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ABSTRACT

ABSTRACT

The thesis presents the design and development of a 2-DOF (degree of freedom)
magnetorheological (MR) fluid based haptic joystick and studies its applications in
virtual reality. MR fluids are controllable fluids that can generate adaptable resistance
forces when subjected to a magnetic field. This feature is capable of realizing novel

haptic devices.

The developed system consists of three main parts: MR joystick, control and display
hardware, and software. The MR joystick is constructed of two disc-shaped MR
actuators positioned perpendicularly with a gimbal structure, which transfers the
movement of the joystick handle into two actuator rotary movements. Therefore,
operators can feel the resisting force generated by the two actuators. The dimensions of
the actuators have been optimized using finite element analysis, and the steady-state
performance of the actuators has been measured and analyzed. The kinetics of the
joystick in terms of working space and resistance will be discussed. In the thesis, a
subhysteresis model and a torque converting method will be employed to enhance the

accuracy of the force control.

The applications of the MR joystick in virtual reality will be demonstrated by using six
typical interface examples designed in LabVIEW. These demonstrations show that the
MR haptic devices have a huge application potential in entertainment, medical, and

general industry fields.



INTRODUCTION

CHAPTER 1
INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

Virtual reality (VR) technology is regarded as a natural extension to 3D computer
graphics with advanced input and output devices. It brings a completely new
environment to the CAD (computer aided design) community. VR offers many
advantages compared with traditional CAD. It provides intuitive 3D interaction, direct
manipulation, and 3D immersion. The use of VR enhances the user’s understanding of a
virtual object. It helps to speed up the design process and permits a designer to smoothly
develop his concepts, thus fully developing his creativity. Although many significant
achievements have been obtained, virtual reality is most often a laboratory term that is
able to immerse people in a digital world and make users feel as though they were in a
location other than their physical place. We will be seeing the real applications coming
into our daily life in the entertainment, education, and medical fields. For a successful
VR application, effective and sensitive haptic devices need to be designed to transfer

perceptual information between the users and the virtual environment.

A variety of haptic devices have been developed for different applications to simulate
the virtual reactions of VR, such as the force feedback mouse and the haptic
exoskeleton. It should be noted that conventional haptic devices are based on motor
control to provide force and torque. Since it is hard for traditional devices with motor
control to accurately simulate forces and some high viscosity environments in VR, some
prior projects tried to overcome the disadvantages of the current haptic interfacing
systems by introducing some “smart” materials, such as electrorheological (ER) fluids,
that is, substances that can change their rheological characteristics on application of an
electric field [1]. However, to generate a 2-5 kPa yield stress, ER fluids need a high
field of 2-5kV/mm. This yield stress is not adequate for real industrial applications, and
the high electric field requirement is not safe for the users. Furthermore, impurities in
ER fluids affect their performance significantly. This means that ER devices cannot

keep working well in complicated circumstances for a long period. In terms of safety,
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performance, and stability, magnetorheological (MR) fluids show more potential in VR

applications than ER fluids.

MR fluids have become commercially available in the last decade, since it is now
possible to design simple, noiseless, and fast transducers working as interfaces between
electronic control systems and mechanical systems. The novel characteristic of MR
fluids is their ability to reversibly change from a liquid to a semi-solid state in
milliseconds when exposed to a magnetic field. This feature makes it possible for MR
fluids to provide a wide range of resistance torques by changing their yield stresses to
fulfill different application requirements. For example, MR dampers can be used as
suspension systems for different vehicles fitting different road conditions. This
application provides the drivers with comfortable and safe driving conditions. In the
aviation field, MR landing systems make passengers and crewmen feel less stroke force
at the moment of landing or taking off of an aircraft. In civil engineering, MR shake
absorbers are being broadly adopted to minimize the shaking of buildings and bridges in
strong wind and earthquake conditions. This project is attempting to widen the
applications of MR devices based on current research results and in particular, aims to

develop an MR haptic system for VR applications.

1.2 AIMS AND OBJECTIVES

The objective of this project is to develop an effective 2-DOF MR haptic joystick for
VR applications. This haptic system, based on a haptic device and real-time control and
display software, would be used for the purposes of entertainment, virtual
manufacturing, and medical surgical simulation. . The project is divided into several
parts in terms of the functions of the different components of the system. Specific
objectives are as follows:

1) Design, manufacturing, and testing of MR actuators

2) MR joystick development and analysis

3) Electrical circuit design

4) Software design

5) VR application demonstrations



INTRODUCTION

1.3 THESIS OUTLINE

The thesis begins with a literature review on MR technology, virtual reality and haptic
devices in Chapter 2, which gives readers a comprehensive overview of the
achievements of previous research and the aim of this project. Chapter 3 gives an
overview of the design of the whole haptic system by explaining the interactions among
the MR actuators, the joystick, the power amplifier, and the host computer. The design
and analysis of MR actuators are explained in Chapter 4, in which the performance and
the structure of the MR actuator are optimized by the finite element method (FEM).
Chapter5 addresses the testing of the steady-state performance of MR actuators. A
parametric steady-state torque model is proposed to accurately predict the actuator
performance. A 2-DOF joystick using two MR actuators is constructed and designed in
Chapter 6. The working space and the space deformation of the joystick are also
presented in this chapter. Chapter 7 covers the method of data acquisition (DAQ) and
the design of the power amplifier that is used to amplify the control signal and to drive
the MR actuators. The software design, including control unit and display unit design, is
described in Chapter 8, and several application demonstrations are presented at the end
of this part. Chapter 9, as the final part of this thesis, consists of a conclusion that
reviews and summarises the project. Further research work is also discussed in this

chapter.



LITERATURE REVIEW

CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

The aim of this project is to develop an effective magnetorheological (MR) haptic
device for virtual reality (VR) applications. Therefore, this literature review deals with

the combined technologies of MR fluids, VR and haptic devices.

MR fluids, the spirit of this project, are suspensions of microsized particles dispersed in
nonmagnetic carrying fluids. Such fluids exhibit unusual characteristics in that their
rheological properties can be continuously and reversibly changed within milliseconds
solely by applying or removing a magnetic field. This feature has inspired the design of

a large variety of MR devices [2,3].

VR will step into real life from the laboratories in the near future. Throughout the
relatively short history of computer graphics, engineers have striven to develop more
realistic, responsive, and immersive means for human beings to interact with computers.
Generally speaking, VR immerses the users in a computer-based visual world by
showing information to the users through a flat monitor. The users are able to feel as
though they were in a location other than their physical place by a combination of the

virtual environment and certain haptic devices [4].

A complete haptic interface usually includes several sensors and actuators in contact
with the user in order to apply mechanical signals to several distinct parts of the human
body, and to measure the corresponding mechanical signals at the same areas of the
body. These signals should refer to forces, displacements, or a combination of these and
their time derivatives. On the other hand, the haptic system is the computational system
that is used to drive the actuators. The function of this computational system is to
provide haptic rendering capabilities. Haptic rendering, however, stresses the bi-
directional exchange of information between the interface and the user [5]. By

combining both traditional audio and video systems, the haptic system contributes to the

-5-
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interaction of human and machine. Such a system usually contains two interfaces. One
relates to the computer; the other relates to human beings. The computer interface is the
information exchange port between the haptic device and the computer, which acts as
the virtual environment generator and control unit for the whole system. The haptic
device gets the control information and sends position signals back to the computer
through this interface. The human interface provides different kinds of perceptual
information, allowing the user to feel the virtual environment. Users receive feedback
from the environment designed in the computer. The haptic system provides users with
integrated perception in the particular entertainment, virtual manufacturing, or medical

training area.

In this chapter, a review of the literature relevant to current knowledge and
achievements in the above three areas is carried out. The information refined from
previous literature has given rise to the principles and foundation of the MR haptic

system and inspires creative innovations in this project.

2.2 MR TECHNOLOGY

2.2.1 MR Effect

MR fluids are suspensions of microsized particles dispersed in a nonmagnetic carrier
fluid. Such fluids exhibit unusual characteristics in that their rheological properties can
be continuously and reversibly changed within milliseconds solely by applying or
removing a magnetic field. The ideal MR fluid is proposed to possess the following
features: noncorrosive, stable against settling, high magnetic saturation, large field-

induced yield stress, but small apparent viscosity in the absence of an applied field [6].

The initial discovery and development of MR fluids can be credited to Jacob Rabinow
at the US National Bureau of Standards in the late 1940s [7]. An MR fluid is a free-
flowing liquid without the influence of a magnetic field. In the condition of being
exposed to a magnetic field, the material is able to transform from a liquid to a semi-
solid state. A reversible change occurs on removal of the activating magnetic field, so
the fluid is able to return back to its original free-flowing liquid state. The change of

physical property in an MR fluid depends on the intensity of the applied field [8,9].

-6-



LITERATURE REVIEW

An MR fluid shows the MR effect by a considerable increase in its apparent yield stress
with enhancement of the magnetic field. A simplified explanation for the change in
apparent yield stress in MR fluids is shown in Fig. 2.1. Without a magnetic field (Fig.
2.1(a)), the particles are randomly dispersed in the suspension, and the fluid behaves as
a Newtonian fluid. When an external magnetic field is applied, the particles become
magnetised, become nearly single domain, and behave like tiny magnets. Magnetic
interactions between these particles can be minimised if the magnetic particles line up
along the direction of the magnetic field (Fig. 2.1(b)). A shear stress or a pressure
difference is needed to disrupt this structure formed in energised MR fluids [10]. The

strength of the fluid, i.e. the value of the apparent yield stress, increases as the applied

magnetic field increases.

(a) (b)

(a) No magnetic field is applied; (b) Magnetic field is applied.

Figure 2.1 The MR effect.

For example, the apparent viscosity of the fluid can be increased by 2 to 3 orders of
magnitude, which occurs almost instantaneously. Furthermore, removal of the applied

field returns the MR fluid to its initial state.

2.2.2 Composition of MR Fluids

Most often, MR fluids are made out of three main components: ferromagnetic particles,

stabilizer, and carrier fluid [11].
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Particulate materials for the MR fluids generally used are ferromagnetic or
paramagnetic particles, with a typical size range of 1-10 pm in diameter. If the size of
particles becomes smaller, the Brownian motion [12] will prevent sedimentation and the
formation of linear aggregates, and destroy the chain-like structure, leading to a
decrease in the yield stress. On the other hand, particles larger than 10 pm make it
difficult to prepare MR fluids that are stable against sedimentation [10]. Furthermore,
monodisperse particles are preferred to optimize the MR effect. In addition,
monodisperse particle based MR fluids are helpful to understand cluster formation and

the aggregation mechanisms of magnetic particles, such as iron or iron-based particles

[13].

The function of a carrier liquid is primarily to provide a liquid in which the particles are
suspended in the magnetically active phase. The approximate relative volume fractions
of the liquid phase range from 50% to 90%. Silicone oils, synthetic or semi-synthetic
oils, mineral oils, lubricating oils, and combinations of these and many other polar
organic liquids and water have all been reported to be used as carrier liquids. In general,
ideal carrier fluids should have a low initial viscosity, good anti-corrosion properties,

and a wide range of temperature stability.

The small amount of extra stabilizer is to avoid gravitational settling of the particles,
aiding the particles in remaining suspended in the carrier fluid. The additives also
enhance lubrication and inhibit wear, thus promoting longer life in the MR devices. The
stabilizer particles are non-porous and can be spherical in shape with a diameter of

0.005~0.015 pm. Inorganic silicon components are typical stabilizers.

2.2.3 MR Rheology

The Bingham visco-plasticity model, as shown in Fig. 2.2, is widely used to describe the
field-dependent MR fluid characteristics [14]. In this model, the total post-yield shear

stress is calculated by

v = v, (H)sign(8+ 0% @.1)
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where 1, is the yield stress due to the applied field; H is the magnitude of the applied

magnetic field; & is the shear strain rate; and m is the field-independent plastic

viscosity. The post-yield shear stress expresses the dynamic shear stress of the fluid, and
the fluid post-yield viscosity is assumed to be a constant in the Bingham model. Based

on this model, the apparent viscosity (7,,, ) of the MR fluid is shown in Eq. 2.2, which is

defined as the ratio of the shear stress to the shear rate.

napp = T/"g;‘[y /}gd-’/lo (22)

Please see print copy for Figure 2.2

Figure 2.2 Visco-plasticity model of MR fluids [14].
Further experiment shows that the apparent viscosity of MR fluids is not a constant and
appears as a decreasing trend with shear rate, which is known as shear-thinning
behavior [14,15]. In terms of the experimental results, a Herschel-Bulkley visco-
plasticity model [16] is employed to accommodate this effect. In this model, the
constant post-yield plastic viscosity in the Bingham model is replaced with a power law

model dependent on the shear strain rate. Therefore,

B=0 |r| <t, (2.3a)

r=zsign(B+KIE" )R |d>1, (2.3b)
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Wheret , T, and are the shear stress, the yield stress and the shear rate, respectively.
K is the consistency index, and n is the power-law index.

