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Abstract

Many devices are available on the market for the evaluation and rehabilitation of patients
suffering from muscular disorders. Most of them are small, low-cost, passive devices based on
the use of springs and resistive elements and exhibit very limited (or even not any) evalua-
tion capabilities; extended muscular force evaluation is only possible on stationary, expensive,
multi-purpose devices, available only in hospitals, which offer many exercise modes (e.g. isoki-
netic mode) that are not available on other devices.

The objective of this thesis is to make the functionalities currently only implemented on bulky
multi-purpose devices available at a lower cost and in a portable fashion, enabling their use
by a large number of independent practitioners and patients, even at home (tele-medecine
applications).

In order to achieve this goal, a portable rehabilitation device, using a magneto-rheological
fluid brake as actuator, has been designed. This particular technology was selected for its
high level of compactness, simple mechanical design, high controllability, smooth and safe
operation. The first part of this thesis is devoted to the design of MR-fluid brakes and their
experimental validation. The second part is dedicated to the design of the rehabilitation
device and the comparison of its performances with a commercial multi-purpose device (CY-
BEX).

vii





Contents

Jury iii

Acknowledgements v

Abstract vii

1 Introduction 1

1.1 Muscular rehabilitation devices: market overview . . . . . . . . . . . . . . . . 1

1.1.1 Category 1: Multi-function devices . . . . . . . . . . . . . . . . . . . . 1

1.1.2 Category 2: Devices with limited functionalities . . . . . . . . . . . . . 3

1.1.3 Category 3: Unique function devices . . . . . . . . . . . . . . . . . . . 3

1.2 Motivations and market positioning . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 MR-fluids: properties and applications 7

2.1 Controllable fluids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 MR-fluid and MR-dampers models . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.1 Bingham model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.2 Gamota and Filisko model . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.3 Bouc-Wen model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.4 Spencer et al. model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 MR-fluids composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.1 Magnetizable particles . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.2 Carrier fluid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.3 Additives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4 Properties of MR-fluids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4.1 Off-state viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4.2 Yield stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4.3 B-H relationship . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.4.4 Durability and In-Use-Thickening . . . . . . . . . . . . . . . . . . . . . 16

2.5 Operating modes of MR-fluids . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.6 Applications in mechatronic devices . . . . . . . . . . . . . . . . . . . . . . . 18

2.6.1 Dampers and shock absorbers . . . . . . . . . . . . . . . . . . . . . . . 18

2.6.2 Brakes and clutches . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.7 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

ix



x CONTENTS

3 Magnetic circuit design 25

3.1 Fundamentals of electromagnetism . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1.1 Ampere’s law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1.2 B-H relationship . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1.3 Magnetic flux and Gauss’s law . . . . . . . . . . . . . . . . . . . . . . 27

3.1.4 Magnetic circuits and electrical analogy . . . . . . . . . . . . . . . . . 27

3.1.5 Permanent magnets . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2 Magnetic circuits with MR-fluids . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2.1 Magnetic core with MR-fluid filled gap . . . . . . . . . . . . . . . . . . 35

3.2.2 Magnetic core with MR-fluid filled gap and permanent magnet . . . . 36

3.2.3 Fringing in air and fluid gaps . . . . . . . . . . . . . . . . . . . . . . . 38

3.3 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4 MR-brake architectures 41

4.1 Figures of Merit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.2 Drum brake and inverted drum brake . . . . . . . . . . . . . . . . . . . . . . 43

4.3 T-shaped rotor brake . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.4 Disk brake . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.5 Multiple disks brake . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.6 Validation via Finite Element analysis . . . . . . . . . . . . . . . . . . . . . . 53

4.7 Comparison of performances . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.8 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5 Early prototypes and test bench 59

5.1 Design of the prototypes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.1.1 Prototype 1 - Drum brake . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.1.2 Prototype 2 - T-shaped rotor brake . . . . . . . . . . . . . . . . . . . . 61

5.2 Design of the test bench . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.3 Experimental properties identification . . . . . . . . . . . . . . . . . . . . . . 64

5.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.3.2 Torque/current characteristic . . . . . . . . . . . . . . . . . . . . . . . 65

5.3.3 Torque/speed characteristic . . . . . . . . . . . . . . . . . . . . . . . . 67

5.3.4 Torque response time . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6 Methods of muscular evaluation and wrist biomechanics 75

6.1 Fundamentals of muscle biomechanics and joint function . . . . . . . . . . . . 75

6.1.1 Concentric and eccentric contraction . . . . . . . . . . . . . . . . . . . 75

6.1.2 Torque/position and torque/velocity relationships . . . . . . . . . . . 76

6.2 Manual testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

6.3 Isometric testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

6.4 Isotonic testing and exercise . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

6.5 Isokinetic testing and exercise . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

6.6 Degrees of freedom of the wrist . . . . . . . . . . . . . . . . . . . . . . . . . . 82

6.6.1 Pronation-Supination . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

6.6.2 Flexion-Extension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

6.6.3 Abduction-Adduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 84



CONTENTS xi

6.7 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

7 Portable wrist rehabilitation device 87
7.1 System components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
7.2 MR brake . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
7.3 Prototype of embedded electronics . . . . . . . . . . . . . . . . . . . . . . . . 92
7.4 User interfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
7.5 DSP and Control Desk interface . . . . . . . . . . . . . . . . . . . . . . . . . 94
7.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

8 Control strategies 97
8.1 Global control scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
8.2 Simulation of the experimental setup . . . . . . . . . . . . . . . . . . . . . . . 98
8.3 Torque controller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
8.4 Exercise controller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

8.4.1 Isometric control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
8.4.2 Isotonic control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
8.4.3 Isokinetic control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

8.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

9 Preliminary clinical validation 107
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

9.1.1 Test/re-test repeatability analysis . . . . . . . . . . . . . . . . . . . . 107
9.1.2 Analysis of agreement between devices . . . . . . . . . . . . . . . . . . 108

9.2 Test protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
9.3 Isokinetic mode: analysis of measurement repeatability . . . . . . . . . . . . . 109

9.3.1 Selection of the reference parameter . . . . . . . . . . . . . . . . . . . 109
9.3.2 Analysis of the results for combined motions . . . . . . . . . . . . . . 109

9.4 Isokinetic mode: agreement with CYBEX . . . . . . . . . . . . . . . . . . . . 111
9.4.1 Analysis of the results for combined motions . . . . . . . . . . . . . . 111

9.5 Conclusions of the preliminary clinical tests . . . . . . . . . . . . . . . . . . . 114
9.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

10 Summary and conclusions 117

A Statistics for clinical analysis 121
A.1 Methods for test/re-test repeatability analysis . . . . . . . . . . . . . . . . . . 121

A.1.1 Paired t-test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
A.1.2 Correlation coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
A.1.3 Within-subject standard deviation and repeatability coefficient . . . . 123
A.1.4 Wilcoxon matched pairs test / Box and wiskers plot . . . . . . . . . . 124
A.1.5 Scatter plot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

A.2 Methods for agreement analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 125
A.3 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

B Patent application 129





Chapter 1

Introduction

1.1 Muscular rehabilitation devices: market overview

The market of muscular rehabilitation devices is composed of three major categories (Fig-
ure 1.1), described in further details in the following subsections.
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Figure 1.1: Overview of rehabilitation devices market

1.1.1 Category 1: Multi-function devices

These are computer controlled devices that can be used for muscular evaluation and exercise
of almost any body joint. Data acquired during evaluation is displayed to the patient, to in-
crease his motivation, and recorded for further analysis by the practitioner. All these devices
offer a large number of exercise modes.

1



2 1 Introduction

Multi-function devices are large, bulky and not portable. Furthermore, they exhibit low re-
peatability for the evaluation of small body joints (such as wrist) and a lack of precision in
measurements (Chan and Maffulli, 1996) (Leclerq, 1999). Finally, changing the configuration
of the device for the evaluation and exercise of one joint to another is highly time-consuming.
Such devices are thus not suited for small practices where two successive patients rarely suffer
from disfunction of the same joint of the body.

Major players in this category include CSMI with the Humac Norm (former CYBEX),
BIODEX, BTE Technologies with the Primus and CONTREX (Figure 1.2). All these man-
ufacturers are based in the US, except for CONTREX which is a Swiss company. These
devices are priced between 45000 and 90000 euros, depending on the accessories, making
them affordable only for clinics and hospitals.

Figure 1.2: Commercial multi-function devices

The market of multifunction devices is more or less saturated. In 1998, the total number of
multi-function devices in service in the USA was about 3500 (Frost and Sullivan, 1998). In
Europe, the distribution of devices is not equal between countries due to cultural differences,
economic disparities and different reimbursement policies. Figure 1.3 gives an overview of the
number of multi-function devices in operation in each European country. The total number
of devices is similar to the one on the US market.
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Figure 1.3: Repartition of isokinetic devices on the European market in 2001 adapted from
data available in (ANAES, 2001)

1.1.2 Category 2: Devices with limited functionalities

These are microprocessor-controlled devices that can be used for exercise of one or a limited
number of body joints. Some of them also offer basic evaluation capabilities and patient visual
feedback. These devices offer only a single exercise mode. They are priced between 3500 and
5000 euros. Their compactness and moderate cost makes them affordable for independent
practitioners. Some of these devices are even rented to patients for home use ( 100 euro/week).
Major players are KINETEC, OTTOBOCK, ORMED and BIOMETRICS (Figure 1.4).

Figure 1.4: Portable rehabilitation devices

1.1.3 Category 3: Unique function devices

These are portable, low-cost (prices mainly below 100 euros), unactuated devices that can be
used either for evaluation or exercise of a specific joint of the body. They do not offer any
recording capabilities and no or very basic visual feedback (in evaluation devices, only). Their
compactness and very low cost makes them affordable not only to independent practitioners



4 1 Introduction

but also to patients themselves, enabling convenient home exercise. These devices can be of
many types, mainly based on the use of springs and resistive elements.

1.2 Motivations and market positioning

From the market analysis described above, we can conclude that there is no portable multi-
function muscular evaluation device available on the market that may be affordable to a large
number of independent practitioners. Furthermore, some exercise modes are currently only
available on the the costly multi-function devices, designed to accommodate all body joints,
leading to a lack of accuracy and repeatability in measurements conducted on small joints.
Moreover, the bulkiness and complexity of existing devices prohibits their use by the patients
without the assistance of a practitioner.

There is thus a need for a device that would offer similar functionalities (and exercise modes)
as those implemented on multifunction devices but in a much more compact design, portable,
affordable for independent practitioners (price of about 5000 euros), well suited for small
joints evaluation and that could be used by the patient in an autonomous way, possibly at
home (telemedecine applications).

The aim of this thesis was thus to develop such device. Magneto-rheological (MR) fluid brake
actuation was selected thanks to its high level of compactness, high controllability and safety
of operation as compared to alternative technologies. The prototype described in this work
was designed for the joints of the forearm but could be easily extended to other joints such
as hand, ankle... However, it should be noticed that using a controllable brake (semi-active
actuator) introduces a limitation as compared to existing multi-function devices which are
based on active actuators (CYBEX, BIODEX..). Indeed, a limited number of exercise modes
can not be implemented with such type of actuator, since the torque can only be opposed
to motion. Figure 1.5 compares the various characteristics of the prototype described in this
thesis with the various categories of commercially available devices. It can be observed that it
combines the advantages of all categories except for the versatility of exercise modes limited
by the use of a brake as actuator.

1 1 1 12 2 2 23 3 3 3

suitability for evaluation

suitability for rehabilitation

portability and compactness

versatility of exercise modes

ease of operation

reporting capabilities

CAT 1 CAT 2 CAT 3
ULB

prototype
1 3

bad good

Figure 1.5: Comparison of the characteristics of the prototype with commercially available
devices



1.3 Outline 5

1.3 Outline

The first part of this thesis is devoted to the design and development of the MR-brake to be
used as actuator within the rehabilitation device. It consists of four chapters:

- Chapter 2 introduces the technology of magneto-rheological fluids, their use in mecha-
tronic devices and, in particular, MR brake and clutches. MR-dampers are also briefly
discussed, with the corresponding analytical models.

- Chapter 3 recalls the fundamental laws of electromagnetism and describes their appli-
cation to magnetic circuit design, including MR-fluids gaps.

- Chapter 4 provides a critical review of MR-brake architectures based on their analytical
models and gives guidelines for their selection according to various figures of merit.

- Chapter 5 describes the early MR-brake prototypes developed in the frame of this work.
Their performances are also analyzed and compared thanks to a custom test bench.

The second part of this work deals with the development of the muscular rehabilitation device
itself. It also consists of four chapters:

- Chapter 6 recalls the fundamentals of muscle biomechanics and describes the various
methods of muscular testing and exercise.

- Chapter 7 describes the various components of the rehabilitation device developed in
this work.

- Chapter 8 is devoted to the control strategies implemented in the device, for its various
exercise modes. Simulated and experimental results are compared.

- Chapter 9 analyzes the repeatability of measurements obtained with the prototype and
compares them with those obtained with a commercial multi-function device (CYBEX).

1.4 References
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Chapter 2

MR-fluids: properties and
applications

2.1 Controllable fluids

Controllable fluids exhibit a change in their rheological behavior (mainly their apparent viscos-
ity) upon the application of an external magnetic or electric field. Such fluids are respectively
called magnetorheological (MR) or electrorheological (ER) fluids. These fluids are indeed
non-colloidal (i.e. non-homogeneous) suspensions of polarizable micron-sized particles that
form chain like structures upon the application of the external field (Figure 2.1). The particle
chains are parallel to the field direction and restrict the fluid flow, requiring a minimum field-
dependent shear stress (called yield stress) for the flow to be initiated. It is also important
to avoid confusion between magnetorheological fluids and colloidal ferrofluids composed of
nano-sized particles. Ferrofluids are also attracted by a magnetic field but do not exhibit any
rheological change (and in particular, no yield stress). They are mainly used within oil seals
characterized by very low friction.

No field Applied field

Figure 2.1: Chain-like structure formation in controllable fluids

Since their discovery (Winslow, 1949), considerable research work has been conducted on ER-
fluid and devices, much of this work being motivated by potential automotive applications.
Despite these major efforts, no commercial device emerged, mainly due to the numerous ER-
fluid limitations. Indeed, ER-fluids developed until now exhibit too low yield stress for most
applications (2-5kPa, limited by the electric breakdown strength of the fluid). Up to now,

7



8 2 MR-fluids: properties and applications

their major field of application is vibration control where devices based on such fluids provide
damping forces that are within industrial requirements. They have been used in prototypes
of engine mounts, vehicle shock absorbers, shock struts for landing gears... A nice review
their applications is available in (Sproston et al., 2002). ER-fluids require high voltage power
supplies (several kV) combined with expensive wires and connectors. Furthermore, the tem-
perature dependence of their electrical polarization mechanisms and their high sensitivity to
impurities makes their use outside the laboratory costly and difficult (Black and Carlson,
2006).

MR-fluids were also discovered in the late 1940s by J.Rabinow (Rabinow, 1948). However,
the initial interest of the scientific community in MR-fluids decreased rapidly at the benefit
of ER-fluids, which were thought to be more suited for compact, real-time applications. It is
only in the early 1990s that the interest in MR-fluids grew again as they were finally recog-
nized as a good alternative to ER-fluids that suffered from the above mentioned drawbacks.
Indeed, only at that time, it was realized that the ten to twenty times greater yield stress
of MR-fluids (50-100kPa) would lead to devices with much smaller active fluid volumes (for
the same performance), requiring much smaller, faster and less cumbersome electromagnets
than initially thought, enabling real-time applications (Black and Carlson, 2006). Moreover,
despite similar power requirements than ER-fluid devices (2-50 Watts), MR-fluid devices com-
prise electromagnets powered by low voltage power supplies. Furthermore, MR-fluids exhibit
a broader operating temperature range (−40◦C to +150◦C, limited by the properties of the
carrier fluid) and are unsensitive to impurities. The researches conducted on MR-fluids since
the beginning of the 1990s led to some major developments and commercial successes, espe-
cially in the car industry. More details will be given in section 2.6. Table 2.1 summarizes the
main characteristics of ER and MR-fluids.

MR-fluids ER-fluids

Max. yield stress 50-100kPa 2-5kPa

Max. field
∼250kA/m

(limited by saturation)
∼4kV/mm

(limited by breakdown)

Viscosity 0.1-1.0 Pa.s 0.1-1.0 Pa.s

Operable
temperature range

-40 to +150◦C
(limited by carrier fluid)

-25 to +125◦C
(limited by polarization

mechanisms)

Stability unaffected by most impurities cannot tolerate impurities

Response time <millisecond <millisecond

Density 3-4g/cm3 1-2g/cm3

Power supply
(typical)

2-25V at 1-2A
(2-50Watts)

2-5kV at 1-10mA
(2-50Watts)

Table 2.1: Main characteristics of ER and MR-fluids [adapted from (Carlson, 2007)]
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2.2 MR-fluid and MR-dampers models

2.2.1 Bingham model

The behavior of MR-fluids is commonly represented as a Bingham plastic having a variable
yield strength (τy), depending on the magnetic field (H). For controllable fluids, such a rep-
resentation was introduced in (Phillips, 1969). In this model, the post-yield flow is governed
by the equation:

τ = sgn(γ̇)τy(H) + ηγ̇ τ > τy(H) (2.1)

where τ is the total shear stress, γ̇ is the shear rate and η is the viscosity (independent of
the magnetic field) (Figure 2.2). In the pre-yield regime (τ 6 τy) (at strains of the order
10−3), the MR-fluid is usually considered to behave viscoelastically. Various models have
been proposed; a nice review is made in (Gandhi and Bullough, 2005). In the frequency
domain, most of them can be summarized with the following expression (Jolly et al., 1998):

τ = G(H)γ τ 6 τy(H) (2.2)

where G is the complex, field dependent shear modulus having its real and imaginary parts
(G′ and G′′) increasing with the magnetic field (H). G′ and G′′ are representative of the
components of the force response that are respectively in-phase and 90◦ out-of-phase with the
harmonic displacement excitation.

increasing
magnetic fieldü

íç
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magnetic field

H1

H1

H2

H2

H = 0

H = 0

üy(H1)

üy(H1)

üy(H2)

üy(H2)

ñp

Figure 2.2: Bingham plastic model: shear stress vs shear rate

Based on Bingham’s stress-strain behavior of MR-fluids, (Stanway et al., 1987) proposed an
idealized mechanical model describing the behavior of a MR-damper. This model consists of
a Coulomb friction element placed in parallel with a viscous damper (Figure 2.3a). The force
generated by the device is given by:

F = fcsgn (ẋ) + c0ẋ + f0 (2.3)
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where ẋ is the piston velocity, c0 is the damping coefficient and fc is the frictional force,
which is related to the fluid yield stress. An offset force f0 can be included to account for the
presence of an accumulator. It should be noticed that this model does not take into account
the hysteresis of the force-velocity relationship.

2.2.2 Gamota and Filisko model

(Gamota and Filisko, 1991) proposed an extension of the Bingham model. The model consists
of the Bingham model in series with a standard model of a linear solid material (Figure 2.3b).
The dynamic equations for this model are:

F = k1(x2 − x1) + c1(ẋ2 − ẋ1) + f0

= c0ẋ1 + fcsgn (ẋ1) + f0

= k2(x3 − x2) + f0























, |F | > fc (2.4)

F = k1(x2 − x1) + c1ẋ2 + f0

= k2(x3 − x2) + f0







, |F | 6 fc (2.5)

where c0 is the damping coefficient associated with the Bingham model and k1, k2 and c1 are
associated with the solid material. Compared to the Bingham model, this model introduces
hysteresis and may better reconstruct the behavior of the damper. However, Eq.(2.4) and
(2.5) are difficult to solve numerically, requiring a very small step time in numerical integra-
tion.

2.2.3 Bouc-Wen model

Another model that has been used extensively for modelling hysteretic systems, and is nu-
merically tractable, is the Bouc-Wen model (Wen, 1976)(Figure 2.3c). However, this model
still exhibits disparities with the experimental curves in regions where the acceleration and
the velocity have opposite signs. The force in this system is given by:

F = c0ẋ + k0 (x − x0) + αz (2.6)

where the evolutionary variable z is governed by:

ż = −γ |ẋ| z |z|n−1 − βẋ |z|n + Aẋ (2.7)

The parameters β, γ and A in the Bouc-Wen model are used to control the linearity in the
unloading region and the smoothness of the transition from the pre-yield to the post-yield
region. The accumulator stiffness is represented by k0 and x0 is associated to initial pressure
in the accumulator, giving the static force f0 = k0x0.
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2.2.4 Spencer et al. model

(Spencer et al., 1997) proposed a slightly modified version of the Bouc-Wen model (Fig-
ure 2.3d) to introduce roll-off in the regions where the force and the velocity have opposite
signs in order to better predict the damper behavior. The MR damper force becomes:

F = c1ẏ + k1(x − x0) (2.8)

where

ż = −γ |ẋ − ẏ| z |z|n−1 − β (ẋ − ẏ) |z|n + A (ẋ − ẏ) (2.9)

ẏ =
1

c0 + c1

[αz + c0ẋ + k0 (x − y)] (2.10)

The accumulator stiffness is represented by k1 and the viscous damping observed at larger
velocities is represented by c0. The dashpot c1 is included in the model to produce the roll-off
at low velocities and k0 to control the stiffness at large velocities.

