron powder.

The results show an advantage in using largeicfegtwhen looking at the on-
state rheological behavior. This is providing ttie application allows for larger particles,
the gap size limits the particle size for the psmgab application. For usage in the MR
prosthetic knee, a particle size upper limit exdte a small gap between the rotating
blades in the brake. The gap is approximatelyu@0which still allows the powder in this
study to be used.

The effect of particle size on off-state viscosdy MR fluids will now be
investigated. Figure 6.5 shows the off state visgosf the five MR fluids, each
representing a particular iron powder.
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Figure 6.5.The off-state viscosity, as a function of sheaesafor unimodal MR fluids,
each representing a particular iron powder.

The well known shear-thinning characteristic of Mi&ds can readily be observed.
All fluid samples exhibit a high viscosity at lowesar-rates while, at high-shear-rates, the
viscosity approaches a constant minimum value. filgh working shear-rates in the
proposed application relieves the functionalitykokee from the high viscosities at low
shear-rates.

Figure 6.5 shows the fine powder to have the highissosity, with a high-shear
rate value of 1.7 Pa. The lowest viscosity is exhibited by the powdd& and OM, both
having a comparable viscosity curve. The two havdigh shear-rate viscosity of
approximately 1.0 Pa. The coarse powder (CM), which has been showhate the
largest field-induced shear yield stress, has Bigkar-rate viscosity of 1.4 Bawhich is
about 40% higher than the lowest observed.

The combined on-state and off-state rheologicatadtaristics of MR fluids are of
importance in the proposed application. Figurehéws the combined characteristics of
the unimodal MR fluids representing a particulaadg of iron powder. The yield stress is
measured at a magnetic flux density of 0.55 T &eddff-state viscosity is measured at a
shear-rate of 200’s
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Figure 6.6The on-state shear yield stress as function ofoffistate viscosity, for the
unimodal fluids each representing a particular powder. The yield stress is measured at
a magnetic flux density of 0.55 T and the off-staszosity is measured at a shear-rate of
200 s".

This type of figure is a valuable tool for desighef MR fluids and MR fluids
devices as it shows the trade-offs between thesectmpeting properties. The figure
shows how the unimodal fluid employing OM powdeloi in off-state viscosity and high
in shear yield stress. It has an off-state visgaditse to the minimum observed and on-
state performance close to the maximum observed. urimodal fluid employing the
coarse powder (CM) exhibits the highest shear \g#iess.

6.3 Unimodal MR fluids with a varying solid
loading
Five unimodal fluids were prepared to investigdtte éffect of solid loading. All fluids,

samples 21-25, use a single grade of micron-siagdoayl iron powder, the HS powder,
with a particle mean diameter of approximatejyn2.

6.3.1 Rheological characteristics

The on-state flow curves for an MR fluid, sample @&ng a solid loading of 0.28 and the
HS iron powder, are shown in Figure 6.7.
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Figure 6.7 On-state measurements for a unimodal MR fluid hgairsolid concentration
of 0.28 and the HS carbonyl iron powder. The Bimghmodel is fitted to the flow curves.

The effect of particle loading on the rheologicadpgerties of the fluid is of interest.
Hence, in addition to the fluid shown in figure 6f@ur more unimodal MR fluids were
prepared and measured. All these fluids use thec&tBonyl iron powder. The volume
fractions of particles are: 0.25, 0.28, 0.287, 0&# 0.35. The shear-yield stresses for all
five MR fluids, samples 21-25, are shown in Figbii@a, as a function of the magnetic flux
density, and in Figure 6.8b, as a function of stdating.
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Figure 6.8aThe shear yield stress of the unimodal MR fluidngkes 21-25, as a function
of the magnetic flux density.
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Figure 6.8bThe shear yield stress of the unimodal MR fluidsnples 21-25, as a function
of the solid concentration.
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The slope of a calculated average curve from Figua is 2.05, when plotted in a
log scale against the magnetic field intensityaast of the flux density. This compares to
results obtained by Fang et al. (2009). In thislgtthe range of the field intensity is from
25 kA/m to approximately 200 kA/m which has begporged to have a slope of 2.

Clearly, as expected, Figure 6.8a shows an incregasshear yield stress with
increased particle loading. However, as Figure 6ddmonstrates, the change is
inconsequential for low values of applied field1(Or) but significant for higher field
values. For example, at a magnetic flux densit9.6b T, an increase in volume fraction
from 0.28 to 0.35 results in approximately 30% @ase in shear yield stress. This would
give a 30% increase in on-state output torque tier MR prosthetic actuator, which is
significant. Furthermore, it is noteworthy that th@&mple with the highest solid loading
demonstrates a more nonlinear behavior than ther gmples. This is in agreement with
other studies that have shown an increased nonlbedavior for fluids with high particle
loadings (Foister, 1997). Although there is a cleanefit in shear yield stress by using a
higher particle loading, the penalty in off-staiecesity needs to be determined as well.

In the absence of a magnetic field, the unimodal fMRIs, samples 21-25, exhibit
a strong shear thinning behavior, shown in Figuge &sulting in a high viscosity at low
shear-rates.
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Figure 6.9.The off-state viscosity as a function of the shrage for the unimodal MR
fluids.

At high shear-rates the fluids approach lower \sggdimits. The figure shows a
strong a dependence of the off-state viscosity lm& ¢oncentration of micron-sized
particles. The difference between the lowest parfmading and the highest is more than
50%, at high shear-rates. As stated previouslyPfHRE carrier fluid has a viscosity of 0.3
Pas and is Newtonian in behavior with shear-rate peseent viscosity.