The apparent viscosity according to the Herschel-Bulkley model is given by

n<l Shear- thinning
R = & n=1 BinghamModel (2.4)
n>1 Shear- thickening

Eq. 2.4 indicates that the apparent viscosity decreases as the shear strain rate increases
when n<1 in the shear thinning effect. The second condition is used to describe the fluid
shear thickening effect when n>1. The Herschel-Bulkley model reduces to the Bingham

model when n=1.

2.2.4 MR Devices

(a) The working models

MR devices often operate in shear-mode or flow-mode as shown in Fig. 2.3. The shear
mode works when one surface moves through the fluid with respect to another one [17].
The magnetic field is perpendicular to the direction of the motion as shown in Fig.

2.3(a).

Please see print copy for Figure 2.3

Figure 2.3 MR fluid working modes [17].

An MR based clutch is a good example of the shear mode, and the equation

corresponding to the shear mode is given by:

-10 -



LITERATURE REVIEW

F=Fp+FE HE@ P v 7 (11)4 2.5)
g

where F is the resultant force based on the effective area. A is the area of the working
surface (A=LW, where L, W are the length and the width of the surface), g is the gap

between the two surfaces, S is the relative pole velocity, 77 is the viscosity with no

applied field, and 7, is the yield stress developed in response to an applied field H.

The flow mode is characterized by two static surfaces with the magnetic field normal to
the flow [18], as shown in Fig. 2.3(b). In this mode, the magnetic field can be used to
control flow resistance and the pressure drop across an MR valve structure. The

corresponding equation is described by

T (H)L
ap = ey + apee e@ 2L 4 1D 2.6)
g'W g

where Q is the volumetric flow rate and ¢ is a function of the flow velocity profile with

a value ranging between 2 and 3.

A comparative study of the different working modes indicates that the shear mode
produces a more effective damper [19]. In shear mode, the dampers show a smaller
initial force without the effect of the magnetic field and provide better controllability
than in other modes. Various MR damper designs based on different modes and the

combination of different modes can be found in the literature [10, 20].

(b) The applications

MR fluid-based devices have recently achieved commercial success in a number of
industrial applications, such as damping equipment for vehicle seat vibration control
[21, 22], primary suspensions [23, 24], shock absorbers [22, 25], and engine mounts
[25, 26, 27]. In this section some of the main application areas of MR fluids are

reviewed.
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A main application area for MR fluids is in devices for torque transfer, which include
brakes and clutches [28]. Fig. 2.4(a) shows a picture of an MR fluid-based disk-type
brake. MR fluid-based brakes are currently commercially available from the Lord

Corporation and are being used in various types of exercise equipment [29, 30].

MR dampers, shown in Fig. 2.4(b), can be used as the suspension system for different
vehicles fitting different road conditions. This application provides the drivers with a
comfortable and safe driving environment. In the aviation field, MR landing systems
make passengers and crewmen feel less stroke force at the moments of landing and
taking-off of an aircraft. In civil engineering, MR shock absorbers are being broadly
adopted to minimize the shaking of buildings and bridges in strong wind and earthquake

conditions.

Please see print copy for Figure 2.4

Figure 2.4 Typical MR devices [25].

-12 -



LITERATURE REVIEW

2.3 VIRTUAL REALITY AND HAPTICS

2.3.1 Virtual Reality

Our society is increasingly generating ever-larger amounts of information, while the
information is also increasingly available in digital format, and the question of how to
use this data efficiently emerges. VR is increasingly regarded as the most promising
solution for this problem, as VR can potentially communicate large amounts of data in
an easily understandable format. Virtual environments are expected to have an immense

impact on our ability to deal with information [31, 32, 33].

2.3.2 Types of VR Systems

Most configurations fall into three main categories: non-immersive systems, semi-
immersive projection systems, and fully immersive systems. Non-immersive systems, as
the name suggests, are the least immersive implementation and the lowest cost VR
techniques. Semi-immersive systems are usually comprised of a relatively high
performance graphics computing system that can be coupled with a large display
device. The most direct experience of virtual environments is provided by fully
immersive VR systems. To achieve full immersion the user has to employ a head-
coupled display that is either head mounted or arranged to move with the head. A

summary of the VR classification is shown in Table 2.1 [33].

Please see print copy for Table 2.1

Table 2.1 Types of VR systems.
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2.3.3 Taxonomy of Physical Media

Physical media are needed for the users to be immersed in any type of the systems
described above. The physical media of VR can be classified into Input Media and

Output Media, based on Bernsen’s physical media classification [34].

Input media: Output media:
Acoustics Graphics
Graphics Acoustics

Kinaesthetics Haptics

Table 2.2 Physical media classification for VR

Graphics and acoustics appear in both of the input and output media that are the first
things be conceptualised by people when VR is mentioned. Graphics means video
capturing with possibly gesture recognition and environmental display as the input and
output media, respectively, providing mutual video and audio information for the user.
Thus the virtual environment can be influenced and contorted by a simple gesture or

voice command. Meanwhile, the user can get video and sound feedback.

Kinaesthetics and haptics are the counterpoints in the conception of VR media.
Kinaesthetics represents the movement of different parts of the body, i.e. fingers and
arms, which expresses the motion behaviour of the user. Therefore, the user can feel
corresponding force feedback based on the motion information and the VR, which is
called haptics. Kinaesthetics and haptics provide users with more realistic and vivid
perception, depending on the sophisticated properties of haptic devices that will be

introduced in the following sections.

2.4 HAPTICS

2.4.1 Haptic System Components
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Haptic interfaces can be viewed as an approach to addressing the kinaesthetic
limitations in a VR system. It is thus possible to classify haptics in the area of computer-
human interfaces. Unlike traditional interfaces that provide visual and auditory
information, haptic interfaces generate mechanical signals that stimulate human
kinesthetic and touch channels. Haptic interfaces also provide humans with means to act

on their environment.

It is possible to discuss the function of a haptic interface by considering on the one hand
an input device and on the other a display device. The traditional graphic display
emphasizes uni-directional information transfer like that of a typical joystick. The basic
difference can be understood from Fig. 2.5, in which a regular joystick is compared to a
haptically enabled joystick with programmable mechanical properties, with the arrows
representing the direction of information flow. With a typical joystick, this is limited to
a unidirectional input from the joystick to the computer. The user of a conventional
joystick receives almost no information from its movements, although its friction and
inertial properties may assist the user in performing skilful movements. However, the
haptic joystick can provide the user with programmable feedback based on the sense of

touch, allowing a faster and more intuitive interaction with the machine.

Computer Computer }
Sight & Position  Sight & N Control
Hearing Hearing Position
Movement Movement -
Joystick
Force
(a) conventional interface (b) haptic interface

Figure 2.5 Comparison between conventional interface and haptic interface.

By combining with both traditional audio and video systems, the haptic system
contributes to the interaction of human and machine. Such a system usually contains
two interfaces. One is interfaced to the computer; the other is interfaced to the human.
The computer interface is the information exchange ports between the haptic device and
the computer, which acts as the virtual environment generator and control unit for the

whole system. The haptic device gets the control information and sends position signals
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back to the computer from this interface. The human interface provides different kinds
of perceptual information that allow the user to feel the virtual environment. Users can
get feedback from the environment set up in the computer. As a result, the haptic system
provides the users with an integrated perception for applications in the entertainment,

virtual manufacturing, and medical training areas.

2.4.2 Haptic Devices and Applications

A variety of haptic devices have bloomed for different applications in the last decade.
The earliest one is the Programmable Keyboard, the result of a project headed by Cadoz
and Ramstein [35], which consists of a piano-like keyboard providing computer-driven
force feedback for each of its sixteen keys. Augmented Mice is an innovative system
described by Akamatsu et al. [36]. It has a similar shape and function to a computer
mouse and includes two haptic feedback features. One is an electromagnetic braking
system, which provides programmable dissipative friction forces, and the other is a
transducer to provide vibro-tactile sensations. The trackball appeared on the market in
1996. Keyson developed a haptic device in the form of a familiar trackball that was used
to gain many insights into the effects of haptic feedback in graphical user interface
navigation. Two small DC motors drove the ball through a friction drive, providing two

degrees of freedom of independent feedback [37].

The latest and the most successful haptic device is the Phantom system. The initial
design is described by Massie and Salisbury, and the Phantom system is commercially
available [38]. A picture of the three generations of the Phantom system is attached
below in Fig. 2.6. There are several variants, but generally a stylus is grasped, or a
thimble braces the user’s finger. There are six actuated degrees of freedom and six
sensed orientations. A key design aspect is a capstan drive, which avoids the use of
gears and makes it possible to amplify the torque of small DC motors with a

concomitant increase in damping and inertia.
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Please see print copy for Figure 2.6

Figure 2.6 The PHANTOM system [39].

The main applications fields of haptic devices are briefly discussed in the following

subsections:

(a) Entertainment

Modes of interaction and the sense of user immersion are greatly enhanced by applying
force feedback to the game player. Force feedback is already at the commercial stage

for simulation in games involving driving, piloting, exploring, and so on.

(b) Medical training and surgery

Various haptic interfaces for medical simulation may prove especially useful for
training in minimally invasive procedures and remote surgery using teleoperators. In the
future expert surgeons may work from a central workstation, performing operations in
various locations, with machine setup and patient preparation performed by local

nursing staff.

(¢) Virtual manufacturing

In manufacturing, many opportunities exist. For example, haptics can assist design for
assembly, in terms of reducing the need for prototyping, as well as for rapid

prototyping. It is also possible to assess human maintainability of complex systems
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before they are built [40]. Programming of complex manufacturing devices such as

numerically controlled machines and robots can be facilitated.

2.4.3 ER and MR Haptic Devices

Some typical ER and MR haptic devices with various applications will be demonstrated

in this section.

The first device is a tactile display that is used to produce tactile sensing on the skin of
the operators. This tactile display directly activates nerve fibres within the skin by
means of an electrical voltage across an ER surface [41, 42], thus generating sensations
of pressure or vibration without the use of any mechanical actuator. ER fluid (ERF) in

the tactile array is subjected to both squeeze and shear modes as shown in Fig. 2.7.

Conductive
membrane

ERF ~__

34— Limiting
Electrodes

(a) squeeze mode

Elastomeric
CYN N Y Y Ne—
ER valves .II m‘ Nﬂ m M‘

Pttt

ERF

(b) flow mode
Figure 2.7 ER tactile displays with different modes.

The stiffness of the ER fluids in the squeeze mode is controlled by the electrodes
mounted in the bottom of the actuator. The ER fluids held between the limiting mesh
and the surface membrane change the hardness of the contact surface. In the flow mode,

the surface strength of the actuator can be controlled by limiting the pressure of the ER
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fluids. The ER valves can control the pressure of the ER fluids in both static and

dynamic ways, so people can feel either a fixed or a changing force from the surface.

A similar structure was designed by Richard [43]. The direct-wired electrodes are used
to form one half of the sensing and actuation capacitors. The outer rubber membrane is
conductive and grounded, and forms the other half of all the sensing and actuation

capacitors. The structure of this sensor is shown in Fig. 2.8

Please see print copy for Figure 2.8

Figure 2.8 ER tactile sensor.

ER force feedback devices are developed to produce more complicated and more
comprehensive virtual forces instead of the fingertip forces simulated by tactile
displays. To this end, a novel ER-fluid-based haptic system called MEMICA was
proposed at Rutgers University [44]. MEMICA is intended to provide human operators
with an intuitive and interactive feeling of the stiffness and forces in remote or virtual
sites in support of space, medical, underwater, virtual reality, military, and field robots
performing dexterous manipulation operations. Fig. 2.9 shows the ER haptic glove of

the MEMICA system.
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Please see print copy for Figure 2.9

Figure 2.9 The ER haptic glove of the MEMICA system.

The ERF-based joystick was developed at Rutgers University in 2003 as shown in Fig.
2.10 [45]. The ER haptic joystick mechanism has two degrees of freedom, which
require one actuator for each degree of freedom. The actuators are mounted at right
angles to each other, and the central part is a two degree of freedom joint on which the
joystick handle is mounted. Operators can feel the ER resistant force by means of this

handle.

Please see print copy for Figure 2.10

Figure 2.10 Joystick with ER actuators.

ER haptic devices have limited applications because they are unable to provide
sufficient force to meet the requirements of large force and torque applications. ER
joysticks can only provide a maximum torque of about 0.5 Nm, which is too small to
allow a real haptic application for humans. MR devices have emerged to overcome the

drawbacks of ER haptic devices.
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An MR haptic glove was developed by adopting several compact MR disc-shaped
actuators to generate torque on the back of each finger [46]. These actuators can work
together through a link structure to simulate the virtual force, which is strong enough for
large force applications. The heaviness of the glove is a significant disadvantage for

effective simulation. A picture of the glove is shown in Fig. 2.11.

