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Abstract

For my robotics dissertation I have designed and built a high-performance 6 degree of
freedom magnetic levitation haptic interface device and integrated its operation for use with
realistic, detailed, graphically displayed three-dimensional simulated rigid-body physical
environments.

In tool-based haptic interaction, the user feels and interacts with the simulated environ-
ment through a rigid tool of a given shape rather than directly with the hand and fingers.
Consequently, a tool-based haptic interaction device only needs to control the dynamics of
the handle part grasped by the user, rather than stimulate the user’s skin, joints, or muscles
directly. Tool-based human tasks such as cutting, pushing, screwing, probing, and insertion
can all be simulated with the new device.

An ideal haptic interface would enable simulated virtual objects to be sensed and ma-
nipulated in exactly the same natural and intuitive manner as real physical objects. Psy-
chophysical studies have shown that the haptic sense of the human hand can detect surface
variations down to the micron level and at a rate of at least several hundred Hertz [1, 2]. To
perfectly emulate the experience of handling real objects, the haptic interface system would
have to reproduce object dynamics with the same high level of detail and responsiveness.
To approach this level of performance requires a device with stiff and lightweight moving
parts, powerful and responsive actuators, high resolution sensors, and a fast, low latency
control system.

Lorentz levitation technology [3] is especially well suited to high-performance tool-based
haptic interaction because it provides motion and force feedback in 6 DOF with high control
bandwidths and sensitivity by using non-contact frictionless actuation and position sensing.
The motion range of the new magnetic levitation haptic interaction device is +12.5 mm in
translation and 47.5° in rotation to accomodate fingertip motions for fine haptic tasks.
The device has a closed-loop, small-amplitude position bandwidth of at least 100 Hz in
each translation and rotation axis, a maximum stiffness of 25.0 N/mm, and a position

resolution of 5-10 pm.
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The haptic interface device and control software has been integrated with a physically-
based realtime dynamic simulation of rigid objects and the surface effects of texture and
friction. The integration methods developed and implemented maximize the dynamic per-
formance of the device and the haptic realism of interaction for the user when the processing
power and communication bandwidth and latency of the local controller is limited. Addi-
tional user interface features such as rate-based control and viewpoint tracking modes, and
variable scaling and offset gains have been implemented to enable the user to move the
virtual tool easily over arbitrarily large distances and rotations in the simulated environ-
ment using the fingertip motion range of the haptic device. The effectiveness of the haptic

interface system has been demonstrated with interactive simulations of sample tasks.
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Chapter 1

Introduction

This research explores the new issues in 6 degrees of freedom [DOF] haptic interaction which
arise from the high sensitivity and response bandwidths which can be realized using Lorentz
magnetic levitation. For this dissertation, a new magnetic levitation haptic interface device
was designed and built to provide high resolution and control bandwidths, and new control
and modelling methods were developed and implemented to provide realistic haptic user
interaction with simulated environments using the magnetic levitation device.

Haptic sensing refers to the sensing modalities of the hand, or more generally the sense
of touch or feeling. The haptic sense is a combination of tactile sensing, which is local
sensation from nerve receptors in the skin, and kinesthetic sensing, which is due to internal
distributed sensation in the joints and muscles. Comprehensive surveys of psychophysical,
perceptual, sensitivity and bandwidth issues in human haptic sensing are given by Shimoga
[1] and Cholewiak and Collins [2].

Humans use dexterous motion of the hand together with the sense of touch and feel to
gain information about the dynamics and surface characteristics of our environment when
we grasp, squeeze, push, pick up, manipulate, or touch the surface of objects. The synthesis
of haptic sensing with dexterous motion is haplic exploration or haplic interaclion.

To enable haptic interaction with a virtual environment, a device is needed which can
reproduce the haptically sensed characteristics of objects such as shape and stiffness and
preferably more subtle characteristics such as surface friction and texture. The realism of
the haptic interaction is determined by how well the speed, resolution, and sensitivity of
the haptic interface device duplicates the characteristics of the simulated environment, up
to the limits of human hand sensitivity.

The development and widespread availability of faster computer processing, cheaper
memory, and improved algorithms make it possible to simulate more and more complex

dynamic physical environments in real time while modelling collision and friction between



Figure 1.1: Using a Desktop Maglev Haptic Interface Device with a Graphical Display

multiple objects. A high-performance haptic interface device, fully integrated with a graph-
ical display and a physical simulation as pictured in the example of Fig. 1.1 could give
its user convincing interaction with a realistic environment. Comprehensive surveys in the

current state-of-the-art in haptic interfaces are given in [4] and [5].

1.1 Applications of Haptic Interfaces

The main potential applications of haptic interaction are in the areas of CAD, teleoperation,
biomolecular analysis, medical simulation, and entertainment. A haptic interface to a CAD
system would enable a user to directly feel subtleties of the fit, surface finish, and inertia of
modelled parts. Haptic feedback in teleoperation lets the user directly feel the interaction
of a remote machine with its environment as it performs some task. Haptic interaction with
medical simulations would allow a surgeon in training to realistically feel and manipulate
body tissues. Additional possible applications arise from haptic exploration of any other
data in three-dimensional space. A user could move in and feel any arbitrary properties

representable in a vector field, such as fluid flow, pressure, magnetic field, or any potential



field gradient. The examples of multidimensional data sets shown graphically in Tufte’s

FEnvisioning Information[6] could similarly be represented haptically.

1.1.1 CAD Simulations

Haptic interaction can benefit CAD applications by giving the designer an immediate, phys-
ical feel for any parts which have been modelled. Physical characteristics such as the shape,
surface texture and friction, stiffness, or the inertia of a modelled part would be displayed
haptically to complement the user’s visual perception of the part graphically displayed on
a monitor. The fit and ease of assembly of parts in a complex mechanism could be felt
directly before an actual prototype is fabricated. Part interferences that would be difficult
to see on a flat CAD display or drawing would be obvious to the haptic interface user. The

designer of a tool could get the actual feel of the tool during use before it was fabricated.

1.1.2 Medical Simulations

In medical applications, haptic interaction can add to the realism and effectiveness of sim-
ulated surgical or other medical procedures for training. The haptic interface user would
be able to feel different simulated bodily tissues as they are operated upon such as the feel
of muscle, tendon, and bone as they are cut with a scalpel or the feel of a displaced or
broken bone as it is set into place. Microsurgery and minimally invasive surgical techniques
could also benefit from additional haptic feedback built into the tools during the surgical

procedures.

1.1.3 Entertainment

Rudimentary haptic interface devices are already currently commercially available in the
mass market for video games. The Microsoft Sidewinder ProMis a force-reflecting 3 DOF
joystick and several game controllers for Nintendo and other video game consoles generate
some impact or vibration feedback for the user. More demanding users may desire more

sophisticated haptic interfaces to add more realistic interaction in the video game.