2.3 MR-fluids composition

MR-fluid formulation consists of three main components: magnetizable particles (with a vol-
ume fraction typically between 20% and 45%), a carrier fluid and an association of various
additives. The proper selection and combination of these components is of prime importance
since it will define all the macroscopic characteristics of the fluid such as its off-state viscosity,
its maximum yield stress, its resistance to settling, its operating temperature range... This
fact explains the abundance of literature on this topic and the wide variety of reported MR-
fluid formulations. In this section, we will summarize the main trends observed for MR-fluid
composition.

2.3.1 Magnetizable particles

Maximum inter-particle attraction (and thus maximum yield-stress) increases with the square
of the saturation magnetization Js of the particles (Carlson and Jolly, 2000) (Ginder et al.,
1996). The most widely used material for MR-fluid particles is carbonyl iron, thanks to its
high saturation magnetization (Carlson, 2009). Carbonyl iron powder is obtained by the ther-
mal decomposition of iron pentacarbonyl (Fe(CO)5), leading to highly spherical particles in
the 1-10µm range. The spherical shape is of particular interest since it makes the particles
less abrasive, more robust and durable. These particles are further characterized by an onion
skin structure and an iron content up to 97.8% (Figure 2.4). Iron powders obtained from
less expensive processing techniques (such as water atomization) have also been considered
and used in MR-fluid formulations. However, it should be noticed that these particles exhibit
much larger sizes (10-100µm) and are more irregular in shape, affecting their abrasiveness
and durability. Furthermore, highly irregular particles lead to higher fluid viscosity compared
to spherical particles at the same volume fraction (Black and Carlson, 2006).



12 2 MR-fluids: properties and applications

a)
x

Fà f0

c0

Fà f0

c0

x1 x2 x3

k1

k2

b)

k0

Bouc-Wen
x

F

c)

c0

k0

Bouc-Wen
x

F

c0

k1

c1

c1

d)
1500

-1500

0

12-12 0

Velocity [cm/s]

Fo
rc

e
 [
N

]
1500

-1500

0

12-12 0

Velocity [cm/s]

Fo
rc

e
 [
N

]

1500

-1500

0

12-12 0

Velocity [cm/s]

Fo
rc

e
 [
N

]

1500

-1500

0

12-12 0

Velocity [cm/s]

Fo
rc

e
 [
N

]

model

experience

model

experience

model

experience

model

experience

Figure 2.3: MR-fluid and MR-dampers models: a) Bingham model - b) Gamota and Filisko
model - c) Bouc-Wen model - d) Spencer et al. model - Force/velocity curves are adapted
from (Spencer et al., 1997)
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Figure 2.4: Scanning electron microscope images of carbonyl iron powder: a) spherical parti-
cles - b) onion skin structure [adapted from (BASF, 2006)]

2.3.2 Carrier fluid

Carrier fluids are selected based on their intrinsic viscosity, their temperature stability and
their compatibility with other materials of the device. The most common carrier fluids are
hydrocarbon oils, which can either be mineral oils or synthetic oils (or a combination of both),
thanks to their good lubrication, durability and the availability of a large range of additives.
Silicon oils can be used instead in order to achieve a broader operating temperature range
or due to compatibility issues with other materials of the device (e.g. rubber seals). (Jolly
et al., 1998) gives guidelines regarding the temperature range of some MR-fluid formulations
as well as their compatibility with typical seals materials.

2.3.3 Additives

Many types of additives, often proprietary, are used in MR-fluid formulations. They have
many purposes such as: inhibit particle settling and agglomeration, reduce friction, prevent
particle oxidation and wear. The major impact of these properties on the MR-fluid stability
and durability, which are crucial in industrial applications, explains the fact that, in recent
years, much of the MR-fluid research effort was focused on the development of new additive
packages.

Particle settling may appear in MR-fluids due to the large difference between particles and car-
rier fluid densities. This phenomenon may be accompanied by particle agglomeration, which
means that particles are sticking together in the absence of magnetic field (due, for example,
to a small level of remnant magnetization in the particles). While a small level of particle
settling is not really an issue in devices where the fluid is naturally and efficiently remixed
during operation (such as dampers and shock absorbers in automotive applications (Carlson,
2003)), in other applications such as seismic dampers, agglomeration has to be avoided since,
in that case, particle redispersion is much more difficult to achieve, leading to an alteration
of the MR-fluid properties.
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2.4 Properties of MR-fluids

2.4.1 Off-state viscosity

The field-independent viscosity (η) is the most critical off-state property of MR-fluids since
it has a direct impact on the velocity-dependent minimum output force or torque of a given
device in the absence of magnetic field. Furthermore, this viscosity is also responsible for the
temperature dependance of the device output force or torque.

The MR-fluid viscosity is mostly influenced by two factors: the intrinsic viscosity of the carrier
fluid and the particle volume fraction. The higher the particle volume fraction, the higher
the MR-fluid viscosity. At room temperature, most MR-fluid viscosities range from 50 to
200mPas (Carlson, 2009).

2.4.2 Yield stress

The field-dependent maximum yield stress (τy) is the most critical on-state property of MR-
fluids since it has a direct impact on the maximum output force or torque of a given device.

As already discussed in section 2.3.1, the material of the particles has an impact on the max-
imum yield stress since its value increases with the square of the saturation magnetization of
the particles (Carlson and Jolly, 2000).

A second factor influencing the maximum yield stress is the particle volume fraction. Ra-
binow, in 1948, already demonstrated that increasing the particle volume fraction led to an
increase of the output torque of his MR-fluid clutch. Since then, a number of researchers
have studied this effect (Genç, 2002) (Kordonski et al., 1997) and have shown that the max-
imum yield stress increases non-linearly with growing particle volume fraction (Chin et al.,
2001) (Foister, 1997)(Figure 2.5a). Unfortunately, as already mentioned in section 2.4.1, the
off-state plastic viscosity also increases with particle volume fraction, at an even faster rate
than the yield stress (Figure 2.5b), leading to a decrease of the potential dynamic range (ratio
between maximum and off-state force or torque) of a device using such fluids.

An alternative way to increase the maximum yield stress is to increase the particle size distri-
bution inside the MR-fluid. The advantage of this technique is that it allows the viscosity to
be reduced while maintaining the same particle volume fraction (Goncalves et al., 2006). A
particular case of this technique is to use bimodal particle distributions, where two different
size groups of particles are combined (Golden et al., 2005) (Weiss et al., 1999) (Foister, 1997).
As shown in Figure 2.6, a substantial increase in yield stress can be achieved by a small
increase in the proportion of small particles (25% in weight). This effect can be explained by
an increased particle packing when chains are formed.

Figure 2.7 shows graphs of the yield stress (τy) versus magnetic field (H) for some typical
MR-fluids from LORD corporation and ISC Fraunhofer Institut Silicatforschung (data ob-
tained from product datasheets).
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Figure 2.5: a) Maximum yield stress versus particle volume fraction (under magnetic flux
density of 1Tesla) - b) Viscosity versus particle volume fraction [adapted from (Foister, 1997)]
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Figure 2.6: Maximum yield stress versus plastic viscosity for various bimodal formulations
(unchanged total particle weight fraction of 55%) [adapted from (Foister, 1997)]
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Very different behaviors can be observed due to different fluid formulations (in particular var-
ious particle weight fractions, φw). Furthermore, differences between the shape of the curves
for LORD and ISC fluids may also be explained by different experimental protocols used to
measure the yield stress. For the fluids provided by LORD corporation, it can be seen that
the yield stress begins to saturate for magnetic fields above 250kA/m. Unfortunately, from
the data available to us, no conclusion could be drawn about the magnetic field intensity at
which the AL-458 yield stress saturates.

2.4.3 B-H relationship

From the data available in product datasheets, the B-H curve for MR-fluids within their
useful range is mainly non-linear for the fluids provided by LORD, but linear for the ISC
fluid. Such difference may be explained by different MR-fluid formulations or differences in
the experimental protocol. Figure 2.7b) shows a graph of the induction field (B) versus mag-
netic field (H) for the MR-fluids considered in this study.

Furthermore, it is important to note that little or no hysteresis can be observed in the MR-
fluid B-H curves. This behavior is a consequence of the magnetically soft properties of the
iron used for the particles as well as the mobility of these particles (Jolly et al., 1998).

2.4.4 Durability and In-Use-Thickening

First durability tests conducted on MR-fluid devices at the end of the 1990s have shown that,
if an ordinary MR-fluid is subjected to high stress and high shear rate over a long period of
time, the fluid will thicken (Carlson, 2001). This phenomenon is called In-Use-Thickening
(IUT). A MR-fluid initially exhibiting low off-state viscosity will progressively thicken until
it eventually turns into a thick paste exhibiting a much higher off-state viscosity and making
it unusable in most applications.

One of the causes of IUT is the fact that, when exposed to long periods of stress, the friable
surface layer of the iron particles peals away and breaks into small pieces that separate from
the primary particle. This is particularly true for carbonyl iron particles exhibiting an onion
skin structure (Figure 2.4). Solutions to this phenomenon include the use of particles exhibit-
ing a higher hardness and/or the use of anti-wear and anti-friction additives (at levels of 0.5
to 3% by volume) (Goncalves et al., 2006).

2.5 Operating modes of MR-fluids

MR-fluids are operated in four different modes (Figure 2.8): valve mode, direct shear mode,
squeeze mode and pinch mode. Valve and direct shear modes have been used in a wide variety
of devices, while squeeze mode is much less well known and pinch mode has only been recently
proposed (Goncalves and Carlson, 2008).
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Figure 2.8: Operating modes of MR-fluids: a) valve mode - b) direct shear mode - c) squeeze
mode - d) pinch mode

In the valve mode (Figure 2.8a), the MR-fluid flows through a channel while an external
magnetic field is applied perpendicular to the flow direction. The resistance to the fluid flow
can be adjusted by varying the intensity of the applied magnetic field, creating in that way
a controllable valve mechanism that does not require any movable mechanical part (Black
and Carlson, 2006). Devices based on the valve mode essentially include dampers and shock
absorbers used in a broad range of applications.

In the direct shear mode (Figure 2.8b), the MR-fluid is contained between two parallel sur-
faces (poles) while an external magnetic field is applied perpendicular to the poles. A force
is applied to one of the poles, making it move laterally relative to the other, directly shearing
the fluid layer. The force required to cause the fluid to shear depends on the intensity of the
applied magnetic field and on the resulting shear stress developed in the MR-fluid. Devices
based on the shear mode essentially include brakes and clutches used in a broad range of
applications. This mode is used in the device described in this thesis.

In the squeeze mode (Figure 2.8c) (Gstöttenbauer, 2008), the MR-fluid is contained be-
tween two parallel surfaces (poles) while an external magnetic field is applied perpendicular
to the poles. A force is applied perpendicular to one of the poles, making it move towards
the other, compressing the fluid layer. For a given force, the displacement of the moving
pole is controlled by the intensity of the applied magnetic field. Displacement amplitudes
are very small (in the order of some millimeters) but resistive forces are very high. Despite
a much smaller amount of applications, this operating mode has however been explored in
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small amplitude vibration and impact dampers (Carlson, 1996) (Jolly and Carlson, 1996).

In the pinch mode (Figure 2.8d), as for the valve mode, the MR-fluid flows through a chan-
nel. But, here, the external magnetic field is applied more or less parallel to the flow direction
by arranging the poles axially along the flow path and separating them by a non-magnetic
spacer. On the contrary to all previous operating modes, such configuration leads to a highly
non-uniform magnetic field inside the MR-fluid. The main idea is rather than solidifying
the fluid throughout the valve (as in the valve mode), the MR-fluid is solidified by the the
magnetic field only near the walls, changing in that way the effective orifice diameter through
which the fluid flows (Goncalves and Carlson, 2008).

2.6 Applications in mechatronic devices

2.6.1 Dampers and shock absorbers

MR-fluid dampers and shock absorbers developments have mainly been driven by the re-
quirements of the automotive industry and have largely benefited from previous R&D work
conducted on ER-fluid devices in the 1980s.

Early commercial products appeared in 1998 with MR-fluid dampers to be used in semi-
active seat suspensions for trucks and with adjustable MR-fluid based primary suspension for
racing cars (Carlson and Sproston, 2000). However, the first real commercial breakthrough
was made in 2002 with the introduction, by Delphi, of the MagneRide, the first commercial
suspension system having real-time controllable MR-fluid shock absorbers that automatically
adapt to changing road conditions with a faster response time, fewer moving parts and lower
power requirements than previous hydraulic systems (Sproston et al., 2002)(Figure 2.9). This
system, initially available on top-of-the-range (Cadillac STS, Buick Lucerne) and sports cars
(Chevrolet Corvette, Ferrari 599, Audi TT) is progressively being implemented on mid-range
vehicles (available on Audi A3 from 2008).
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Figure 2.9: Schematic cross-section view of a magneto-rheological shock absorber [adapted
from (Carlson, 2007)]
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Another application under development for the automotive industry is the MR-fluid engine
vibration isolation. Using MR-fluids inside such engine mounts allows to modify their stiff-
ness in real-time and achieve the best possible isolation for each RPM of the engine (Fig-
ure 2.10) (Carlson, 2007) (Barber and Carlson, 2008).
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Figure 2.10: a) MR-fluid engine mount - b) vibration isolation performances [adapted
from (Carlson, 2007)]

The automotive industry is not the only one to benefit from developments in the field of
MR-fluid devices. Large MR-fluid dampers (capacity up to 300kN)(Figure 2.11a) have also
been developed to be implemented for semi-active vibration control in civil engineering struc-
tures. They have been used in bridges and buildings to limit the effects of seismic and wind
excitation (Sproston et al., 2002) (Carlson, 2007) (Yang et al., 2002). It is important to note
that, for seismic applications, sedimentation is a real issue since the damper may not be used
for a very long period of time.

control

MR-fluid

force

position

controller
angular
position
sensor

MR-fluid
damper

batteries

force sensor
a) b)

Figure 2.11: a) MR-fluid high capacity dampers for vibration control in civil engineering
structures [adapted from (Carlson, 2007)] - b) Biedermann-Motech above-knee prosthesis
based on MR-fluid damper [adapted from (Carlson and Sproston, 2000)]
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MR-fluid technology, thanks to its inherent compactness has also been implemented in portable
rehabilitation applications. In 2000, Biedermann Motech introduced an above-knee prosthe-
sis based on a real-time controlled MR-fluid damper, increasing gait balance, stability (even
when walking on stairs or ramps) and energy efficiency (Biedermann, 2002) (Biedermann
et al., 2004)(Figure 2.11b).

2.6.2 Brakes and clutches

Despite the fact that, today, the major part of commercial MR-fluid devices are MR-dampers
used in the automotive industry, the first commercial application of a MR-fluid device was,
in 1995, into the exercise market as variable resistance brake for use in aerobic stair-climbers
and cycling machines developed by Nautilus (Webb, 1998) (Carlson and Sproston, 2000)(Fig-
ure 2.12a). Indeed, such MR-brake was quieter, less expensive and more compact than pre-
vious eddy-current brakes. Furthermore, MR-brakes are running at much lower voltages
reducing the cost of the power supply (Baker, 1995). Unfortunately, due to the intense use
to which some exercise equipment can be subjected, problems of fluid deterioration (IUT, see
section 2.4.4) caused reliability issues. More recent fluid formulation may solve this problem.
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Figure 2.12: a) Nautilus aerobic cycling machine - b)Rheoknee / knee prosthesis based on a
rotary MR-brake commercialized by OSSUR [adapted from (OSSUR)]

Real-time controlled ”smart” prosthesis can also integrate rotary MR-brakes instead of linear
MR-dampers. This is the case of the knee prosthesis developed by the MIT (Deffenbaugh
et al., 2001) and commercialized by OSSUR (Figure 2.12b). It seems indeed more logical to
make use of a rotational device to implement the knee joint.

As can be seen on Figure 2.12b), thanks to the high level of compactness of the MR-brake
used (40Nm - diameter: 6cm), all electronics, sensors and batteries can fit within the lower
part of the prosthesis. Other applications in the same field and based on the same technology
include ”smart” orthoses for various human joints as described in the patent by (Carlson,
1997). Some developments in this area have already been conducted by (Furusho et al., 2007)



2.7 References 21

leading to a first prototype of ankle-orthosis.

Force-feedback (haptic) interfaces also benefit from the high compactness and high torques of
MR-brakes and clutches. Furthermore, in such applications, brakes offer a major advantage
over motors since they can only apply resistive forces, ensuring user safety. This property
is also a drawback since they can not simulate all types of force (like a spring in its exten-
sion phase, for instance). An example of industrial application is the use of a rotary brake
implemented as actuator within a steer-by-wire system for electric forklift trucks, eliminat-
ing the mechanical connection between the steering wheel and the ground wheels (Carlson
and Sproston, 2000). Two degree-of-freedom pantograph type haptic displays have also been
developed by (Reed, 2003) and (Yamaguchi et al., 2003), respectively using MR brakes and
MR-clutches. The compactness and absence of backlash of MR-brakes have also been ex-
ploited in the development of haptic knobs to be used as multipurpose user interface in
automotive vehicles (Ackermann and Elferich, 2000).

Other automotive applications include the use of MR-clutches. Since 2003, General Motors
studies the feasibility of using them as radiator fan drive clutches, instead of conventional
silicon oil clutches, in trucks and SUVs, with the objective of reducing the fuel consumption
by 2.5% thanks to a lower off-state viscosity and smoother torque transitions (Carlson and
Johnson, 2004) (Smith et al., 2007). MAGNA Powertrain, in cooperation with BASF, also
developed and tested a 700Nm MR-fluid rotational clutch used as a coupling unit between
front and rear axle on a 4-wheel drive vehicle (Kieburg, 2008). The results showed superior
driving performance compared to what can be achieved with the current technology.

Finally, in 2002, preliminary tests in weightlessness have also been conducted by the NASA
to validate the the feasibility of using MR-brakes as part of deployment mechanisms for space
structures (antennas...) (Sproston et al., 2002).

As can be seen from these few examples, MR-fluid devices, thanks to their numerous advan-
tages (compactness, high forces or torques, low power consumption, smoothness and safety of
operation), can be used in a wide variety of fields ranging from automotive to rehabilitation.
Many of these characteristics will also be exploited in the rehabilitation device described in
this thesis.
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Chapter 3

Magnetic circuit design

3.1 Fundamentals of electromagnetism

3.1.1 Ampere’s law

Ampere’s law describes the relation between the electric current in a conductor (I, expressed
in Amperes [A]) and the resulting magnetic field (H, expressed in Amperes/meter [A/m]).
It states that the line integral of the tangential component of the magnetic field strength
around a closed path is equal to the total current enclosed by the path whatever the number
of electrical conductors (Edminister, 1993)(Figure 3.1). Furthermore, it is important to note
that H is independent of the properties of the medium (e.g. air, steel, MR-fluid...).

For a single conductor, we have:

∮

C

~H · ~dl = I (3.1)

For N conductors, we have:

∮

C

~H · ~dl = NI (3.2)

where NI is called the magnetomotive force (F ), expressed in Ampere-turns.

a) b)H H

I
I
I IC C

Figure 3.1: Magnetic field generated by: a) a single conductor - b) N conductors

3.1.2 B-H relationship

B is the magnetic flux density (also called magnetic induction), usually expressed in Tesla
[T]. On the contrary to H, B depends on the properties of the medium. The relation between

25
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B and H is given by:

B = µH = µ0µrH (3.3)

where µ0 is the absolute permeability of the vacuum (constant = 4π.10−7 Henry/m) and
where µr is the relative permeability of the medium (not constant, function of H)

For non-ferromagnetic materials, µr ≈ 1. For ferromagnetic materials, µr >> 1 (typical val-
ues are: iron=5000; silicon iron=12000; MR-fluid=5) and it is important to remember that
the B-H relationship is non-linear, with a saturation of B for values of H above a certain
level (the level of H for which B saturates and the saturation value of B being intrinsic
material properties). It is however interesting to note that, for modelling purposes, the hy-
pothesis of a linear behavior between B and H (before that saturation occurs) is usually made.
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B
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àHm àHc
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a) b)

Figure 3.2: B-H curve for a ferromagnetic material: a) magnetization characteristic - b)
hysteresis loop (Br is the remanent flux density; Hc is the coercitive magnetic field)

Figure 3.2 shows the shape of the B-H curve for a ferromagnetic material. When a magnetic
field (H) is applied for the first time to such material, the magnetic induction (B) within the
material increases slowly at first, then more rapidly, then very slowly again and finally reaches
a plateau called saturation (Bm) as can be seen on the dashed curve on Figure 3.2a). Such
curve is called the magnetization characteristic and is an intrinsic property of the material.