Figure 2.11 MR haptic glove.

A 2-DOF MR haptic display was designed by Junji Furusho’s research group at Osaka
University [47]. This system uses two groups of MR actuators to simulate virtual forces
in two dimensions, respectively. There are two MR actuators and a DC servomotor in
each group, and the mechanical structure combines forces from the two groups to
execute the simulation in a two dimensional area. The maximum output torque is 10Nm

in each dimension. The system is shown in Fig. 2.12.
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Figure 2.12 A 2-DOF MR haptic display.

2.5 CONCLUSIONS

In this chapter, MR technology was firstly introduced in terms of the mechanisms,
materials, rheology, and devices. Then the two typical operating modes, shear-mode and
flow-mode, were discussed, and MR devices based on the two modes were described.
Prior to introducing ER and MR based haptic devices, the basic conceptions of VR and
haptics were briefly discussed. The development of the MR haptic joystick in VR

applications will be detailed in the next few chapters.
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CHAPTER 33
SYSTEM OVERVIEW

3.1 WORKING PRINCIPLES

Haptic devices are very important components in virtual reality (VR) applications;
therefore an effective haptic device with simple structure would simplify the control
method and widen VR applications. Accuracy of torque control and position detection is
the most crucial criterion for a haptic device. It is noted that conventional haptic devices
are motor-based devices with the supporting mechanical structure providing force and
torque to simulate the effect of VR. The kind of DC motor generally used can provide a
fixed speed, which can be varied if a PWM (Pulse Width Modulation) controller is
added [48]. Nevertheless, for a DC motor, it appears to be harder to control torque and
position directly, unless some feedback is added. However, the output torque must be
calculated by certain functions. Furthermore, the adoption of a feedback circuit
increases the difficulty of the control procedure and causes instability in the control
system. Since a DC motor is a speed-control device rather than force-control, it is hard
for a traditional device to simulate accurately the forces of the virtual environment. The
objective of this project is to overcome the distinct shortcomings of motor-based haptic

devices by developing an MR fluid based haptic system.

The schematic MR joystick haptic system is shown in Fig. 3.1. It consists of four main
components: an MR haptic joystick, a server computer, a data acquisition (DAQ) board,

and a power amplifier.
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/ Compter *

Power Amplifier

Control Signal Drive Current
ﬁ + ’ %’
-
DAQ Board Position Signal

2-DOF MR Joystidk

Figure 3.1 The MR Haptic System.

The central force performance part in this system is the 2-DOF MR haptic joystick,
which allows the user to feel different resistant forces according to a virtual
environment. The Computer performs as a control and display unit in this system.
Firstly, for a 2D or 3D model, the VR environment needs to be designed and be input
into the computer by the user. Then the computer generates force control signals
according to the state of the environment, which corresponds to the virtual environment
and the position of the joystick handle detected by the position sensors. When the user
controls the object in VR by moving the joystick handle, the computer shows the
updated picture to the user as a graphic feedback. The DAQ board is the information
exchange platform between the computer and the joystick. It transfers the position
signal, detected by the position sensor on the joystick, to the computer for force
calculation and model resetting, and meanwhile sends the force control signal to the
power amplifier to drive the MR joystick. The power amplifier is used to convert the
voltage control signal into an amplified current driving signal, since the computer and
the DAQ board cannot provide a current strong enough to drive the joystick directly.
Consequently the operator can feel the different resistant forces when the operator
moves the cursor, controlled by the joystick, through the images shown on the screen of

the computer.
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3.2 PROJECT TASKS

This project includes a number of tasks, as multiple techniques for controlling and
manipulating MR fluids and mechanical design and software programming are involved
in this project. To make interactions among the components of the system clear, the

separate tasks are highlighted as follow:

[1] Design, manufacturing and testing of MR actuators
(1) Optimization of the actuator structure using Finite Element Analysis.
(2) Testing of steady-state performances of MR actuators.

(3) Modelling prediction of steady-state performances.

[2] MR joystick development and analysis
(1) Gimbal structure design.

(2) Joystick working space analysis.

(3) Joystick working space deformation.

(4) Force compensation modelling.

[3] DAQ and power amplifier
(1) Determination of a suitable DAQ board and designing of accessory equipment.
(2) Design of a power amplifier circuit for the joystick providing up to 2.2A current to

drive the MR actuators.

[4] Visual interface and application design
(1) Design 1D visual interfaces for the MR actuator.
(2) Design 2D visual interfaces and control platforms for the MR haptic system.

(3) Design a 3D visual interface and control platform for the system.

3.3 OVERVIEW OF THE THESIS

Individual design and testing for different parts of the system will be described in the
chapters following this system overview. Chapters 4, 5 and 6 will focus on the details of
the MR haptic device. The electric circuit and software design will be represented

respectively in Chapter 7 and Chapter 8. The main findings and recommendations will
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be summarized in Chapter 9. The relationship between the different chapters is shown in

Fig. 3.1, giving the readers an overview of the thesis.

Introduction and Literature Review
Chapter 1 & 2
The System
Chapter 3
MR Actuator Design
Chapter 4
DAQ & Visual
MR Actuator Testing APOVIV'? Interfac? &
Chapter 5 mplitier Applications
Chapter 7 Chapter 8
MR Joystick
Development & Analysis
Chapter 6
Conclusion
Chapter 9

Figure 3.2 Relationships of the different chapters.
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CHAPTER 4
MR ACTUATOR DESIGN AND MANUFACTURE

4.1 INTRODUCTION

This chapter presents the design and manufacture of the position-feedback MR actuator
used as one of the resistant torque generators in the MR haptic joystick. The structure
and the working principle of the MR actuator are first explained in the actuator design.
Then the equation for transmitted torque is derived to evaluate the disc-shaped MR
actuator. Finite element method (FEM) analysis is used to analyze the magnetic flux
density distribution of the material and the structure of the MR actuator. This means that
the design should maximize the magnetic field energy in the fluid gap, and at the same
time, minimize the energy lost in the steel, the non-working MR fluid regions [49]. The
design considers the difference between the magnetic saturation values of the fluid and
the steel components. Magnetic saturation values, which are an inherent property of
materials, can be found from their corresponding B-H curves. In order to optimize the
response of the MR actuator, the magnetic induction value of the MR fluid and the steel
should reach their saturation values at the same electric current. COSMOSEMS [50], a
powerful electromagnetic analysis tool, was used to determine the dimensions of the
different components of the MR actuator. The crucial manufacture details will be

presented in the actuator design part at the end of this chapter.

4.2 DESIGN OF MR ACTUATORS

The concepts of accuracy, compactness, and manufacturability were taken into
consideration in the actuator design. The main components of the position-feedback MR
actuator include a compact shear disk MR actuator and a low resistance linear
potentiometer, which is attached concentrically and can be rotated synchronously with

the shaft of the actuator.
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4.2.1 MR Actuator Structure

A side view of the position-feedback MR actuator is shown in Fig. 4.1. This actuator
adopts a rotor that spins through a chamber filled with MR fluid. The magnetic field
generated by the current flowing in the coil converts the fluid inside the chamber into a
semi-solid, thus increasing the shear stress and torque required to turn the rotor. The
actuator operates in a direct-shear mode as shown in Fig. 4.2, shearing the MR fluid
contained in the space between the two surfaces, the disk surface and the plate, that
move with respect to one another. MR fluid viscosity changes in the presence of a
magnetic field excited around the coil as the result of the current flow. Resistance

torque in the MR actuator depends mainly on the viscosity of the MR fluid.

Coil ME fluid Shaft Case

Potentiometer

Figure 4.1 Side view of the position-feedback MR actuator.

Front Plate

55 5 §8 8 8 5§ 5 S8

Back Plate

Figure 4.2 Shear Mode of MR fluid.

4.2.2 Static Performance Analysis of a Disc-shaped MR Actuator
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The torque transmissibility of the MR actuator depends largely on the dynamic yield
stress and the viscosity of the MR fluid [51]. Therefore, it is crucial to understand these
MR fluid rheological properties under steady shear. The equation for transmitted torque
is inferred from the Bingham plastic model. For a disc-shaped MR actuator, the

constitutive equation is

r=1,(H) (“.1)

where 7, is the field-induced yield stress, « is the angular velocity of the rotary disc, 4

is the gap, and r is the position on the disc surface as shown in Fig. 4.3.

Figure 4.3 The working surface.

Since MR fluid behaves as described by the Bingham plastic property, the static yield

stress can be obtained by extrapolating the shear rate to zero shear rate, i.e.
r =7, (w - 0) (4.2)

Based on the static yield stress, the initial resistant torque can be calculated by

T=2 I (¢, o ) (4.3)

inner
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where 7, is the yield stress of the MR fluid, A is the area of the circular disc, and r is

the radius of the circular disc. To simplify the modelling and control of the MR
actuator, all the parameters are chosen in the linear working area. MRF-132AD is the
hydrocarbon based MR fluid that is used in this project. (The properties of the fluid are
given in Appendix A.) From the data sheet for MRF-132AD, the top value of 7, =

30kPa can be found in the linear area at the magnetic induction of H = 100kAmp/m as

shown in Fig. 4.4.

Please see print copy for Figure 4.4

Figure 4.4 Yield stress versus magnetic induction curve [52].

The selected inner radius %;,,.,, =4 mm is determined by the inner faces of the bearings.

For the intended joystick VR application, the maximum resistant torque for a human

palm was found to be T =15 Nm [53].

r=2f (e, 2 r)a

inner

T = |:4?]T I]”y (I" 03uter - rizner ):|
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15 = {4—” x30x10° (12, — 0.0043)}
3

r = 50mm

outer

Therefore, the calculated result for the outer radius is », =50 mm.

outer

4.2.3 Electromagnet Design

The dimension of the rotary disc has been calculated in the previous section. The design
of the electromagnet coil, a vital component in the operation of the MR actuator, will be
described here. The coil is to induce a magnetic field to produce the resisting action
applied on the rotary disc. To understand the approximate behaviour of the magnetic
circuit controlling the MR fluid, the fundamental laws of magnetostatics are applied.
The parameters of magnetic field, the applied current, and the number of the coil turns

is given by Ampere’s Law [54]:

NI=§Hedl=Y HI =H,L +H L (4.4)

where N is the number of turns, I is the current in the coil, Hy is the magnetic intensity,
and L, is the width of the fluid gap. Hj is the field in the steel and L, is the length of the
steel path. Assuming no magnetic leakage, the magnetic induction is constant, so the

relation between the field and the magnetic induction intensity B can be calculated by

(0]
B = uopy :Z (45)

where u, is the permeability of free space with a constant value of 477107 H/m. u, is
the relative permeability of different materials. ® is the magnetic flux, and A is the

effective area. So the coil can be designed based on the following equation:

— Bng + BsLs
Hold,  HoH,

NI (4.6)
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where py and p represent the relative permeability of MR fluids and that of mild steel,
respectively. A schematic of the magnetic circuitry for an MR fluid can be demonstrated

by the C-shaped model shown in Fig. 4.5.

Please see print copy for Figure 4.5

Figure 4.5 Schematic of the Magnetic Circuitry [55].

The picture shows that ®; =@, Ag=Ar Because ur<< us the second part of Eq. 4.6 can

be ignored, hence the equation can be reduced to:

B,L
NI =— g = Hng (47)
HoHy ’

To make the MR fluid work in the linear area, the maximum effective yield stress is
chosen as 30 kPa from Fig. 4.4, which was taken from the data sheet of the MR fluid
used. The magnetic induction obtained from the graph is 100kAmp/m, according to the
working yield stress 30kPa. The MR fluid gap is Imm on each side, hence the total gap
length is Ly=2 mm. Based on Eq. 4.7, the value of NI can be derived:
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NI =H, %L,
NI = (100x10%)x (2x0.001)

NI =200

Therefore, the number of turns inside the electromagnetic holder times the current
passed through the electromagnet must be greater than 200. This number is used in the

design of the coil holder and in the testing to refine the function of the MR actuator.

4.2.4 Finite Element Analysis of MR Actuator

The finite element analysis method (FEM) was adopted to find the optimal structure and
dimensions of different components of the actuator. The MR actuator can work more
effectively and the electrical energy can be efficiently used in the working area of the
MR fluid with an optimized structure. Furthermore, the approximate analytical solution
calculated in the previous section only provides fundamental parameters for the actuator
structure design. To obtain an effective structure and an accurate distribution of
magnetic field, the SolidWorks and COSMOSEMS packages [56] were combined to
build the 3D model and to simulate the magnetic distribution with FEM. SolidWorks is
a 3D solid modelling CAD package. The innovative feature-based parametric design
method of SolidWorks offers the most time-saving capabilities for the user and reduces
the design cost of the products. COSMOSEMS is a member of the COSMOSWorks
family, which is intended for designers and engineers who are not specialists in design
validation. COSMOSWorks helps by allowing the simulating behaviour of SolidWorks
models to be studied via FEM before the designs are built.