55



6.4 Bimodal MR fluids with micron-sized
particles

Three bimodal fluids were prepared with varyingtipms of coarse (the CM powder) and
fine powder (the HQ powder). This gives a partgilee ratio of approximately 8. These are
denoted as samples 31-33. Table 6.1 shows the tiops of these MR fluids.

Table 6.1. Bimodal micron-sized MR fluids with datsolid concentration of 0.28 by
volume.

Fine | Coarse| Percentage of Fine Coarse Base MR

powder| powder| coarse powder powder powder fluid  fluid
[%] mass mass mass volume

[ar] [or] [or]  [ml]
HQ CM 25.00 61.24 20.41 50.00 37.05
HQ CM 50.00 40.82 40.82 50.00 37.05
HQ CM 75.00 20.41 61.24 50.00 37.05

Bimodal micron-sized particle distributions will wobe investigated aiming to
maximize the ratio between the field-induced shstagss and the off-state viscosity.

6.4.1 Rheological characteristics

Three bimodal MR fluids, shown in Table 6.1, arevnovestigated. Figure 6.10 shows the
on-state flow curves for the MR fluids, at a magn#étix density of 0.55 T.
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Figure 6.10.Flow curves for bimodal MR fluids and their corresgding unimodal MR
fluids. Measurements are performed at a magneticdéensity of 0.55 T.

The fluid with 75% coarse powder and 25% fine pawebehibits on-state shear
stresses that are comparable to that of the flamtaining solely coarse powder. In all
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cases, the bimodal fluids exhibit higher shearsste when compared to the unimodal
fluid containing solely the fine powder.

Figure 6.11 shows the shear yield stress, as aidnnaf the applied magnetic field,
for the bimodal micron-sized MR fluids along withetr corresponding unimodal MR
fluids.

100%-CM
75%-CM / 25%-HQ ||
50%-CM / 50%-HQ
O 25%-CM/ 75%-HQ ||
e 100%-HQ

Shear-stress [kPa]

0.5 0.6 0.7

Magnetic flux density [T]
Figure 6.11The field-induced shear yield stress, as a funatiche magnetic flux density,
for bimodal MR fluids and their corresponding unotabfluids.

The figure shows the shear yield stress to incredtbean increasing percentage of
the coarse powder. The fluid using 50% coarse powdd 50% fine powder, exhibits a
behavior closer to the unimodal fluid containingespfine powder; the same being true
for the fluid using 75% fine powder. The fluid camting solely coarse powder exhibits the
highest shear yield stress. Interestingly, the kiahdluid containing 75% coarse powder
and 25% fine powder, exhibits nearly the same Blggar yield stress, the difference being
very small at the lower levels of the applied magngeld. This concludes the on-state
investigation and the off-state rheological chagastics of the same MR fluids will now
be explored.

Figure 6.12 shows the off-state viscosity of thelid$ along with their
corresponding unimodal fluids.
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Figure 6.12The off-state viscosity, as a function of sheaesator bimodal MR fluids and
their corresponding unimodal fluids.

The MR fluids containing solely fine powder or dgpleoarse powder, show
distinctively higher off-state viscosities when qmemed to bimodal MR fluids employing
the same powder. The bimodal fluids have a higlarstege viscosity value ranging from
1.0 Pas to 1.1 Pa while the unimodal fluids have an off-state v@toof 1.4 Pas and
1.7 Pas. The difference is significant and, interestinglye MR fluid containing 75%
coarse powder and 25% fine powder has also beenmnstw have a field-induced shear
yield stress that is close to the maximum obseimvedis study. The low-off state viscosity
of the bimodal MR fluids makes them attractivettoe proposed application.

Figure 6.13 shows the combined on-state and dfé-stharacteristics of the
bimodal micron-sized MR fluids along with their oesponding unimodal fluids.
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Figure 6.13.The shear yield stress as a function of the ofestéscosity, for the bimodal
fluids and their corresponding unimodal fluids. Tyeld stress is measured at a magnetic
flux density of 0.55 T and the off-state viscosityneasured at a shear-rate of 260 s

The bimodal MR fluids exhibit a lower off-statesgosity, in all cases, when
compared to their corresponding unimodal fluidse MR fluid with 75% coarse powder
and 25% fine powder is, also, notably high in catestyield stress.

6.5 Bimodal MR fluids with nanoparticles

Rheological measurements are carried out for a eundf bimodal samples,
comprising a combination of micron- and nano-sigedticles. The influence on the
rheological properties of adding nano particleshi® fluids is investigated. In particular,
the rheological behavior for different sizes of agrarticles is determined. The MR fluid
samples are characterized with respect to bott-fireluced and off-state properties.

6.5.1 Rheological characteristics

As a reference fluid, the unimodal MR fluid withsalid loading of 0.28 by volume or
0.60 by mass is used. . This MR fluid (sample Z2used in the study to compare the
unimodal fluid with the bimodal nanoparticle flumixtures. Figure 6.14 shows flow
curves for the unimodal MR fluid, sample 22, and tawmodal nanoparticle MR fluids,
samples 44 and 54, at a magnetic flux density ¥ 0., each using a particular grade of
nanoparticle powder.
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Figure 6.14.Flow curves for a unimodal fluid with a solid contmtion of 60% by mass
and two bimodal fluids with nano-sized particlencentration of 5% and a micron-sized
particle concentration of 55% by mass. Measuremerte conducted at a magnetic flux
density of 0.55 T.