When H is reduced, B decreases more slowly (plain curve on Figure 3.2a) and when H is
reduced to zero, there is still some magnetic flux density in the material, called the remanent
flux density (Br). At this point the material behaves like a permanent magnet. Materials with
high Br values are well suited for permanent magnet applications. They are referred as hard
magnetic materials. On the contrary, materials used in the magnetic core of electromagnets
should exhibit Br values as low as possible. These materials are called soft magnetic materials.

If the magnetic field direction is reversed, B becomes zero for a certain value of H called the
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coercitive magnetic field (Hc). By increasing and decreasing the magnetic field (H) in both
directions, we obtain a loop called hysteresis loop (Figure 3.2b).

Soft magnetic materials can be further classified according to their saturation and relative
permeability values. Figure 3.3 compares the five major soft magnetic alloys according to
these properties and their cost. For magnetic core applications, materials exhibiting high
saturation and high permeability will be preferred since they will respectively lead to more
compact devices and lower power requirements.

Iron-Cobalt

Nickel-Iron

Silicon-Iron

Electrical Iron

Low

High

C
O

S
T

Bm ör

~2.4 T up to 3500

~1.2 T up to 375000

~2 T up to 12000

~2.15 T up to 8000

Figure 3.3: Comparison of the properties of ferromagnetic materials - Bm are values of the
magnetic flux density at saturation - µr are relative permeability values

3.1.3 Magnetic flux and Gauss’s law

The magnetic flux (Φ) passing through an open surface (S) is the integral of the induction
(B) over this surface. Φ is expressed in Weber [Wb] and is thus given by:

Φ =

∫

S

~B · ~dS (3.4)

The magnetic flux lines are always continuous. This means that the flux penetrating a closed
surface is equal to the flux leaving this surface. For a closed surface (S), we thus have:

∮

S

~B · ~dS = 0 (3.5)

3.1.4 Magnetic circuits and electrical analogy

As mentioned before, Ferromagnetic materials have relative permeabilities (µr) much larger
than other materials. Consequently, in such materials, the flux density B = µH = µ0µrH is,
for a given H, much larger than what would result in vacuum (or air).
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Consider the soft iron core having a constant cross-section (A) represented at Figure 3.4a)
with a coil (N turns and current I) winded around a small portion of it. Despite the fact
that the coil is not distributed over the whole iron core, the NI of the coil causes a magnetic
flux Φ which follows the core (the flux prefers the core than the surrounding space). In
first approximation, it may be assumed that all the flux remains within the core and that
it is uniformly distributed over the cross section of the core. Such configuration is called a
magnetic circuit due to its analogy with electric circuits where the current flows exclusively
through the conductor.

F

R

F

a) b)

Nturns

I

NI

A

Figure 3.4: Magnetic flux inside a soft steel core

If we apply Ampere’s law to this circuit, along the path in the center of the magnetic core,
we obtain:

F = NI =

∮

~H.~dl (3.6)

From Gauss law, in a given section A of the magnetic circuit, we get:

Φ =

∫

A

~B · ~dS (3.7)

If A is constant over the whole magnetic circuit and since Φ remains constant, B is also
assumed constant. Eq. 3.7 becomes:

Φ = BA (3.8)

From the B-H relationship, H is also constant over the whole circuit and Eq. 3.6 becomes:

NI = Hl =
B

µ
l (3.9)

where l is the length of the magnetic path. By combining Eq. 3.8 and 3.9, one gets:

Φ =
NI

l/µA
=

F

l/µA
(3.10)
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If we consider the magnetic flux (Φ) and the magnetomotive force (F ) in this magnetic circuit
analogous to the current (I) and the applied electromotive force (V ) in an electric circuit,
(l/µA) is analogous to the resistance of the electric circuit; it is defined as the reluctance of
the magnetic circuit :

R = l/µA (3.11)

Eq. 3.10 can thus be rewritten as:

F = RΦ (3.12)

which is referred as the Ohm’s law for magnetic circuits. The magnetic circuit of Figure 3.4a)
can thus be represented by its electric equivalent (Figure 3.4b).

The analogy with electric circuits is so strong that the laws that were initially obtained for
electric circuits are also valid for magnetic circuits. The equivalent of Kirchhoff’s current law
for magnetic circuits is derived from Gauss’s law and applies to the magnetic flux (Φ) instead
of the electric current (I):

n
∑

k=1

Φk = 0 (3.13)

where n is the total number of magnetic flux flowing towards or away from the node (Fig-
ure 3.5a). Kirchhoff’s voltage law can also be transposed for magnetic circuits. Indeed, by
applying the Ampere’s law to a closed magnetic circuit, we get:

n
∑

k=1

Fk =
m

∑

k=1

(RΦ)k (3.14)

where n is the number of applied magnetomotive forces and m is the number of NI drops.
This last equation thus means that the sum of the magnetomotive forces applied to a closed
magnetic circuit is equal to the sum of the NI drops within this circuit (Figure 3.5b).
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Figure 3.5: Magnetic analogy of: a) Kirchhoff’s current law - b) Kirchhoff’s voltage law
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3.1.5 Permanent magnets

B-H curves of permanent magnets are characterized by high remanent flux density (Br) and
coercitive magnetic field (Hc). The B-H curve in the second quadrant is called the demag-
netization curve, it determines the suitability of the magnet for a given application.

Depending on the magnet material and external temperature conditions, the ideal shape of
the B-H curve can either be as shown in Figure 3.6a) or in Figure 3.6b). It is interesting to
note that, except at the singularities, the slope of both B-H curves is equal to µ0. The value
of H at the singularities is called the intrinsic coercivity of the material (Hci).

àBr

àHc

H

B

Br

Hc H

B

àBr

Br

Hci

àHci

àHc = àHci

Hc = Hci

ö0 ö0

b)a)

Figure 3.6: Shape of B-H curves for permanent magnets [adapted from (Campbell, 1994)]
(Br is the remanent flux density; Hc is the coercitive magnetic field)

For permanent magnets exhibiting a B-H curve like in Figure 3.6a), the portion of the curve
in the second quadrant is entirely linear, the knee occurring at −Hci being located in the
third quadrant. As it will be explained later on, this configuration is preferable to that of
Figure 3.6b).

Figure 3.7 shows the demagnetization curves of two types of permanent magnets at various
temperatures. The demagnetization curve of the Ceramic 8 magnet is non-linear except when
the temperature is well above room temperature. In this case, the knee in the B-H curve
moves to the third quadrant. On the contrary, the demagnetization curve of the rare-earth
(Nd,Dy)-Fe-B magnet is linear except at high temperatures. Furthermore, it can be observed
that all curves, for both materials, exhibit the same slope in their linear part (≈ µ0). It can
also be seen that the characteristics of the permanent magnet (Br,Hc) are highly dependent
on the magnet material.

In order to illustrate the selection of a permanent magnet for a specific application, consider
the simple magnetic circuit of Figure 3.8a) composed of a magnet and an air gap.
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Figure 3.7: Demagnetization curves for: a) Ceramic grade 8 magnet - b) (Nd,Dy)-Fe-B magnet
at various temperatures ([adapted from (Campbell, 1994)]
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Figure 3.8: a) Circuit with permanent magnet and air gap - b) Corresponding magnet oper-
ating point

Thanks to the continuity of the magnetic flux inside the magnetic circuit and by neglecting
the leakage flux, we obtain:

BmAm = BgAg (3.15)

where Bm and Bg are flux densities and Am and Ag the cross-sections, respectively in the
magnet and in the air gap.

By applying Ampere’s law along the path in the center of the magnetic circuit and by ne-
glecting the contribution of the soft iron pole pieces (exhibiting a much higher permeability),
we get:

Hmlm + Hglg = 0 (3.16)
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where Hm and Hg are magnetic fields in the magnet and air gap respectively and where lm
and lg are magnet and air gap lengths. Furthermore, in the air gap, we have:

Bg = µ0Hg (3.17)

By combining Eq. 3.15 to 3.17, we get:

Bm = −µ0

Ag

Am

lm
lg

Hm (3.18)

which corresponds to a linear relationship between the magnet parameters Bm and Hm, called
the load line of the circuit.

In order to determine the magnet’s operating condition, an additional relation between Bm

and Hm is required. It is provided by the demagnetization curve of the magnet. The inter-
section of the load line and the demagnetization curve will thus give the magnet operating
point, as shown at Figure 3.8b). It is important to note that the slope of the load line is only
dependent of the relative dimensions of magnet and air gap.

Let’s now consider a magnetic circuit similar to the previous one but with the addition of a
coil (N turns, carrying a current I) generating a magnetic flux in the opposite direction of
the one produced by the permanent magnet (Figure 3.9a).

N

S

Am

lm lg

a) Hm

Bm
magnet

operating
point

à ö0 Am

Ag

lg

lm
slope=

b)
NI=lm

NI

Ag

Figure 3.9: a) Circuit with permanent magnet, air gap and coil - b) Corresponding magnet
operating point

Eq. 3.16 becomes:

Hmlm + Hglg = NI (3.19)

Combining Eq. 3.19 with Eq. 3.15 and 3.17 leads to a modified load line, which includes coil
excitation:

Bm = −µ0

Ag

Am

lm
lg

(

Hm −
NI

lm

)

(3.20)
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The shape of this new load line remains unchanged but its position is now determined by
the coil excitation, its intersection with the Hm axis being displaced by NI/lm as shown in
Figure 3.9b).

It is important to note that the position of the operating point on the demagnetization curve
is of prime importance. Indeed, if it falls below the knee of the curve, an irreversible de-
magnetization takes place due to a lost of alignement of the magnetic domains within the
material. Only full remagnetization of the material (by applying an external magnetic field
equal to Hci) can restore the initial magnet properties.

Two processes can be at the origin of magnet demagnetization. The first one is due to changes
in the shape of the demagnetization curve with temperature. Indeed, even if the operating
point is above the knee of the curve at a given temperature, it may fall below the knee of the
curve if temperature changes leading to an irreversible reduction of the magnetization.

The impact of temperature on the shape of the demagnetization curve is highly dependent
on the magnet material (Figure 3.7). It should thus be properly selected according to its
foreseen temperature operating range. The magnet dimensions (lm and Am) also play a role
since they influence the load line slope, which has to be increased as much as possible to be
more robust to temperature changes. Furthermore, it should be noticed that each magnet
material is characterized by a Curie temperature (Tc) at which thermal agitation is such that
magnetic domains lose their alignment and randomize leading to a full demagnetization of
the magnet, whatever the load line slope.

The second process leading to magnet demagnetization results from the movement of the
operating point along the demagnetization curve due to either changes in gap geometry or in
the applied coil excitation during what is called dynamic operation.

Indeed changes in gap geometry will affect the slope of the load line. Increasing gap length (lg)
or decreasing gap cross-section (Ag) will reduce the load line slope and the magnet operating
point may fall below the knee of the demagnetization curve. Increasing the coil excitation
(NI) will cause the load line to move to the left, also increasing the chances that the operating
point falls below the knee of the curve.

From Figure 3.10, it can be observed that if the operating point falls below the knee of the
curve (point b), returning to the initial conditions (geometry or applied excitation) will not
make the operating point return to (a) but to (c) along a ”minor” demagnetization curve.
Point (c) is characterized by lower Bm and Hm values due to partial magnet demagnetization.
Subsequent application and removal of the same load line disturbance will cause the magnet
to operate reversibly along the minor curve, between (b) and (c).

It can thus be observed that, here again, increasing the magnet length will be useful since it
may compensate for the load line slope decrease due to to changes in gap geometry and also
decrease the magnitude of the lateral translation of the load line due to a change in the coil
excitation.

The selection and design of a magnet is thus a process involving many parameters. If com-
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Figure 3.10: Impact of changes of gap geometry or coil excitation on magnet operating point
[adapted from (Campbell, 1994)]

pactness is a concern, magnet materials exhibiting high Br values, such as rare earth magnets,
should be selected. However, knowing the magnet operating temperature range, it should be
checked that the operating point of the magnet does not fall below the knee of the demag-
netization curve in both static and dynamic operation, which means that all changes in gap
geometry and applied external coil excitation should be known. This requirement will define
the magnet length. The magnet cross-section will be defined by the magnetic flux required
in the gap.

It is also useful to characterize a magnet by its electric equivalent. For that purpose, we make
the assumption that the demagnetization curve of the magnet is completely linear (which is
the case for rare earth magnets at room temperature). We thus have:

Bm = µ0Hm + Br (3.21)
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Figure 3.11: Electric equivalent of a permanent magnet
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Let’s consider the simple magnetic circuit of Figure 3.11a). Ampere’s law applied to this
circuit gives (contribution the iron core neglected):

Hmlm = 0 (3.22)

Combining Eq. 3.21 and 3.22 gives:

Brlm
µ0

=
Bmlm

µ0

(3.23)

that can be rewritten as:

Brlm
µ0

=
lm

µ0Am
Φm (3.24)

or:

Fm = RmΦm (3.25)

A permanent magnet is thus equivalent to its reluctance (Rm = lm/µ0Am) in series with
a magnetomotive force (Fm = Brlm/µ0) proportional to its length (lm) and remanent flux
density (Br) (Figure 3.11b).

3.2 Magnetic circuits with MR-fluids

3.2.1 Magnetic core with MR-fluid filled gap

This configuration corresponds to the situation where an electromagnet is used to control the
apparent viscosity of the MR-fluid (Figure 3.12a). When no current is applied to the coil, the
MR-fluid apparent viscosity is minimum.
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a) b)Nturns
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ironMRgMR

Figure 3.12: Magnetic core with MR-fluid filled gap : a) magnetic circuit - b) electric equiv-
alence [adapted from (Carlson, 2007)]

The equivalent electric circuit is shown at Figure 3.12 b). The equivalent Kirchhoff’s voltage
law gives:

NI = (RMR + Riron)Φ (3.26)
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leading to:

Φ =
NI

RMR + Riron
=

NI

(gMR/µMRAMR) + (liron/µironAiron)
(3.27)

which is equivalent to:

HMR =
Φ

µMRAMR
=

NI

gMR + liron (µMR/µiron) (AMR/Airon)
(3.28)

It is however important to note that µiron ≈ 1000µMR. Consequently, provided that liron

is not too large and that the MR-fluid and soft-steel core sections are in the same range,
Eq. 3.27 can be simplified to:

Φ =
NI

RMR
(3.29)

which is equivalent to:

HMR =
NI

gMR
(3.30)

3.2.2 Magnetic core with MR-fluid filled gap and permanent magnet

This configuration corresponds to the situation where an electromagnet is used in combi-
nation with a permanent magnet to control the viscosity of the MR-fluid (Figure 3.13a).
The permanent magnet is used to shift the off-state (no current in the coil) viscosity of the
MR-fluid to a selected value and the electromagnet is used to control the viscosity variations
around this value. A frequent situation is that where the magnetic circuit is designed in such
a way that the MR-fluid viscosity is maximum when no current flows through the coil. This
is particularly useful when the device based on such magnetic circuit has to be blocked the
major part of its operation time (such as in release mechanisms, for instance).
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=
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Figure 3.13: Magnetic core with MR-fluid filled gap and permanent magnet : a) magnetic
circuit - b) electric equivalence [adapted from (Carlson, 2007)]

The equivalent electric circuit is shown at Figure 3.13b). The equivalent Kirchhoff’s voltage
law gives:
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NI − RMRΦ1 = Fm − RmΦ2 (3.31)

The equivalent Kirchhoff’s current law gives:

Φ1 + Φ2 = 0 (3.32)

By combining Eq. 3.31 and 3.32, we obtain:

Φ1 =
NI − Fm

RMR + Rm
(3.33)

By replacing Fm, RMR and Rm by their full expression, it can be shown that Eq. 3.33 is
equivalent to:

HMR =
(µ0µr/lm)NI − Br

µ0 [µr(gMR/lm) + µMR(AMR/Am)]
(3.34)

In order to cancel the flux inside the MR-fluid, NI has to be equal to Fm, which is highly
influenced by the magnet length (the magnet more or less behaves like an air gap inside the
magnetic circuit, µr

∼= 1). It should however be noticed that such a magnetic circuit will
not be used in practice since it might lead to demagnetization of the permanent magnet, as
described in section 3.1.5. A solution to this problem is to include a secondary path inside
the magnetic circuit (Figure 3.14a).
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Figure 3.14: Magnetic core with MR-fluid filled gap and permanent magnet with secondary
path : a) magnetic circuit - b) electric equivalence

The electromagnet will thus not be used to completely cancel the flux produced by the perma-
nent magnet but will only redirect it to the secondary path. This secondary path comprises
a higher reluctance air gap in order to concentrate the major part of the flux generated by
the permanent magnet in the primary path (comprising the MR-fluid gap) when no current
is flowing through the coil. Figure 3.15 compares the situation with no current in the coil
and maximum current flowing through the coil.

The equivalent electric circuit is shown in Figure 3.14b). Kirchhoff’s laws give:

RaΦ3 = Fm − RmΦ2 = NI − RMRΦ1 (3.35)

Φ3 = Φ1 + Φ2 (3.36)
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Figure 3.15: Flow of the magnetic flux inside the magnetic circuit when the current inside
the coil is: a) null - b) maximum

By combining Eq. 3.35 and 3.36, we obtain:

Φ1 =
NI −

(

Ra

Rm+Ra

)

Fm
(

Ra

Rm+Ra

)

Rm + RMR

(3.37)

which is equivalent to:

HMR =
NI

(

Aaµ0µa

Amga
+ µ0µr

lm

)

− Br

Aa

Am

gMR

ga
µ0µa + gMR

lm
µ0µr +

(

AMR

Am

)

µ0µMR

(3.38)

It is interesting to note that, if ga → ∞, we come back to Eq. 3.34 obtained for a magnetic
circuit without secondary path.

In order to cancel the magnetic flux inside the MR-fluid gap, we need:

NI =
Fm

(

1 + Rm

Ra

) (3.39)

which is equivalent to:

NI =
Brlm

µ0µr

[(

Aa

Am

) (

lm
ga

) (

µa

µr

)

+ 1
] (3.40)

This value may seem smaller than what was obtained in the previous case; however, to obtain
the same magnetic field inside the MR-fluid gap, the magnet has to be more powerful since it
has to compensate for the loss of magnetic flux in the secondary circuit. For a given Am value,
it will lead to an increase of lm as compared to the previous case, leading to an unchanged
NI value.

3.2.3 Fringing in air and fluid gaps

Up to now, we have considered the section of air and fluid gaps located inside the magnetic
circuit as being equal to the section of the soft steel core located at the interface with the
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gap. However, this is not completely correct since fringing of magnetic flux appears at the
interface between the gap and the soft iron core (Figure 3.16a). Consequently, the magnetic
field inside the gap is lower than expected.

a) b)

fringing

Nturns
I

g g=2

AMR

A0
MR

Figure 3.16: a) Fringing of magnetic flux lines at the interface with a MR-fluid gap - b) Core
cross-section and effective gap section

In order to take the effect of fringing into account during the design process, one should con-
sider an effective gap section (A′

MR or A′

a) larger than the cross-section of the soft steel core
located at the interface with the gap (AMR or Aa). For magnetic circuits having a square
cross-section, a good approximate of the effect of fringing can be obtained by adding the gap
length to each side of the square (Figure 3.16b).
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Chapter 4

MR-brake architectures

Five major brake designs have been identified: drum brake, disk brake, inverted drum brake,
T-shaped rotor brake and multiple disks brake (Figure 4.1). To our knowledge, a quantitative
comparison of these architectures is not available in the literature. This is the purpose of this
chapter.

4.1 Figures of Merit

The various designs can be compared with the following figures of merit:

- Dynamic Range (maximum torque/off-state torque)(seal friction not considered)

- Torque/Volume (T/V) ratio

- Rotor radius (for a given torque)

- Electric power consumption

The dynamic range and the torque to volume ratio must be maximized; the rotor radius may
not exceed some critical value for some applications (e.g. knee prosthesis) and the electric
power must be kept to a minimum.

For every architecture, the order of magnitude of these quantities may be evaluated with
a simple analytical model, assuming a uniform distribution of the magnetic flux density B
within any cross-section, no fringing, and that the value of Biron and BMR are just below
saturation. The basic equations are:

(a) The conservation of the magnetic flux within every cross-section (BA=constant)

(b) Ampere’s law: NI =
∮

~H ~dl

(c) The braking torque induced by the magnetic field can be calculated with Bingham’s
model assuming that the shear stress, τy(H), is constant over the active MR area (A):

Tτ =

∫

A
rτydA (4.1)

41
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Figure 4.1: Major MR-brake designs: a) drum - b) inverted drum - c) T-shaped rotor - d)
disk - e) multiple disks
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4.2 Drum brake and inverted drum brake

Drum brakes are, with the disk brakes, the easiest designs to manufacture. The rotor has a
cylindrical shape and the magnetic field is applied in the radial direction. However, despite
their high geometric simplicity, such brakes are, in this form, not so common in the litera-
ture. (Huang et al., 2002) gives some of the analytical expressions that guide their design and
LORD corporation uses them as an example in a tutorial about the design of devices making
use of MR-fluids (LORD, 1998).
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h
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Rr

h

Rext

A1

A2

A3

Figure 4.2: a) Drum brake - b) Inverted drum brake

The drum design is characterized by a large inertia, which motivated the inverted drum ge-
ometry. This inertia may also be reduced by reshaping its inner part in regions of lower
magnetic flux (Jolly et al., 2005).
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The inverted drum design is used in a wide variety of applications such as a 40Nm clutch
prototype for a truck fan drive developed by General Motors (Smith et al., 2007) or in a
brake with integrated flywheel to be used in muscular exercise equipments (Carlson, 2001).
The relative compactness of this design in terms of external diameter was also exploited in a
prototype of programmable haptic knob (Ackermann and Elferich, 2000).