4.2.4.1 Magnetic properties of MR fluid and mild steel

In an isotropic medium, the magnetic flux density shows a nonlinear relationship with
the applied magnetic induction. However, a linear behaviour exists under low magnetic
field conditions, i.e. below the magnetic saturation field of the magnetic materials. That
is, the flux density cannot increase infinitely when the applied magnetic field is above
the saturation point. Therefore, magnetic saturation of the mild steel [53] and the MR

fluids should be taken into consideration in the design and analysis of MR actuators.
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A B-H curve is used to illustrate the effect of magnetic saturation. The magnetic field,
H, tends to magnetize space, and the magnetic flux density, B, is the total resultant
magnetic effect. The magnetic B-H curves of the MR fluid and the mild steel are shown

in Fig. 4.6 (a) and (b).

Please see print copy for Figure 6.4(a)

(a) MR fluid B-H curve [52].

Please see print copy for Figure 4.6(b)

(b) Mild steel B-H curve [57].

Figure 4.6 Magnetic properties of the MR Fluid and the mild steel.

The optimal points, where the slope of the B-H curve changes for the MR fluid (Hs, Bs)
and the mild steel (Hf, Bf), are marked in the figures. The values of the optimal points

are given in Table 4.1.
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Item MRF-132AD Mild steel
U, 5 1000
Hf or Hs 130 KA/m 700 A/m
Bf or Bs 06T 14T

Table 4.1 Optimal magnetic performance characteristics.

4.2.4.2 3D magnetic field finite element analysis

Considering the intensity and required non-magnetic characteristics of some of the
actuator components, copper was adopted as the material for the shaft and aluminium
for the coil holder and frame where the potentiometer is fixed. All the other components
of the actuator are made of mild steel, which is strong enough to support the whole
structure of the actuator and can be magnetized as well. Due to the symmetrical
structure of the actuator, a quarter-disc model was used to simulate the magnetic flux
density distribution. The 3D model with dimensions is shown in Fig. 4.7(a). The top

view and the side view of the simulation are given in Fig. 4.7 (b) and (c), respectively.

All the dimensions and other parameters of the MR actuator were determined with
respect to the outer radius of the disc ( 7, =50 mm). The optimal parameters, listed in

Table 2, were derived by a series of successive trials.

D

Ia

(a) 3D model of the MR actuator.

-35-



MR ACTUATOR DESIGN AND MANUFACTURE

B Resultant

2.100e+000
1.825e+000
1.750e+000

- 1.575e+000
1.400e+000
1.225e+000
1.050e+000
8 .750e-001
7 000e-001
5.250e-001
3.500e-001
1.750e-001

0.000e+000

(b) Top view of the FEM simulation.

B Fesuttant

2.100e+000
1.925e+000
1.750e+000

_1.875e+000
1.400e+000
1.225e+000
1.050e+000
&.750e-001
T.000e-001

3.250e-001
3.500e-001
1.7580e-001

0.000e+000

(c) Side view of the FEM simulation.

Figure 4.7 3D FEM magnetic field simulation.

Symbol Note Value
Touter Outer radius of the disc 50 mm
Da Radius of MR actuator 78 mm
Dc Thickness of the case 10 mm
Dd Thickness of the disc 5 mm
Df Thickness of MRF gap 1 mm
Dp Thickness of the plate 7 mm
Turns of the coil 100

Table 4.2 MR actuator parameter list.
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Fig. 4.7(b) shows that the distribution of the magnetic flux density is approximately
constant in the MRF shear area. The MRF and the mild steel plate reach their saturation
values (0.6T and 1.4T, respectively) under the same electric current of 3A. As a result,
the magnetic energy translated from the electric energy can maximally contribute to the
yield stress of the MR fluids. Fig. 4.8 shows the distribution of the magnetic flux
density in MR fluids in the condition of different electric currents. The sample values
were chosen along the radial direction. It is conspicuous that the flux density changes
proportionally in correspondence to the electric current. The distribution of the magnetic
flux density appears independent of the distance from the shaft, except for the end,
which is close to the coil. The greater flux density near the plate edge is caused by the

edge effect of the magnetic field and the higher magnetic induction closer to the coil.
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Figure 4.8 Magnetic flux density distribution.

4.3 MANUFACTURING OF AN MR ACTUATOR

Each compact MR actuator includes eight components marked from N1 to N8, as shown
in Fig. 4.9 (a) and (b). Except for the sealed bearings, all the other components were
designed in SolidWorks, which can easily project a 3D model into different views such
as exploded views, section views, and assemblies for manufacture. The working
principle of the actuator has been described in the previous section. This section focuses

on the details of structure, materials, manufacture, and assembly of the components.
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(a) Assembled MR actuator.

N1: Top plate
N2: Shaft
N3: Rotary disc

N4: Coil holder

N5: Bottom plate
N6: Outer casing
N7: Shelf

N8: Sealed bearing

(b) Exploded view of the MR actuator.

Figure 4.9 The MR actuator.
4.3.1 Material And Magnetic Circuit
All the components forming the magnetic circuit were made from mild steel. These
components include the top plate (N1), rotary disc (N3), bottom plate (N5), and outer

casing (N6) shown as the grey parts in Fig. 4.10. Copper was used to fabricate the shaft
(N2) because of its low magnetic permeability and high strength properties. The
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magnetic permeability of mild steel is much higher than that of air and copper, as shown
in the picture; the uniform magnetic field is formed in the MR fluid area to change the

stiffness of this fluid.

Figure 4.10 Magnetic circuit of the MR actuator.

The coil holder (N4) and the shelf (N7) were made from aluminium. The coil holder
was used to hold the coil and functions as the circular wall of the chamber containing
the MR fluid and rotary disc. The shelf was used to fix the potentiometer to detect the
position of the rotary disc. The potentiometer used in this project is the low resistance
linear type, so the torque applied on the shelf by the potentiometer is very weak. The
suitable strength and the low density of the aluminium made it an appropriate material

for the fabrication of the coil holder and shelf.

4.3.2 Structure and Assembly

The structures of the components were designed to be as simple as possible for
manufacturing and assembly purposes, but there are still some vital details that need to
be described for a comprehensive understanding and to allow further improvement on
the current design. The order of assembly of the components is crucial, since there are
several push fit tolerances between the components and the MR fluid could easily flow

into the assembled actuator.
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The shaft (N2) is the essential part that converts the shear force of the MR fluid into the
output resistant torque. The shaft was fixed with press fit tolerance to the rotary disc.
This was the first step in the assembly of the MR actuator. To locate the two sealed
bearings, two steps were designed on each side of the platform with a thickness of 1mm,
which was the thickness of the MR fluid. The flat segment at the right end of the shaft
was used to fit the coupling, the design of which is described in a later chapter. The hole
at the bottom end of the shaft was used to link the shaft with the potentiometer, which

could be installed onto the shaft after all the components were assembled.

The rotary disc (N3) was press fit with the shaft and shears the MR fluid when rotated
together with the shaft. This was the second step in the assembling process. The bearing
selection for the MR actuator is critical for the overall operation of the MR actuator.
The bearing selected needs to have a low coefficient of friction and also has to prevent
the leakage of MR fluid from the MR actuator. The single row deep groove ball bearing
608-2RSH, which has double-sided full contact seals, was chosen to fulfil the rigorous
requirements of this project. The seals were inserted in recesses in the outer ring and
provide good sealing at this position without deforming the outer ring. The four holes
in the disc allow the MR fluid to flow easily from one side to the other of the disc when
the MR fluid is infused into the actuator from the filling hole in the bottom plate (N5).
The diameter and the thickness of the disc were calculated by the finite element method

(FEM) in the previous section.

The third step was the top plate (N1) installation. The top plate was designed for three
functions: to cover the outer casing, to fix the coil holder, and to form the top wall of the
MRF chamber. So, two steps were designed in it to form three surface levels on the
inner side of the front plate. The maximum thickness of 7mm in the central part of the
front plate was determined by the thickness of the bearing, and the diameter of the
central hole was chosen as 22mm to fit the outer ring of the sealed bearing. The inner
annulus was used to hold the MR fluid in the chamber. The middle annulus was used to

fix the coil holder; so the width of this section was equal to the width of the coil holder.

The installation of the coil holder (N4) was the fourth step in the assembly. The holder
was manufactured from an aluminum sheet with a thickness of 1mm. The value of the

inner radius was 52mm, which was based on the S0mm radius of the rotary disc plus a
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2mm gap. The total thickness of the coil holder was 7mm, sufficient to hold the Smm
disc and to leave a Imm MR gap on each side of the disc. The outer radius was decided
by the value of NI=200 calculated before. The maximum working electric current was
chosen as I=2A, so the number of the turns was 100. To make the actuator work in a
stable condition for a long period, the diameter of the coil wire was chosen as 0.8mm,
which is thick enough for a 2A drive current. Finally, the 68mm radius was designed to
leave enough space for an N=100 coil. To avoid leakage of the MR fluid, the flange
sealant LOCTITE 515, which can hold a working pressure of 690 kPa, was smeared

between the middle annulus surface and the side surface of the coil holder.

The bottom plate (N5) was next installed as the bottom of the MR fluid chamber and
also was used to fix the shelf (N7) for the potentiometer. One side of the bottom plate
was mounted into the outer casing (N6), and the other side was attached to the coil
holder with sealant. The MR fluid could be infused into the actuator chamber through
the two M4 threaded holes after all the components were assembled. The four M2 holes
were drilled to fix the shelf.

The last component for the assembly was the outer casing (N6). The outer casing
protects the coil and the rotary disc, and the cylinder wall of the casing forms part of the
magnetic circuit, in combination with the top plate, the rotary disc, and the bottom plate.
The hole at the top-left corner of the casing is the wire hole, which was drilled through
from the coil holder and the bottom plate. The coil wire can be threaded through this
hole, but the MR fluid remains sealed in the actuator. The four M4 threaded holes on the
front side were used to fix the top plate, and the other three clear holes on the backside
of the casing formed a fixing structure, by which the MR actuator could be fixed on the

joystick. All the components and the assembled actuator are shown in Fig. 4.11 below:
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N(2), N(3) and N(5)

N#4) N(6)

Figure 4.11 The MR actuator.
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CHAPTER 5
TESTING AND MODELLING OF THE MR ACTUATOR

5.1 INTRODUCTION

The design and the fabrication of the MR actuator have been discussed in the previous
chapter. Following the manufacturing and assembling of a brake prototype, the
mechanical performance of the MR actuator was experimentally assessed by a
specifically designed testing procedure. Then a parametric sub-hysteresis model is
proposed based on the performance of clockwise/counter-clockwise rotary testing to
simplify the control method and to predict the resistant torque accurately. This model
was then used in the joystick haptic control system, making the MR joystick simulate a
precise resultant force for virtual reality (VR) applications. The comparison between the

test results and the results predicted by the model is analysed at the end of this chapter.

5.2 STATIC TESTING

This section describes the results of a series of tests based on a low speed haptic
application, all of which were performed in the condition of a low and steady rotation
rate using an IMADA Model HTG2-85 digital torque gauge as shown in Fig. 5.1. The
HTG2-85 is a torque tester that has a Real Time mode to display torque transients and a
Peak mode to capture the peak torque achieved during a test. The testing range of this
gauge is 0-1000 Ncm with a resolution of 1 Nem. The torque testing performed in this
chapter was designed according to the needs of the VR applications, with low-speed and

reciprocating rotation induced on the two MR actuators by the joystick.
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Figure 5.1 Static testing.

5.2.1 Clockwise/counter-clockwise Testing

The MR actuator was designed as one of the resistant torque generators in a haptic MR
joystick. When the handle of the joystick moves arbitrarily in a 2D area, the disk of the
actuators performs a clockwise/counter-clockwise rotation. The clockwise/counter-
clockwise testing was designed to find the characteristics of the torque performance

under this motion behaviour.

Based on the obtained optimum geometrical dimensions, static testing and modelling of
the actuator were subsequently carried out. Because MR actuators, unlike conventional
actuators, behave in a non-linear fashion and are more difficult to model than traditional

actuators [58], a parametric model was used to predict the performance of the device
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and to develop control strategies. A parametric sub-hysteresis model was derived from

the clockwise/counter-clockwise testing to predict the experimental results.

The outcomes of the clockwise/counter-clockwise tests are shown in Fig. 5.2. For each
direction of rotation, two static behaviour tests were conducted with two different
electric current sequential changes: 0-1-0 A and 0-2-0 A. The results of the clockwise
and counter-clockwise tests are drawn side by side in the figure. The negative signs on
the left side represent the opposite direction of rotation instead of a negative electric
current. The torque curves on both sides show a symmetrical feature in the two opposite
rotations. It was found that the static behaviour of the actuator was not influenced by the
direction of the shaft rotation. This characteristic simplified further testing and

modelling on the static behavior of the MR actuator.