The figure shows sample 54, with a nanoparticle s 100-250 nm, to exhibit a
higher shear yield stress than the sample 44, waithhanoparticle size of 25 nm.
Furthermore, sample 54 has a higher yield strems the unimodal reference fluid using
the same solid loading. However, for a shear rataevof 500 8, which is close to the
operating shear rate for the MR fluid actuatorséhevo have similar shear stress values. It
IS interesting to note that the post-yield visgpsit the MR fluids containing nano-sized
particles is lower than that of the correspondingnodal fluid.

To illustrate the effect of the concentration ohassized particles on the shear-
yield stress, Figure 6.15 shows the shear yiekbkstas a function of concentration for the
two different nano particle grades, for values @fgmetic flux density varying from 0.1 T
to 0.55T.

60



40

_.-"
——————— *- . ,_"‘—v
351 .-‘-_:T_‘:'_ru----\g‘:,'_ S S ,~‘~~-- 055T
- - -
BO @ e L4
DR R g Sl i e - o ST 0.43T
w Tt
% 25F
?
4 e s -® 033T
‘3,207 N B R ey S &=
o only pm particles |  © 1 T T==a -
= = @= 100-250 nm particles
S 151 = ® = 25 nm particles -
ﬁ S R e T 0.25T
______ -
10
ol e e i e e e _-_: 015T
@ e e | e s |t e e i @ e o e vm B 01T
0 | | | | | | | |
1 1.5 2 25 3 35 4 4.5 5

Percentage of nano particles by mass [%]

Figure 6.15.Shear-yield stress of MR fluid compositions with @% and 100-250 nm
particles at various concentrations, compared écstiear-yield stress of the corresponding
unimodal fluid. The total solid concentration i2®in all cases.

The figure shows that the field-induced shear-ystdss of the nano-sized MR fluid
compositions are comparable to that of the cormedipg unimodal MR fluid. This holds
true until a nano-sized particle concentration @& & reached. The bimodal sample 44,
containing a 55% of micron-sized particles and 5%amo-sized particles, exhibits a drop
in shear-yield stress. This drop is not observednising the 100-250 nm iron powder.
The measurements suggest that the field-induceat-sfedd stress of the PFPE-based MR
fluid can not be increased with nano-sized padieléth an average diameter of 25 nm,
given that the total solid concentration is nobwakd to exceed that of the unimodal fluid.
However, a moderate increase in shear-yield stieessserved when the 100-250 nm
particles are employed at a solid concentratioblof

lllustrating this further, Figure 6.16 shows theahyield stress as a function of the
magnetic flux density for the reference unimodahgke and samples 44 and 54. The
figure shows that the sample 54 exhibits a higheldystress than the 44 sample, for all
values of magnetic flux density. Sample 45 exhibit®ioderately higher shear yield stress
than the corresponding unimodal MR fluid.
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Figure 6.16.The shear yield stress as a function of the magfflett density for MR fluid
compositions, containing 55% micron-sized partielad 5% nano-sized particles, and the
corresponding unimodal MR fluid.

The slope of Figure 6.16 in a log plot is approxieha2 which is in a agreement
with the study by Fang et al. (2009). In orderampare unimodal and bimodal samples, at
total solid concentration higher than 60%, Tabl2 6hows the shear yield-stress of
samples with a total solid concentration of 61.6a% magnetic flux density of 0.55T.

Table 6.2.The shear-yield stress of samples with a totatismincentration of 61.67% at a
magnetic flux density of 0.55T.

Sample Total solid | Micron— Nano- Nano- Shear
concentration sized particles | particle yield
[% mass] particles | [% mass] size stress
[% mass] [nm] [kPa]
13 (unimodal) 61.67 61.67 0 36.9
45 61.67 57.50 4.17 25 37.9
55 61.67 57.50 4.17 100-250 37.4

The table shows similar behavior for the sample$ witotal solid concentration
61.67 as that of the samples with a total solicceatration of 60%. Again, the shear yield-
stress can be slightly increased with nano-sizedictes. This holds true for both
nanoparticle grades. A nanoparticle concentratiof. 7% does not exhibit a drop in this
case when compared to the corresponding unimodalplsa The 25 nm particle
composition shows a comparable shear yield-streshdt of the 100-250 nm particle
composition.

An important characteristic of MR fluid is the pg&tld viscosity. In the current
application, it affects how sensitive the on-stasponse of the actuator is to the rotary
speed or the shear-rate in the fluid. A higher qy@dtl viscosity will result in a response
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that is more sensitive to the shear-rate. Thiotgreferable in the proposed application in
a prosthetic knee.

6
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Figure 6.17The post-yield viscosity as a function of the magriux density for MR
fluid compositions containing 55% micron-sized et and 5% nano-sized particles and
the corresponding unimodal MR fluid.

Figure 6.17 shows the post-yield viscosity for éhielected fluid samples as a
function of the magnetic flux density. The fluidngales are: a unimodal sample, with a
solid concentration of 60%, and two bimodal samptese for each nanoparticle grade,
with a total solid concentration of 60%. The narastigle concentration is 5% in both
cases. As expected, the post-yield viscosity irsggavith an increasing magnetic field.
However, it is noteworthy that the post-yield visitp of the bimodal samples starts to
drop as the magnetic field reaches a high val@®58T.

Summarizing the on-state behavior, the field-induskear-yield stress has been
shown to increase moderately when using 100-250particles. A peak in shear-yield
stress was found at a nano particle concentrafi®¥wo This was the highest nano particle
concentration tested. Using the same nano partmeentration but employing smaller
particles, with an average diameter of 25 nm, lenlshown to decrease the field-induced
shear-yield stress. Using 25 nm particles, a peahear-yield stress was observed with a
nano particle concentration of 3.75%. This peakydweer, is not higher than the shear-
yield stress in a corresponding unimodal fluid. vl in shear-yield stress is observed
when allowing the nano concentration of 25 nm phasito exceed that of 3.75%.