Drum brakes and inverted drum brakes can be described by the same analytical model.

From Figure 4.2, the maximum field-induced torque is given by:

Tτ = 2Rr · (2πRrh) · τy = 4πhτyR
2
r (4.2)

where τy is the maximum shear stress of the MR-fluid. Similarly, the off-state viscous torque
is calculated by using the viscous shear model, τ = ηγ̇ = ηRrθ̇/g; this leads to

Tη = 4πhη
θ̇

g
R3

r (4.3)

where η is the fluid viscosity in the absence of magnetic field. Combining (4.2) and (4.3), the
dynamic range is given by:

Tτ

Tη
=

τy

η
·

1

Rr
·
g

θ̇
(4.4)

A rotation velocity of θ̇ ≈ 1 rad/sec may be considered as typical for rehabilitation devices.
This equation does not include the friction torque from the seal used to close the MR-fluid
cavity.

The thickness of the iron, h may be related to the radius Rr by expressing the conservation
of the magnetic flux within the two sections marked A2 and A3. Assuming uniform flux
densities, one gets

Biron.A2 = BMR.A3 (4.5)

or

Biron.πR2
r ≈ BMR.2πRrh (4.6)

This equation gives the relationship between the thickness of the stator h and the radius of
the brake:

h ≈

Biron

BMR
·
Rr

2
=

1

α

Rr

2
(4.7)

α = BMR/Biron express the ratio between the magnetic the flux densities right before satu-
ration; it depends on the quality of the magnetic material and the particle volume fraction
in the fluid (for the materials used in this study, α = BMR/Biron ≈ 1/2 leading to h ≈ Rr).

Combining Eq. (4.2) and (4.7) gives the relationship between the maximum braking torque
and the radius of the brake
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Rr =

(

α

2π
·
Tτ

τy

)1/3

(4.8)

For α = 1/2, one gets

Rr =

(

1

4π
·
Tτ

τy

)1/3

(4.9)

By expressing the conservation of magnetic flux in sections A1 and A2, one gets

Biron.A1 = Biron.A2 (4.10)

or

2πRra ≈ πR2
r (4.11)

that is

a ≈

Rr

2
(4.12)

Drum and inverted drum brakes have the shape of a cylinder of approximate radius Rext =
Rr + a and height 2h. The volume is

V ≈ πR2
ext.2h =

9

4

1

α
πR3

r (4.13)

For α = 1/2, this leads to

V ≈

9

2
πR3

r (4.14)

Since the magnetic material (iron) makes up most of the device, the mass of the brake is
obtained easily by multiplying by the iron density. Combining (4.2) and (4.14), the torque to
volume ratio is

Tτ

V
≈

8

9
τy (4.15)

The magnetomotive force, NI, results from Ampere’s law, NI =
∮

Hdl. However, since
the magnetic constant of the iron is much bigger (1000 times) than that of the MR fluid
(µiron >> µMR), leading to HMR >> Hiron, the integral is dominated by the contribution of
the fluid gap:

NI ≈ HMR.2g (4.16)

Thus, the magnetomotive force requirement is obtained by setting HMR equal to the magnetic
field right before saturation. It is a linear function of the fluid gap g.

If S is the cross-section available for the coil and d is the diameter of the wire, the number of
turns is given by

N =
4S

πd2
(4.17)

and the resistance r of the of the wire (of length l ≈ 2πRrN)
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r =
ρl

πd2/4
=

8ρRrN

d2
(4.18)

where ρ is the resistivity of the coil wire material. Thus, the maximum instantaneous electrical
power dissipated by the brake is

We = rI2 =
8ρRrN

d2
I2 =

8ρRr

d2N
(NI)2 (4.19)

and, substituting NI from (4.16) and d2N from (4.17), one finds

We =
2πρRr

S
· (HMR · 2g)2 = CRr · (HMR · 2g)2 (4.20)

where C = 2πρ/S. The electrical power dissipated grows with the square of the total gap 2g
in the magnetic circuit, and linearly with the radius Rr. Combining with (4.9), the electrical
power is related to the maximum torque according to

We ≈

2πρ

S
·

(

1

4π
·
Tτ

τy

)1/3

(HMR · 2g)2 (4.21)

4.3 T-shaped rotor brake

The T-shaped rotor brake is more compact than the drum designs but more complex to man-
ufacture (due to the thin strip at the extremity of the rotor).

Despite its high compactness, this design is not so common in the literature. (York et al.,
1997) gives a first example used as a torque load simulator system exhibiting a very high
torque (135Nm) with a relatively compact design (rotor diameter: 150mm). The double MR-
fluid gap configuration was also discussed by (Bölter and Janocha, 1997) describing generic
design rules for MR-fluid actuators, with emphasis on the robustness of this design to particle
centrifugation. Other authors (Dwivedi et al., 2002) (Lucchesi, 2004) also introduced some
design adaptations such as the use of two strips instead of one at the rotor extremity in order
to further increase compactness (at the expense of a higher manufacturing complexity).

From Figure 4.3, the maximum field-induced torque is given by:

Tτ = 8πhτyR
2
r (4.22)

Similarly, the off-state viscous torque is calculated by using the viscous shear model, τ =
ηγ̇ = ηRrθ̇/g; this leads to

Tη = 8πhη
θ̇

g
R3

r (4.23)

where η is the fluid viscosity in the absence of magnetic field. Combining Eq. (4.22) and
(4.23), the dynamic range is given by:

Tτ

Tη
=

τy

η
·

1

Rr
·
g

θ̇
(4.24)
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Figure 4.3: T-shaped rotor brake: a) schematic view - b) design parameters

as for drum brakes; the thickness of the iron h may be related to the radius Rr by expressing
the conservation of the magnetic flux within the two sections marked A1 and A3. Assuming
uniform flux densities, one gets

Biron.A1 = BMR.A3 (4.25)

or

Biron.πR2
r ≈ BMR.2πRrh (4.26)

This equation gives the relationship between the height of the strip at the rotor extremity h
and the radius of the brake:

h ≈

Biron

BMR
·
Rr

2
=

1

α

Rr

2
(4.27)

Combining Eq. (4.22) and (4.27) gives the relationship between the maximum braking torque
and the radius of the brake

Rr ≈

(

α

4π
·
Tτ

τy

)1/3

(4.28)

For α = 1/2, one gets

Rr ≈

(

1

8π
·
Tτ

τy

)1/3

(4.29)

From this equation, it can be seen that for the same output torque Tτ , the rotor radius of the
T-shaped design is about two times smaller than for the drum design.

By expressing the conservation of magnetic flux between A2 and A3, one gets

Biron.A2 = BMR.A3 (4.30)
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or

Biron · 2πRra ≈ BMR · 2πRrh (4.31)

that is (with α = 1/2)

a ≈ αh ≈

Rr

2
(4.32)

And, by expressing the conservation of magnetic flux between A2 and A4, one gets

Biron.A2 = Biron.A4 (4.33)

or

2πRra ≈ 2πRrb (4.34)

that is

a ≈ b (4.35)

The brake has the shape of a cylinder of approximate radius Rr + a and height 2(h + b). The
volume is

V ≈ πR2
ext.2(h + b) =

9

4
π

(

1

α
+ 1

)

R3
r (4.36)

For α = 1/2, this leads to

V ≈

27

4
πR3

r (4.37)

Combining Eq.(4.22) and (4.37), the torque to volume ratio is

Tτ

V
≈

32

27
τy ≈

11

9
τy (4.38)

From similar developments than those made for the drum designs, the maximum instanta-
neous electrical power dissipated by the brake, with coils in parallel or in series, is:

We = 2rI2 =
8πρRr

S
· (HMR · 2g)2 = 4CRr · (HMR · 2g)2 (4.39)

where C = 2πρ/S and S is the total cross-section available for the coils. The power con-
sumption is thus four times higher than for the drum designs. Combining with (4.29), the
electrical power is related to the maximum torque according to

We ≈

8πρ

S
·

(

1

8π
·
Tτ

τy

)1/3

(HMR · 2g)2 (4.40)

4.4 Disk brake

The disk brake is the most common design found in the literature and also the first one that
has been described in the seminal work of (Rabinow, 1951). This type of brake is very easy
to manufacture and gives reasonably good results in terms of weight and compactness.

The rotor has a disk shape and the magnetic field is applied in the axial direction, perpen-
dicular to the disk surface (Figure 4.4). Some variations to this design can be found in the
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literature such as the use of two coils instead of one in order to increase the magnetic pole
area (Wong and Liao, 2005) or the relocation of the coils on top of the disk in order to reduce
its external diameter (Jolly et al., 2005). Other designs concentrate the magnetic field at the
extremity of the disk in order to increase the lever arm of the active MR-fluid area (Li and Du,
2003) (Takesue et al., 2003). Some authors also discuss the shape optimization of the magnetic
core in order to further increase its torque/weight ratio (Nam et al., 2007). A nice comparison
of various disk brake designs can be found in (Wang et al., 2004) and in (Carlson et al., 1998).

It is also interesting to note that this design is the only one that is commercially available
as a standard product manufactured by LORD corporation (MRF132LD, MRB2107-03) and
used in many studies such as (Lampe and Grundmann, 2000), (An and Kwon, 2002), (An
and Kwon, 2003) and (Sapinski and Bydon, 2003).
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Figure 4.4: Drum brake: a) schematic view - b) design parameters

According to Figure 4.4, the maximum field-induced torque is given by:

Tτ = 2

∫

2π

0

dθ

∫ Rr

Ri

r2τydr =
4

3
πτy

(

R3
r − R3

i

)

≈

4

3
πτyR

3
r (4.41)

where τy is the maximum shear stress, assumed uniformly distributed over the active gap.
Similarly, the off-state viscous torque is given by:

Tη ≈ πη
θ̇

g
R4

r (4.42)

where η is the fluid viscosity in the absence of magnetic field. Combining (4.41) and (4.42),
the dynamic range is given by:

Tτ

Tη
=

4

3

τy

η
·

1

Rr
·
g

θ̇
(4.43)

Equation (4.41) also provides the relationship between the maximum braking torque and the
radius of the brake.

Rr =

(

3

4π

Tτ

τy

)1/3

(4.44)
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The thickness of the iron, h may be related to the radius Rr by expressing the conservation
of the magnetic flux within the two sections marked A2 and A3. Assuming uniform flux
densities, one gets

Biron.A2 = BMR.A3 (4.45)

or

Biron.2πRrh = BMR.πR2
r (4.46)

This equation gives the relationship between the thickness of the stator h and the radius of
the brake:

h =
BMR

Biron
·
Rr

2
= α

Rr

2
(4.47)

Similarly, expressing the conservation of magnetic flux in sections A1 and A2, one gets

Biron.A1 = Biron.A2 (4.48)

or

2πRra ≈ 2πRrh (4.49)

that is

a ≈ h (4.50)

The brake has the shape of a cylinder of approximate radius Rext = Rr + h and height 2h.
The volume is

V ≈ πR2
ext.2h = πR3

r

(

1 +
α

2

)2

α (4.51)

For α = 1/2, this leads to

V ≈

3

4
πR3

r (4.52)

Combining (4.41) and (4.52), the torque to volume ratio is

Tτ

V
≈

16

9
τy (4.53)

From similar developments than those made for the drum designs, the electrical power dissi-
pated in the disk brake is given by the same expression:

We =
2πρRr

S
· (HMR · 2g)2 = CRr · (HMR · 2g)2 (4.54)

where C = 2πρ/S. As for the drum designs, combining with (4.44), the electrical power is
related to the maximum torque according to

We ≈

2πρ

S
·

(

3

4π
·
Tτ

τy

)1/3

(HMR · 2g)2 (4.55)
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4.5 Multiple disks brake

In order to increase the compactness of the disk design, several rotors disks can be used
instead of one, with a disk attached to the stator located in between each rotor disk. Such
design, already proposed in (Rabinow, 1951) is very popular and used in a wide number of
applications requiring very high torque in a limited space and weight. This configuration is
used for a prosthetic knee (delivering an output torque of about 50Nm) manufactured by
OSSUR Inc. (Deffenbaugh et al., 2001) (Gudmundsson et al., 2007), or as part of an ankle-
foot orthosis (Furusho et al., 2007). Other applications requiring high torques are in the
automotive field with clutches for automatic transmission (Gopalswamy and Jones, 1998) or
for limited slip differential applications (Kavlicoglu et al., 2006).

The equations describing this particular design being very similar to those of the single disk
brake, only the final expressions will be described in this section.

If Nd is the number of disks linked to the rotor (and 2gNd the total MR-fluid gap), the torque
induced by the magnetic field and the viscous torque are given by:

Tτ ≈

4

3
πτyR

3
dNd (4.56)

Tη ≈ πη
θ̇

g
R4

rNd (4.57)

As compared with the single disk design, if the dimensions are unchanged, the output torque
is multiplied by the number of disks attached to the rotor without affecting the dynamic range.

Indeed, combining Eq.(4.56) and (4.57), one gets the dynamic range:

Tτ

Tη
=

4

3

τy

η
·

1

Rr
·
g

θ̇
(4.58)

Equation (4.56) provides the relationship between the maximum braking torque and the
radius of the brake

Rr =

(

3

4π
·

1

Nd
·
Tτ

τy

)1/3

(4.59)

showing that the rotor radius decreases with the number of disks.

As for the single disk design, the brake has the shape of a cylinder of approximate radius
Rext = Rr + h. Its height is equal to 2h + hcoil, where hcoil is the coil height. The volume is

V ≈ πR2
ext.(2h + hcoil) = πR2

r

(

1 +
α

2

)2

(αRr + hcoil) (4.60)

For α = 1/2, this leads to

V ≈

3

2
πR2

r

(

Rr

2
+ hcoil

)

(4.61)

Combining (4.56) and (4.61), the torque to volume ratio is
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Tτ

V
≈

8

9
·

Rr

(Rr/2) + hcoil
· Nd · τy (4.62)

If hcoil is neglected, as done for all previous designs, one gets

Tτ

V
≈

16

9
· Nd · τy (4.63)

As before, the magnetomotive force, NI, results from Ampere’s law. The integral is dominated
by the contribution of the fluid gap:

NI ≈ HMR.2g.Nd (4.64)

NI is thus Nd times larger than for the previous designs. If the current I is the same for
all designs, this means that the number of turns N has to be Nd times larger, drastically
increasing the coil dimensions. Neglecting hcoil in Eq.(4.62) is thus not correct for high Nd

values and especially when the gap thickness is large. Figure 4.5 shows the evolution of the
torque/volume ratio of multiple disks brakes as a function of the number of rotor disks Nd,
when hcoil is not neglected. It can be seen that, above a given number of disks (depending
on the gap thickness), the torque/volume ratio reaches a plateau value and does not increase
any more with the number of disks. Such behavior can not be seen from Eq.(4.63) where hcoil

is neglected.
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Figure 4.5: Multiple disks brake: results of Finite Element analysis

From similar developments than those made for the drum designs, the electrical power dissi-
pated in the disk brake is given by

We =
2πρRr

S
· (HMR · 2g · Nd)

2 = CRr · (HMR · 2g · Nd)
2 (4.65)

where C = 2πρ/S. As for the drum designs, combining with (4.59), the electrical power is
related to the maximum torque according to



4.6 Validation via Finite Element analysis 53

We ≈

2πρ

S
·

(

3

4π
·

1

Nd
·
Tτ

τy

)1/3

(HMR · 2g)2 (4.66)

4.6 Validation via Finite Element analysis

The simplified analytical models, described in the previous sections, have all been vali-
dated by comparison with a finite element analysis of the flux density within the mag-
netic circuit, conducted with FEMM, an open-source Finite Element software solving low
frequency electromagnetic problems on 2D planar and axisymetric domains (for more details
see: http://www.femm.info). The numerical results show that the flux density is nearly con-
stant throughout the flux gap, and equal to the value required to achieve the maximum yield
stress. An illustration of these results is shown at Figure 4.6, for the single disk brake. Results
for the T-shaped rotor brake used in this work are shown in chapter 7.

Figure 4.6: Disk brake: results of Finite Element analysis (obtained with FEMM)

4.7 Comparison of performances

The analytical formulas obtained in the previous sections are summarized in Table 4.1. Note
that the dynamic range is characterized by similar expressions for all designs, but it is in-
versely proportional to the rotor radius that, for a given torque Tτ , highly differs for the
various brake designs. The torque to volume ratio is only dependent on the MR-fluid shear
stress τy (and the number of rotor disks Nd for the multiple disks design). Finally, it is inter-
esting to note that for all designs, the electric power consumption grows with the square of
the total gap. Decreasing the gap will limit the power consumption but will also reduce the
dynamic range and increase mechanical complexity, driving manufacturing costs.
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Rotor radius (Rr) T/V ratio
Dynamic
Range

Power

Drum and
inverted
drum

(

1

4π · Tτ

τy

)1/3
8

9
τy

τy

ηθ̇
· g

Rr
CRr (HMR · 2g)2

Disk
(

3

4π · Tτ

τy

)1/3
16

9
τy

4

3
·

τy

ηθ̇
· g

Rr
CRr (HMR · 2g)2

Multiple
disks

(

3

4π · 1

Nd
· Tτ

τy

)1/3
16

9
τyNd

4

3
·

τy

ηθ̇
· g

Rr
CRr (HMR · 2g · Nd)

2

T-shaped
(

1

8π · Tτ

τy

)1/3
11

9
τy

τy

ηθ̇
· g

Rr
4CRr (HMR · 2g)2

Table 4.1: Characteristics of the various MR-brake designs (α = 1/2) - Nd corresponds to the
number of rotor disks

From the expressions of Table 4.1, a classification of the various designs can be made. It is
summarized at Table 4.2. These results have been obtained considering Nd > 4 in the mul-
tiple disks design. It can be concluded that the multiple disks brake performs best in terms
of compactness (torque/volume ratio, rotor radius) and of dynamic range but at the expense
of a much higher power consumption. The T-shaped rotor design offers a good alternative,
being a little bit less compact (lower torque/volume ratio) but requiring less power and being
easier to manufacture. The three other designs are globally less compact than the T-shaped
rotor design, making it a good compromise for the application considered in this thesis.

Drum Disk Inverted T-shaped Multiple-disks
drum

Rotor radius - - - - + ++

Torque/volume - - + - - - ++

Dynamic range - - - - + ++

Power ++ + ++ + - -

Mechanical simplicity ++ ++ - - - -

Table 4.2: Comparison of the various MR-brake designs

The approximate formulae presented at Table 4.1 have been compared to results obtained with
magnetic Finite Element (FE) models based on brake dimensions resulting from exact rela-
tionships. These results have been obtained for a MR-fluid gap of 0.4mm for all designs and 4
rotor disks for the multiple disks design. As can be observed on Figure 4.7a), the approximate
formulae provide a good estimation of the rotor radius (Rr) except for the T-shaped rotor de-
sign where Rr is underestimated due to the approximation made at Eq. 4.26. Torque/Volume
values are overestimated for small output torques, for all designs (Figure 4.7b). Indeed, small
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output torque requirements lead to small brake dimensions where the coil volume cannot be
neglected. At higher output torques, only the multiple disk design exhibits bad correspon-
dence due to a very large coil that was neglected in the approximate formula. As can be
observed, a smaller gap value, leading to smaller coil dimensions (for a given current), leads
to a better agreement with FE results.
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Figure 4.7: a) Rotor radius - b) Torque/Volume ratio as a function of output torque (plain
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Curves obtained with the approximate formulae for the Dynamic Range are in good agree-
ment with FE results except for the T-shaped brake at low torques (Figure 4.8a). This can
be explained by the underestimated rotor radius (the relative difference in rotor radius being
higher at low torques). Figure 4.8b) compares the results obtained for the power consump-
tion, considering the same coil section (S) for all designs (the current is adapted to fit the
various architectures). It can be observed that the approximate formulae underestimate the
power requirements for all designs (indeed the rotor radius Rr was considered instead of the
coil radius to compute the electrical resistance of the coil). However, for all figures of merit,
the relative performances of all designs is respected.
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Chapter 5

Early prototypes and test bench

5.1 Design of the prototypes

Early MR-brake prototypes have been developed within the exploratory phase of the design
of a portable haptic exoskeleton devoted to robot teleoperation. In this context various actu-
ation technologies were analyzed and compared with respect to parameters such as dynamic
range, torque/volume ratio, torque rise time... (Avraam et al., 2005) (Letier et al., 2006).
MR-brakes were considered in the frame of this study due to their compactness, absence of
backlash and smooth operation. They were finally not considered for the final design at the
benefit of DC motors coupled with a cable reducer providing better haptic rendering (Letier
et al., 2008).