Clockwise Counter-clockwise

800

700

600

500

400

300

Resistant Torque (N-cm) .

200

100

-3 -2 -1 0 1 2 3
Electric Current (A)

Figure 5.2 Results of clockwise/counter-clockwise tests.
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5.2.2 Sub-hysteresis Testing and Modelling

Based on the conclusion of the clockwise/counter-clockwise testing, only one direction
was chosen to perform further static testing by reciprocating rotational experiments.
More detailed and complicated tests were performed under varied electric current
conditions: 0-0.5-0A, 0-1-0A, 0-3-0A, and 0-2-1-2A. The results are given below in Fig.
5.3.

900

800 -

700 4

600 4

500 4

400 4

300 4

Resistant Torque (N-cm).

200

100 4

0 0.5 1 1.5 2 25
Electric Current (A)

Figure 5.3 Sub-hysteresis testing of MR actuator.
When a ferromagnetic material is magnetized in one direction, it will not relax back to
zero magnetization when the imposed magnetizing field is removed. It must be driven
back to zero by a field in the opposite direction [59]. This phenomenon is called
hysteresis. The behavior of the MR actuator shows a series of hysteresis loops that are
limited by the largest loop boundary. Here the largest boundary hysteresis is called the
main hysteresis. In a hysteresis loop, each loop represents torque that corresponds to
two different electric currents. The difference between the two electric currents is called
electric current shift. Investigation of the static characteristic indicated that the MR
actuator had sub-hysteretic behaviors. Based on the following three assumptions, the
conception of sub-hysteresis was proposed to model the actuator hysteretic behaviors:
(a) all the sub-hysteresis is limited to the main hysteresis domain; (b) all the electric
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current shifts of the sub-hysteresis loops are constant and equal to the electric shift of
the main hysteresis; and (c) the top slopes of the sub-hysteresis loops are constant in the
linear area. In terms of these assumptions, a sub-hysteresis model was constructed and

the concept is shown in Fig. 5.4.

T(Necm) 1
52

Ta

Y

PR P It I I(A)
Ti

Figure 5.4 Sub-hysteresis model.

The red arrows are the paths of the resistant torque when electric current increases. The
blue arrows indicate the paths of the resistant torque when electric current decreases.

These paths and the superimposed red and blue paths form the sub-hysteresis model

combining with the pure red and blue paths. In this model, 7 is the resistant torque
exhibited in the absence of electric current; /, is the constant difference in the electric

current; S, and S, are the two constant slopes of T in the model; /, and I, are the two

vertices of a sub-hysteresis loop and their values can be changed when the torque moves

along the red or blue arrow.

The resistant torque can be calculated according to the input electric current based on
this sub-hysteresis model. The program model of the sub-hysteresis behavior contains
three modules as shown in Table 5.1:
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I,=0,1,=1
Iy 1,
Initialization T =85, 1)+T,
Module I=Iy-1,:1,=1;
10>1S
T = Sl 10+T1
1,-1 21, Dec=1; Inc=0
Step 0</l,-I <[ or
Dec=0; Inc=0
1 o<l -1,<I,
I-1,=21, Dec=0; Inc=1

Inc=1 1,=1;1,=1-1;T=S§,1+T,
B0
Inc=0 T=81,+T,+S,(I -1,)
Step
Dec=1 | I,=1 ;1,=1 +1;T=S,1 +T,
2| A
Dec=0 T=S81+T,+S,1 -1,)
B T=T

Table 5.1 Program model of the sub-hysteresis behavior.

The left section in each module is the name of the module. A double-line separates the
logical area into two sections: the sections on the left side are the conditions, and the

right sections are the output results that are used as the initial conditions for the next

iteration. 1&=dl/dt, and #>0 means that the electric current is increasing. Dec=1 means
that the torque track is on the pure blue arrow; Inc=1 means that the torque track is on
the pure red arrow; Dec=0 and Inc=0 means the torque track is in the middle of the main
hysteresis loop. In other words, it is on the mixed color paths. The diagram of the

program model adopts a loop structure as shown in Fig. 5.5. The program will first
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determine the initial resistance torque of the actuator following the rules described in
the initialization module and then apply these rules in Step 1 to determine the path
followed by the current change. Step 2 gives the equations to calculate torque for each

path. The loop is repeated upon further current change.

Initialization Module

Figure 5.5 Diagram of the iterative sub-hysteresis model.

It can be inferred that an MR actuator is characterized by four constants, namely, I, S,
S, and Ty. In terms of the results of the experiments, the values of these parameters
were identified as 1=0.6, S1=387.5, S,=233.3, and T(=45. The torque prediction results
programmed by MATLAB are shown in Fig. 5.6(a). A comparison of the experimental
results and the program predictions is shown in Fig. 5.6(b), in which the program was
able to predict the output resistant torque within 5% error. (The initial electric current
increase from 0 to 0.6A was not expressed in this model.) The MATLAB m-file

programming is attached in Appendix B.
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(a) Prediction of the sub-hysteresis model.
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(b) The comparison of the experiment and the prediction.
Figure 5.6 The sub-hysteresis model prediction.

This model can be used to predict the output torques with any initial current within a
working range from O to 3A. The continuous variable torques caused by a variety of

control currents can also be predicted from the influence of the hysteresis property.
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CHAPTER 6
MR JOYSTICK DESIGN AND ANALYSIS

6.1 INTRODUCTION

The design and analysis of the MR haptic joystick will be described in this chapter. The
position feedback MR actuators have been assembled and tested in the last chapter, so
the task of this section is to fabricate an MR haptic joystick by using the two MR
actuators as the force generator. The central gimbal structure will be presented in the
mechanical design of the joystick. In the static torque analysis, the torque composition
and working surface deformation will be presented according to the geometrical
structure of the joystick. Following the force analysis, a pseudo 3D analysis will be

demonstrated to meet the requirements of 3D virtual reality (VR) applications.

6.2 OVERVIEW OF THE MR JOYSTICK

The 2-DOF MR joystick plays an important role in this haptic system. The two MR
actuators get the control signal amplified by the power amplifier and perform resistant
torques in each direction individually. The MR joystick uses the MR actuators and the
gimbal structure to achieve virtual force simulation in a 2D area. With the help of
special control strategies, this 2-DOF system can carry out a pseudo 3D simulation. The
main components of the joystick are two MR disc-shaped actuators, a gimbal structure,
a handle and the frames of the joystick. A schematic diagram of the 2-DOF MR joystick

is shown in Fig. 6.1.
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Handle

MR Actuator

Gimbal Structure

(b) An exploded view of the joystick

Figure 6.1 2-DOF MR haptic joystick.
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The two MR actuators are the torque generation elements, which are set orthogonally
and connected to the shafts of the gimbal mechanism, which is fixed in a square frame
by bearings. Each one can be used to detect the one-dimensional position of the handle
by means of a linear potentiometer attached to the shaft of the MR actuator, and
generates resistance in the same direction according to the control current generated
from the computer. The gimbal structure, made of standard steel, enables the user to feel
a resistant force in a two-dimensional area through the handle of the joystick. This
structure converts the two orthogonal torques generated from the MR actuators into the
resistant force that can be felt in the working area. All the movable elements of the
joystick are limited and linked by the frame, which was made of aluminium, due to
considerations of weight and of the capability and the strength requirements. Another
function of the frame structure was to make it possible to fix the joystick on the
experiment table by the screws when the simulating force was stronger than the weight
of the joystick. The components of the gimbal structure and one of the actuator holders
are shown in an exploded view in Fig. 6.1(b), and drawings of all of the components are
given in Appendix C. The mechanical design of the crucial components will be

described in the next part.

6.3 DESIGN OF THE GIMBAL STRUCTURE

The gimbal structure is the essential structure in the joystick design that converts the
two resistant torques into a resistant force on the working surface. This structure
includes a handle, an arch shaft and a straight shaft as shown in Fig. 6.2. In the
consideration of the strength and the rotation range, the rotation of the handle was
limited to 50°, so the handle can be rotated along the x direction within a range of 120°

as shown in Fig. 6.2(a) and (b). The rotation limitation of the arch shaft was also
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designed at 120° to make the movement of the handle symmetric in both directions, see
Fig. 6.2 (c) and (d).

50°

120°

(a) Handle (b) Movement along X direction
120°
120°
r / / -~ E _"-.I,_
I '
(¢) Arch shaft

(e) Assembled structure

Figure 6.2 Gimbal structure.
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The assembled structure, shown in Fig. 6.2(e), shows that the handle can be arbitrarily

rotated in the working area. Pictures of the MR joystick are given in Fig. 6.3.

Figure 6.3 The MR joystick.

6.4 STATIC TORQUE ANALYSIS OF THE JOYSTICK

The sub-hysteresis model was derived to predict the actuator torque accurately in the

previous chapter. The purpose of the joystick torque analysis was to get an accurate
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handle torque that is composed of the two actuator torques and acts directly on the palm

of the operator..

The torque model was set up in spherical coordinates for the reason that the working
surface of the top point of the handle is a spherical surface. The origin of the spherical
coordinates was set coincident with the origin of the rectangular coordinates, which was

built up based on the geometrical relationship of the actuators. As shown in Fig. 6.4, &

is the degree of longitude and ¢ is the degree of latitude of the spherical coordinates.

Q. and @, are the degrees of rotation of the two MR actuators. M is used to express

the components of the torque in different directions.

Figure 6.4 Static torque analysis.

The relationship between the spherical coordinates and the angles of the MR rotor can

be expressed as:

9= arc‘[an\/tan2 a, +tan’ a,

(tan a, ) (6.1)

tan ay

@ = —arctan

Then the differential matrix can be obtained as:
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tana, tana,
dg _ Jtan” @, + tan’ a1+ tan’ a_ + tan’ a'y)cos2 a, Jtan*a +tan’ a1+ tan’ a_ + tan’ a’_‘,)cos2 a,
dé tana, tana,
(tan® @, + tan’ a'y)cos2 a, (tan® @, + tan’ a'y)cos2 a,

_ |:A11 A12:||:dar:|
A21 A22 day

(6.2)

By using the principle of virtual work, which can be used in statics for solution of
equilibrium problems, the relationship between the torque of the handle and the

damping torque of the MR actuator can be expressed as:

The torque due to M,

—tana,

M, = M,
\/t 2 2 2 2 2
an” a +tan” a, (I+tan” o +tan” a )cos” a,
—tan a, (6‘3)
M, = M,
\/tanz a. +tan’ a (I+tan’ a_ +tan’ @ )cos’ a
X ¥y X ¥ y
and the torque due to My
tana,
M, == 2 o 2 M,
(tan” @, +tan” a )cos” a,
M = tana, M (6.4)
- 6
" (tan’ a, +tan’ @, )cos’ a,
The resistant torques of the two MR actuators can be given as:
M, _ Ay Ay | M ¢
- 6.5
M,| |4, 4,]|M, (6.5)

The torque values of any points on the spherical working surface can be decomposed
into the two resistant torques by Eq. 6.5. Therefore, the controllable torque generated by

the two MR actuators can be used to simulate the virtual force.
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6.5 WORKING SURFACE DEFORMATION

The real working surface of the joystick is a part of a spherical surface, which is
calculated by MATLAB and plotted in Fig. 6.5. The length of the handle is 10cm. The
top point in the figure shows the position of the end point of the joystick handle in a
vertical state. The four corners of the figure represent the handle positions in the
limiting cases: the two rotations get their maximum (+120°) or minimum (-120°) values

respectively.

Top wiew Side view

Figure 6.5 The working surface of the joystick.

The virtual environment in the computer is usually built up in rectangular coordinates
rather than spherical coordinates, so a certain mapping transformation needs to be
defined between the two environments. This spherical working surface is defined by the
longitude lines and the latitude lines, which means by the corresponding rotary degrees
of the two MR actuators. Each of them runs from —120° to +120°. The force users can
feel is always tangent to the sphere surface. To make this working sphere surface
simulate the virtual flat surface in the virtual environment, the spherical surface is

deformed into a square surface by changing the angle units into length units as shown in
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Fig. 6.6. This mapping method was based on human perception and reduces the

calculation of the surface deformation by ignoring the coupling of the two rotations.

Top view
1w A_ LR E R LR e :. R R RLLE T _R.
100 |-
aj el T TR T T T T RN T T T T YN 0T T 8:---0
G -
-50
400 |-
HEE (@
-180

160 -100 -S0 D S0 100 180

Three-dimensional view

(a) Before deformation (b) After deformation

Figure 6.6 Working surface deformation.