The effect of nano particles on the off-state vasiyoof the bimodal nanoparticle MR
fluid is now investigated. Figure 6.18 shows visgourves for all nanoparticle
compositions and the corresponding unimodal flalbdwith a total solid concentration of
0.60 by mass or 0.28 by volume.
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Figure 6.18.The off-state viscosity as a function of the shaée for a unimodal fluid and
bimodal fluid samples with a total solid concentnatof 60%.

The figure shows the off-state viscosity to inceshyg a large extent when micron-
sized patrticles are replaced by nano-sized pastiéter example, a 25 nm fluid with 5%
particle concentration exhibits approximately 60%ghkr viscosity, at high shear rates,
than its corresponding unimodal fluid. Such a higtrease in off-state viscosity is not
acceptable for the proposed application. Similaihe viscosity curves for nano particle
compositions, containing 100-250 nm particles, slanwncrease in off-state viscosity but
not to the same extent as the 25 nm particlesekample, a MR fluid composition, using
100-250 nm particles, with 55% micron-sized p#&tcand 5% nano-sized particles,
exhibits an approximately 25% higher viscosityh@h shear rates, when compared to its
corresponding unimodal fluid.

Figure 6.19 shows the shear-yield stress as aifumof the off-state viscosity for
nano MR fluid compositions with a total solid contation of 60% and for all unimodal
compositions.
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Figure 6.19. Shear vyield-stress as a function dfstafte viscosity for the bimodal
nanoparticle fluid compositions.

The figure clearly demonstrates the 25 nm partitdesave a stronger effect on the
off-state viscosity than the 250 nm particles. Ramnore, recall that the smaller nano
particles exhibit a lower shear yield stress whHedwves the 100-250 nm patrticles in favor
for the proposed application. However, a comparisetween the nano and the unimodal
compositions shows the unimodal fluids to be supemvith respect to the two
characteristics, the field-induced shear-yieldsstr@nd the off-state viscosity.

The study shows that although nano-sized partibiege a favorable effect on
sedimentation stability, the increase in off-stageosity is too high for such particles to be
beneficial in applications such as the prosthetieekactuator. It is concluded that micron-
sized particles are more effective in increasirgshear yield stress while keeping the off-
state viscosity within set limits for this appliicat.

6.5.2 Comparison to previous nanoparticle MR fluid studies

Since, most studies differ with regards to thessiaemicron- and nano- particles, the type
of carrier fluid, the micron to nano particle rati@nd the particle loading, it is difficult to
make a direct quantitative comparison between studle only attempt to highlight some
issues as follows. Chaudhuri et al. (2005) studiledd samples with 45% mass
concentration and detected an increase in shddrstiess when replacing 5% (by mass) of
10 um particles with 30-40 nm particles. Howevacreasing the amount of nano-sized
particles to 7.5% had an adverse effect, droppiegdynamic yield stress to below the
level of the unimodal fluid.

In another study, by Wereley et al. (2006), a largage of micron- to nano-sized
particles ratios was investigated. The concentmatfonano-sized particles was varied from
1.5% to 24% by mass (denoted 2.5% - 15% in thaohgtin ten steps, while keeping the
total particle loading at 60%, by mass. The micrand nano-sized particles had average
diameters of 30 um and 30 nm, respectively. Thesults also demonstrated an increase in
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yield stress, with increasing nano particle fract first, but then a decrease after a certain
optimal value of nano-sized particle concentratieas reached. The optimal value was
about 9.0% by mass.

Contrary to the results by Chaudhuri et al. (20&¥%) Wereley et al. (2006), a more
recent study by Burguera et al. (2008) reportscaedese in yield stress for fluids with nano
particles when compared to an all micron fluid. yheeasured one fluid with only micron
particles, and two fluids with micron to nano rati®0%:10% and 85%:15%, respectively.
The study was carried out for fluids with total fode loadings of 50% and 60%.
Converted to mass percentages, this gives fluide 88 and 7.5% nano particles, by
mass, for the 50% fluid, and 6% and 9% nano pagjcby mass, for the 60% fluid.
Interestingly, their micron and nano particle sizée comparable with the ones in this
paper; 2.6 um and 40 nm in diameter, respectively.

6.6 Figure of merit

The ratio between the on-state shear-yield stredstlae off-state viscosity defines the
torque range of the MR prosthetic knee. This radiaused as figure of merit for the
potential MR fluid compositions. Summarizing, Tabl& shows the ratio between the on-
state and the off-state characteristics of the MKIS in this study.
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Table 6.3. An MR fluid figure of merit for the ptbetic knee. The ratio between the on-
state yield stress and off-state viscosity. Thddymsress is measured at magnetic flux
density of 0.55 T and the off-state viscosity isasw@ed at a shear-rate of 200 s

Nr. MR fluid Solid Iron powder On-state| Off-state| On-to
type load. shear | viscosity | off-

by yield state

vol. stress ratio
[kPa] [Pas] [s™]