1.1.4 Teleoperation

Haptic feedback can be used to assist an operator for local control of a remotely located
vehicle or machine. Scaling of forces and distances can be useful for teleoperation. Teleop-
eration with scaled haptic feedback has been applied in systems from giant earth-moving

equipment [7] to microsurgery [8] and approaching molecular micromanipulation [9].



1.1.5 Other Applications

Haptic feedback has been applied also to biomolecular analysis. An operator can hapti-
cally manipulate modelled molecules to feel how the react and dock with other molecules.
Extensive development by Brooks’ group at UNC Chapel Hill has been done in this area
[10].

Haptic interface devices could develop into a useful communication interface for the
deaf and/or blind. The motion trajectory, direction, impedance or other behavior of the
device could be translated to text for communication [3]. With a haptic interface, two-way
communication can be done with a single device. Furthermore, haptic devices could convey
meaning through means such as gesture, shape, texture, and rhythm in a continuously
variable range rather than only by discrete text or other symbolic information that would

be represented in a medium such as Braille writing.

1.2 Haptic Interaction Issues

The haptic interaction device performance criteria considered to be most important for this
project are the sensitivity or position resolution, responsiveness or control bandwidths, and
impedance range. There is an important distinction to be made between force and posi-
tion bandwidths, where the force control bandwidth of a device determines the maximum
frequency at which device can generate desired forces and the position bandwidth is the
maximum frequency that the motion of the device can follow. For a force-actuated device
with position feedback, the force bandwidth will be much greater since it depends only on
the time constants of the actuators and any backlash in the transmissions or joints, but the
position bandwidth is limited by the sensor bandwidths, the control rate and gains, and the
inertia of the moving parts.

Ease of operation is an important consideration for a haptic device that may be used
for extended periods of time or by untrained operators. Some regard should be made to
basic ergonomic principles in the device design. Another consideration is the generality of
the device and simulation environments.

With existing technology, no single haptic interface device can satisfy all combinations
of tasks, environments, and applications. Our magnetic levitation haptic interface device
aims to achieve high bandwidth, high resolution interaction that is practical and easy to
use from the desk by the computer. A magnetic levitation haptic interface device would be
applicable to fine dextrous manipulation tasks performed with the fingertips but would not

be as suitable for other tasks requiring a larger range of motion.



Performance tradeoffs and acceptable impedance bounds for free and constrained motion
were established experimentally in [11]. Mechanical control issues of haptic interface devices
such as impedance range, control bandwidth and stability have been examined by Colgate
et al. [12]. One of the main conclusions of this study was the overwhelming benefit of

passive damping in the device for stable control over a wide range of device impedance.

1.2.1 Degrees of Freedom

Brooks’ group at the University of North Carolina established Project GROPE for eval-
uation of spatial object placement and molecular docking tasks in virtual physical envi-
ronments using 6 DOF haptic interfaces [10]. In their experiments, user performance was
approximately doubled with the addition of force feedback. One of the observations from
this research was that the manipulator arm haptic interfaces they were using were marginally
adequate and noted that mechanical backlash, static friction, and other motion problems
were “very troublesome”. In their experience, a haptic device using finger and hand motions
would be preferable to arm motions since the relative sensitivity of the hand and fingers is
at least as great as the arm and hand, and finger-hand motions are less tiring.

With a 6 DOF device, the user can both locate and orient virtual objects with a single
interaction in an intuitive, direct way which is not possible with any combination of lower
dimensionality devices. In [13], Waters and Wang used 6 DOF input devices to manipu-
late objects and interact with a synthetic 3-D environment and concluded that the tasks
considered would be very difficult with lower dimensionality devices.

A compact, inexpensive 6 DOF input device called Magellan or the Space Mouse has
recently been widely commercialized by the German Aerospace Research Establishment and
Logitech for robot control and 3-D CAD interaction[14]. The user guide reports that “flying
an object in 6 DOF is done intuitively without any strain”. It was found that users preferred
to manipulate a small rounded puck shape with the fingertips than to grasp a large ball
with the entire hand, since fingertip manipulation is more sensitive and less tiring. This
device does not provide any force feedback to the user, however, and is therefore not a
haptic interface device.

Taken together, the conclusions of the task device interaction studies described above

suggest that an ideal device would fulfill the following criteria:
e passive damping
e finger-hand motion

e negligible backlash and static friction



e 6 DOF of motion and force feedback

The maglev haptic interface device described in Part I meets all the above criteria. Its
control bandwidths and impedance range are maximized by minimizing the device inertia

and maximizing the control rate.

1.2.2 Haptic Environment Emulation

An important research issue is how to haptically display modelled environments. Objects
in the simulated environment have a given shape and stiffness or elasticity and may also
have more detailed surface features such as textures and friction.

To enable the user to feel the objects in the simulation, collision detection must be
performed and forces on the haptic device must be generated from the object models in a
physically realistic way. Surface interpenetration with stiffness and damping or potential
field feedback can be used to generate forces from environment surfaces and parameters.
The operation of the simulation and device controller must remain stable at all times. The
computational burden of collision detection and generation of haptic forces must be handled
in an efficient way.

One example of haptic representation errors that may occur in a discretized time sim-
ulation is the surface “pop-through” effect [15, 16, 17]. Fast-moving small objects may
completely pass through thin objects during one update interval without registering any
opposing barrier force at all. For object interpenetrations near edges, the system must
determine which face adjoining the edge should be used to calculate the force feedback
magnitude and direction to avoid the user sensation of unnaturally tunneling through from
one face to the other during motions near sharp edges.

Virtual coupling [16] is a method of compliantly coupling the haptic device with a
tool representation in the simulation environment. Stability can be easily preserved in
this method by modulating the stiffness and damping of the coupling. Development and
operation of the haptic device and the simulation can be done independently to simplify
the system.

Intermediate representation [18] is a method to simplify the calculation of haptic inter-
action forces. A local subset of the simulation environment is used to calculate interaction
forces so that the forces can be calculated and generated at a faster update rate.

The modelling and display methods used must be appropriate to the scale of the surface
features in the environment. As shape features increase in number and decrease in size, it

becomes more effective to model them in the aggregate as a texture feature. As the texture



becomes finer to the point that individual facets cannot be distinguished, the texture can
be represented as a combination of friction parameters only.

Haptic texture was first effectively displayed in the simple 2-D “sandpaper system”
developed by Minsky[19]. Siira and Pai have developed and implemented a stochastic

representation of haptic texture [20].

1.3 Lorentz Magnetic Levitation

To stably levitate a free object in space, a magnetic levitation device must have at least six
actuators to control the six DOF of the levitated object. A Lorentz force actuator consists
of a fixed magnet assembly and a current-carrying wire coil. The area of the coil that is in

the magnetic field experiences a generated force

f:?{BxIdl

where 1 is the length of the wire in the coil, B is the magnetic field, and I is the current in
the wire. The actuation of the maglev device is analogous to a Stewart platform since all the
actuators operate in parallel between a fixed base and a single moving platform. To provide
position error feedback to the control system, non-contact position sensors are needed.
Position sensing has been done using LED markers and position sensing photodiodes. In
the rest of this document, the levitated part of the device will be referred to as the flotor
and the stationary base as the stator.