6.6 PSEUDO 3D STRATEGY

6.6.1 Surface Switching Strategy

This joystick was designed as a 2-DOF haptic device that can be used to simulate the
virtual force in a 2D surface. If this device can simulate a 3D virtual environment, the
field of application of the joystick would be significantly extended. The structure of the
joystick makes it impossible to perform 3D applications by a mechanical method. So a
working surface switching control strategy was developed to make the 2D haptic

joystick simulate 3D applications.

In the working surface switching method a surface-switching button was used to switch
the working surface between the X-Y plane and the X-Z plane as shown in Fig. 6.7.

The joystick uses two potentiometers: potentiometer A and potentiometer B, to detect
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the rotation in the two directions. A surface-switching button was fixed on the frame of
the joystick. In the working surface switching strategy, potentiometer A is used to detect
the rotation in the horizontal direction all the time, and the value of the potentiometer is
the value of the X direction; Potentiometer B is used to detect the vertical rotation,
which is the sum of the Y and Z directions. The surface-switching button is used to
decide whether the detected value represents the value of Y or the one of Z. For instance,
if the button is switched off, the value detected by potentiometer B represents the value
of Y, so the working surface is chosen as the X-Y plane. The cursor in the computer can
be moved arbitrarily in the X-Y plane. When the button is switched on, the value
detected by potentiometer B represents the value of Z, and the working surface is
switched into the X-Z plane. The present value y, is held in a certain address in the
RAM of the computer, and the cursor movement can be controlled in the X-Z plane by
the joystick as shown in Fig. 6.7(a). Similarly, when the button is switched off again, z,
as the present value of Z is held in the RAM. The working surface is switched back into
the X-Y plane with a different value of Z as shown in Fig. 6.7(b). Therefore, the MR
joystick can simulate a virtual environment in a 3D space. This pseudo 3D simulating
strategy can not be used in the circumstance where all the three position parameters
change at the same time, so the applications of this joystick are focused on all the 2D
and certain 3D VR fields. A joystick that can detect any 3D information will be

designed in our further research.

z/

% < X

Yo

(a) The first switch of the working surface
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z,

w1 X

Yo

(b) The second switch of the working surface

Figure 6.7 Surface switching control strategy.

6.6.2 3D Working Space Deformation
The simulation space of the joystick in VR is a part of a thick spherical shell when the

working surface switching strategy is used as shown in Fig. 6.8. People are not familiar
with this space. This is because it would feel strange if they move the handle of the
joystick by the same distance in different areas of this shell space and the movement of
the cursor would be different. This will involve mistakes when people simulate the

virtual force in a 3D space by the joystick.

Figure 6.8 The original simulation space.
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To solve this problem, a space deformation method was used for the 3D VR
applications that was similar to the surface deformation mentioned before. By using the
three angle units as the length units in a new set of rectangular coordinates, the spherical
shell space can be deformed into a rectangular parallelepiped that is 120 units in length

and 60 in width and height as shown in Fig. 6.9(b).

(b) Rectangular parallelepiped space
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(c) Cubic space

Figure 6.9 Working space deformation.

In this parallelepiped, the movement of the cursor and that of the handle are in a linear
relationship. By enlarging the units of Y and Z twice, the parallelepiped can be further
deformed into a cubic solid as shown in Fig. 6.9(c). Both these two rectangular
simulation spaces with their own properties can be used in VR, and some applications

based on the two spaces will be demonstrated in Chapter 8.
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CHAPTER 7
DATA ACQUISITION AND POWER AMPLIFICATION

This chapter focuses on the electric circuit design including the data acquisition (DAQ)
system and the power amplification pack. The host computer gets position information
on the MR joystick via the DAQ system and controls the joystick by an electric current
amplified by the power amplifier. The major tasks associated with the DAQ are sensor
selection, DAQ card selection, sample rate, filtering, and digitization. These tasks are
not isolated, and the parameters of the elements have relations and interactions with
each other in a working system. A 2-channel linear power amplifier will be designed in
the second part of this chapter. Each channel of the amplifier can provide a strong and
accurate drive current to one MR actuator, respectively. The current limitation strategy
adopted in this amplifier can protect the coils of the MR actuators in the condition of

high current. The DAQ system, the power amplifier, and the MR joystick are linked by

shielded cables as shown in Fig. 7.1.

Figure 7.1 DAQ and Power amplifier for the MR joystick.

7.1 DATA ACQUISITION (DAQ)

Data acquisition is the process of gathering information in an automated fashion from
analog and digital measurement sources such as sensors and devices under test. Data
acquisition uses a combination of PC-based measurement hardware and software to

provide a flexible, user-defined measurement system [60]. Usually, the raw input signal
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is in the form of an analog voltage whose amplitude varies continuously over time. This
voltage is produced by DAQ hardware, which can modify it by amplification and
filtering processes. This procedure is named signal conditioning. After signal
conditioning, the analog voltage is sampled at regular intervals. The signal is then
converted from an analog signal into a digital signal before transmission to the attached
computer. The software in the computer is used to analyze the detected signal and
display this signal in a certain form. The user, through the LabVIEW DAQ package, can
set most of the parameters that affect acquisition. To make a good detection, the
parameters must be appropriate for the signals being detected. In some disciplines,
tables of suggested sampling rates, ranges, and filter settings can be found, but these
should not be applied blindly. A specific DAQ system should be set up based on the
characteristics of the signal and the circumstances. The DAQ procedures in the haptic

system are shown in Fig. 7.2.

> Transducer DAQ board Computer

NN .. 101101... o
<(.> — < 5 |
\/ Mechanical Analog electrical 00 Digital signal L
signal signal n

Input Amplification Filtering Sampling Display

Figure 7.2 DAQ procedures in the haptic system.

The following sections will present the detailed information on transducer selection,

sampling, filtering, and digitization of the DAQ procedures of this project.
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7.1.1 Sensor Selection and Testing

In this project the linear properties of the sensor are crucial, and the rotation of the
joystick handle needs to be accurately detected. Two linear low resistance single gang
potentiometers were chosen as transducers that could be rotated by the shaft of the MR
actuators. The potentiometer has a 9mm diameter panel mounting holes and all pots
include aluminium nuts and washers. The potentiometer was chosen to be 3W 50V
1kOhm model, since the detecting range of the DAQ board is —10 - +10V and the power
supply can provides the potentiometers with a +12V voltage input. A picture of the

linear potentiometer and the installation of the potentiometer are shown in Fig. 7.3.

Figure 7.3 The linear potentiometer.

The test results on the linearity on the potentiometer are shown in Fig. 7.4. This figure
shows the curve of the output voltage versus the degree of rotation with a +12V power

supply. The error range of this kind of potentiometer is 0.1%.

12

10 -

Output voltage (V)
o

0 L) L) L) L) L) L) L) L) L)

0 20 40 60 80 100 120 140 160 180 200

Degree of rotation

Figure 7.4 Testing of the potentiometer.
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7.1.2 DAQ Board

A National Instruments PCI-6221 was chosen as the DAQ board for this project, since
this DAQ board can be seamlessly linked with LabVIEW, which was used to design the
control and display unit in this haptic system. PCI-6221 is a low-cost multifunction M
Series DAQ board optimized for multiple data acquisition applications. The board offers
16 analog inputs, 2 analog outputs, 24 digital I/O lines, and two counter/timers. The NI
PCI-6221 is ideal for applications including data logging, control, and sensor and high-

voltage measurements when used in conjunction with NI signal conditioning.

The maximum frequency of data acquisition provided by the PCI-6221 is 1MHz, which
can fulfil the requirements of the haptic signal acquisition and generation. The sample
frequency of the system will be discussed in the next section. The ADC (Analog-to-
Digital Converter) and DAC (Digital-to-Analog Converter) provide 16 analog input and
2 analog output ports on this board. Two analog input ports (P.68 and P.33) were used
to acquire the position signal expressed by X and Y values of the 2D working area.
Another input port (P.65) was used to detect the working plane switching signal when a
3D haptic simulation task was performed. The two analog output ports (P.21 and P.22)
provided control signals to the power amplifier to drive the two MR actuators. The
grounds of the input and the output were chosen as P.67 and P.55 respectively. The
corresponding pins can be found in Fig. 7.6, which shows the interface of the PCI-6221.
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Please see print copy for Figure 7.5

Figure 7.5 PCI-6221 (68 Pin) Pin-out schematic[62].

The PCI-6221 was connected to the SCB-68 with a shielded 68-conductor cable. The
SCB-68 is a shielded I/O connector block with 68 screw terminals for easy signal
connection to a National Instruments 68-pin DAQ device. The SCB-68 features a
general breadboard area for custom circuitry and sockets for interchanging electrical
components. These sockets or component pads allow RC filtering, 4 to 20 mA current
sensing, open thermocouple detection, and voltage attenuation. The position signal can
be transferred to the DAQ board, and the control signal can be sent to the MR joystick
via this connector block. A picture of the SCB-68 is shown in Fig. 7.6.

-68 -



DATA ACQUISITION & POWER AMPLIFICATION

Screw
Wire

Figure 7.6 SCB-68 connector block.

The analog input channels on the SCB-68 can be configured for one of three input
modes: differential, referenced single-ended, or non-referenced single-ended. These
modes are called DIFF, RSE, and NRSE input modes, respectively. In this project, the
RSE mode was adopted because the position information was in the form of slow
varying signals and a common ground was necessary in this system. The block diagram

for RSE is given in Fig. 7.7.

Please see print copy for Figure 7.7

Figure 7.7 Referenced single-ended (RSE) mode [63].

The SCB-68 printed circuit diagram, reference label, and jumper configuration are
attached in Appendix D. When measuring single-ended floating signal sources, the
DAQ device must be configured for RSE input mode to supply a ground reference. In

this mode, the negative input of the instrumentation amplifier on the DAQ device is tied
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to the analog ground. To use the SCB-68 with single-ended inputs, where ACH<i> and
ACH<i+8> are used as two single-ended channels, it is necessary to configure the SCB-
68 jumpers in their factory-default configuration as shown in Fig. 7.8. In the factory-
default configuration, jumpers on the SCB-68 were in the two series positions. In this
configuration all the signal grounds were connected to AIGND and the connection

method is shown in Fig. 7.9.

Please see print copy for Figure 7.8

Figure 7.8 Jumper Configuration for RSE mode [63].

Please see print copy for Figure 7.9

Figure 7.9 Single-Ended Input Connections for Floating Signals [63].

7.1.3 Sampling

The system is expected to detect accurately the movement of the hand and fluently show
the effects on the VR though the monitor. The minimum working frequency of this
haptic system is decided by the maximum frequency of the movement of the joystick
handle and the frequency associated with the persistence of vision. As is known, the
maximum frequency of hand movements is about 10 Hz, and the critical flicker

frequency for a monitor is 45 Hz. In consideration of both the critical biological
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frequency and the capabilities of the DAQ card and computer, the system frequency was

chosen as 100Hz, which can be set by a timer in software programming.

7.1.4 Noise and Filtering

Lowpass filters are designed to help reduce noise and give a smoother signal in this
system. A simple lowpass filter consists of a resistor and a capacitor; the voltage across
the resistor is the measured input signal to the filter. The structure of the lowpass filter

is shown in Fig. 7.10.

C
o || .
Vin R Vin
. .

Figure 7.10 Structure of the lowpass filter.

This filter has a time constant of The cut-off frequency f., is defined as the

2IRC
frequency beyond which the gain drops 3 dB. Instead of having a gain of absolutely
zero for frequencies greater than f, the real filter has a transition region between the
passband and the stopband, a ripple in the passband, and a stopband with a finite
attenuation gain.
The component values in the circuit can be determined by fixing R as 1.6 kQ and by
choosing f. as 100Hz. The value of C can be derived as IpF from equation 7.1 as

follows:

C=2an (7.1)

c

7.1.5 Digitization

The last step in the DAQ procedure is to convert the analog signal into a digital signal
by using the ADC. The analog data must conform to a fixed number of values when it is

converted into digital form for use by the computer.
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The PCI-6221 has a multiplexer that acts like a switch between different channels in the
ADC. Therefore with one ADC, this DAQ board is able to perform a multi-channel
acquisition task. The PCI-6221 is a 16-channel analog input board. This makes it
possible to acquire up to 16 analog signals in parallel. This project used two of them to

acquire a 2D position signal from the joystick handle.

Resolution of the analog input signal converted into digital data is another critical
parameter for an ADC that is dependent upon the number of bits the ADC uses. The
resolution of the converted signal is a function of the number of bits the ADC uses to
represents the digital signal. The higher the resolution, the higher the number of
divisions the voltage range is broken into, and therefore, the smaller the detectable
voltage change. In the PCI-6221, a 24-bit ADC is used for signal conversion. Therefore, the

minimum change in voltage that could be discerned for a 10V range would be 10/2**=0.6 4V,

which was accurate enough for various VR applications.