11 Unimodal | 0.25 HS 36.0 0.85 42.4
12/22 | Unimodal | 0.28 HS 36.4 1.02 35.7
13 Unimodal | 0.287 HS 37.0 1.10 33.6
14 Unimodal | 0.32 HS 42.0 1.20 35.0
15 Unimodal | 0.35 HS 46.5 1.55 30.0
21 Unimodal | 0.28 HQ 34.9 1.69 20.7
12/22 | Unimodal | 0.28 HS 36.4 1.02 35.7
23 Unimodal | 0.28 OM 39.0 1.06 36.8
24 Unimodal | 0.28 CC 37.8 1.23 30.7
25 Unimodal | 0.28 CM 39.7 1.37 29.0
31 Bimodal 0.28 25% CM, 75% HQ 34.4 1.02 33.7
32 Bimodal 0.28 50% CM, 50% HQ 35.2 1.04 33.8
33 Bimodal 0.28 75% CM, 25% HQ 37.9 1.09 34.8
41 | Bimo.-nano| 0.28 1.25%/ 60% 25 nm 34.4 1.00 34.4
42 | Bimo.-nano| 0.28 2.50%/ 60% 25 nm 36.3 1.19 30.5
43 | Bimo.-nano| 0.28 3.75%/ 60% 25 nm 37.2 1.34 27.8
44 | Bimo.-nano| 0.28 5.00%/ 60% 25 nm 33.5 1.85 18.1
45 | Bimo.-nano| 0.287 | 4.17%/ 61.67% 25 nn  37.9 1.63 23.3
51 | Bimo.-nano| 0.28 | 1.25%/ 60% 100 nm| 35.4 0.89 39.8
52 | Bimo.-nano| 0.28 | 2.50%/ 60% 100 nm| 35.5 1.05 32.3
53 | Bimo.-nano| 0.28 | 3.75%/ 60% 100 nm| 34.2 1.10 31.1
54 | Bimo.-nano| 0.28 | 5.00%/ 60% 100 nm| 38.7 1.27 30.5
4.17%/61.67% 100
55 Bimo.-nano| 0.287 nm 37.4 1.28 29.2

Interestingly, the MR fluid with the highest turp-tatio is the unimodal fluid with
a low solid concentration of 0.25, by volume, asthg the HS iron powder. This suggests
that MR fluids with low solid concentration are appriate for the proposed application.
Although low in on-state shear-yield stress, thduotion in off-state viscosity dominates
the figure of merit function. Among the evaluatddids, this fluid will results in a
maximum torque range in the actuator.

Next in line in the turn-up ratio is sample 51, imddal nanoparticle MR fluid with
a total solid concentration of 0.28 by volume (608 mass) and thereof 1.25%
nanoparticles by mass. This fluid is using nanaglag with a size range o 100-250 nm.
After analyzing the measurement data thoroughlyjsitconcluded that the off-state
measurement of this fluid is faulty, with a suspigly low off-state viscosity. This is most
likely due the fluid sample in the rheometer beiog small and not spanning the 20 mm
diameter of the parallel plates.
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The unimodal MR fluids (samples 22 and 23) emplgyihe HS and OM iron
powder exhibit a high turn up ratio. These are gsaminent fluids to be used in the
prosthetic knee actuator. With a slightly lessgn4up ratio is the bimodal micron-sized
MR fluid (sample 33) with 75% coarse particles &%¥6 fine particles. This is using a
particle size ratio of approximately 8. The bimodkiids have been found to have
attractive off-state characteristics for the prambspplication. The bimodal MR fluid
(sample 33) and the unimodal fluids (samples 1la@ 23) are prominent fluids to be
used in the prosthetic actuator.

6.7 Summary

The investigation has quantified the effect ofdddiading for the proposed application. As

expected, with an increasing solid loading, thestate shear-yield stress and the off-state
viscosity tend to increase. A fluid with a solicatbng of 0.25 by volume has been shown
to have the highest ratio between the on-statersield stress and the off-state viscosity

for all the fluids in this study.

The effect of particle size on the on-state perforoe of the MR fluids has shown
the shear yield stress to increase when going fiiam powder to coarse powder. The
increase is significant when comparing the fluidoéaying the coarse powder to the fluid
employing the fine powder. The effect of particieeson the off-state viscosity is shown
not to be directly proportional to the particle esizZThe fluid employing the smallest
particles exhibits the highest off state-viscositya large extent while the fluid employing
HS powder exhibits the lowest off-state viscosithle measurements show an increase in
off-state viscosity when replacing the HS powdahJvarger particles.

The investigation of bimodal micron-sized MR flsidhows the on-state shear yield
stress to increase with an increasing percentagearte powder. The MR fluid with 75%
coarse powder and 25% fine powder exhibits a coamparon-state yield stress to that of
the corresponding MR fluid using solely the cogreeder. The bimodal MR fluids exhibit
a lower off-state viscosity when compared to trearresponding unimodal fluids. The
difference is significant. An MR fluid using 75% arse powder and 25% fine powder
exhibits a 25% lower off-state viscosity than aresponding MR fluid containing solely
coarse powder. It exhibits a 50% lower off-statgcwusity when compared to the MR fluid
containing solely fine powder. This is an attragtadvantage of bimodal size distributions
for the proposed application.