Each magnetic levitation device has one moving part which is levitated by the interaction
between magnetic fields and current-carrying coils embedded in the moving body. The
only physical connection between the levitated body and the base is through thin, flexible,
lightweight cables which carry sensor signals or LED marker wiring and the actuator coil
currents. This structure and means of actuation eliminates problems such as friction and
hysteresis which are inherent in manipulable force-reflecting systems such as robotic master
arms and linkages. Furthermore, the levitation device provides a high degree of position

and force accuracy and enables superior control bandwidths.

1.4 Outline

The remainder of this dissertation is divided into two parts. Part I describes hardware and
control aspects including the design, function, fabrication, performance testing and results
for the new haptic interface device. Part II describes methods and implementation of the

integration of the interface device with physical simulations.



Chapter 2 in Part I introduces the general design of the new magnetic levitation haptic
interface device including the motivation and performance goals for the new device, reviews
the effectiveness of several representative haptic interface devices using actuated linkages
and cables, and describes the other existing magnetic levitation haptic devices. The next two
chapters cover the development and design of the actuation and position sensing subsystems
of the device. Chapter 5 describes the fabrication methods used to build the device to the
desired specifications at a reasonable cost and Chapter 6 describes the control system and
methods for levitating and controlling the impedance and motion of the handle of the
haptic interface device. Performance testing and results of the magnetic levitation device
are presented in Chapter 7.

Chapter 8 in Part II begins with an overview of current research and developement of
dynamic rigid-body and surface characteristic simulation methods for haptic interaction
and provides an introduction to goals of and approaches to haptic interaction with dynamic
physical environments simulated on the host workstation, but with limitations on the com-
munication bandwidth and latency between the workstation and the magnetic levitation
device controller. Chapter 9 describes the CORIOLIS software package used for physical
simulation and the methods used for haptic display of surface friction and texture. Chapter
10 describes haptic interaction simulations and provides experimental results for environ-
ments simulated on the local device control processor using limited computing power, and
using the host workstation for graphical display only. In Chapter 11, haptic user interface
issues are examined, and the added user interface features developed for interaction with
dynamic environment simulations using the magnetic levitation haptic interface device are
described.

Chapters 12 and 13 describe the methods and implementations of integrating the de-
vice control with a physical simulation, first by using a single virtual coupling between
the levitated handle and the virtual tool in the simulation, and then by calculating and
communicating the location of each vertex contact point in the simulation individually to
determine the control impedance of the levitated handle. Chapter 14 reviews the contribu-
tions of the new magnetic levitation haptic interface device and the interactive simulation
work described and suggests directions for the future development of the magnetic levitation

haptic interface device and haptic interactive simulations.



Part 1

Magnetic Levitation Haptic Interface Device



Chapter 2

CMU Maglev Haptic Device Design

The new device described here is the first Lorentz maglev device that was specifically
designed for haptic interaction. The device in operation is shown in Fig. 2.1. Previous re-
search using magnetic levitation fine motion devices demonstrated the feasibility of Lorentz
magnetic levitation for haptic interaction, but also revealed the shortcomings of these posi-
tioning devices for haptics. The new design was completed by carefully evaluating desired
characteristics for the device and finding a balance among conflicting requirements. The
Pro/Engineer parametric solid modelling CAD package was used throughout the design pro-
cess for visualization, ease of modifications, calculation of part clearances, and preparation
of part drawings for fabrication.

The defining features of the new maglev device design are its large, decoupled motion
range and the placement of the handle at the center of rotation of the flotor. The motion
range in translation of the new device is at least 2.5 times greater in all directions for
a workspace volume over 15 times greater than the previous Lorentz magnetic levitation
devices [21, 22] described in Section 2.4, and the rotation range is approximately twice
that of the other devices. The hemispherical shape of the device flotor resulted in the
large motion ranges, the handle at the center, minimal mass, efficient high force and torque
capability, and good heat dissipation. Further details of the new magnetic levitation device

are available in a design paper [23].

2.1 Design Goals

The small, coupled ranges of translation and rotation in the Magic wrist [21] and UBC
wrist [24](<10 mm and <10°) described in Section 2.4 severely limit the user’s sensation of
interaction and haptic shape perception in the simulated environment. The squat cylindrical

shape of both devices makes them awkward to grasp and manipulate, which reduces the
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Figure 2.1: CMU Magnetic Levitation Haptic Interface in use with a Graphical Workstation

effectiveness of the haptic interaction. Ideally, the flotor should be grasped at the center of
a rounded shape, so that the range of rotation is equal in all directions and nearly decoupled
from translation. The range of motion should be comparable to the range of motion of a
user’s fingertips with the wrist resting on a table top.

Although the control bandwidths of the maglev devices are an improvement over most
linkage devices, the bandwidths could be increased by increasing the controller sample rate,
increasing the actuation forces, and reducing the inertia of the flotor. Furthermore, the
complexity and number of parts in the completed device could be reduced.

Practicality of fabrication and use were also primary considerations in the design of the
new maglev haptic device. The device should not be prohibitively expensive or difficult

to produce and additional devices of the same design should be significantly cheaper and
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easier to fabricate, so that some economy of scale could be realized if multiple devices
are produced in the future. The number of parts should be minimized and the simplest
fabrication processes possible should be used which can produce the necessary geometry
and tolerances.

For practicality of use, the device should be portable, with the flotor and stator, current
amplifiers, analog i/o, processing and power supplies all contained in a single wheeled
cabinet. The top of the cabinet and the handle of the maglev device should be at a height
so that it can be used comfortably for long periods and so it can be positioned next to a
graphics workstation as an integrated visual and haptic interface. The handle should be

easy to grasp and manipulate.

2.2 Configuration

To meet the described goals for a magnetic levitation haptic interface, a new device was
designed for haptic interaction. The new haptic magnetic levitation device was designed
specifically for haptic interaction, with a larger range of motion and more comfortable form
for fingertip manipulation, to enable high-performance haptic interaction with a physically-
based simulated environment with added effects of friction and texture. The new device
significantly increases the force and motion ranges and bandwidths and provides a more
ergonomic handle for the user to manipulate while retaining the force and position sensitivity
of the older devices. The expected performance parameters of the device are given in
Table 2.1. A comfortable hand grip is located at the center of rotation of the flotor and
the translation range is at least £12.5 mm in all directions with at least £7° of rotation
to accommodate the typical fingertip motions for common tool handling tasks. Since the
purpose of the device is fine haptic interaction using the fingertips, a motion range sufficient
for arm motion is not necessary. The complete system including the device, amplifiers,
power supplies, control processors, network communication, and analog 1/0 is contained in
a single desktop-height cabinet enclosure that can be easily rolled up next to a desk and

used with a graphical workstation.