5.1.1 Prototype 1 - Drum brake

A first MR-brake prototype was build in order to validate the design process (described in
chapter 4) and to identify possible manufacturing difficulties and challenges. The drum brake
design (see section 4.2) was selected for this first prototype thanks to its inherent simplicity
and radial compactness. This brake was designed to deliver an output torque of 1Nm and
the MR-fluid gap was fixed at 0.4mm, a value easily achievable with common manufacturing
processes.

Since one of the objectives of this first prototype was to achieve a compact and light design,
we selected, among the fluids available to us, the MR-fluid exhibiting the highest yield stress
value combined with the lowest induction (Figure 2.7b): AL458 developed by Fraunhofer ISC.

The material selected for the magnetic core is soft iron. Due to their higher saturation values
(Figure 3.3), iron-cobalt alloys would have led to a more compact and lighter design but these
materials are more expensive and difficult to obtain in small quantities. If power consumption
is critical, silicon-iron alloys are preferred for their higher permeability. Dimensions of this
first prototype are given at Figure 5.1a).

A schematic cross-section of the prototype is shown at Figure 5.1b). Two ball bearings with
integrated seals (SKF 626-RSH) have been used to support the rotor and avoid MR-fluid
leaks. A filling pipe connected to a lateral channel is located within the brake output axis in

59
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Figure 5.1: Drum brake prototype: a) magnetic core dimensions - b) schematic cross-section

order to ensure proper filling of the gap. The brake axis is made of brass in order to achieve
a high enough torsional strength and avoid magnetic flux leakage. The rotor is glued to the
output axis. This brake was designed to be easily disassembled. The stator is composed of
two parts, surrounding the coil winded on an aluminum support. The outer aluminum casing
is composed of a central cylinder and two covers equipped with rubber o-rings to seal the
MR-fluid cavity. Figure 5.2 shows a picture of the different parts of the prototype.
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ball bearing
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Figure 5.2: Drum brake prototype: exploded view
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5.1.2 Prototype 2 - T-shaped rotor brake

The objective of the second prototype was to validate the increased compactness of the T-
shaped rotor design as compared to the drum design. An even higher compactness may have
been achieved with the multiple disks design but this design was not considered due to a
much higher mechanical complexity. The desired output torque was set to 2Nm and the
MR-fluid gap was fixed at the same value as before (0.4mm). The MR-fluid and magnetic
core material selected for this prototype were the same as for the previous one. Dimensions
of this prototype are given at Figure 5.3a).
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Figure 5.3: T-shaped rotor brake prototype: a) magnetic core dimensions - b) schematic
cross-section

A schematic cross-section of the prototype is shown at Figure 5.3b). For this prototype, seals
independent of ball bearings have been used in order to limit the volume of the MR-fluid
cavity. Two filling pipes are located within the output axis. A single non-magnetic stainless
steel part is used for the output axis and the hub to avoid flux leakage. The useful T-shaped
section of the rotor is composed of a cylindrical soft iron part glued and screwed to the central
part.

Two toroid coils have been used, winded on a plastic support to avoid eddy currents during
operation, limiting the response time of the brake (see section 5.3.4). These coils are sur-
rounded by a soft iron magnetic core exhibiting an optimized geometry to achieve a nearly
uniform induction distribution, reducing the weight of the brake. Here again, the outer alu-
minum casing is composed of a central cylindrical part and two covers. Figure 5.4 shows a
picture of the different parts of the second prototype.
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stator + coil
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outer casing
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cover
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coverstator + coil

Figure 5.4: T-shaped rotor brake prototype: exploded view

5.2 Design of the test bench

In order to measure the properties of the MR-brake prototypes and test control algorithms,
a test bench has been developed. It is similar to what can be found in the literature (An
and Kwon, 2003) (Takesue et al., 2003) (Nam et al., 2007) (Böse et al., 2006); it consists of
a DC motor coupled with a planetary reducer having its output axis connected to the MR-
brake on one side and mounted on a flexible support equipped as a torque sensor (Figure 5.5).

The DC-motor, which can be either torque or speed controlled, is used as a driving source
to apply various torque or speed patterns on the MR-brake. The encoder on the DC-motor
side is used to control the motor motion and the one on the MR-brake side is used to control
the MR-brake torque. Control of both DC-motor and MR-brake, driven through external
current amplifiers, is implemented on a PC equipped with MATLAB simulink, the PC being
interfaced with the setup through a dSpace control board.

A reaction torque sensor, manufactured in-house, is used to indirectly measure the torque ap-
plied by the brake by measuring the reaction torque applied on the stator of the DC-motor.
This sensor converts the rotational motion of the stator of the DC-motor into flexion of its
flexible ribs (Figure 5.6), measured with strain gages properly placed. To select their location,
a Finite Element model of the sensor has been realized (Figure 5.7a).
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Figure 5.5: Test bench for prototype evaluation
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Figure 5.7: a) Rib strain obtained by FE analysis - b) Strain gages in full Wheatstone bridge
arrangement

The sensor is designed to be as sensitive as possible. This means that for a given maximum
torque and a given rib length, the rib thickness (h) should be selected as small as possible
and in such a way that the maximum stress is significantly lower than the lamella material
yield stress (h = 1.25mm, L = 15mm, L1 = 17mm).

Four strain gages, with an electrical resistance of 350Ω (from HBM: 3/350LG13), are used
and connected to form a full-Wheatstone bridge (Figure 5.7b). It leads to a sensitivity
twice higher than what can be obtained with only two strain gages (half-bridge) while being
thermally stable. The relation between the ratio of the input (Ei) and output (Eo) voltages
and the measured strain is given by Eq. 5.1:

Eo

Ei
= Gε (5.1)

where G is the gage factor (intrinsic gage property, depending on gage material and temper-
ature).

5.3 Experimental properties identification

5.3.1 Introduction

The objective of this section is to experimentally characterize the properties of the two brake
prototypes described in section 5.1. Furthermore, for the second prototype, the same tests
have been performed with two fluids exhibiting high yield stress (ISC AL458 and LORD
MRF140), in order to outline the possible impact of fluid selection on device performances.
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5.3.2 Torque/current characteristic

In order to obtain this curve, the motor is set to a constant rotational velocity (360◦/s) while
the brake is supplied with a control current varying continuously from 0A to a maximum
value and then returning back to 0A (Figure 5.8). In order to avoid coil overheating and due
to the small coil wire section (diameter=0.2mm), the current inside each coil was limited to
about 0.55A.
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Figure 5.8: Input current applied to the MR-brake prototypes

Figure 5.9 shows the curves obtained, according to this procedure, for the two prototypes and
the two selected MR-fluids. As expected (section 5.1), the maximum torque obtained with
the second prototype is about twice as large as the one obtained with the first prototype.
Furthermore, the maximum output torque is larger with the AL-458 than with the MRF140.
This can be explained by the fact that the second prototype was initially designed to be
used in combination with the AL458. When it is used with the MRF140, due to a higher
fluid permeability (Figure 2.7b), section 3.1.2), saturation in the soft-steel appears for a
lower current value, limiting the maximum output torque (if NI remains unchanged, HMR is
unchanged but BMR and thus Biron are increased).
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Figure 5.9: Torque/current curves for the various MR-brake prototypes: (a) nominal - (b)
normalized to its maximum value
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The torque/current curve is non-linear, because the relationship between the yield stress (τy)
and the magnetic field (H) is non-linear (Figure 2.7b), section 3.1.2) and also, for high current
values, because of saturation in the soft-steel core which is also responsible of the hystere-
sis (Sapinski and Bydon, 2003). Such an hysteretic behavior is well known in the MR-brakes
literature (Takesue et al., 2003)(An and Kwon, 2003)(Nam et al., 2007) and MR-dampers
(Dong et al., 2005). In order to better understand this hysteretic behavior, various triangular
current patterns were applied to the second brake prototype (Figure 5.10).
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Figure 5.10: Triangular-shaped input current applied to the second MR-brake prototype

As a result, for both MR-fluids, sub-hysteresis cycles were observed, all of them being included
in the largest one obtained for the maximum input current (Figure 5.11). Such behavior
was already observed in (Sapinski and Bydon, 2003) and in (Liu et al., 2006). Figure 5.11
also shows the torque/current curve resulting from Finite Elements simulation (no hysteresis
modelling). The disparities with the experimental curves might be explained by disparities
between real and modelled material properties.
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5.3.3 Torque/speed characteristic

The objective of this sub-section is to investigate the possible dependency between the output
torque of the brake and its rotational speed. For this purpose, a continuously increasing speed
ramp was imposed on the motor of the test bench (going from 0◦/s to 400◦/s) while different
constant current commands were applied to the second brake prototype.

Before discussing experimental results, it is interesting to see how the torque/speed behavior
of the brake can be analytically predicted. The Bingham model gives:

τ = τy(B) + η (γ̇) γ̇ (5.2)

where γ̇ is the shear rate. If we assume a linear speed profile between the stator and rotor
of the brake and if we consider only the contribution of the fluid located in the active fluid
area, Eq. 5.2 becomes:

τ = τy(B) + η (γ̇)
rθ̇

g
(5.3)

where r is either the inner- or outer- rotor radius and g is the MR-fluid gap. Furthermore, it
is important to note that, due to anti-settling additives, the off-state viscosity (η) is highly
dependent on the shear rate up to a certain shear rate value (Figure 5.12(a), for the AL458).
This leads to a highly non-linear shear stress/shear rate relationship, at low shear rates
(Figure 5.12(b) obtained with a rotational rheometer for the AL458 and MRF140). For
higher shear rates, the relation is considered as linear.
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(for this application, typical shear rate values are about 200/s)

Knowing the relation between the off-state shear stress and the shear rate, and referring to
Eq. 5.3, we can calculate the off-state torque of the device as a function of angular speed for
various values of the MR-fluid gap (Figure 5.13). Curves in Figure 5.13 have been shifted
by a value corresponding to the static friction inside the brake (measured experimentally).
The off-state friction is increasing when the MR-fluid gap is decreasing. However it should
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be noticed that, even for very small gaps, the slope of the curve remains small, correspond-
ing to a very small dependency between the off-state torque and the angular speed of the
brake. Thus, at the rotational speeds considered here, the off-state torque is dominated by
the seal friction. Figure 5.14 shows the experimental results (full lines) obtained with the
second brake prototype filled with (a) AL458 and (b) MRF140. These results are compared
to the analytical predictions, based on the Bingham model (dashed lines) relying on the ex-
perimental Torque/Current characteristic to predict the field-induced torque. The output
torque is nearly independent of the angular speeds (except for very small angular speeds).
This behavior is similar to what was observed in previous studies (Takesue et al., 2003) (Ye
and Williams, 2006) (Nam et al., 2007).
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Figure 5.13: Analytical estimation of the off-state torque of the second brake prototype filled
with AL458
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It is also interesting to note that the deviation between experimental results and analytical
predictions is much higher for the AL458 than for the MRF140. For both fluids, this de-
viation is increasing for larger currents. Furthermore, the dependency between the output
torque and angular speed seems to be higher for higher current values. Such behavior cannot
be explained by the Bingham model where the MR-fluid viscosity (η) is independent of the
magnetic flux intensity (B) (and thus of the current applied to the brake). There should be
another phenomenon explaining this behavior.

For this purpose, an experiment was conducted where, by using the motor of the test bench,
a constant angular speed was applied to the brake (200◦/s). Successive tests were conducted
where various constant current steps were imposed to the brake (Figure 5.15). The evolution
of the output torque as a function of time for a duration of 10s was then measured, the brake
being filled with both fluids (Figure 5.16).
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Figure 5.15: Various step input currents applied to the second MR-brake prototype
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Despite the fact that a constant current is imposed to the brake, after a sharp rise, the output
torque of the brake slowly increases with time; this phenomenon is more apparent at higher
current values. (Laun et al., 2008) observed a similar effect during shear-stress measurements
conducted with a commercial rheometer and suggested that it may be due to a slow particle
migration inside the MR-fluid, which would appear, here, between the central part of the
brake and its periphery. It is also interesting to note that this phenomenon is much more
important for the AL458 than for the MRF140, probably due to different fluid compositions.

Based on these results and looking back at Figure 5.14, it can be concluded that what was
initially thought as purely being the effect of angular speed on the output torque might be in
fact mainly the effect of slow particle migration on the evolution of the output torque with
time. It can thus be said that the output torque is nearly not influenced by the angular speed
(whatever the current applied to the brake).

5.3.4 Torque response time

The torque response time of the brake is an important parameter since it will influence the
dynamic behavior of the device and the control bandwidth. It is important to note that,
in general, the torque response time of the device is not controlled by the MR-fluid itself,
the inherent MR-fluid response time being much smaller than 1ms (Carlson, 2007). Factors
influencing the response time are the magnetic circuit design, the inductance of the coil used
to generate the magnetic field and the characteristics of the control electronics.

Indeed, the torque response time is measured by using the motor of the test bench to apply
a constant angular speed (200◦/s) on the rotor of the brake. At the same time, a current
step is applied to the brake. This current step has thus to be as sharp as possible in order
to avoid any influence of the current response time on the torque response time of the brake.
This is really an issue since the current is flowing through a coil inside the brake in order to
generate the required magnetic field. It is thus compulsory to make use of a properly tuned
current amplifier to drive the MR-brake (Koo et al., 2006). If not, wrong conclusions might
be drawn about the intrinsic behavior of the brake (Choi et al., 1999).
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Figure 5.17: Definition of torque rise and fall time
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The torque response time has mainly two components (Figure 5.17): the torque rise time,
which is defined as the time required for the torque to change from 10% to 90% of its maxi-
mum steady state value, and the torque fall time, defined as the time required for the torque
to change from 90% to 10% of its maximum steady state value.

Figure 5.18 compares the rise and fall time of the normalized torque on our two prototypes.
One sees that the second prototype performs significantly better than the first one. This is
due to a small design detail in the support of the coil: in the first prototype, the coil support is
made of aluminum and is responsible of strong eddy currents when the current intensity in the
coil changes rapidly. These are responsible of the slower change in the output torque. On the
contrary, the coil support of the second prototype is made of plastic where eddy currents are
prevented (Figure 5.19). Such an effect was already experimentally demonstrated in (Takesue
et al., 2003) and validated by Finite Element analysis.
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Figure 5.19: Design of 1st (a) and 2nd (b) MR-brake prototype, with emphasis on coil support

It is also important to note that the saturation limit of the current drive (in our setup: 24V)
may also affect the torque rise time of the brake by limiting the slope of input current steps.
More details are given in (Koo et al., 2006).
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Chapter 6

Methods of muscular evaluation
and wrist biomechanics

6.1 Fundamentals of muscle biomechanics and joint function

6.1.1 Concentric and eccentric contraction

The ability of a muscle to produce force throughout the range of motion (ROM) of a joint
is called dynamic contraction (as opposed to isometric contraction, where no joint motion
occurs). This force production can be achieved by either muscle shortening or lengthening.
If the joint motion is in a direction opposite to the gravitational force and the force produced
by the muscle exceeds the external resistance applied to the joint, the muscle is shortening
and the contraction is said to be concentric. The muscle contraction causes joint motion.
If the joint motion is in the direction of the gravitational force and the external resistance
applied to the joint exceeds the force produced by the muscle, the muscle is lengthening
and the contraction is said to be eccentric. The muscle contraction resists to joint motion
(Figure 6.1) (Perrin, 1993).
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Figure 6.1: Schematic illustration of concentric and eccentric contractions of the biceps
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6.1.2 Torque/position and torque/velocity relationships

The ability of a muscle to generate force, and thus joint torque, is a function of a num-
ber of factors: muscle length, speed of motion, muscle cross-section, muscle moment arm...
Each muscle-joint complex is characterized by a torque versus joint angle curve, known as its
strength curve (Figure 6.2a) (Kulig et al., 1984). The shape of the curve reflects the maximal
joint torque generating capability throughout the range of motion. Factors such as fatigue,
pain, lack of motivation and neurological disorders may affect the torque generating capability
of a muscle-joint complex (Wrigley and Grant, 1995).

The well-known relationship between muscle force and contraction velocity was described
by (Hill, 1938) based on experiments conducted on in-vitro specimens. A similar behavior
has been observed for the in-vivo concentric torque-velocity relationship: joint torque declines
as velocity increases. Eccentrically, joint torque remains more or less constant, regardless of
velocity (Figure 6.2b).

a) b)
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Torque
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Figure 6.2: a) Typical torque/joint angle relationship - b) Typical torque/joint velocity rela-
tionship

6.2 Manual testing

Thanks to its inherent simplicity, manual testing is the most widely used method of muscular
evaluation. The force developed by the muscle is characterized according to a six-level scale
(Table 6.1), nearly identical to the one originally proposed by (Lovett and Martin, 1916). In
order to discriminate grade 4 from grade 5, the examiner manually counteracts the motion of
the patient and subjectively assesses the level of force developed (Figure 6.3). This subjec-
tivity makes the results of testing difficult to use and compare. Furthermore, the ability of
the examiner to determine when a patient’s strength is ”normal” is rather limited. Studies
have shown that patients who had as much as 50% loss of absolute strength (as measured
by quantitative methods, described in the following sections) were often rated as ”normal”
by manual muscle testing. Moreover, manual testing makes direct comparison of the same
muscle group in the left and right extremities difficult to perform (differences in strength of
less than 25% are difficult to detect).
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5 - normal or full motion with full resistance
4 - good or full motion against gravity and some resistance
3 - fair or full motion against gravity only
2 - poor or full motion possible but with gravity eliminated
1 - trace or evidence of muscle contraction but with no motion
0 - no muscle contraction

Table 6.1: Reference scale for manual muscle testing [adapted from (Sapega, 1990)]

a) b)

Figure 6.3: Manual testing of: a) upper - b) lower extremity [adapted from (Perrin, 1993)]

Another drawback of manual testing comes from the fact that adequate stabilization of the
patient’s body and extremities, to avoid muscle substitution, is difficult to achieve. Further-
more, the strength of the examiner upper extremities is often insufficient to counteract the
strength of the patient lower extremity.

6.3 Isometric testing

Isometric muscle testing measures the muscle’s maximum static peak force or corresponding
joint torque. Muscle force development is thus not accompanied by any change in length and
joint motion, the external resistance being equal to the torque developed by the muscle-joint
complex (Croisier and Crielaard, 1999a) (Osternig, 2000). However, measures can be con-
ducted at various angular positions to create a strength curve similar to the one generated by
dynamic testing (Figure 6.7). Measurements, usually conducted with relatively inexpensive
cable tensiometers have shown good to excellent repeatability. It should however be noticed
that an uncontrolled positioning and stabilization of the patient’s body as well as subject’s
fatigue and lack of motivation are major sources of discrepancies.

The fact that most of our muscles operate dynamically and not statically during daily physical
activities may lead to the conclusion that results of isometric testing are not representative
of normal muscle activity. However, studies have shown a good correlation between isometric
and dynamic (isokinetic) test results.
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The major drawback of isometric testing is related to the intrinsic static nature of this test
leading to higher muscular and joint forces than with dynamic tests (cf. force-velocity rela-
tionship, see section 6.1.2). This test may thus be contraindicated in situations where high
joint and muscle forces are undesirable (at the beginning of a rehabilitation period, for in-
stance).

6.4 Isotonic testing and exercise

Isotonic testing corresponds to testing methods that involve an external constant load, usually
using free weights or weight-lifting machines such as those found in fitness centers (Figure 6.4).
It should however be noticed that the term ”isotonic” is not entirely appropriate since, due
to inertial forces, the load applied to the muscles is not really held constant throughout the
range of motion.

Figure 6.4: Fitness machine used for isotonic testing and exercise (Nautilus)

The force of a particular muscle group is assessed by testing the maximum amount of weight
that can be lifted throughout the joint’s range of motion in a standardized manner (no exces-
sive acceleration and deceleration, no muscle substitution), for either one or ten repetitions.
The ten-repetition maximum or 10RM, originally proposed by (Delorme, 1951), is more a
measurement of endurance than pure force (as opposed to the one repetition method). The
isotonic testing method is thus time consuming since several evaluations (including rest peri-
ods) are required to determine maximum weight values.

Other limitations include the inability to control the test velocity and the fact that a muscle
can be overloaded only by the amount of weight that can be lifted through the weakest point
of the exercised range of motion (Figure 6.2). Machines equipped with elliptical transmission
cams were designed to address this limitation, exhibiting a variable resistance to motion and
still using constant weights. However, in such devices, the variation pattern of resistance is
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fixed and does not adapt to each pathological situation (Croisier and Crielaard, 1999b).

These various drawbacks limit the use of isotonic devices for muscle force evaluation. In
practice, these devices are essentially used for training and exercise. Furthermore, isotonic
devices offer exercise configurations that are currently not available with other devices such
as exercise of multiple joints simultaneously or exercises in ”closed-kinetic-chain” (as opposed
to a freely moving extremity) (Perrin, 1993).