7.2 POWER AMPLIFICATION

The DAC on the DAQ board can not drive an electromagnet directly since the electric
current provided by it is not strong enough to generate a suitable magnetic field. The
maximum drive current of the PCI-6221 is SmA, but the maximum working current for
the MR actuators was calculated as 2A. Therefore, a two-channel linear power amplifier

needs to be designed to amplify the control signal between the DAC and the joystick.

7.2.1 Amplifier Circuit

Two amplifier circuits were designed for this project. The first one used a simple
Darlington amplifier circuit to amplify the control signal. The circuit is shown in Fig.

7.11 (a) and the test results on this circuit are given in 7.11 (b).
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(a) Simple Power Amplifier Circuit
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(b) Testing results

Figure 7.11 Simple power amplifier circuit and testing results.

This circuit can be easily set up for the testing of the MR actuator performance. The MR
actuator was driven by this amplifier in the sub-hysteresis testing experiments before a
more complicated circuit was designed. However, the output current can increase more
than 3A proportionally to the control signal without any limitation, which may cause
damage to the coil of the MR actuator. A fuse is needed on each drive channel to protect
the coil under the conditions of excessive current if this design is adopted. Hence, a

more advanced amplifier circuit was developed as shown in Fig. 7.12 (a) and (b).
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Figure 7.12 Current-limiting power amplifier circuit and testing results.

The picture just shows one channel of the amplifier, as the other channel has the same
structure as this one. In the left part of this circuit an LM358 operational amplifier was
used to enlarge the small control signal. In this negative feedback circuit the gain of this

op amp can be calculated by

(100+910) _
100

Yy _ -
U (7.2)
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A Darlington structure (T1 and T2) was used to enlarge the drive current on the right
side of this circuit. A heat sink is necessary when a high current passes through T2.
Transistors T3, T4 and potentiometer Q are used for current limitation by current
feedback when the output current is too high. The maximum driving current for the
joystick coil was designed as 2.2 A, which can be adjusted by potentiometer Q. The

details of the transistors used in this circuit are listed below in Table 7.1.

Product Max Voltage | Max Current
Symbol Type
Code V) (A)
T1 BD139 80 1.5 NPN
T2 2N3055 60 15 NPN
T3 BC212 50 0.1 PNP
T4 BC182 50 0.1 NPN

Table 7.1 Transistor list.
Two 16-bit analog outputs (833 kS/s) were used to generate control analog signals that
were transferred to the power amplifier via SCB-68 output ports. Pictures of the printed

circuit board (PCB) are shown in Fig. 7.13.

(b)Back view of the amplifier PCB

Figure 7.13 Power amplifier PCB.
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7.2.2 Power Amplifier Interface

The sockets of the amplifier can be divided into two groups as shown in Fig.
7.14(a). The four-pin sockets are connected to the MR actuators, two pins of which
are the anodes of the position sensor and the coil. The other two pins are the
respective grounds. The five-pin socket is connected to the SCB-68 connecting
board. Two pins are the two control signal inputs; the other two are the outputs of
the joystick positions; the last pin is the common ground. The front view and the

back view of the power amplifier are shown in Fig. 7.14(b).

| | Connect to the Connect to the
=, m MR Actuators SCB-68

(b)The power amplifier

Figure 7.14 The 2-channel current limiting power amplifier.
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CHAPTER 8
SOFTWARE DESIGN

The MR joystick mechanical design and the electric circuit design have been discussed
in the previous chapters. This chapter will discuss the software design and present some
typical applications using the developed haptic system. The program designed in this
chapter acts as the control unit and display unit for the MR haptic system programmed
by in LabVIEW [64], which is a graphical and event driving program tool developed by
the NI company for integrating, testing, and control purposes. The designed program
combines the data acquisition (DAQ) hardware, the power amplifier, and the MR

joystick to form an effective real-time haptic system.

LabVIEW is a graphical development environment for creating flexible and scalable
test, measurement, and control applications rapidly and at minimal cost. The graphical
development platform allows the program to be developed by dragging and dropping
test and measurement user interface objects from the control palette. The multiple
development tools of the LabVIEW package provide numerical analysis, instrument
I/0, communication solutions, etc. that simplify the program development process and
enhance the reliability of the products. This automation package also offers systematic
DAQ solutions and assistance for various applications related to data processing,
presenting, and storage, such as fitting, FFT and file I/O. LabVIEW facilitates a wide
array of applications on test and control in the areas of aerospace, the automotive and

electronics industries, etc.

This system uses a computer to act as the control module and the display module. The
MR joystick performs as the human interface module, through which people can feel the
corresponding virtual resistance and generate reactions to the virtual environment. A

picture of this haptic system is shown in Fig. 8.1.
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Figure 8.1 The MR haptic joystick system.

The spirit of this system is the LabVIEW package, which is used to control the whole
system and to display the visual interface for the user through a computer screen. This
graphical software tool provides the user with an efficient approach for designing test,
measurement, and control systems. It can also be seamlessly connected to equipment
such as the PCI6221 DAQ board and the SCB-68 board that are used as the interface
between the computer and the MR actuator in this haptic system. This software is
composed of a block diagram panel for graphical programming and a front panel for the
interface display. All the DAQ and control processes are in a while loop frame designed
in the block diagram panel, the frequency of which can be set by a timer. Data
acquisition is critical in a haptic application because it affects the response and the
accuracy of the whole system. This project adopts DAQmx strategies to improve the

DAQ performance instead of traditional NI-DAQ, as discussed in the next section.

8.1 DAQmx INTRODUCTION AND CONFIGURATION

8.1.1 DAQmx Introduction

NI-DAQmx driver software involves innovative techniques to deliver increased
productivity and performance. NI-DAQmx driver software and additional measurement
services software are included with a single programming interface for programming
analog input, analog output, digital I/O, and counters on hundreds of multifunction

DAQ hardware devices. The DAQ software designed with DAQmx can be applied in
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LabVIEW, LabWindows/CVI, Visual Basic, Visual Studio .NET, and C/C++
circumstances [65]. A comparison of DAQmzx and traditional NI-DAQ is given in Table

8.1.

Please see print copy for Table 8.1

Table 8.1 NI-DAQmx versus Traditional NI-DAQ [65].

8.1.2 DAQmx Configuration

The DAQ hardware must be installed and the driver program must be configured before
DAQ programming. Measurement and Automation Explorer provides a platform for the
automatic installation and some categories are device-specific. These are listed on the
left of the configuration window as shown in Fig. 8.2. By simply selecting NI-DAQmx
devices in the device and interfaces configuration tree, the PCI-6211 can be found and

installed.
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Please see print copy for Figure 8.2

Figure 8.2 Measurement and Automation Explorer.

A DAQmx data acquisition procedure can be set up by either DAQmx single sets or
DAQmx Assistant as shown in Fig. 8.3. The DAQ Assistant configuration provides the
users with analog 1/0, digital I/O, and counter operations in a user-friendly interface as

shown in Fig. 8.4.

Most of the main parameters of a DAQ procedure, such as the voltage range, DAQ
channel, sampling rate, and acquisition mode, can be simply set in this configuration
interface, which greatly reduces the development time for the whole system. A program
based on DAQmx single sets will be demonstrated in the next section. Single sets are
used to generate more effective code by users who are familiar with every step and

parameter of a DAQ procedure.
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Figure 8.4 DAQmx assistant configurations.

-81 -



SOFTWARE DESIGN

»
:
@ L4

DAG Assiskank
data 4

n =0

Figure 8.5 Voltage input DAQ module in a while-loop structure.

Finally, a voltage input DAQ module was built in the while-loop structure shown in Fig.
8.5. The interfaces for 1-DOF (degree of freedom) MR actuators presented in next

paragraph were designed based on this structure.

8.2 DEMONSTRATION AND CASE STUDY

Six typical interfaces were designed for three groups of haptic applications: 1-DOF, 2-
DOF, and 3-DOF applications. The front panels and the functions of the components in
the front panels will be demonstrated in the first five interfaces. More programming
details, including back panel and graphical displays will be presented in the last

demonstration.

8.2.1 1-DOF Interface

There are two different interfaces, which are illustrated below in Fig. 8.6 (a) and (b).
Both of them have two working models: the Joystick Control and Knob Control models.
In the square screen of the first interface, the cursor can be moved vertically when the
MR actuator or the simulation knob is rotated. Similarly, the pointer in the second
interface would turn synchronously with the rotation of the actuator or the knob and
make the actuator generate a corresponding resistant torque in terms of the value of the
colour. Both of them have a press switch, a slide switch, a simulation knob, and a
display unit. The press switch is the main switch of the programming, working as the

power switch of a device. The slide switch is used to change the working module
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between the actuator control and the knob control, which is used to simulate in the
absence of the MR actuator. The significant difference between these two interfaces is
derived from the display unit. The first one can only demonstrate a discrete resistant
torque, while the second one can be used to simulate a continuously changing resistant

torque without grading.

(a) Discrete torque vision interface.

(b) Continuous torque vision interface.

Figure 8.6 1-DOF haptic interface.
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8.2.2 2-DOF Interface

2-DOF application interfaces were designed for the joystick with two MR actuators
instead of a single MR actuator. The computer generates control signals, which
correspond to the position of the actuator rotors detected by the linear potentiometers.
Meanwhile, such control signals activate the MR actuators to generate the resistant
forces by means of the amplified current. Therefore, the operator can feel different
resistant forces when the cursor is moved, controlled by the position signal generated

from the potentiometer, through the image shown on the screen of the computer.

The three specific interfaces designed for 2-DOF applications are illustrated below in
Fig. 8.7 (a), (b), and (c). These interfaces have adopted the same press button and slider
switch to control the running procedure and to choose the working models. Two control
knobs were used to present and control the movement along the X and Y directions

respectively in the knob control model.

Users can feel different forces when the cursor is moved into different color square
areas in the interface screen (a). A matrix is used to set the value of the resistant force,
which is expressed in different colors, while the value of the resistance is presented by
the force display bar. Interface (b) is a simple maze game. The user can easily move the
cursor along the path using the MR joystick. If the cursor touches the blue wall, the
joystick handle will not move further, as the resistant force generated by the two MR

)

actuators becomes high. Meanwhile, the “Wrong Way” indicator light is turned on,
advising the user to change the direction of motion. A slope with different types of
friction was also designed in the interface (c). The sections with the white, green, and

yellow colors represent ice, grass and sand areas, respectively. The resistant force
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changes when one pushes the cube on the surfaces of the different materials with the
haptic joystick. In the same color area, minor force changes can also be felt because of

the different grades of the slopes.

2-DOF MRF HAPTIC JOYSTICK
VISION INTERFACE

rﬁ' Joystik Control
Nob Control

Control Knohs

2 3
« .
% axis -1‘4 ’ o
- J N
1

0 5

1

0 2
. -2
¥ axis !

%

5

o
n

5 Ids
£
12 s
L &
I
o

s
T 2T 2T T
&

Sl S e
E]

ol o] af ol i~
h

o) o] o] af o
[ <o <To =T =T <1

&
o

151
&

(a) 2-DOF force matrix

Bromse Window Help

2-DOF MRF HAPTIC JOYSTICK
VISION INTERFACE

'E-‘ Jaystik Control
- ; DNob Conirol

Cantrol Knahs

10 Jo 5. 15

Right Way e W e
o wads O i

‘Wrong Way

(b) Maze game with force feedback



SOFTWARE DESIGN
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Figure 8.7 2-DOF haptic applications.

8.2.3 3-DOF Application Interface

The last interface is a pseudo 3-DOF virtual surgery application. The window on the left
side shows a 2D x-ray picture of a finger, and the window on the right side shows a 3D
model that has been built up based on the 2D x-ray picture as shown in Fig. 8.8. When
the cursor cuts into the different parts of the finger, such as the tissues and the bones,
the user can feel different force exerted on the handle of the joystick. The 3D finger
model can be observed in all directions by dragging the buttons of the vertical and
horizontal vision control bars. The system was designed for surgical training and

helping doctors to find the best surgical methods.
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Figure 8.8 2D and 3D display windows.

The flow chart of the program is shown in Fig. 8.9. The main features of this program
are the iterative remodelling and the display procedure, which are realized by a loop

structure.
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v
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Figure 8.9 Flow chart of the programming.

The display unit includes 2D and 3D display windows, which are used to display the 2D
picture and the 3D model synchronously as shown in Fig. 8.10(a). An X-ray finger
picture file is read into the system and converted into a pixel map by the Pixmap
function during the picture acquisition period. Then a read cross cursor is created to
denote the position of the joystick. The force control signal is generated based on the

gray values of the center point of the cursor. As is well known, the same tissue is
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expected to show with the same gray value in an X-ray film, but real films always have
disturbance colors. That means that there are always several white pixels distributed in a
black area, which is caused by the resolution and the precision of the X-ray machine.
These unwanted points should be detected and smoothed by the colors around them, so
that the output force can represent the intensity of the tissue accurately. Hence, a color
filter was introduced to smooth the center point color with the values of the neighboring

five pixels as shown in Fig. 8.10(b).