2.2.1 Flotor and Stator

The new device flotor is a hemispherical shell with a handle at its center. With this shape,
the flotor can be rotated about its center without colliding with the stator. The ranges of
rotation and translation are nearly independent and equal in all directions. The user can

reach in and grasp a handle located at its center. The flotor coils, the free space around
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| Device Type DOF | Force Range | Motion Range | Bandwidth | Resolution |
Texas 9-string[25] 6 434 N, 4.8 N-m | 450 mm <10 Hz pos. NA
SPIDAR II [26] 6-12 | 4 N/cable 300 mm 30 Hz force 0.5 mm
NWU Platform [27] | 4 45 N, 1.35 N-m | 200x80 mm <100 He 0.05°
U. Tsukuba Pen [28] | 6 5N 440 mm <10 Hz pos. 2 mm
PER-Force [29] 6 53 N 100 mm, 90-180° | 100 Hz 7.5 ym
PHANToM [30] 3 8.5 N 130x180x250 mm | 800 Hz force 0.03 mm
HapticMaster [31] 6 69 N, 0.5 N-m 400 mm 50 Hz force 0.4 mm
Magic Wrist [21] 6 20N 9 mm and 6° 15-50 Hz pos. | < 5um
& UBC Wrist 3 kHz force
New Maglev Device | 6 60 N, 3 N-m > 25 mm and 20° | > 100 Hz pos. | 5 pm

Table 2.1: Published Haptic Interface Device Parameters

the flotor, and the magnet assemblies in the stator or base all conform to the spherically
curved shape.

The entire device is embedded in a compact desk-height enclosure with the flotor handle
and the top rim of the stator at the level of the desktop surface. The device cabinet is shown
in Fig. 2.2. This configuration allows the user’s wrist and forearm to rest on the stator rim
and desktop while the haptic device handle is manipulated with the fingertips. This position
is more comfortable and less tiring for manipulation and results in more sensitive fingertip
control for the user since the weight of the hand and forearm is supported by the stator.
The position of the user’s hand during operation of the haptic device is shown in Fig. 2.3.

In order to create a device with the desired motion range and hemispherical shape, the
actuator configuration, magnet assemblies, and position sensing system were made with a
completely new design distinctively different from the previous magnetic levitation devices
from IBM and the University of British Columbia described in Section 2.4. Fig. 2.4 shows
a cutaway representation of the device showing the principal parts including the levitated
flotor, the stator enclosure, magnet and sensor assemblies, and the tool handle.

The flotor should have minimal levitated mass but high stiffness for the best perfor-
mance. The main body of the flotor is a thin hemispherical aluminum shell with large oval
cutouts for the actuator coils. The coils fit together in a densely packed configuration to
maximize the area on the flotor used to generate actuation forces. LEDs for position sensing
fit snugly between the coils. The coils are wound from ribbon wire on spherical forms to
fit the curvature of the flotor. The design of the flotor assembly with the hemispherical
shell, actuator coils, LEDs, and handle is shown in Fig. 2.5. Although the flotor mass is
concentrated in the hemispherical shell, it is still easy to manipulate with one hand since

the total mass is low and the weight is supported by actuation forces during use.
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Figure 2.2: Device Cabinet

One drawback of Lorentz levitation actuation is that the range of motion of the device
is limited by the width of the air gap in the magnetic assemblies. As a result, the 25-30 mm
range of motion of this device is smaller than most other haptic interface devices. Since the
aim of this device is to enable fine, dextrous, local haptic interaction using the fingertips
rather than with large-scale arm motions, translation beyond typical fingertip motion for
common tool-based tasks is less critical than the sensitivity and control bandwidths of the
device.

Although the expanded motion range of the new device is large enough for fingertip
motion, its utility would be severely limited if the user could only move the virtual tool over
the same range in the simulated environment. To enable the user to move the virtual tool
over larger distances in the simulated environment, variable scaling and offsets, and position-
tracking and rate-based control modes are made available to the user during interaction.
These additional control modes are described with the user interface features in Section

11.8.
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Figure 2.3: Hand Operation of the Haptic Device

2.2.2 Handles

Depending on the tasks to be simulated, other handle shapes such as a stylus, joystick, or
T-grip may be more suitable than the ball grip as shown in Fig. 2.6. To enable the use of
different handles, the handle mount was designed to accommodate replaceable handles. For
the best correspondence between the device and the simulation, the tool handle shown in
the virtual environment should be the same shape as the handle currently installed on the
device flotor. A T-grip handle was found to provide a good combination of manipulability
for sensitive or powerful force and motion for generic tasks. The T-grip is the easiest shape
for the user to grasp and manipulate in all directions in both translation and rotation.

A number of additional handles have been built and used for suitability and ease of
use with various different haptic interaction tasks. The different handle shapes and their

advantages and disadvantages are listed below:

ball handle: symmetrical, easy to grip, compact, good for fine fingertip motion, but diffi-
cult for the user to apply high torques.

T-grip: best for large forces and torques, comfortable hand position, but not as good for

dextrous fine motions.
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Figure 2.4: Cutaway View of the Haptic Device

joystick: familiar, responsive, accommodates added buttons or switches

stylus: thin pen shape is very good for fine tool manipulation, thicker handle is good for
typical hand shop tools such a screwdriver or wrench; much more difficult to apply

high torques in all directions and difficult to manipulate large inertias.

Various buttons or switches could also be added to the handles in the future so that
the user can easily switch between different operating modes such as position or rate-based
control, or initiate some action in the simulated environment such as grasping and release,
using the same hand which is gripping the haptic handle.

A compact 6 DOF force sensor such as the miniature models commercially available!
could also be added in between the device handle and the coil hemisphere in future work
to enable inertial compensation, improve dynamic control accuracy, allow a wider variety

of control algorithms, and provide information to the simulation.

' ATI Industrial Automation, North Carolina
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Figure 2.5: Hemispherical Flotor Shell with Coils, LEDs, and Handle

2.3 Cable and Linkage Haptic Interface Devices

Haptic interface devices can be classified according to whether they are body-referenced
(fixed to the user) or ground-referenced (fixed to a stationary base), whether they provide
tactile and /or force feedback, whether they enclose or are grasped by the user, whether they
are operated by the entire arm, hand, or fingers only, and by how many degrees of freedom of
motion and force feedback they provide to the user. The magnetic levitation haptic device
developed in this work is a tool-based, ground-referenced, 6 DOF force feedback device.

The development of haptic interface devices began from large, heavy serial manipulators
used as force-reflecting hand controller masters and has progressed to increasingly fast,
lightweight, and sensitive exoskeleton, linkage, and tensioned cable devices. The main
reported performance parameters of several existing force/kinesthesis based devices are
summarized in Table 2.1.