The addition of a small concentration of nanophaticis found to moderately
increase the field-induced shear yield-stress. Hewefor a larger concentration of
nanoparticles, the yield stress begins to decred$anoparticles exhibit an undesirable
effect on the off-state viscosity. MR fluid compio@ns, using nano-sized particles with a
diameter range of 100 nm to 250 nm, exhibit a hidieéd-induced shear yield-stress when
compared to their corresponding 25 nm compositiblsvever, the yield stresses of the
bimodal 100-250 nano samples are comparable tadiresponding unimodal MR fluid.
Only, a fluid with a 5% particle concentration, éits a moderately higher shear-yield
stress when compared to the corresponding uninemhaposition. The contrary holds true
for the 5% fluid composition, using nano-sized #&twith diameter of 25 nm. It exhibits
a lower shear yield-stress than the correspondmgadal fluid. The effect of nano-sized
particles on the off-state viscosity is significanven though the total solid concentration is
held to a constant value. The 25 nm particles aszethe off-state viscosity to a larger
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extent when compared to compositions of the sarie soncentration using 100-250 nm
particles. The 100-250 nm particle compositionsilekiboth higher shear yield stress and
lower off-state viscosity when compared to theirrresponding 25 nm particle
compositions.

The results reveal valuable information for theigiesrs of MR fluids and designers
of prosthetic actuators. Three MR fluid composisidrave been selected as candidates for
an MR fluid to be used in the prosthetic knee:

e Unimodal MR fluid with a solid loading of 0.25 byolme with the HS iron
powder (sample 11)

e Unimodal MR fluid with a solid loading of 0.28 bykime with the OM iron
powder (sample 23)

* Bimodal MR fluid with a total solid loading of 0.28/ volume using 75% coarse
powder and 25% fine powder (sample 33).

These MR fluids have been found to have a high-tyrmatio, given the constraints
of the proposed application regarding the basé flilie solid loading and the particle size.
They are selected as prominent MR fluids for theppsed application in the prosthetic
knee actuator.
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7 MR fluid models

This chapter describes existing MR fluid models anthpares them to the experimental
data described in the previous chapter.

7.1 Background

Many MR fluid modeling approaches have been desdrliy numerous authors (Bossis et
al., 1991; Ginder et al., 1994; Jolly et al.; 1998)ost of these models are based on
evaluating the magnetic interparticle forces betwearticles within a particle chain in the
fluid. For example, Klingenberg and Zukoski (199@d Bossis and Lemaire (1991), used
a dipolar sphere model and calculated the restdargg which tends to align two spheres
on the axis of the field. Ginder and Davis (1994d &inder et al. (1996) modeled the fluid
as a collection of infinite chains of spherical metizable particles and used the Maxwell
stress tensor to determine the shear stress needbdar the chains. Furthermore, Jolly et
al. (1996) developed a quasi-static one-dimensioralel. More recently, Si et al. (2008)
proposed a micromechanical model for MR fluids, doasn theory of magnetics and
statistical analysis.

In addition to the particle interaction models, tmonum type models have been
developed, in order to determine the yield strdss example, Rosensweig (1995)
developed a continuum model of a composite basead ¢taminar layer structure with
magnetic elements aligned in the field directioater, Tang and Conrad (2000) extended
these models and developed two- and three-dimegideminar structure models.

The models investigated here are a simple magugticle model, a model from
Ginder and co-workers (1994; 1996) and an empirntadel described by Carlson (2005).

7.2 A simple magnetic dipole model

A preliminary attempt in modeling the on-state bgacal behavior of the MR fluids is

made. The approach described is based on theisk@bmodel of magnetic dipole-dipole
interaction energy. From there, a computational ehad developed to quantitatively
predict the shear-yield stress for MR fluid susp@ms The interaction energy is a function
of the magnetic properties of the particles. Howgirestead of using magnetic saturation
values for the particles, as many studies do, anetagation curve for a MR suspension is
obtained experimentally and used in the computatiorodel. Hence, the model takes into
account the effects of the intensity of the applweggnetic field, along with the particle
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size and particle fraction. The results from thenpatational model are compared to
experimental flow curves for an MR fluid sample.

Looking at two equally sized isolated particldsradius a, each particle carries a
magnetic moment, shown in Equation (7.1),

Im|=M, @/ 30’ 7.1)

where M is the magnetization of the particle. The maga¢itn characteristics, M, of one
particular iron powder has been experimentally eat@d as a function of the applied field
and is shown in Figure 5.3. These measurementsb@ilised to quantify the theoretical
analysis.

The interparticle magnetic potential energy betwsem isolated dipoles, in contact,
Is shown in Equation (7.2) (Jolly et al., 1995).

Ho ™y [, =3( n,)( (,) 7.2)

AT |r‘|3

u(r,m,m,)=

where r is the distance vector between the pasticte and m, the magnetic moment of
particles 1 and 2, respectively. The dipolar inteoac force is the derivative of the
potential energy with respect to distance. The dt#acan be a measure of tension to
obtain the normal force or a measure of shear taimlthe shearing force. The derivative
of Equation (7.2) with respect to distance, in theston direction, is shown in Equation
(7.3) and, furthermore, with respect to distancehe shearing direction, in Equation (7.4).

:—3’“0

Fo =g (M) (7.3)
_ H ’

Fs - 47T(d2_ixg)5/2 (rnlrnz) l]5)((:12_|_X2_3X) (74)

where d is the distance between the dipoles odilmeter of the particles and x is the
shearing distance.

To estimate the yield stress of a particular MRosuasion, an imaginary unit cube is
used with a defined solid concentration and a wmifparticle size. Particles are assumed
to be perfect spheres. Thus, Equation (7.5) gikesnumber of particles in an imaginary
unit cube as a function of solid concentratipnand particle diameter, d:

4/3070d / 2%

n, (7.5)

Assuming long linear chains of particles in withrtfdes, within a chain in contact,
the number of particles in a line along the cub#&/gsand thus the number particles in a
unit area normal to the chains is shown in Equaffo8).