Picture acquisition

Filter

(a) 2D picture acquisition

(b) Color filtering
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Figure 8.10 The display unit.

The 3D model was built up according to the 2D picture. Since the structure of the
finger, including tissue, bone, and nail, is too complicated to express by simple
functions, the 3D finger was made up of several simple components as shown in Fig.
8.10(c). All of the components were built up on the left of the back diagram, and the

location of each component could be set at the bottom of the window.

People can choose any direction to observe the 3D model and control the cursor
movement along the X, Y or Z axes by the control knobs as shown in Fig. 8.11. The

vision control bar and the control knobs are the components of the control units in the

program.
[imooss m
20 30 SURGERY USER ITEREAGE
Vertical Rotatio . . ‘5 i
> {@b

Horizontal Rotatio

(a) 3D vision control bar
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Control knobs

(b) Control knobs
Figure 8.11 The control unit.

DAQmx single sets were used to compose the DAQ system program in a while loop
structure as shown in Fig. 8.12. The Start Task and the Stop Task sets were necessary
outside the while loop, so that the CPU resources could be effectively used by the 3D
remodelling when a DAQ procedure was finished. The working frequency of this
system was chosen to be 100Hz and set by a timer in the loop structure. The case
structure was used to switch between joystick and knob control modules. The 2D and
3D surgery user interface for the MR haptic joystick is shown in Fig. 8.13 by linking all

the functions presented before.

[ Voksgeout |7

Analog DEL
]
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Lsl— _[: “f@
E ‘ﬁ_s
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Figure 8.12 Data acquisition with DAQmx.
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CHAPTER 9
CONCLUSIONS AND FUTURE WORK

The MR haptic joystick system presented in this thesis is an MR-fluid-based haptic
system designed for several VR applications. This project attempts to explore a new
way to extend MR applications by developing a 2-DOF force feedback system with a
combination of MR devices and computer control. In the first part of this chapter, the
main contributions of this project will be summarized and the characteristics of this
system will be outlined. The second part will suggest the direction for further research

work toward commercialization.

9.1 SUMMARY

The main contributions of this project can be divided into four aspects: 1) Design,
testing and modelling of a compact position-feedback MR actuator; 2) MR joystick
design, and working space and torque converting analysis; 3) DAQ strategy and power

amplifier design; and 4) Software programming.

* MR Actuator

The finite element method was used in the mechanical design of the MR actuator. The
optimized structure enables the actuator to work in the linear area and adequately utilize
the magnetic and electrical energy. The clockwise/counter-clockwise rotary features and
hysteresis features were tested experimentally, and a parametric sub-hysteresis model
was proposed based on the results of the tests, providing an accurate torque control for

haptic applications.

* MR Joystick

The MR joystick could generate a resistant force according to the VR circumstances by
combining a pair of rectangular torques. The gimbal structure played an important role
in the torque conversion. So, the torque calculation and the working space analysis were

discussed in the joystick mechanical design section. Considering the practicability of the
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joystick for VR applications, a pseudo 3D strategy was proposed, and the working

surface and space deformation was calculated.

* Electric Circuit Design

This part includes DAQ hardware and the power amplifier circuit. DAQ card and sensor
selection, sample rate, filtering and digitization principles were discussed, and the
parameters of the DAQ components were calculated and determined in the DAQ system
design. A current limiting power amplifying circuit was designed to provide the MR

joystick with a safe and steady power source.

* Software Design

The program designed in this project works as the brain of the system and makes all the
hardware work together in a certain order. The control unit and the display unit designs
were the main task of the software design work. The DAQmx functions provided by
LabVIEW were used to acquire a position signal from the joystick and to send out a
control signal to the power amplifier. As the visual interface of this system, six different

programs were developed for various VR applications.

The objective of this project is to overcome the distinct shortcomings of motor-based
haptic devices by developing and using the MR haptic joystick. The system composed
by the MR actuators and the joystick possesses the following features:

* The actuators are able to provide stepless control fitting for virtual applications,
such as virtual surgery training.

* This MR joystick provides a wide resistance torque range (up to 1000Ncm), which
can meet various applications of virtual reality.

* A sub-hysteresis model and a torque composing technique are proposed to
accurately predict the joystick performance.

* Virtual instrument techniques are employed in this haptic system. The application
of virtual instruments has the following advantages: (a) modularized system for
easy maintenance; (b) a user-friendly interface for the people who are not familiar

with computer controls.
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* The 1D, 2D and 3D interfaces are demonstrated to show basic applications of the

developed system.

9.2 FUTURE WORK

To realize the commercial potential of this haptic system, the volume and weight of the
MR actuators need further reduction in order to meet more demanding industrial

applications.

The current MR joystick can only provide passive resistance forces. The next generation
of the MR haptic joystick should provide both passive resistant forces and active elastic
forces in a 3D space. A group of magnetic torsion spring clutches with different elastic
coefficients will be installed on each axis of the gimbal structure of the current MR
joystick to generate active elastic torques. An MR damper with springs will be used as
the handle of the joystick, which will make the device perform real 3D haptic
simulations. Meanwhile, the clutch group control strategy needs to be developed as

well.

Distribution control and telecommunication through the Internet or Ethernet will be
added into the next generation system to realize remote haptic applications. For
instance, a doctor, performing surgery using a robot arm from a distance or even from a
different country, can feel the corresponding force through this haptic system when the

surgical instruments touch the different organs of the patient.

The model developed in this thesis is based on low speed testing. By taking the varying
speed and the acceleration into consideration, the fluid-dynamic and mechanical-
dynamic model will be developed to enhance the force control accuracy. Meanwhile,
the new 3D model designed in the OpenGL language will accelerate the graphic and 3D

remodelling procedure.
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APPENDIX A:
PROPERTIES OF MR FLUID - MRF-132AD

Properties Value/Limits
Base Fluid Hydrocarbon
Operating Temperature -40°C - 130°C
Density 3.09 g/cc
Colour Dark gray
Weight Percent Solids 81.64%

Coefficient of Thermal Expansion _
(calculated values) Unit Volume per °C
0 to 50°C 0.55x 107

50 to 100°C 0.66 x 107

100 to 150°C 0.67 x 107
Specific Heat @ 25°C 0.80 J/g °C
Thermal Conductivity @ 25°C 0.25-1.06 w/m °C
Flash Point >150°C

Viscosity

0.09 (+/-0.02) Pa-s.
Calculated for slope between 800 1/s and 500 1/s at 40°C
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APPENDIX B:
SUB-HYSTERESIS MODEL PROGRAM

%The initialization--To locate the initial torque %
cle

Is=0.6;

S1=387.5;

S2=233.3;

T0=45;

T1=(S2-S1)*Is+TO;

disp("You are running the MR sub-hysteresis force prediction program ');
while (1)
10=input('Please input the valid initial current(0-3A):");
if (10<=3)&&(10>=0)
if 10<=Is
1b=0;
It=Is;
T=S2*10+TO;
else
Ib=I0-Is;
1t=I0;
T=S1*10+T1;
end
disp('The Toqure is: (Ncm)");
disp(T);
plot(I0,T,"*r");
axis([0 3 0 900])
hold on;
disp('Input the value(0-3A) of the control current if you want to continue')
disp('Input "-1" if you want to stop');
break
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else
disp('Invalid initial value');
end

end

%The closest to the I0 input is I1. In other words, the difference
%between 11 and 10 (I1-I0=dI) can be modelled as the increment or

%decrement of the electric current

while (1)
I=input('Please input the current value: ')
if (I<=3)&&(1>=0)
if [<=It-Is
dec=1;inc=0;
elseif [-Ib>=Is
dec=0;inc=1;
else
dec=0;inc=0;

end

dI=I-10;
if dI>0
if inc==
It=L;Ib=I-Is; T=S1*1+T1,;
else
T=S1*Ib+T0+S2*(I-Ib);
end
plot(I,T,"*1');
elseif dI<0
if dec==
Ib=L;It=I+Is; T=S 1 *I+TO0;
else
T=S1*It+T1+S2*(I-1t);

end
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plot(L,T,*b");
else
T=T;
end
10=1;
disp('The Toqure is: (Ncm)");
disp(T);
elseif [==-1
disp('Program stop')
break
else
disp('Invalid input')
end

end
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APPENDIX C:
MANUFACTURING DRAWINGS OF THE MR JOYSTICK

MR joystick and MR actuator
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Title Code Material Amount

A Aluminium 1

Aluminium

Aluminium

Aluminium

Aluminium

Aluminium

Aluminium

I | |m|m|0|0 |

Standard steel

Acrylic Board

1

1

1

2

2

2

2

I 2
J Acrylic Board 4
K Acrylic Board 2
L Aluminium 2
M Aluminium 2
N 2
o] Standard steel 1
P Standard steel 1
Q Standard steel 1
R Standard steel 1
S Plastic 1
T Standard steel 1
U Aluminium 1
Ball bearing V (30mm(ED)x10mm(ID)x9mm(thick)) 4
N1 Mild steel 2
N2 Standard steel 2
N3 Mild steel 2
N4 Aluminium 2
N5 Mild steel 2
N6 Mild steel 2
N7 Aluminium 2
Sealed bearing N8 608-2RSH (22mm(ED)x8mm(ID)x7mm(thick)) 4

Material list for the MR haptic joystick
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APPENDIX D:
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9 RC Filters and Attenuators for DACO,

SCB-68 Printed Circuit Diagram
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SCB-68 Quick Reference Label

S SERIES DEVICES

MATIONAL
INSTRUMENTS
PIN# SISNAL
62 ACHO
24| ACHO- PIN%  SIGMAL PIM & SIGNAL
&7 | ACHOGND 12|  DpaND 1 FREQ_OUT
23| ACHA+ 46| SCANCLK a5 DGND
66| ACH1- 13|  DGND 2 GPCTRO_OUT
P/N 1825008-01 22 | ACH1GND 47 DIo3 26 DGND
65| ACH2+ 14 +5V a PFIZ/GPCTRO_GATE
FACTORY DEFALILT SETTING
31| acHz. 48 Cio7? a7 PFIBGPCTRD_SOURCE
ﬂﬂﬂ Y — 84| ACH2GND 16|  DEND 4 DGND
v A 20| AcH+ 40| Dio2 38 PFIT/STARTSCAN
*TEMP. SENSOR DISABLED 63 ACH3 16 DICE [ PHREWFTRIG
*ACCESSORY POWER OMN
20 | ACHAGND 50| DEND 20 DGND
62 NG 17 DICH B PFISUPDATE®
H H ﬂ s T 20 NE 51 DIOS 40 GPCTR1_OUT
] | &1 NG 18| DGND 7 DGND
85 B84 53
o7 NG E2 DIo0 #H PFI4/GPCTRI_GATE
* TEMP. SENSOR EMABLED
ON CIFFERENTIAL GH, 0 &0 NG 10 DID4 B +5V, FUSED
* ACCESSORY POWER ON
26 NE 53| D&MD 42 PFRIGPCTRI_SOURCE
&0 NE 20 NE Q DGND
ﬂ ﬂ D 81— 25 NG 54| ADGND 43 PFI2CONVERT*
ge[T ] ] NG 21| DACiOUT 10 PFH/TRIGZ
85 84 83
24 NE 55| ADGND 44 DGND
* g5 GEMERICTERMINALS
{TEMF SEMSOR AND 57 NG 22| DACOOUT 11 PFIOTRIGT
AGCESSORY POWER OFF)
: 7 NG B6 NG 45 EXTSTROEE®

SCB-68 Reference Label

- 116 -




APPENDICES

+5V Screw Terminal

XF1 (Clip)
800 mA
5x20r::1m ACC Nm Powered R20
e ) (Optional)
+5V \ pio
(VO Pin 8) Va 31
ACC Powered R21
* +5V
Screx[ﬂ).f(';rrigmnal St j_ C2 ‘L C1 (o c4
oL e 2:(NC) (10uF) (0.1 uF) (10 wF) [ (0.1 uF)
(IO Pin 7) M|0

So AEND. | Nnn MIO
AIGND rew Terminal (NC)

' Z‘ 83.
I/0 Pin 56
( ) MIO
\Al/
+5V
! R22 ! T
: AP
| R4 |
: VA ——- ACHO
* 'Screw Terminal
CJC Not Used ; WA :
i RC12
E + | ! }
! I | AIGND
User Configurable
e +5W
& L 20
ACHO . 2
(/O Pines) v, e H
*=%'CJC Used -
? Qi (0.1 uF)
R38
Cs a
[ow | +5V
i " Res | T
. Jvv s
| ] > ACHSB
* | AN
3 'EreroCnJﬁlo ! iScrew Terminal
ACHs . - . we
IO Pin 34 : :
( molFFCJC : B
! RC13! Uelile)

P |

W User Configurable

SCB-68 Jumpers Configuration
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