Bergamasco and others [32] have developed force-reflecting exoskeleton systems; others
are commercially available[33, 34]. Haptic exoskeletons may be either be supported by a
fixed base or by the user’s body only. Exoskeleton devices generally have the large inertia

typical of serial linkage manipulators and fit may be a problem for users of different sizes.
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Ball Handle T-grip Handle Joystick Handle

Figure 2.6: Sample Handles for Haptic Interface Device

Tensioned cable systems for haptic interaction have been developed at JPL [35], Tokyo
Institute of Technology [26], and the University of Texas at Austin [25]. In these systems, a
handle grasped by the user is supported from all directions by several actuated cables. The
combined tension in the cables produces a net force and torque on the user’s hand. The
workspace of the device can be made very large while the actuated inertia remains small.

The Rutgers Master [36] developed by Burdea is a glove with pneumatic actuators
between the palm and fingertips to emulate grasp forces. A 10 DOF enclosing glove-type
mechanism with a fixed base was developed at the University of Tokyo [37].

A lightweight 3 DOF linkage called the PHANToM [30], pictured in Fig. 2.7, was devel-
oped at MIT and is commercially produced by SensAble Technologies, Inc. This device has
gained a measure of acceptance in the haptic research community and is probably the most
widely used device in haptic research labs. The user interacts with this device through a
fingertip thimble or grasped stylus. An optional encoder gimbal adds 3 DOF of orientation
sensing but no feedback forces. The Pantograph, [38] developed at McGill University, is a
small 2 DOF planar linkage with low inertias and reported to be capable of high bandwidths.

A 6 DOF platform called the HapticMaster was developed by Iwata at the University
of Tsukuba and is commercially produced by Nissho Electronics[31]. The moving platform
of this device is supported by three 3 DOF pantograph linkages, resulting in redundant
actuation with 9 DOF. A compact pen-based 7 DOF linkage and tendon device is under
development at McGill University which aims to provide dynamic response to 50-100 Hz,

forces from 1 mN to 10 N, and variation in mechanical impedance of 1000:1 [39].
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Figure 2.7: PHANToM Haptic Interface Device

Tactile haptic perception has been studied with various small devices attached on the
hand which use vibration, heat, pin arrays, or pneumatic bladders to simulate tactile contact
and pressure with virtual objects. Specialized force-reflecting devices have been made for
simulations of specific medical procedures, such as laparoscopy [40], eye surgery [41], and

other medical procedures [42].

2.4 Other Magnetic Levitation Haptic Devices

The haptic interaction approach used in this dissertation is Lorentz force magnetic levitation
technology. The advantages of Lorentz magnetic levitation over conventional motors and
linkages for haptic interaction device actuation are non-contact actuation, high force and
motion control bandwidths, and 6 DOF in a compact device with only one moving part.
This means of haptic interaction was previously demonstrated with the IBM Magic Wrist
[21] and the UBC wrist [22]; another small desktop maglev haptic device has also been
recently developed at UBC [43]. These devices are pictured in Figs. 2.8, 2.10, and 2.10.
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2.4.1 Magic Wrist

The first Lorentz force magnetic levitation device was the Magic Wrist [21] developed at
IBM T.J. Watson Research Center. This device was originally designed as a fine-motion
robot wrist for coarse-fine manipulation and later adapted for use as a haptic interface
for mechanism emulation, solid contacts, and texture and friction experiments [44]. The
magnet assemblies in this device are arranged in inner and outer rings and the flotor coils
are embedded in the sides of a hexagonal box. Three position sensing photodiodes on the
inside of the flotor and three narrow-beam LEDs on the stator are used for position sensing.
Its force, motion, and bandwidth parameters are also given in Table 2.1.

Due to the hexagonal shape of the flotor, the ranges of motion in translation and rotation
are not independent. At the maximum translation the rotation range decreases to zero, and
similarly there is no translation range at the maximum rotation because the edges and
corners of the hexagonal box flotor collide with the magnet assemblies. These limitations
of the Magic Wrist are not a problem when the wrist is carried by a 6 DOF robot arm, but
in a haptic interface device a motion range under 10 mm may be a drawback for effective

haptic interaction.

2.4.2 UBC Wrist

The UBC Wrist[22] is another 6 DOF Lorentz force magnetic levitation device that has
been used as a teleoperation master, as a fine motion wrist, and for haptic interaction [45].
The UBC wrist is smaller and has a more compact arrangement of actuators but it has a
similar cylindrical shape. Its inertia is 0.65 kg and position and force control bandwidths
and ranges of force and motion are similar to the Magic Wrist.

Both the IBM magic wrist and the UBC wrist were designed as compact fine motion
robot wrists for high position accuracy and sensitivity, so their limited motion range and

non-ergonomic shape was not a consideration.

2.4.3 UBC Powermouse

Another magnetic levitation haptic device was recently developed at UBC by Salcudean et
aland is called the Powermouse[43]. This device was designed for smaller size and lower cost
and contains a novel geometry and optical position sensing setup using light curtains and
linear position sensing photodiodes. The entire device and its enclosure is approximately

shoebox-sized. The mass of the moving part is 260 grams and its motion range is +3 mm
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Figure 2.8: Magic Wrist
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Figure 2.9: UBC Wrist

Figure 2.10: UBC Powermouse
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and £5°. It can generate accelerations of over 10 g and only requires 1.6 W of power for

levitation.
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Chapter 3

Actuation

The force used for actuation in Lorentz force magnetic levitation is the electromagnetic
force that is exerted on a wire of length I carrying an electrical current I in a magnetic field

B, as expressed below:

. ?{B x Idl. (3.1)

In a uniform magnetic field, the generated force is independent of the position of the wire
and Equation 3.1 simplifies to:
f =B x (Il). (3.2)

A single Lorentz force actuator consists of two opposing fixed magnet assemblies and
an oval wound coil suspended between them in the magnetic circuit air gaps. The Lorentz
forces f on the coil are generated in the two air gaps where the coil current loop I intersects
the magnetic flux loop B and are perpendicular to both the current and the magnetic field
vectors, as shown in Fig. 3.1. Both the electrical current and the magnetic field are in
opposite directions in the two regions where the Lorentz force is generated, so the generated
forces are in the same direction.