6.5 Isokinetic testing and exercise

Isokinetic testing and exercise, introduced in the late 1960s by (Hislop and Perrine, 1967) (This-
tle et al., 1967), is the most recent method of muscular evaluation and rehabilitation. In
isokinetic devices, commonly called dynamometers (Figure 6.5), the angular velocity of the
patient’s joint is maintained constant (typical values are between 30◦/s and 300◦/s) thanks to
a variable resistance that self-adapts to changes in torque developed by the patient through-
out the range of motion, due to physiological changes (cf. strength curve), pain, fatigue and
motivation.
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control
electronics

adjustable
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Figure 6.5: Example of dynamometer used for isokinetic measurements (Biodex)

There are two types of dynamometers: passive and active. The passive type makes use of a
brake that limits the speed of the patient’s limb, allowing only evaluation of concentric con-
tractions. The active type is based on a motor programmed to move at a constant speed as
the patient exerts a torque on its output axis through the lever arm of the device. Both con-
centric and eccentric contractions can be evaluated. Furthermore, it should be noticed that,
for both types of dynamometers, an initial acceleration phase, before reaching the predefined
constant velocity, as well as a deceleration phase are unavoidable (Figure 6.6a). Depend-
ing on the device, the phases can be performed without any resistance or with a controlled
acceleration-deceleration ramping, allowing to control the portion of the range of motion over
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which velocity is not constant (Sapega, 1990). The portion of the range of motion where
the patient’s joint velocity is held constant is called the load range (Brown and Whitehurst,
2000), which is becoming increasingly smaller as the predefined constant velocity is increased.
Figure 6.6b) shows this trend for knee extension at various predefined isokinetic velocities.
This effect is also well illustrated in (Handel et al., 1996).
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Figure 6.6: a) Typical acceleration and deceleration phases in isokinetic devices - b) Load
range versus joint velocity in isokinetic devices [adapted from (Brown and Whitehurst, 2000)]

Since the patient’s joint must pass through a free acceleration phase before meeting any
resistance from the isokinetic device, inertial forces lead to velocity and torque overshoots
(Figure 6.6a), with an amplitude growing with the level of predefined constant velocity.

Another problem linked to torque measurements encountered in isokinetic dynamometry is
the effect of gravity (Winter et al., 1981). Indeed, for some motions, such as knee flexion,
gravity assists the motion by pulling down on the limb and the device lever arm. On the
contrary, for other motions, such as knee extension, the patient must lift the weight of his
limb and the device lever arm. In the first situation, measured torque may be artificially
increased due to gravity while the opposite is true for the second situation. Current isokinetic
devices solve this problem by numerically correcting the effect of gravity before displaying
the results (Perrin, 1993).

One major advantage of isokinetic exercises over isotonic exercises is that a muscle group may
be dynamically evaluated and exercised to its maximum potential over the joint’s entire range
of motion, thanks to the variable resistance. Isometric testing also allows to measure maxi-
mum muscle force but only statically, at given locations of the range of motion. Figure 6.7
compares isometric, isotonic and isokinetic exercises.

Another advantage of isokinetic testing and exercise is its inherent safety. Indeed, thanks
to the self-adapting resistance, any pain experienced by the patient will lead to a reduction
in muscle generated torque that will cause the resistive torque of the isokinetic device to be
proportionally reduced. This would not happen in an isotonic device, where the load would
remain unchanged. An additional comment should be made about the safety of eccentric
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Figure 6.7: Schematic comparison of isometric, isotonic and isokinetic modes. The isokinetic
mode auto-adapts its resistance to the muscular capabilities throughout the range of mo-
tion, which is not the case of the isotonic mode. The isometric mode provides only discrete
measurements.

isokinetic exercise. Indeed, in that case, even if the torque of the device will adapt to patient
resistance, motion will still be imposed to patient whatever the level of pain that may be
experienced, leading to potential injuries if proper care is not taken by the practitioner.

The major disadvantage of isokinetic devices is their high cost, mainly limiting their use to
muscle performance evaluation and testing, rehabilitation exercises being usually performed
on less expensive devices (typically isotonic). Another drawback is that the evaluation of
maximum muscle performance is highly dependent on patient motivation to apply force on
the device. This effect can be reduced by providing the patient with appropriate instructions,
strong verbal encouragements and visual feedback (e.g. computer graphic display).

All parameters analyzed during isokinetic testing are derived from four primary measure-
ments: torque, joint angle, angular velocity and time. These can be computed and combined
to provide a whole range of parameters that can be divided into three main categories (Wrigley
and Grant, 1995):

1) peak measures: e.g. peak torque, angle of peak torque, peak power

2) average parameters: e.g. average torque, power or work

3) time-based parameters: e.g. time to peak torque, acceleration time

Work and power measurements are essentially useful in repetitive tests measuring endurance
of the subject. Moreover, ratios comparing the performances achieved for agonist and antag-
onist motions (e.g. flexion/extension) can also be computed. Values obtained for the various
parameters can be normalized by the weight of the subject to allow comparison with a ref-
erence population. Comparison between bilateral muscle groups (i.e. identic muscle groups
belonging to right and left limbs) are also often realized (Perrin, 1993).

Many studies have shown that the intrinsic repeatability of commercial dynamometers in mea-
suring torques is very high (Perrin, 1993) (Wrigley and Grant, 1995). However, measurement
differences between two consecutive test are observed, essentially due to patient physiological
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variability and errors in patient positioning relatively to the dynamometer axis. It is impor-
tant to note that repeatability levels are also dependent on the measured parameter and the
body joint that is evaluated. For instance, studies have shown that the repeatability of ”peak
torque” is much higher than for the ”angle of peak torque” (Croisier and Crielaard, 1999a).
In general, motions of easily isolated joints, such as the knee, tend to lead to higher repeata-
bility than joints permitting involvement of accessory muscle groups, such as the shoulder.
Repeatability is also smaller for joints with a smaller torque range, such as the wrist. Indeed,
similar absolute torque variations have a higher relative impact for such joints (Chan and
Maffulli, 1996). Table 6.2 summarizes the major characteristics of the previously described
exercise modes; table 6.3 summarizes the main advantages and drawbacks of the various eval-
uation methods.

ISOMETRIC ISOTONIC ISOKINETIC

constant position constant force constant speed

static dynamic dynamic

applied resistance applied resistance applied resistance
= max. muscle force limited to weakest = max. muscle force

but at discrete positions point in ROM all over the ROM

Table 6.2: Major characteristics of muscular exercise modes

6.6 Degrees of freedom of the wrist

Since the device described in this thesis has been initially designed for the rehabilitation of
the the wrist, the description and understanding of wrist biomechanics is of prime importance
as it has an impact on some of the prototype’s requirements.

6.6.1 Pronation-Supination

This motion can only be described and analyzed when the elbow is flexed at 90◦ and touching
the body. Indeed, if the elbow is fully extended, the forearm is aligned with the upper-arm and
the rotation of the upper-arm along its axis adds to the rotation of the forearm. The reference
position is defined by the thumb up and the palm oriented towards the body. Full supination
is achieved when the palm is up and the thumb is pointing away from the body (maximum
amplitude: 90◦). Full pronation is achieved when the palm is oriented towards the ground
and the thumb is towards the body (maximum amplitude: 85◦)(Figure 6.8). Average values
of pronation peak torque for untrained male subjects vary from 7.3Nm to 12Nm while average
values of supination peak torque vary from 9.1Nm to 11.2Nm (An et al., 1986) (Forthomme
et al., 2004).
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ADVANTAGES DISADVANTAGES

Manual - easy to perform - high subjectivity in measurements
- no device needed - no real quantitative measures

- difficulty to perform comparisons
- difficulty to observe strength increase
- low inter-observer repeatability
- requires the presence of a kinesist

Isometric - useful when joint motion is - strength increase specific
contraindicated or painful to exercised joint position
- no or low device cost - lack of dynamic training
- convenient for bed or home exercise
- inherently safe

Isotonic - combines concentric and eccentric - amount of resistance limited
resistance to the weakest point in ROM
- progressive muscular reinforcement - high influence of weight inertia
achieved from progressive increases in - evaluation difficult to perform
resistance and time-consuming
- enables exercise of multiple joints - stronger muscle groups may
simultaneously compensate for weaker ones
- enables closed-kinetic chain exercise - can be unsafe for injured joints
- moderate device cost
- OK for home exercise

Isokinetic - enables maximal resistance throughout - high equipment cost
the range of motion - does not allow home exercise
- objective, repeatable and quantifiable - only open-kinetic chain exercises
measurements - requires the presence of a kinesist
- inherently safe (in concentric mode) - repeatability may be limited for
- enables evaluation and training of a some joints
specific joint
- well suited for early rehabilitation

Table 6.3: Comparison of the various modes of testing and exercise [adapted from (Perrin,
1993) (Chan and Maffulli, 1996)]
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ROM
Mean peak
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0° - 85°

0° - 90°

7.3 - 12 Nm

9.1 - 11.2 Nm

pronationsupination

Figure 6.8: Pronation-Supination and associated ROM and peak torque, adapted from (Ka-
pandji, 1980)

6.6.2 Flexion-Extension

For this motion, the reference position is defined by the third finger of the hand being aligned
with the forearm axis. In flexion, the palm gets closer to the lower part of the forearm. In
extension, the upper part of the hand gets closer to the upper part of the forearm. The
amplitude of both motions is 85◦ (Figure 6.9). Average values of flexion peak torque (mea-
sured at speeds between 30◦/s and 60◦/s) vary from 13.7Nm to 26.2Nm while average values
of extension peak torque vary from 4.7Nm to 12.7Nm (Vanswearingen, 1983), (Marley and
Thomson, 2000) or (Forthomme et al., 2004).

ROM
Mean peak

torque

0° - 85°

0° - 85°

13.7 - 26.2 Nm

4.7 - 12.7 Nm

flexion extension

flexion

extension

Figure 6.9: Flexion-Extension and associated ROM and peak torque, adapted from (Ka-
pandji, 1980)

6.6.3 Abduction-Adduction

The reference position is the same as for the flexion-extension motion. In adduction, also
called ulnar deviation, the hand moves in the direction of the fifth finger (maximum ampli-
tude: 45◦). In abduction, also called radial deviation, the hand moves in the direction of the
thumb (maximum amplitude: 15◦)(Figure 6.10). Depending on the source (Vanswearingen,
1983), (An et al., 1986), average values of abduction peak torque vary from 10.1Nm to 20.8Nm
while average values of adduction peak torque vary from 7.5Nm to 17.8Nm.
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ROM
Mean peak

torque

0° - 15°

0° - 15°

10.1 - 20.8 Nm

7.5 - 17.8 Nm

Figure 6.10: Abduction-Adduction and associated ROM and peak torque, adapted from
(Kapandji, 1980)
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Chapter 7

Portable wrist rehabilitation device

7.1 System components

Figure 7.1 shows a schematic view of the system. The rehabilitation device is composed of
three major subsystems: mechanical hardware (including sensors), embedded electronics and
user interfaces (PC and PDA). The three major exercise modes are implemented: isometric,
isotonic and isokinetic.

Figure 7.1: Main components of the prototype

The heart of the device is a rotational MR-brake connected to its support through two bear-
ings. A compact tension/compression load cell (ELPF-T3M-2.5kN from Measurement Spe-
cialities) provides an indirect torque measurement by blocking the rotation of the brake on
its support, measuring in that way the reaction force applied to the brake stator when a

87



88 7 Portable wrist rehabilitation device

torque is applied on the rotor of the energized brake. A similar configuration can be found
in (Krukowski, 1988) describing a rehabilitation device making use of a particle brake clutch.
An incremental two channels optical encoder, having 500 pulses/revolution (HEDL55 from
HP) is also connected to the rotor of the brake, providing position and speed measurements
(Figure 7.2).

Front view

Top view

MR brake

Load cell

Support

Handle

Bearings

Encoder

F

HP - HEDL55

ELPF-T3M-2.5kN

Optical encoder

Tension/compression
load cell

Figure 7.2: Sensors implemented in the device prototype

A mechanical positioning system is also used in combination with the device in order to
achieve a repeatable positioning of the patient’s wrist relatively to the device between two
consecutive exercise sessions (Figure 7.3). This system enables to adjust the three translations
(X,Y,Z) and is attached to the patient forearm through an orthosis and an additional part
blocking the elbow motion. Various handles have also been designed to allow exercises of all
the DOF of the wrist. More details are given in the related patent, available in Appendix B.

7.2 MR brake

In recent years, various groups have been working on the development of portable com-
puterized isokinetic devices. (Mavroidis et al., 2005) have developed various smart portable
rehabilitation devices among which a knee rehabilitation orthotic device based on an ER-fluid
brake (Nikitczuk et al., 2007). A forearm rehabilitation device, based on the same type of ac-
tuator has been developed by (Kikuchi et al., 2003). (Dong, 2005) also developed an isokinetic
knee rehabilitation device but actuated by a MR-fluid linear damper. It is however interest-
ing to note that, to our knowledge, only one forearm rehabilitation device using a rotational
MR-brake has been reported in the literature (Carlson, 2000). This device only implements
isotonic exercises and does not offer any visual feedback to the patient and practitioner.

However, rotational MR-brakes seem particularly well suited to be used in rehabilitation de-
vices. Indeed, on the contrary of D-C motors, they are passive devices that are only able to
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X

Y

Z

Figure 7.3: Positioning system for the forearm

dissipate power applied by the patient, increasing in that way the inherent safety of the device.
Moreover, as one of the commonly implemented exercise mode (isotonic) requires the output
shaft to remain blocked in a given position for a long period of time, brakes are preferred to
DC-motors since they are very inefficient under such working conditions. MR-brakes exhibit
high dynamic ranges and high torque/volume ratios (much higher than other types of brakes
and, in particular, ER-brakes), enabling them to be used without reducer and alleviating
the need for friction compensation at low torques. MR-brakes are also characterized by low
voltage and current requirements as well as fast response time, which are also advantages for
portable real-time applications. Finally, rotational MR-brakes are much more suited than
linear devices to be used in rehabilitation devices due to the rotational nature of the exercises
to be performed. All these elements support the selection of a rotational MR-brake for the
portable rehabilitation device considered in this thesis.

To our knowledge, only three models of rotational MR-brakes are commercially available,
all of them being manufactured by LORD corporation. The most powerful one exhibits a
maximum output torque of 12Nm, which is not enough for a wrist rehabilitation device (see
maximum wrist torques in section 6.6).

Various MR-brake architectures can be found in the literature. From the comparative analysis
conducted in chapter 4, the T-shaped rotor is a good compromise in terms of compactness,
mechanical complexity, power requirements and dynamic range. The device developed in this
study has a maximum output torque of 28Nm with an external diameter of 120mm. Fig-
ure 7.4 shows a sketch of the internal shape of the brake and the results of the FE magnetic
analysis. The magnetic flux intensity reaches the required value in the MR-fluid gap and is
just below saturation level in the iron core, as expected. Figure 7.5a) shows a picture of the
main brake components.

Various experiments have been conducted to validate the intensity of the magnetic flux in the
gap. Values obtained via FE analysis without MR-fluid in the gap have been compared with
measurements conducted with a teslameter on both iron cores (Figure 7.5b).
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Figure 7.4: FE analysis of the magnetic circuit of the T-shaped MR-brake (obtained with
FEMM)

rotor
lower stator

upper stator

stator
gap

sensor

Figure 7.5: a) Picture of the MR-brake main components - b) Experimental setup for B-field
measurement in the gap

Curves of the magnetic flux density (B) in the gap versus current in the coil for both iron
cores exhibit a good agreement between simulation and experience (Figure 7.6), validating in
this way the results obtained via FE analysis below iron core saturation.

The brake design shown at Figure 7.5 is only a laboratory prototype. An illustration of what
could be an industrial version of this brake, with a molded carter, is shown at Figure 7.7.
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Figure 7.6: Magnetic flux intensity versus coil current in the gap for both iron cores (the
number of turns N varies from coil to coil due to the manufacturing process)
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Figure 7.7: Possible industrial version of the MR-brake

Due to the large size of the brake and the very small MR-fluid gap thickness (0.4mm), a
vacuum pump is used to fill the MR-fluid in the brake. The first step is to create vacuum
inside the brake thanks to a vacuum pump; then, the valve linking the device to the MR-fluid
reservoir is opened and the fluid is sucked in the device.
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Once the brake was filled with MR-fluid, its performances were measured and compared to
its expected behavior obtained from FE analysis. In particular, its torque versus current
characteristic has been measured (Figure 7.8). It can be observed that iron core saturation
appears earlier than expected due to imprecise modelling of iron core magnetic properties
(unknown B-H curve), leading to a lower maximum torque value (about 22.5Nm). As with
the early brake prototypes, a hysteretic non-linear behavior can be observed. This MR-brake
also exhibits an off-state torque (of about 2Nm) due to remanent magnetic field, which was
not observed with the early prototypes. This may be explained by the fact that high speed
machining was used to manufacture this prototype, leading to magnetic hardening, which was
not the case with the previous ones.
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Figure 7.8: Torque-current characteristic of the MR-brake

7.3 Prototype of embedded electronics

Figure 7.9 shows a schematic view of the system with emphasis on the embedded electronics.
It consists of three main components: a Texas Instrument eZDSP-F2812 evaluation board, a
sensor interface and power board designed by Micromega Dynamics and a Bluetooth evalua-
tion board (Bluegiga WT12).

The eZDSP evaluation board comprises, among other components, the following elements:

- a microprocessor (TMS320F2812), where the control algorithms of the device are im-
plemented. It is also used for speed and torque computation as well as for real time
communication management with the user interfaces (based on the SLIP protocol)

- a QEP encoder interface (acquisition of position measurement)

- two analog inputs (AI) (acquisition of force and current measurements)
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Figure 7.9: Schematic view of the embedded electronics

- a PWM output driving the H-bridge of the power board, delivering current to the
MR-brake

- serial input/output for communication with the interfaces

The sensor interface and power board comprises:

- a H-bridge and a current probe required to implement a current loop

- signal converters to adapt encoder and force sensor signals to microprocessor inputs

The Bluetooth evaluation board converts the signals of the serial port into Bluetooth signals
and is thus ”transparent” to the user. Figure 7.10 shows a picture of the embedded electronics
prototype; a commercial product would combine all these components on a single board.

7.4 User interfaces

Since the device was designed for home use, two user interfaces have been considered: the
first one is a laptop equipped with a software (similar to those found on commercial isokinetic
machines) containing a patient database and that is used by the practitioner to define the
various exercises to be performed by the patient, set their parameters, display and analyze
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power + interface
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Figure 7.10: Picture of the embedded electronics prototype

the data acquired during the exercise (either in real-time or later on, after several exercises).
Figure 7.11 shows a typical report generated by the software for post-exercise analysis by the
practitioner. The second one is a PDA that enables the patient to use the device alone at
home. The practitioner defines in advance the exercises to be performed by the patient with
the software installed on his laptop. Then, the exercise parameters are transferred from the
laptop to the PDA that will automatically ask the patient to perform the scheduled exercises
every time the device is switched on (Figure 7.12a). A simplified visual feedback (including
exercise validation messages) is provided to the patient on the PDA while the exercise is
being performed (Figure 7.12b). Exercises are stored on the PDA until the patient transmits
them to the practitioner (by connecting the PDA to his laptop), who can analyze them and
prescribe new exercises.

7.5 DSP and Control Desk interface

In order to be able to test the device prototype independently from the embedded electron-
ics prototype and allow parallel developments, the mechanical hardware has been initially
combined with a dSpace PC-based acquisition board used in combination with the Control
Desk software package emulating the future user interface. The control has been implemented
using MATLAB Simulink, allowing easy modifications and testing. Figure 7.13 shows a typi-
cal view of a Control Desk window emulating the user interface (here, for the isometric mode).
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Figure 7.11: Typical report for post-exercise analysis generated by the user interface

Real-time performance
measurement for
patient motivation

Guidelines

Figure 7.12: a) Exercise description on PDA - b) Exercise simplified feedback on PDA
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Figure 7.13: Screenshot of emulated user interface with Control Desk
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Chapter 8

Control strategies

8.1 Global control scheme

The control strategy (Figure 8.1) consists of three overlapping control loops (Dong, 2005).
The first control loop (not shown in Figure 8.1), implemented within the current drive, is a
current loop used to compensate for the electrical phase-shift related to the use of coils to
generate the magnetic field inside the brake. The second control loop is a torque loop used
to compensate for the imperfections of the relation between the current applied to the brake
and its output torque (non-linearity, hysteresis, remanence, etc). The third loop is a motion
loop used to control the motion of the shaft of the device according to the selected exercise
mode (isometric, isotonic and isokinetic). All these controllers described in more details in
the following sections, have been first evaluated on the test bench described in section 5.2
and then implemented on the rehabilitation device.

Brake
System

dynamics
Current

drive

I TTorque
controller

Exercice
controller 1/s 1/s

Tref Iref

User
muscular

force

Torque loop

Motion loop

Practitioner
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User
PDA

USB port

User interfaces

òò ò

Figure 8.1: Global control scheme of the rehabilitation device
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8.2 Simulation of the experimental setup

In order to facilitate the development of the various control algorithms, a simulator of the
test bench described at section 5.2 has been developed under MATLAB Simulink.