_n
- 7.6
Ma 1/d (7:6)
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An estimate of the shear-yield stress in a simplkeas deformation is obtained by
looking at the outer-most unit area, normal todhains. The total shearing force to shear
the outer-most layer is the force by which an easteamof the shear-yield stress can be
obtained. The shear force has a maximum which ealoind by looking at the derivative
of Eq. (7.4) which equals the yield stress. Thigads|a shear yield stress of 13 kPa, at the
saturation level. This value is obtained for a ipbrtdiameter of 2um, a solid loading of
0.28 by volume, at saturation magnetization giveifrigure 5.3, and by shearing the outer-
most layer. This gives a shear yield stress ottresct order of magnitude but small when
compared to measured shear-yield stress. Reseascbulygested that yielding behavior is
contributed only from a few of the outer-most lay€fang et al., 1996) but the exact
number is unknown. Accounting for more than onestayould increase the predicted
shear yield stress.

Using this simple model to analyze the shear-ysttdss gives a preliminary insight
into the behavior of MR fluids. Accounting for paté aggregates will improve predictions
of the model. It remains the subject of furtheesesh to model more thoroughly the effect
of particle size and solid concentration on thi&lfiaduced shear-yield stress of MR fluids.

7.3 Existing models

Several analytical and empirical models have be&gnduced in the literature that connects
the shear-yield stress of MR fluids to the volumaetion of particles. Carlson (2005) gives
an empirical model that predicts the shear-yialesst as:

ryr=C re7170apt°%3%anh (6.38 10 H (7.7)

wheregis the volume fraction of iron powdeiyr is the field-induced shear-stress (in Pa),
H is the magnetic field strength (in A/m) and Caigonstant that depends on the carrier
liquid. Applying this empirical model to the unic@ PFPE-based MR fluids in this
study, gives a constant of approximately C = 1M45; for all volume fractions. This is
based on shear-yield stress values calculated $terar-rates, varying from 200 & 1000
s'. The value of our carrier liquid constant is codesably higher than the constants
proposed for other carrier liquid types by Carl$2@05). In his study, the proposed values
for the constant are 1.16 for water, 1.0 for hydrbon and 0.95 for silicone carrier liquid.
Keep in mind, that his model does not considerdfiect of particle size on the yield-
stress. The fluids in this study have micron-sipadicles with diameters ranging from 1
Hmto 8 um.

Another model for the shear-yield stress in MR dtuisuggests the following
relationship (Ginder and Davis, 1996):

r = (5%‘,2) (3 P, M? (7.8)

where§(3) = 1.202,¢is the volume fraction of particlesy jis the permeability of free
space, and Mis the saturation magnetization. Calculating theas yield stress, at
saturation level, for the PFPE-based MR fluid, ggire Ginder-Davis model, gives a shear
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yield stress of approximately 40 kPa, for a soliduwme fraction of 0.28 (mass fraction of
60%), which is in good agreement with the experitalersults in this study.

7.4 Empirical tuning

The models by Ginder et al. (1994; 1996) and Car&taal. (2005) will now be empirically
tuned to comply with the experimental data obtaiimetthe previous chapter.

The magnetization characteristics of one PFPE biHedluid sample were obtained
with a SQUID magnetometer. The magnetic moment mvaasured as a function of the
applied field, at a temperature of 20°C. The sanmgle a solid concentration of 0.28, by
volume, using a carbonyl iron powder, from BASFthnan average particle diameter of
approximately 2um. Particles have an iron content of 97%. Figurgé 3hows the
magnetization hysteresis loop for the MR suspensiothe magnetic moment per unit
volume. The magnetization is calculated using #mae’s specific weight of 3.55 g/cm3
and a sample size of 0.1014 g.
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Figure 7.1. The magnetization hysteresis loop pé&dluorinated polyether (PFPE) based
MR fluid sample with a solid loading of 0.28, bylume, and an average particle diameter
of approximately 2um. Particles have an iron content of 97%. Measuntésnare
performed at a temperature of 20°C.

The magnetic flux density, B, is related to the legb field, H, and the

magnetization, M, by B 1 (H + M). Thus, the B-H curve for a MR fluid susgem is
shown in Figure 7.2.
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Figure 7.2. The B-H relation for a perfluorinatealyether (PFPE) based MR fluid with a

solid concentration of 0.28, by volume, and an agerparticle diameter of gn. Particles

have an iron content of 97%. A B-H model for egsdidd MR fluids is also shown and a

fine tune of that model for a FPEE based MR fluadhposition.

The figure shows how a B-H model for established Mirls, presented by Carlson
(2005), can easily be adopted to accurately desthid magnetization characteristics of the
PFPE base MR fluid. The model is shown in Eq. (7.9)

B= C, 31 exp C, [ty TH )+ 1, [H (7.9)

Carlson presents this model with the parameteregafi= 1.91 T and €= 10.97 T

! Fine tuning this model for the PFPE based MRifluising a least-square error fit, gives
parameters values of,G 2.24 T and €= 4.39 T-. The induction at high applied fields
can be set by the parameter &d the parameter,@an be used to set the position the
saturation point at 500 kA/m, for example. Thisulesin an accurate relation between the
induction and the applied field for PFPE based Miifwith a solid loading of 0.28. Thus,
Eq. (7.10), based on a model presented by Carlsah €005), is an expression for the
magnetization of the PFPE based MR fluid, M, asurction of solid loading and the
applied field.