For stable levitation of a rigid body at least six actuators are necessary, since an un-
constrained rigid body in space has a total of six degrees of freedom, three in translation
and three in rotation. The Lorentz force actuators for the new magnetic levitation device
are of the same type as the previous Magic Wrist and UBC Wrist maglev devices, but the
design of the individual actuator magnet assemblies and coils and the arrangement of the six
actuators in the device is unique to the new device in order to conform to the hemispherical
flotor shape described in Chapter 2. The width of the field gap in the magnet assemblies
is also several times greater than that of previous Lorentz magnetic levitation devices. To
produce the actuator design and configuration for the new devic, extensive geometric and

magnetic field analysis was required.
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Figure 3.1: Lorentz Force Actuation

As with the previous Lorentz maglev devices, NdFeB alloy permanent magnets were used
for the magnet assemblies. The current maglev device uses the highest B, Hpnqr energy
product magnets commercially available with a maximum energy product of 48 MGOe!.
The outermost aluminum shell covering the coils adds passive damping to the motion of
the flotor due to eddy currents generated by motion through the strong magnetic fields in
the stator magnet assembly gaps, which increases the range of stability of the controlled
device. Testing procedures and results on the effects of eddy current damping in the outer

hemisphere shell on the dynamics of the flotor are given in Section 3.1.2.

3.1 Actuator Configuration

A hemispherical shell was selected for the flotor shape in order to maximize the rotational
range of the device and to enable the user to access a handle at the center of the flotor,
as described in Chapter 2. The design of the overall size and shape of the magnetic levi-
tation device and the arrangement of the actuators on the hemisphere developed from the
constraint of the hemispherical flotor shape and maximizing the force and motion ranges of

the device while minimizing the flotor mass.

'"Magnet Sales and Manufacturing, Inc., Culver City CA.
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3.1.1 Hemisphere Sizes

The radius of the flotor hemisphere drives all the other radial dimensions of the device, since
the coils must all fit together on the flotor shell and all other device components must fit
in and around the flotor. The inner and outer stator shells enclose the flotor and hold the
magnet assemblies and the separation between the stator shells determines the translational
motion range of the flotor.

The hemisphere radius is limited due to mass and stiffness considerations for the flotor,
and cost and safety considerations due to the sizes of the high energy magnets. Actuator
forces are proportional to the area of the flotor coils, since the Lorentz force increases with
the number of coil turns and the length of each turn in the magnetic field. Given a constant
flotor thickness, the actuator forces and the flotor mass are both proportional to the flotor
radius squared and the ratio of actuator forces to the flotor mass remains constant. A less
massive flotor would have a smaller moment of inertia, however, and would be easier for
the user to manipulate during unconstrained motion when there are no feedback forces to
be applied from a haptic interaction simulation and the haptic tool is in free space. A
smaller radius flotor shell would also be stiffer than a larger one of equal thickness, Also,
the required volume of the actuator magnets scales with the hemisphere radius cubed, so
the cost of the required magnets and the difficulty of safely assembling them increases very
rapidly for larger radii.

To determine the optimal radius for the flotor hemisphere, the following design param-

eters and assumptions were taken into account:

Design Parameter: Value:
Translation range T’ 25 mm
Maximum flotor thickness F 4 mm

Maximum magnet thickness M 30 mm

Maximum iron pole piece thickness P | 15 mm

Maximum flotor handle radius H 20 mm

Minimum clearance around

handle for user hand C 23 mm

There must be enough space inside the flotor shell to accomodate half of the flotor
thickness and translation range of the device, the inner stator bowl and its six magnet

assemblies, the user’s hand, the size of the flotor handle, and the range of motion of the
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handle. By combining these constraints and dimensions together, the best flotor hemisphere
radius

R=T+F)2+M+P+T/2+C+H (3.3)

was determined to be 115 mm. The radius of the inner stator bowl surface facing the
flotor is set to R — (1'+ F') /2 and rounded down 0.5 mm for 100 mm, and the outer stator
surface facing in to the flotor is similarly set to 130 mm. The flotor shell radius of 115 mm
results in large actuator surface areas and forces, yet allows the levitated mass to be easily
manipulated and the entire device to be contained in a deskside cabinet enclosure. The

flotor and stator radii and clearances are shown in Figs. 3.2 and 3.3.

3.1.2 Outer Shell Thickness

The magnetic levitation flotor hemisphere has an thin outer shell to hold the actuator coils
in place and protect them from impacts with the magnets and stator bowl. If the shell is
made of a conductive material, eddy currents will be generated when the shell moves in the
magnetic field of actuator magnet assemblies, causing viscous damping.

Passive damping can significantly increase the impedance range of a haptic device, as
mentioned by Hollis and Salcudean [21] for the design of the IBM Magic Wrist and shown by
Colgate [12], so it is advantageous to design the flotor with a metallic shell which generates
eddy current damping. Excessive damping would be detrimental to the dynamic response
of the magnetic levitation device, however, and the flotor’s resistance to motion would feel
unnatural to the user when the haptic interface device is being used to move a simulated
tool freely in space, although the effect of the passive damping could be reduced significantly
when desired by applying negative active damping.

The outer flotor shell is made of aluminum due to considerations of material cost, ductil-
ity, and stiffness. To select the shell thickness that would provide the most suitable degree
of eddy current damping, sample aluminum plates of different thicknesses were tested in
motion in the actuator magnetic fields.

To test each aluminum plate, it was mounted on a linear bearing and coupled to a torsion
spring and motor. The aluminum plate was positioned in the center of the gap between
the magnet assemblies in a test actuator shown in Fig. 3.21. Each aluminum plate sample
was al least as large as an actuator coil in order to capture all of the field in the magnet
assembly gap. The plates were oscillated in both the long and short axis directions of the
magnets. A random signal from a dynamic signal analyzer was used as the input for the

motor amplifier and the motor shaft position was fed back to the dynamic signal analyzer.
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The frequency response results for aluminum plates 0.78 and 1.56 mm thick, tested
in both directions in the actuator magnetic fields and without the magnets are shown in
Figs. 3.4 through 3.9. The masses of these two plates were 39.0 and 75.3 g respectively.

The effect of eddy current damping in the test setup is readily apparent from the fre-
quency response plots for both aluminum plate setups. With no magnetic field the frequency
response magnitudes show resonance peaks before dropping off, but when the plates are os-
cillated across the short axes of the magnet gaps the resonance peaks are almost completely
damped out. The effect of the eddy current damping is less when the plates are oscillated
along the long axis of the magnets because the gradient of the magnetic field is less.

Since the effect of the eddy current damping is quite significant even for the smaller
tested thickness, a shell thickness of approximately 0.75 mm was selected for the flotor
hemisphere, the thinnest possible shell thickness that could be spun into a hemisphere
by our local supplier. To further diminish the effect of eddy current damping in the flotor
shell, the thickness of the aluminum could be reduced by chemical etching or by using metal
forming processes other than spinning, provided that the flotor stiffness is not reduced to
the point that the resonant modes of the flotor hemisphere reduce the control bandwidths

of the device.