The DC motor is modelled with the following equations:

V − Vemf = ri + L
di

dt
(8.1)

Vemf = ksθ̇ (8.2)

T = kT i (8.3)

where V is the applied voltage, i the input current, T the output torque, kT the motor torque
constant, ks the motor speed constant and Vemf the back electromotive force. The saturation
of the current drive is also modelled. The gearbox connected to the motor is simply modelled
by its reduction ratio (no friction model).

The MR-brake is modelled by the measured torque/current characteristics (see section 5.3.2).
The non-linear hysteretic behavior of this relationship is modelled in the same way as in (Liu
et al., 2006): the main hysteresis loop is approximated by a parallelogram with inner sub-
hysteresis cycles of similar shape (Figure 8.2a). This model is fully characterized by only four
parameters (T0, T1, S1, S2) that were adjusted to fit the experimental curve (Figure 8.2b).
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Figure 8.2: a) Hysteresis model - b) Fitting with experimental data

As can be observed from (Figure 8.2b), the selected model does not perfectly fit the experi-
mental data but presents the advantage of being easy to implement. Furthermore, as it will
be seen later, it is enough to support the development of the various control laws.

The hysteretic behavior of the torque/current characteristic being essentially determined by
the hysteresis within the magnetic core of the brake, models describing the hysteresis in fer-
romagnetic materials can also be used, such as Preisach or Hodgdon models (Mayergoyz,
1988) (Hodgdon, 1988) (An and Kwon, 2003). Such models may offer a better fit of ex-
perimental data but are more complex to implement and require a good knowledge of the
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magnetic characteristics of the material used within the magnetic core (B-H curve...).

The core of the simulation is schematically represented at Figure 8.3. The torque delivered by
the brake and the seal friction (modelled as dry friction) counteract the motor output torque.
By dividing the total torque by the total inertia (I), one gets the acceleration of the system
as well as speed and position signals.

1/I

current drive
+ DC motor
+ gearbox

model

current drive
+ brake
model

seal
friction

1/s 1/s

ò ò ò

Tmotor

Tbrake

Toffàstate

imotor

ibrake

Figure 8.3: Schematic view of the test bench simulator

8.3 Torque controller

Due to the hysteretic torque/current characteristic of the MR-brake, a torque controller is
necessary to ensure the desired torque output at all times, independently of the system history.

The MR-brake being non-linear by essence, the torque controller (Figure 8.4) is also non-
linear, with two different cases. When the axis of the brake is moving (speed 6= 0), the torque
measured by the sensor equals the torque produced by the brake. In that case, a simple
PID controller (having as input the torque error) is used in combination with a feedforward
term (based on the current/torque characteristic of the brake). A saturation is applied to
the output of the controller to avoid sending negative currents to the brake, which does not
make any sense. When the brake axis is idle (speed = 0), the torque measured by the sensor
equals the torque produced by the motor (or patient) and does not reflect the resistive torque
developed by the brake, and a PID controller based on the torque error can not be used to
generate the current command of the brake. Instead, only the feedforward term is used, in
open-loop.

It is important to note that, since the system is working at low speeds, the speed signal
derived from encoder measurements is of poor quality and thus switching between the two
cases is not based on speed but on position measurements. Speed is considered to be different
from zero if the position has changed between measurements conducted at sample times t
and (t−X) (in our application X = 100, with a sampling frequency (f) of 1kHz) or between
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Figure 8.4: Schematic view of the torque controller

two successive sample times (to take into account sudden changes in speed). If the position
remains unchanged between t and (t − X), the speed is considered equal to zero.

Knowing the encoder resolution (res):

res =
360◦

#pulses
=

360◦

2000
= 0.18◦ (8.4)

one gets the lowest speed value that can be detected (s):

s =
res.f

X
= 1.8◦/s (8.5)

In order to validate the usefulness of the torque controller, step variations of the torque set-
point have been applied to the brake while the speed of the motor of the test bench was
maintained constant (360◦/s). From Figure 8.5, it can be observed that, without torque con-
trol, due to the hysteresis within the brake, a drift appears between the command and the
actual torque value when going from a higher to a lower torque command. This phenomenon
is fully eliminated when torque control is activated. This effect is observed on both experi-
ment and simulation but with various amplitudes due to differences between the experimental
and modelled hysteresis curves.
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8.4 Exercise controller

8.4.1 Isometric control

The control of the isometric mode is based on a position controller that implements a hard stop
if the measurement position (θref ) is reached and if the patient (or motor) applies a force in the
right direction (agonist or antagonist, detected via the sign of the torque measurement). In
order to simulate such a hard contact, when the measurement position (θref ) has been reached,
a torque command proportional to the difference between the current position (θmeasured) and
the reference position (θref ) is sent to the torque controller:

Tref = k(θmeasured − θref ) (8.6)

where k is the contact stiffness. For the isometric exercise, k is set to a high value. Results
obtained for the isometric control (k = 1Nm/◦), at various measurement positions, on the test
bench and with its simulator, are presented at Figure 8.6. The motion is properly blocked at
the reference position and a good level of correspondence can be observed between simulation
and experiment. The input of the patient on the system was simulated by commanding the
motor with a square periodic speed setpoint (amplitude: 120◦/s).
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The same control law applied to the rehabilitation device leads to the results of Figure 8.7, for
the pronation motion of the wrist, at various measurement positions (θref : 0◦, 30◦, 60◦, 90◦).
The user is perfectly blocked at the various measurement positions (vertical lines) and that
he is able to leave these positions with a very limited sticking force (which can hardly be felt)
thanks to the control strategy used. Furthermore, the off-state torque remains low, which
facilitates wrist motion before reaching the measurement position. It can also be observed
that the maximum torque delivered by the user decreases with the angular position, which is
linked to the parabolic shape of the strength curve. Maximum torque values are in accordance
with values reported in the literature (An et al., 1986) (Forthomme et al., 2004).
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Figure 8.7: a) pronation supination of the wrist, adapted from (Kapandji, 1980) - b) Torque
versus position for the isometric mode (pronation)(results obtained with the rehabilitation
device)

This controller has also been used to implement end-of-motion stops for the two other exercise
modes described below, with a lower stiffness, however, to progressively decelerate the pa-
tient motion. Figure 8.8 shows the ability of the system to represent various stiffness values.
Experimental and simulated curves are in good agreement.
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Figure 8.8: Ability of the brake to implement various stiffness (experimental results were
obtained on the test bench)
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8.4.2 Isotonic control

The isotonic exercise requires to provide the torque controller with the appropriate torque
reference as a function of position; it may be either constant, linear or parabolic. Figure 8.9
shows the ability of the MR-brake to provide such torque profiles. Results obtained on both
test bench and simulator (with a constant motor speed of 360◦/s) are in good agreement.
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Figure 8.9: Ability of the brake controller to implement various torque profiles: constant
linear and parabolic (experimental results obtained on the test bench)

Figure 8.10 shows the results obtained with the same controller implemented on the reha-
bilitation device. Parabolic and constant reference torque profiles have been applied to the
pronation and supination motions respectively. Figure 8.10a) shows the measured torque as a
function of angular position. A nearly perfect match between measured and reference torque
can be observed. The only deviation is due to the minimum off-state torque of the MR-fluid
brake ( 0.5Nm), which corresponds to the remaining friction after elimination of the rema-
nent magnetic field in the brake. Some peaks in the torque can also be noticed, due to the
hard contact implemented when the end-of-motion stops are reached. Figure 8.10b) shows
the results of the same experiment for various values of the maximum reference torque (2, 4,
6Nm). A perfect behavior can be observed.
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8.4.3 Isokinetic control

For this exercise mode, the control is based on a speed controller that provides a reference
torque to the torque loop. A small constant torque (T0) is also always maintained within
the brake. As already mentioned, since the speed of motion is quite low in the application
considered here, the quality of the speed signal derived from the encoder measurements is
poor and can not be used for control purposes. In order to alleviate this problem, the control
is not based on speed but on position measurements that are compared with a reference po-
sition signal (consisting of a ramp signal corresponding to a constant speed ) (Hisada et al.,
2004). The difference between the actual position and the reference signal is used as input of
a PID controller (Figure 8.11). Note that the reference position signal only increases when
the measured torque is above T0. When the measured torque is lower than T0 (i.e.:speed = 0),
the reference position (θref ) is reset to the current position (θmeasured).

PID

saturation

T0

òmeasured

òref

t

Tref

Figure 8.11: Schematic view of the isokinetic controller (results obtained with the rehabilita-
tion device)

This controller has been implemented on the rehabilitation device. Figure 8.12a) shows the
evolution of the angular speed as a function of the angular position for various values of the
isokinetic reference speed (pronation / supination motion). The corresponding torque applied
by the patient is also given (Figure 8.12b). The peak torque tends to decrease with increas-
ing speeds, in accordance with the well known physiological behavior of body joints. It can
be seen that despite minor oscillations (that can not be felt by the user), the speed is well
maintained at the reference value during the major part of the motion, whatever the torque
applied by the patient. A small overshoot can be observed at the beginning of the motion
due to the time required by the integral contribution of the controller to act efficiently. After
the overshoot, a rise time (increasing with the reference speed) can be observed. It can be
explained by limited gain values of the controller selected in order to avoid instabilities in
all circumstances. As a consequence, as reported in (Brown and Whitehurst, 2000), the load
range (which is the portion of the range of motion where the speed is held constant) decreases
when the reference speed increases.
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Chapter 9

Preliminary clinical validation

9.1 Introduction

9.1.1 Test/re-test repeatability analysis

When repeated measurements are done on the same subject using a single instrument (here,
our prototype or the CYBEX), the value obtained may substantially vary from one measure-
ment to the other. This is particularly true for biological measurements.

Measurement errors can have various sources: the instrument, the position of the subject,
the skill and experience of the observer and even the interaction between the observer and
the subject (e.g. the type of instructions given by the observer to the subject...) Some of
these factors, such as the error due to the instrument, are outside the control of the observer.
Others, such as the position of the subject relatively to the instrument, are not and should
thus be standardized for a given measurement.

The natural continual variation of the biological quantity to be measured will also have an
impact on measurement error. (Bland, 1995) gives the example of the blood pressure that
varies continuously, not only from heart beat to heart beat but from day to day, season to
season, and even with the sex of the observer. In the case of measurements of the muscular
capabilities of subjects, the quantity measured may vary due to subject fatigue, motivation...
(even if no particular muscular training has been performed between two consecutive mea-
surements).

Let’s suppose that each subject exhibits, for a given parameter to be measured (e.g. peak
torque in isokinetic wrist flexion), a ”true” average value over all possible measurements.
Due to measurement errors, the measured values will vary around this ”true” average value.
Various methods and parameters (such as the paired t-test, the correlation coefficient, the
within-subject standard deviation...) can be used to quantitatively evaluate the size of the
measurement errors and to assess the level of repeatability of a given measurement. More
details about these methods and statistical tools can be found in Appendix A.

107
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9.1.2 Analysis of agreement between devices

The problem arising when comparing a new device (here, our prototype) measuring a bi-
ological quantity with an old one (here, the CYBEX) is that neither the old nor the new
device is giving the ”true” value of the quantity to be measured. This is very different from
a calibration procedure where known reference quantities can be used to assess the accuracy
of the device.

The question to be answered is thus: ”Do the two devices agree sufficiently closely so that
the new device can replace the old one?”.

It should be noticed that the analysis of the level of agreement between devices will be highly
influenced by the repeatability of the two devices to be compared. Indeed, as mentioned in
(Bland and Altman, 1986), if one device has poor repeatability (i.e. there is considerable
variation in repeated measurements on the same subject), the agreement between the two
devices is bound to be poor. When the old device is the more variable one, even a new device
which is perfect will not agree with it. If both devices have poor repeatability, the problem is
even worse. Repeatability analysis has thus to be conducted separately on each device before
drawing any conclusion on devices agreement. Most of the methods and statistic tools used
for the repeatability analysis can also be used to assess agreement. More details are given in
Appendix A.

9.2 Test protocol

The objective of these preliminary tests was to validate the measurements obtained with our
prototype in the isokinetic mode by comparing them with the results obtained with a com-
mercial device (CYBEX). This mode was selected for this comparison since it is the most
common mode in muscular evaluation and the principal operating mode of the CYBEX. All
the tests have been conducted on the wrist joint along its three DOF (pronation/supination,
flexion/extension, adduction/abduction). The test subjects were positioned in a similar way
on both devices. A custom positioning device was used with the prototype (see section 7.2).
The complete list of exercises that have been performed is detailed as follows:

- pronation/supination: - isokinetic 60◦/s (ROM: −60◦/60◦)
- isokinetic 90◦/s (ROM: −60◦/60◦)

- flexion/extension: - isokinetic 60◦/s (ROM: −45◦/45◦)
- isokinetic 90◦/s (ROM: −45◦/45◦)

- adduction/abduction: - isokinetic 60◦/s (ROM: −20◦/30◦)
- isokinetic 90◦/s (ROM: −20◦/30◦)

The comparison between the two machines has been more specifically focused on comparing
the repeatability level achieved by each machine between two consecutive measurements and
on the agreement of the measurement values obtained with each machine for the same subject.
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Measurements have been conducted on 8 healthy right-handed male subjects (age between
21 and 25 years) on both right and left hands. Two measurements have been conducted on
each machine, with an interval of at least 20 minutes, allowing the subject to rest between
two successive exercises. The aim of conducting measurements on both right and left wrists
was to combine these measurements in order to draw conclusions on the repeatability and
agreement based on a sample of larger size while limiting the number of subjects to be tested.

Repeatability was measured by using four indicators. Given the small sample size, only in-
dicators not relying on any distribution assumption have been used since the reliability of
tests such as the Normality test cannot be guaranteed for small samples. The first indicator
was the result of a Wilcoxon matched pairs test (P -value) (see section A.1.4 for more details)
where each pair of data was the same measurement obtained during observations 1 and 2. It
was combined to a second indicator, the inter-quartile range of the differences (IR), giving an
idea of the spread of the differences between the two observations. The third indicator was
the within-subject standard deviation (Sw). For completeness, the correlation coefficient (ρ)
between measurements obtained with the two observations has also been evaluated although
its limitations (detailed in section A.1.2) should be kept in mind. The P -value and ρ should
be as close to 1 as possible. Both IR and Sw should be as small as possible.

For the analysis of agreement between our prototype and the CYBEX, as for the repeata-
bility analysis, the first indicator was the result of a Wilcoxon matched pairs test but, here,
each pair of data was the same measurement obtained on each machine. In order to avoid
misinterpretations, as described in section A.1.4, it was combined to a second indicator, the
inter-quartile range of the differences, giving an idea of the spread of the differences between
the observations made on each machine. The within-subject standard deviation was also
evaluated. However, the correlation coefficient was not used for the agreement analysis for
the reasons described in section A.2. Measurements obtained on each machine for the first
and second observations could have been compared with each other independently. However,
as none of these measurements had to be preferred to the other, the mean of these two mea-
surements were used for comparison.

9.3 Isokinetic mode: analysis of measurement repeatability

9.3.1 Selection of the reference parameter

Most studies of the isokinetic literature are devoted to the analysis of the evolution of the peak
torque (Forthomme et al., 2004)(Marley and Thomson, 2000)(Ellenbecker et al., 2006)(Poulis
et al., 2003). This measurement is indeed considered to be the most reproductible data that
can be obtained while using an isokinetic dynamometer (Croisier and Crielaard, 1999). It is
the reason why we focused our analysis on this specific parameter.

9.3.2 Analysis of the results for combined motions

In order to have a global picture of the level of repeatability for the isokinetic exercise and
avoid possible misinterpretations due to the small sample size, data collected for all the
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different wrist motions (at 60◦/s and at 90◦/s) have been combined. The results are presented
in Table 9.1. P is the probability returned by the Wilcoxon matched pairs test (if P > 0.05,
there is no sigificative difference between the two observations), IR is the interquartile range
of the differences (which should be as small as possible), ρ is the correlation coefficient between
the two observations (which should be as close to 1 as possible) and Sw is the within-subject
standard deviation (which should be as small as possible).

ALL ISOKINETIC EXERCISES
median

P difference IR ρ Sw

(obs1-obs2) [Nm]
[Nm]

ULB 0.79 -0.03 1.92 0.92 1.1
CYBEX 0.17 -0.17 2 0.86 1.64

Table 9.1: Repeatability between OBS1 and OBS2 (all motions combined)

These results can also be presented graphically. Figure 9.1 shows, for each machine, a scatter
diagram of the second observation as a function of the first one. Figure 9.2 shows a box and
wiskers plot of the differences between the two observations on each machine.
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Figure 9.1: Scatter diagram comparing two observations made on the same machine

From Table 9.1, it can be concluded that the repeatability of both machines is very similar.
Indeed, the median difference obtained on both machines is very small (the null hypothesis
is not rejected by the Wilcoxon test although the P-value is somewhat higher for the ULB
prototype) and the inter-quartile range is also similar for both machines. The correlation
coefficient is also similar for both machines. Furthermore, from Figures 9.1 and 9.2a), it can
be seen that the spread of the differences outside the inter-quartile range is also similar for
both machines with, however, a little bit more outliers with the CYBEX device.

Figure 9.2a) and Table 9.1 show that the median difference is around zero. This means that
the dispersion of the differences is globally symmetrical around zero. It is however also inter-
esting to have a look at the absolute value of the differences to avoid compensation between
data of opposite signs. As can be seen from Figure 9.2b), the results are very similar for both
machines, the median absolute difference being around 1Nm with a similar inter-quartile
range (25% of the differences lie under 0.4Nm and 75% of the differences lie under 2 Nm).
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Figure 9.2: Box and wiskers plot for the difference between two observations made on the
same machine

9.4 Isokinetic mode: agreement with CYBEX

The objective of this section is to compare the results obtained on both machines in terms of
absolute value. As there was no reason to prefer the results obtained for observation 1 over
the results obtained for observation 2, we have compared the mean of the two observations
obtained on each machine.

9.4.1 Analysis of the results for combined motions

In order to draw generic conclusions for the agreement between machines for the isokinetic
mode, we have combined the results obtained for the various wrist motions and the various
exercise speeds. The results are presented at Figure 9.3, showing a scatter diagram of the
mean observation on the CYBEX as a function of the mean observation on the ULB prototype
(for all isokinetic exercises) and a box and wiskers plot of the differences between the two
mean observations.

As can be seen from Figure 9.3, there seems to be a bias between the measurements made
on the ULB prototype and the ones made on the CYBEX (null hypothesis for the median
rejected by the Wilcoxon test and median value of the differences = -1.46Nm). In order to
better analyze the source of such a bias, it is worth splitting the results in two categories:
motions causing the device axis to move in the anti-clockwise direction (Figure 9.4) and
the motions going in the clockwise direction (Figure 9.5). Results are also summarized in
Table 9.2.
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Figure 9.3: a) Scatter plot of peak torque measurements made on ULB prototype and CYBEX
- b) Box and wiskers plot of the differences in peak torque between ULB prototype and
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Figure 9.4: a) Scatter plot of peak torque measurements made on ULB prototype and CYBEX
- b) Box and wiskers plot of the differences in peak torque between ULB prototype and
CYBEX (anti-clockwise motions only)

By comparing Figures 9.4 and 9.5, it is clear that the bias is much larger for the anti-clockwise
motions. This bias is negative, meaning that the measurements made on the CYBEX are
larger than the one made on the ULB prototype. When looking back at the CYBEX behavior
during tests, we noticed that the device that we used had a tendency to move freely in the
anti-clockwise direction, sometimes counteracting the effect of gravity, leading to a non-null
reading (around 2Nm) for the torque measurement. This might be the cause of the observed
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Figure 9.5: a) Scatter plot of peak torque measurements made on ULB prototype and CYBEX
- b) Box and wiskers plot of the differences in peak torque between ULB prototype and
CYBEX (clockwise motions only)

all anti-clockwise clockwise
motions motions motions

P 0 0 0.12
median difference [Nm] -1.46 -2.46 -0.15
IR [Nm] 4.29 3.3 4.74
Sw 2.36 2.39 2.33

Table 9.2: Agreement between ULB prototype and CYBEX (all motions combined)

bias. Based on these observations, we have decided to limit the rest of the agreement analysis
on the data for the clockwise motion. It is also interesting to note that the spread of the
differences remains nearly unaffected whatever the way in which data is combined (look at
IR and Sw values in Table 9.2).

For the clockwise motions, the median difference can be considered as null (null hypothesis not
rejected by the Wilcoxon test). This means that the dispersion of the differences is globally
symmetrical around zero. It is however also interesting to have a look at the absolute value
of the differences. As can be seen on Figure 9.6a), the inter-quartile range and the median
absolute difference are nearly twice larger than what was observed for the repeatability on
each machine separately (see Figure 9.2).
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9.5 Conclusions of the preliminary clinical tests

By grouping all the results, we have removed the effect of the small sample size on the vari-
ability of the data and have shown a good repeatability for both machines (null median) with
an inter-quartile range of around 2Nm for both, for the difference between repeated measure-
ments. ρ and Sw values are also similar for both machines.