M = 22401331 exp 4397, TH ) (7.10)

0

Following the magnetic analysis, a rheological gsial is now performed. The
rheological characteristics of four PFPE based MiI$ samples, each with a different
solid loading, were measured. Measurements aremeeti at shear-rates from16* to
10% s* for a magnetic field strength ranging from 20 kAtn200 kA/m. Figure 7.3 shows
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the shear-yield stress for the samples as a funcfiache applied magnetic field and solid
loading.
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Figure 7.3. The shear-yield stress of perfluoridapolyether (PFPE) based MR fluid
samples with a solid loading ranging from 0.25 1860 by volume, and an average patrticle
diameter of 2im. An empirically fitted model, based on Carls@0{5), is also shown for
each particle loading. Measurements are performademperature of 20°C.

The figure shows also an empirically fitted mod®sed on Carlson (2005), shown
in Equation (7.11).

C 6, .
r,= C 2717009 *tanh C,1M0°H - (7.11)

Carlson (2005) suggests the C constant to be hadedependent having a value of
C = 0.95, 1.0 and 1.16, depending on the base.flaat established MR fluids, the
parameters €and G have been found to have a value =C1.5239 and £= 6.33. This
study suggests values of C = 1.5,€£1.40 and ¢=3.60 for the PFPE based MR fluids,
where the squared error is used to quantify théemifice between the model and the
measurements.

Ginder et al. (1994; 1996) suggest a shear yieksstmodel, below the saturation
level. The model suggests a linear dependency lh Isading and a subquadratic field
dependency, shown in Equation (7.12),

o= CopLl,HEMZ® (7.12)
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where M is the saturation magnetization for the MR fluidhe value of M was measured
for a MR fluid composition with solid concentrationf 0.28. For other solid
concentrations, Equation (7.10) is used to detegrthie saturation magnetization.

Figure 7.4 shows the measured shear-yield strgas),avith the model from Ginder
et al. (1994; 1996) fitted with a least squared error fit
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Figure 7.4. The shear-yield stress of perfluoridatelyether (PFPE) based MR fluids with

a solid loading ranging from 0.25 to 0.35, by voyrand an average particle diameter of 2
microns. An empirically fitted model, based on @&net al. (1994; 1996), is also shown.
Measurements are performed at a temperature of.20°C

The resulting model for the PFPE based MR fluidsdparameter value o€ 1.7
and G = 1.1 which compares to parameter valuessof 2.4 and €= 0.5 in the model
from Ginder and co-workers (1994; 1996).

The analysis has shown how a fine tune of estadlishodels for MR fluids can be
used to represent the characteristics of PFPE BdBefiuids. This completes the MR
fluid analysis.
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8 Conclusions and future work

A combined MR fluid design approach and an MR dewuiesign approach has been
presented, motivated by improving the quality & bf amputees using an MR prosthetic
knee.

The MR device approach has shown that the on-btateng torque of the device
can be increased from 40-45 Nm to 60 Nm withoutdasing the off-state rotary torque
from that of the reference design. A key desigrapeater to achieve this is the gap size
between the rotating steel blades in the fluid dmermnA gap size of 24m and a blade
number of 67 has been implemented in newly avalabbsthetic knee product, with good
results. However, the analysis suggests that thiekees should be increased further to
improve the qualities of the prosthetic knee.

The MR fluid design approach has shown a fluid vaitbolid concentration of 0.25
by volume, using the HS iron powder, to have thghést figure of merit value for the
proposed application. This was the lowest solidceoiration tested in this research.
Increasing the iron particle size fromufin to approximately §m has shown the on-state
shear-yield stress and the off-state viscosityntyadase. The OM iron powder has been
shown to have the highest figure of merit valuedaronstant solid concentration of 0.28.
Bimodal MR fluids with micron-sized particles haveen shown to have a lower off-state
viscosity than their corresponding unimodal fluimodal MR fluids with nano-sized
particles have been shown to increase the shddrgieess moderately but undesirably
increase the off-state viscosity.

The results of this study provides a valuable guiegafor developers of MR fluids
and designers of prosthetic devices who face aingdie in designing a field-induced high
strength fluid while at the same time minimizind-stfate viscosity. Interesting areas that
deserve further research are:

1. Surprisingly, the MR fluid with the lowest solid meentration has the highest ratio
between the on-state shear-yield stress and thstai#f viscosity. This suggests that
even lower solid concentrations might be approeritdr the MR prosthetic
actuator. Further mapping of effect of solid corcation on the proposed merit
function is needed.

2. Bimodal MR fluids with a mixture of micron-sizedom powder are believed to
have potential for the proposed application. Farrtimvestigation is needed to
determine the effect of the mixing portions, betweabe coarse and the fine
powder, on the proposed merit function. Also, tffeat of size ratio between the
coarse and fine powder needs a further investigatio
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. Further modeling of the experimental MR fluid d&aneeded. The goal is to be

able to predict characteristics of future MR fl@dmpositions without needing to
use expensive experimental evaluations.

. A combined device-fluid optimization is an inteiegt research area. Assuming

successful MR fluid models, the fluid models canifmrporated into the device
model. This would make a combined optimization pmssthat includes, in
addition to geometrical parameters, selected flypdrameters like solid
concentration or particle size, for example.

. The durability of the MR fluid in the prosthetic é@ is of concern and a problem

after long periods of usage. This issue deservdiseiluresearch.

. Using field dependent solid materials in prostigtifor adaptive structures, is

believed to have interesting potentials. Magnetoldgical elastomers, with an
application in prosthetics, deserve the attentidiumwher research.

The results of this study give a valuable insigtib ifurther developments of the MR

prosthetic knee joint with regards to strength aonthfortability. The approach has been
shown to furthering the success of the MR prosthHetee joint.
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