3.1.3 Actuator Configuration Considerations

The forces and torques generated on the flotor when the actuator coils are positioned be-
tween their corresponding magnet assemblies can be expressed as F = AI, where

F = (fz,/fy,[:, 7o, Ty, T2) is a 6-vector consisting of the forces and torques exerted on the
flotor center, I = (Iy,.. .,IG)T a 6-vector of the coil currents, and A is the matrix which
maps currents to forces. A can be obtained from the z,y and z components of the Lorentz
forces from each coil according to Equation 4.2 and the z,y and z components of the torques

from each coil combined into matrix form. The torques produced by each coil are given by
Ti = ¢ X fi, (3.4)

where 7; is the torque caused by the force f; from coil 7 located at ¢; measured from the

flotor center[21], so the combined matrix equation is:

I
l, X B, ls X B
[f r]= oo Pl (3.5)
¢, X (I, Xx By) -+ ¢g X (lg X Bg)
Is

The matrix A determines the efliciency of force and torque generation in different direc-

tions. The top three rows determine generated forces and the bottom three rows determine
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generated torques. It is analogous to the transposed Jacobian matrix and the manipula-
bility matrix for manipulators introduced by Yoshikawa [46]. For the device to be able
to generate forces and torques in all possible directions from a given coil configuration, A
must be nonsingular. Furthermore, the range of attainable forces and torques from a given
maximum current for each coil describes ellipsoids whose principal axes are determined by
the singular values of A. If the coil configuration is radially symmetric about the vertical
axis of the flotor, the singular values corresponding to the z and y translational axes will
be the same and similarly the singular values for the z and y rotational axes will also be
the same.

The relative force and torque generation efficiencies of different configurations of a set of
six actuator coils can be compared by calculating the ratios of the elements of the singular
value decomposition of the A matrix calculated from each set of coils. The B, C, and Il
vectors will be set to normalized unit lengths to calculate A matrices to compare the merits
of different coil configurations with all other factors being equal.

The most efficient coil configuration would be to locate the six coils on the six sides of a
cube, with the long axes of the coils on each the the three opposing pairs of faces oriented

in the three principal directions. This arrangement results in a normalized manipulability

matrix of: i i
-1 1 0 0 0 0
0 0 0 0 -1 1
0 0 -1 1 0 0
Acube =
0 0 -1 -1 0 0
-1 -1 0 0 0 0
0 0 0 0 -1 -1 |

and a singular value decomposition of
Scube:[\/i \/5 \/5 \/5 \/5 \/5]

This coil arrangement can generate forces and torques equally well in all directions, but
the coils would not fit on a hemispherical shell and it would be very difficult conceive of a
design to enable the user to reach between the coils to grasp and manipulate a handle in
the center of the flotor. The UBC powermouse magnetic levitation haptic device actually
does arrange the actuator coils on the faces of a cube, but the user grasps a handle located
outside the flotor near one of the edges of the cube [43].

Another sample coil configuration is that of the Magic Wrist [21] with the coils on
the sides of a hexagonal box. On the first Magic Wrist prototype, the long axes of the
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coils alternated between horizontal and vertical orientations around the hexagonal box. Its

normalized force manipulability matrix is shown below, where S is the sine function and C'

the cosine:

[0 0 S(27/3) 0  S(4r/3) 0

-1.0 0 —-C(27/3) 0 —C(4r/3) 0

0 —-1.0 0 —-1.0 0 —1.0

Awl =

0 —S(x/3) 0 0 0 —S(57/3)

0 C(x/3) 0 —1.0 0 C(57/3)
| 1.0 0 -1.0 0 ~1.0 0 |

A “production” version of the Magic Wrist was also made in which the long axes of the
coils on the hexagonal box alternated between 4+45° and +45° from the horizonal plane so
that the currents to generate vertical forces would be distributed over all six coils rather
than only three, thereby improving heat dissipation for vertical forces. The A matrix for

this configuration is:

0 —S(r/3)S(-w/4)  S(2n/3)S(r/4) 0 S(an/3)S(n/4) —S(57/3)S(~m/4)

—S(n/4)  C(n/3)S(=n/4)  C(2n)3)S(n]4) —S(-n/4) —C(4n/3)S(n/4)  C(57/3)S(~r/4)

A, | O/ C(-m/4) —C(r/a)  C(-n/4) —C(r/4) C(=m/4)
0 —S(r/3)S(-7/4) —S(2r/3)S(r/4) 0 —S(4n/3)S(n/4) —S(57/3)S(~m/4)

S(n/4)  C(n/3)S(-m/4) —C(2r/3)S(r/4) —S(—r/4)  C(4n/3)S(x/4)  C(57/3)S(~m/4)

—C(r/4) —C(~n/4) —C(n/a) —C(-n/4) —C(r/4) —C(~n/4)

The singular value decomposition of both of the Magic Wrist coil configuration A matrices
is the same:

s =[1.7321 1.7321 1.2247 1.2247 1.2247 1.2247].

This singular value decomposition shows that there are only small differences in force or
torque generation efliciency in different directions, as the ratio of the smallest singular value
to the largest is only 1.2247/1.7321 or 71%.

To fit on a the flotor hemisphere, each coil must lie completely below the hemisphere’s
rim or equator. To account for the width of each coil, the candidate hemisphere coil config-
urations that were evaluated in the design process placed each coil center at at least 22.5°
below the rim of the flotor hemisphere. For each of the arrangements described below,
the coils are equally spaced around the circumference of the hemisphere and the long axes
of the coils alternate between horizontal (latitude) and vertical (longitude) orientations.
The singular values obtained for each configuration are given with an evaluation of each

configuration.
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Configuration 1: Each coil center located 45° below the hemisphere equator rim:
s =[2.0908 2.0908 1.2247 1.2247 0.3587 0.3587].

This configuration is inefficient for vertical forces and for torques about z and y.

Configuration 2: Horizontal coils 22.5° below the rim and vertical 45° below:
s =[1.9081 1.9081 1.6002 1.224 0.573 0.5734].

Reasonably efficient configuration in all directions; coils can be packed together well

on the flotor hemisphere.

Configuration 3: Horizontal coils at 22.5° and below the rim and vertical coils 60° below:
s = [2.0247 2.0247 1.6002 0.8660 0.4953 0.4953].

Coils pack together even better but configuration is less efficient and balanced, and

magnets near hemisphere pole may restrict motion of handle.

3.1.4 New Selected Actuator Configuration

The third hemisphere coil configuration described in the previous section was selected since
it enables using almost the entire area of the flotor hemisphere for actuation, and the ratios
between the singular values of the A matrix described previously are not greater than
2:1, so the configuration can generate forces and torques reasonably well in all directions.
Actually, it is advantageous to have a actuator configuration with greater force capabilities
in the vertical direction in order to be able to better support the weight of the flotor and
the user’s hand.

This tightly packed configuration results in actuation force efficiency, large ranges of
translation and orientation, and low inertia for a magnetic levitation device. The hemisphere
area is used as much as possible for actuation, in order to maximize the force to inertia
ratio of the device and consequently its motion bandwidth.