By looking at all these results, it can be concluded that the level of repeatability is similar
for both machines for isokinetic exercises. So, if the CYBEX device is considered by users
as being reliable for isokinetic wrist measurements in terms of repeatability, the ULB device
should be reliable too.

In order to measure agreement, we have compared mean peak torque measurements ob-
tained with each machine. By grouping the results by motion direction (clockwise and anti-
clockwise), we have shown the existence of a bias only for anti-clockwise motions. We attribute
the origin of this bias to a drift in the gravity compensation performed by the CYBEX. We
have also observed a global inter-quartile range of about 4Nm for the difference between mea-
surements made on both machines. This is twice higher than the IR obtained for repeated
measurements.

Given these results we can conclude that the two machines can hardly be used interchange-
ably for the measurement of peak torque in isokinetic mode but that both might be used in
the same way to follow the evolution of patient performances over time since they offer the
same repeatability level.

Finally, it should be noticed that all these conclusions are based on measurements made on
only 8 subjects. Even if multiple measurements have been combined, this might have an
impact on the results. Ideally this clinical validation should have been conducted on a much
larger number of subjects and for a larger number of parameters.
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Chapter 10

Summary and conclusions

The aim of this thesis is the development of a magneto-rheological (MR) fluid brake and its
application to a portable muscular rehabilitation device.

Chapter 2 gives an overview of the composition, the rheological behavior and magnetic prop-
erties of MR-fluids. Their various operating modes are also described together with their
application within mechatronic devices (dampers, brakes...).

Chapter 3 provides the theoretical background for the design of magnetic circuits with an
MR-fluid gap, which are at the heart of any magneto-rheological device.

Based on chapter 3, analytical models of various MR-brake architectures are developed in
chapter 4. These relationships enable a quantitative comparison of the major MR-brake de-
signs (drum, inverted drum, disk, multiple disks, T-shaped rotor) based on four figures of
merit: dynamic range, torque/volume ratio, rotor radius, electric power consumption.

In order to validate the relationships described in chapter 4, two early MR-brake prototypes
(drum and T-shaped rotor) have been built. Their respective performances have been experi-
mentally evaluated and compared on a dedicated test bench. The results of these experiments
are extensively reported at chapter 5. Curves such as the hysteretic torque vs current or the
torque vs speed characteristics have been obtained for both prototypes and for two different
MR-fluids. As expected, the T-shaped rotor brake exhibits a much higher torque than the
drum brake for similar dimensions. No significant difference has been observed between the
results obtained for both fluids and results are in good agreement with FE simulations. The
torque response time has also been evaluated, showing the importance of the material selected
for the coil support.

Chapter 6 introduces the fundamentals of muscle biomechanics and wrist kinematics. Methods
for muscular evaluation and exercise are also briefly described and compared. The physiolog-
ical advantages of the isokinetic exercise are highlighted as well as the major drawbacks of
existing isokinetic devices: cost, complexity and bulkiness.

Chapter 7 describes the major components of the portable wrist rehabilitation device devel-
oped in this work, with particular emphasis on its MR-brake actuator. Following an extensive
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market analysis and practitioners advice and requests, this device implements most of the ex-
ercise modes that can be found in expensive and bulky multi-function devices, including the
isokinetic mode. The control strategies required to implement all these exercise modes are
described in chapter 8. The experimental results obtained with both the rehabilitation device
and the early MR-brake prototypes show good performances for all exercise modes and are
in good agreement with simulations.

Finally, a comparison of our prototype with a commercial device (CYBEX) has been con-
ducted. Results are discussed in chapter 9. For the isokinetic mode, the repeatability level of
peak torque measurements is similar for both machines. However, our comparison highlighted
a possible drift of the gravity compensation of the CYBEX device.

Original aspects of the work

- A wide range of MR-brake architectures have been quantitatively compared based on
the analytical expression of various figures of merit (dynamic range, torque/volume
ratio, rotor radius, electric power consumption).

- Various MR-brake prototypes have been built and tested with a specially designed test-
bench; their performances have been evaluated with two different MR-fluids.

- A portable rehabilitation device (offering, among others, the isokinetic mode) based on
MR-fluid actuation has been designed and manufactured.

- The performances of the prototype of rehabilitation device have been compared with a
commercial device (CYBEX) based on measurements conducted on a sample of healthy
subjects.

Future work

The work reported in this thesis has led to the development of a portable rehabilitation device
specifically designed for small body joints (the wrist, in particular) and ready for an indus-
trial transfer. However, in order to be able to exercise other body joints, a brake delivering
higher output torques should be developed, possibly based on the multiple disks architecture
in order to keep the compactness of the device unchanged.

A commercial product would require a dedicated electronic board, an improved user interface,
and, of course, a redesign of some mechanical parts to allow production by injection molding.
Furthermore, a large scale clinical study on patients suffering from muscular disorders should
be conducted to confirm the efficiency of the device.

Related publications

The work reported in this thesis has led to the following publications:
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Appendix A

Statistics for clinical analysis

A.1 Methods for test/re-test repeatability analysis

OBS1 OBS2 OBS1-OBS2 VARIANCE

subject 1: x1 y1 δ1 = x1 − y1 σ2
1 = 1

2
(x1 − y1)

2

subject 2: x2 y2 δ2 = x2 − y2 σ2
2 = 1

2
(x2 − y2)

2

...
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∑
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δi − δ̄
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√

(

1

n

)

n
∑

i=1

σ2
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Table A.1: Measured data (xi and yi) for a sample of n subjects, during two observations of
the same variable (OBS1 and OBS2), and associated values (difference, mean and variance)

A.1.1 Paired t-test

At least two observations have to be taken for a given subject in order to assess the repeata-
bility of a given measurement. A common experiment design in clinical studies is to take only
two observations per subject, but for a sample of n subjects (typically n = 20 for preliminary
studies).

The most obvious test to assess repeatability is to compute the mean difference between the
first and second measurement over the whole sample of subjects (δ̄). If this mean difference
may be considered as null, it gives a first hint on the repeatability of the measurement. The
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objective of the t-test is thus to test the null hypothesis that the mean difference is zero. If
the data are not consistent with the null hypothesis, the difference between the first and the
second measurement is said to be statistically significant. The t-test is based on the evaluation
of the following ratio for the given sample:

(

δ̄ − µ
)

√

s2

n

(A.1)

where δ̄ is the mean difference of the sample, µ is the mean of the whole population of differ-
ences (considered as null, cf. hypothesis), s2 is the sample variance and n is the sample size
(Table A.1). If the differences are normally distributed, it can be shown that ratio (A.1) fol-
lows a Student t distribution with n−1 degrees of freedom (dof) (Bland, 1995) (Figure A.1a).
For a given value of the ratio, the corresponding probability (called P-value) can thus be
computed. It corresponds to the probability to obtain this ratio under the null hypothesis. If
this probability is lower than 0.05, the mean difference is considered as being different from
zero (the null hypothesis is said to be rejected at the statistical significance level of 0.05). For
example, if n = 6 (5dof), the difference between the 1st and 2nd measurement is statistically
significant, at the 0.05 level, if the ratio (A.1) is higher than 2.57 (Figure A.1b). This limit
should however be considered as a guideline and not as an absolute limit.
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Figure A.1: a)Probability density of the Normal and Student distributions - b) 5% point of
the Student distribution with 5 degrees of freedom

Together with the hypothesis of normality for the data, another major drawback of the t-test
should also be pointed out: a broad range of variability for the readings of each observation
results in widely dispersed distributions (large s2) and may contribute to the acceptance of
the null hypothesis. So, by this criterion, the greater the measurement error, and hence the
less chance of a significant difference, the better!

A.1.2 Correlation coefficient

The common experiment design used to assess the repeatability of a measurement usually
comprising two observations per subject, it seems appropriate to calculate a correlation coef-
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ficient (ρ) between first and second measurement:

ρ =
1

n

n
∑

i=1

(

xi − x

σx

)

.

(

yi − y

σy

)

(A.2)

where xi and yi are the measurements for the first and second observation for the ith subject,
x and y the mean measurement of first and second observation, σx and σy the standard de-
viation of first and second observation (Table A.1). The closer ρ is to 1, the highest is the
correlation between the first and second measurement.

However, as illustrated in (Bland and Altman, 1996), this correlation coefficient will depend
on the variability between subjects. Samples containing subjects who differ greatly will pro-
duce larger correlation coefficients than samples containing similar subjects. This method
should thus only be used if the sample is representative of the whole population of possible
subjects.

Furthermore, the correlation coefficient is sensitive to the order between first and second ob-
servation. Indeed, if this order is reversed for some of the subjects, the correlation coefficient
will differ. This is not acceptable as first and second observations are repeated observations
of the same thing. A solution to this later problem is to make use of the intra-class corre-
lation coefficient (ICC) that estimates the average correlation among all possible orderings
of pairs (Bland and Altman, 1996). However, the ICC is still influenced by the variability of
the measurements (Bland and Altman, 1990), a property that makes it difficult to compare
between studies (Rothwell, 2000).

A.1.3 Within-subject standard deviation and repeatability coefficient

Another tool to assess measurement repeatability is the within-subject standard deviation
(Sw), which is assumed to be the same for all subjects. Sw is obtained by first calculating,
for each subject (i), the variance between first and second measurement (σ2

i ), then the mean
of these values, called the within-subject variance (S2

w). Sw is the square-root of this value
(Table A.1). The smaller Sw is, the better the repeatability is.

It is important to note that the statement that the standard deviation is the same for all
subjects is based on the underlying assumption that the measurement error is independent
of the size of the measurement. This assumption should be checked either graphically (by
plotting the subject’s standard deviations against their means) or analytically by calculating
the correlation coefficient between the standard deviations and the means.

Another way to present the size of the measurement error is the repeatability coefficient,
defined by the British Standard Institution as the value below which the difference between
two measurements will lie with a probability of 95%. If the measurement errors are from a
Normal distribution, it can be estimated by: 1.96

√

2S2
w = 2.77 Sw.
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A.1.4 Wilcoxon matched pairs test / Box and wiskers plot

As previously highlighted, the t-test and the BSI coefficient of repeatability are based on the
assumption that the distribution of the differences (between two observations) come from a
Normal distribution. These methods are called parametric. Before applying them, it is then
required to test the hypothesis of normality.

However, experimental data are not always normally distributed and sometimes, due to the
small sample size for example, it can also be difficult to assess the normality of the data. In this
case, it is, of course, always possible to make the hypothesis of normality but this approach is
not very rigorous. An alternative approach is to make use of non-parametric methods which
do not assume any particular family of distribution for the data. The Wilcoxon matched pairs
test is one of them.

This test is an analog of the paired t-test but makes use of the rank order of the data instead of
relying on the Student distribution. The objective of this test is to check the null-hypothesis
stating that the difference between the members of each pair of data (in our case two succes-
sive observations for the same subject, δi) has a median value of zero. It is interesting to
note that, for small samples, testing the median instead of the mean is more efficient as it is
less sensitive to outliers.

The Wilcoxon test works in the following way. The differences δi are ranked by their absolute
value. Tied observations are given the average of their ranks. Ranks of positive and negative
differences are summed separately. If the null hypothesis was true and there was no difference
between the two data sets, one would expect that the rank sums for positive and negative
differences to be about the same. The test statistics is the lesser of theses sums, T . The
test will return the probability (P ) to obtain the observed value of T if the null hypothesis
were true. If this probability is lower than a given significance level (usually 5%), the null
hypothesis can be rejected (for more details, refer to (Bland, 1995)).

It is important to note that this test enables to identify any bias between the two data sets.
However, if the differences between the data sets are equally distributed (in sign and magni-
tude) on each side of the equality line, the test will still conclude to a null median difference
which could be misleading if used alone to assess the repeatability of a given method. More-
over the Wilcoxon test does not tell anything about the size of the difference, only its existence.

It is thus interesting to combine this test with a plot that will give an idea of the distribution
of the differences. The box and whisker plot (Figure A.2) can be used for that purpose. The
box shows the distance between the lower and upper quartiles (50% of the observations lie
within the box), with the median marked as a line, and the ’whiskers’ show the most extreme
values that lie within limit of the box+1.5 IR. Values that are larger than limit of the box+1.5
IR the interquartile range are considered as outliers and are displayed with a ’+’ sign.

A.1.5 Scatter plot

Another way to represent the data is to plot, for each subject, the results of the second ob-
servation (OBS2) against those of the first (OBS1). This plot should also include the line of
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Figure A.2: a) Cumulative frequency distribution with the corresponding median and inter-
quartile range - b) Corresponding Box and Wiskers plot

identity (where OBS1=OBS2) to enable a first visual assessment of the relationship between
measurements obtained during both observations (Figure A.3). The closest to the identity
line the points cluster, the best repeatability level is achieved. It should be noticed that, very
often, this kind of plot has a regression line drawn through the data, which has much less
significance in terms of repeatability evaluation than the line of identity.

Figure A.3: Example of data plot of Observation 2 against Observation 1

A.2 Methods for agreement analysis

Most methods and tools described above for the repeatability analysis also apply to the agree-
ment analysis between two machines. The only difference is that instead of comparing two
measurements obtained during two successive observations (OBS1 and OBS2) on the same
machine, the comparison is made between two measurements obtained on each machine. The
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correlation coefficient (ρ) alone cannot be used to measure agreement. Indeed, as stressed in
(Bland and Altman, 1986), the correlation coefficient (ρ) measures the strength of association
between two variables and not the agreement between them. Perfect agreement means that
one measurement equals the other. For instance, if one measurement consistently doubles the
other, the two measurements will be perfectly correlated but will not agree at all.

Moreover, as mathematically demonstrated in (Altman and Bland, 1983), the correlation co-
efficient depends on both the variation between individuals (i.e. between the true values)
and the variation within individuals (measurement error). Indeed, if the variation between
individuals is high compared to the measurement error, the correlation will be high, and if
the variation between individuals is low, the correlation will be low. This property of the
correlation coefficient can be very misleading. Since investigators usually try to compare two
methods over the whole range of values typically encountered, a high correlation coefficient is
almost guaranteed. Data which seems to be in poor agreement can thus produce quite high
correlations.

An illustration of this phenomenon is given by the two samples of Table A.2 (Bland and
Altman, 1990). For both samples, the differences between method A and B are the same for
all subjects. From these results, the conclusion about the agreement between method A and
B should be the same for both samples. However, the subject variability of sample 1 is much
lower than that of sample 2, leading to a much lower correlation coefficient (sample 1: ρ=0.17,
sample 2: ρ=0.99). By observing only the correlation coefficient of sample 1, one may thus
conclude that method A and B poorly agree and by observing only the correlation coefficient
of sample 2, the agreement seems nearly perfect, despite the fact that the differences between
methods A and B are the same for both samples!

SAMPLE 1 SAMPLE 2

Method Method

subject A B A-B subject A B A-B

1 90 95 -5 1 120 125 -5

2 95 90 5 2 95 90 5

3 90 90 0 3 80 80 0

4 95 95 0 4 75 75 0

5 90 90 0 5 70 70 0

ρ=0.17 ρ=0.99

Table A.2: Example of the calculation of ρ between methods A and B for two samples with
different subject variability but similar differences between methods



A.3 References 127

A.3 References

D.G. Altman and J.M. Bland. Measurement in medicine: The analysis of method comparison
studies. The Statistician, 32(3):307–317, 1983.

J.M. Bland. An Introduction to Medical Statistics. Oxford University Press, 1995.

J.M. Bland and D. G. Altman. Statistics notes: Measurement error. British Medical Journal,
312:1654, 1996.

J.M. Bland and D.G. Altman. Statistical methods for assessing agreement between two
methods of clinical measurement. Lancet, i:307–310, 1986.

J.M. Bland and D.G. Altman. A note on the use of intraclass correlation coefficient in the
evaluation of agreement between two methods of measurement. Computers in Biology and
Medecine, 20(5):337–340, 1990.

P.M. Rothwell. Analysis of agreement between measurement of continuous variables: General
principles and lessons from studies of imaging of carotid stenosis. Journal of Neurology,
415:825–834, 2000.



128 References



Appendix B

Patent application

129



130 B Patent application





 



General Bibliography

B. Ackermann and R. Elferich. Application of magnetorheological fluids in programmable
haptic knobs. In Proceedings of Actuator 2000, Bremen, Gremany, 2000.

D.G. Altman and J.M. Bland. Measurement in medicine: The analysis of method comparison
studies. The Statistician, 32(3):307–317, 1983.

J. An and D-G. Kwon. Modeling of a magnetorheological actuator including magnetic hys-
teresis. Journal of Intelligent Material Systems and Structures, 14:541–550, 2003.

J. An and D-S. Kwon. Haptic experimentation on a hybrid Active/Passive force feedback
device. In Proceedings of the IEEE International Conference on Robotics and Automation,
pages 4217–4222, Washington DC, 2002.

K.N. An, L.J. Askew, and E.Y. Chao. Trends in Ergonomics/Human Factors III, chapter
: Biomechanics and functional assessment of upper extremities. North-Holland: Elsevier
Science Publishers, 1986.
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N. Gstöttenbauer. Magneto-Rheological Fluids in Squeeze Mode. PhD thesis, Johannes Kepler
University of Linz, 2008.

K.H. Gudmundsson, F. Jonsdottir, H. Palsson, and S.G. Karlsson. Optimization a mag-
netorheological rotary brake. In Proceedings of 3rd ECCOMAS Thematic Conference on
Smart Structures and Materials, Gdansk, Poland, 2007.

M. Handel, H.H. Dickhuth, F. Mayer, and R.W. Gülch. Prerequiste and limitations to isoki-
netic measurements in humans. European Journal of Applied Physiology, 73:225–230, 1996.

A.V. Hill. The heat of shortening and the dynamic constants of muscle. Proceedings of the
Royal Society, B126:136–195, 1938.

T. Hisada, N. Okuyama, S. Komada, and J. Hirai. Preliminary study on robotic exercise
therapy. In Proceedings of the 30th Annual Conference of the IEEE Industrial Electronics
Society, pages 2780–2785, Busan, Korea, 2004.

H. Hislop and I. Perrine. The isokinetic concept of exercise. Physical Therapy, 47:114–117,
1967.

M.L. Hodgdon. Mathematical theory and calculations of magnetic hysteresis curves. IEEE
Transactions on Magnetics, 24(6):3120–3122, 1988.

J. Huang, J.Q. Zhang, Y. Yang, and Y.Q. Wei. Analysis and design of a cylindrical magneto-
rheological fluid brake. Journal of Materials Processing Technology, 129:559–562, 2002.



M.R. Jolly and J.D. Carlson. A controllable squeeze film damper using magnetorheological
fluid. In Proceedings of Actuator 96, pages 333–336, Bremen, Germany, 1996.

M.R. Jolly, J.W. Bender, and J.D. Carlson. Properties and applications of commercial magne-
torheological fluids. In Proceedings of SPIE 5th International Symposium on Smart Struc-
tures and Materials, San Diego, California, 1998.

M.R. Jolly, R.H. Majoram, S. Koester, and K.A. St Clair. Brake with field responsive material.
US patent 6,854,573, 2005.

I.A. Kapandji. Physiologie Articulaire. Maloine S.A. Editeur, 1980.

B. Kavlicoglu, F. Gordaninejad, C. Evrensel, A. FUchs, and G. Korol. A semi-active, high
torque, magnetorheological fluid limited slip differential clutch. Journal of Vibration and
Acoustics, 128:604–610, 2006.

C. Kieburg. MR all-wheel-drive prototype car driving tests and durability requierements for
the MR fluids used. In Proceedings of ERMR’08, Dresden, Germany, 2008.

T. Kikuchi, J. Furusho, and K. Oda. Development of isokinetic exercise machine using ER
brake. In Proceedings of the IEEE International Conference on Robotics and Automation,
pages 214–219, Taipei, Taiwan, 2003.

J-H. Koo, F.D. Goncalves, and M. Ahmadian. A comprehensive analysis of the response time
of MR dampers. Smart Materials and Structures, 15:351–358, 2006.

W.I. Kordonski, S.R. Gorodkin, and Z.A. Novikova. The influence of ferroparticle concentra-
tion and size on MR-fluid properties. In Proceedings of the 6th ERMR Conference, pages
532–542, Yonezawa, Japan, 1997.

R. Krukowski. Particle brake clutch muscle exercise and rehabilitation apparatus. US patent
4,765,315, 1988.

K. Kulig, J.G. Andrews, and J.G. Hay. Exercise and Sport Science Reviews, volume 12, pages
417–466. Macmillan, 1984.

D. Lampe and R. Grundmann. Transitional and solid state behaviour of a magnetorheological
clutch. In Proceedings of Actuator 2000, 2000.

H. M. Laun, G. Schmidt, and C. Gabriel. Reliable plate-plate MRF magnetorheometry based
on validated radial magnetic flux density profile simulations. Reologica Acta, 47(9):1049–
1059, 2008.

E. Leclerq. Etude isocinétique de l’articulation du poignet et dynamométrie manuelle. Mas-
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