The actuator magnets and coils are arranged with three actuators next to the hemisphere
rim centered at 22.5° below the hemisphere rim and the other three centered at 45° below
the rim and rotated by 90°. The positions and orientations of the six coil centers on the
hemisphere are listed in Table 3.1 and pictured in Fig. 3.10, where 8 is the angular position
from the z axis along the rim, ¢ is the angle down from the hemisphere rim, and ¥ is the

angle between the long axis of the coil and the hemisphere rim. The configuration of the
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4)

Figure 3.10: New Flotor Coil Configuration

Coil | Theta | Phi | Psi |
0° 22.5° | 0°
60° [ 45° [90°
120° | 22.5° | 0°
180° | 45° | 90°
240° [ 22.5° [ 0°
300° [45° [90°

| O | WIN|—

Table 3.1: Coil Positions on Flotor Hemisphere
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Figure 3.11: Configuration of Six Actuators

six actuators for the new device including the magnet assemblies is shown in Fig. 3.11. The
flotor hemisphere rim and the connector at the hemisphere pole are also shown for clarity.

The described actuator configuration results in the transform matrix shown below when
the actual values for the magnetic field B;, coil locations C;, and coil wire lengths I; from

the next section are substituted for the normalized values used previously:

Apew =[7.2 7.2 7.2 0.83 0.83 0.83] x

—S(=7/8) —S(n/3) —C(2n/3)S(~7/8) 0 —C(an/3)S(~7/8) —S(57/3)
0 C(n/3) —8(2r/3)S(—7/8) 1 —S(4n/3)S(~n/8) C(57/3)
C(=7/8) 0 C(=7/8) 0 C(~n/8) 0
0 —C(n/3)S(=7/4) S@n/3)  S(-n/4) —S(an/3) —C(57/3)S(~7/4)
1 —S(n/3)S(~n/4) C(2n/3) 0 Clan/3) —S(57/3)S(~7/4)
0 —S(=n/4) 0 —S(—n/4) 0 —S(=m/4)
which evaluates to the following values:
2.7553 —6.2354 —1.3777 0 —1.3777  6.2354 ]
0 3.6000 2.3862 —7.2 —2.3862 3.6
W _| 66519 0  6.6519 0  6.6519 0
e 0 0.2927 0.7171 —0.5855 —0.7171  0.2927 |’
—0.8280  0.5070  0.4140 0  0.4140 —0.5070
I 0 0.5855 0  0.5855 0 0.5855 |
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and

s =[11.5215 9.4984 9.4984 1.0141 0.6867 0.6867].

This s vector indicates that the maximum horizontal forces are 82% of the maximum
vertical force and that the maximum torques about the horizontal axes are 67% of the

maximum torque about the vertical axis.

3.2 Single Actuator

The individual actuators for the magnetic levitation device must be shaped to all fit together
in the flotor and stator bowls. The magnet assemblies must be designed to generate magnetic
fields as large and uniform as possible in the desired areas of the coils for actuation. A
3-D finite element analysis software package? was used for the design of the new magnetic
assemblies.

The inner and outer magnet assemblies in the new actuators have different widths and
the coil is spherically curved in order to conform to the overall hemispherical shape of
the new device. Due to the curvature of the coil and the tapered shape of the magnet
assemblies, the forces generated from the two sides of the coil are not in line with each
other, although the vertical components of the generated forces cancel each other out. As
a result, the net force generated from this actuator is slightly smaller than the force that
would be generated from straight vertical magnetic fields and a perfectly flat coil of equal
area, although the torque generated around the hemisphere center is greater than the one

that would be generated from a flat coil.

3.2.1 Colls

Each oval-shaped actuator coil is curved to conform to the flotor shell and spans a 45° x 61°
solid angle on the hemisphere. The six oval-shaped flat actuator coils together occupy
approximately two-thirds of the flotor area. The actuator coils for the maglev device were
wound from ribbon wire with approximately 310 turns for each coil. Ribbon wire with
a cross section of 0.12x1.84 mm was used so that the resulting wound coils would have
the current density sufficient to provide high desired actuation forces and the electrical
impedance suited for the current amplifiers used.

The first flotor for this magnetic levitation device was made using copper ribbon wire

and had a mass of 850 grams including the flotor handle. The resistance of each copper

Maxwell 3-D, Ansoft, Pittsburgh PA.
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Figure 3.12: Single Actuator with Magnet Assemblies and Suspended Oval Coil

coil was approximately 5.5 € with an inductance of approximately 0.3 mH. To reduce the
flotor mass, a second flotor was made from a set of coils wound from aluminum ribbon wire.
The resulting flotor mass was approximately 600 grams and the resistance of each coil was

approximately 8 €2.

3.2.2 Finite Element Analysis Models

Magnet assembly design was carried out using the Maxwell-3D electromagnetic field finite
element analysis software package from Ansoft. Full three-dimensional FEA models were
used rather than a simplified 2D one due to the high energy product of the permanent
magnets and the large size of the air gap relative to the size of the magnets, which may
result in large stray fringing fields around the magnet assemblies.

To calculate the magnetic fields around a magnet assembly, the analysis software calcu-
lates an initial mesh of polyhedron volumes and then makes multiple passes to adaptively
refine the mesh in locations where the field gradients are large. Particular areas of interest
can be selected by the user for additional mesh refinement. The software can also calculate
resulting electromagnetic forces on different elements in the simulation. Model shapes and
material properties can be formulated by the user or selected from standard libraries. One

set of sample execution runtime data is shown shown in Table 3.2.
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Figure 3.13: FEA 1/4 Model of Magnet Assembly and Coil in Control Volume

An example FEA model used for analysis of magnetic fields and Lorentz forces is shown
in Fig. 3.13. The model contains one-quarter of the actual magnet assembly; the assembly
and fields are mirrored across the rear and bottom sides of the volume shown in the figure.
The boundary conditions of the model volume are specified so that the magnetic field lines
run normal when they intersect planes of mirror symmetry and run parallel to all other
boundary planes. Results of the finite element analysis for sample magnet actuator designs

are given in Section 3.2.4.

3.2.3 Magnet Assembly Design

The approximate size and shape parameters of the magnet assemblies such as the taper
angle, separation, and cross-section of the magnet face were determined from the size of the
flotor hemisphere coils and the desired motion range of the device. The magnet assemblies
are tapered so that the magnet assemblies on the inner stator can fit together more closely,
but the outside magnet assemblies can be made larger so that the fringing magnetic fields
are reduced. The separation distance and taper angle between the two pairs of magnets
in each assembly was determined by the size of the actuator coils and the range of motion
of the flotor. The arrangement of the coil and magnet cross-section shapes are shown in
Fig. 3.14 as they would appear projected onto a flat surface, since the coil actually conforms

to the shape of the flotor hemisphere. The air gap between the inner and outer magnet
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Maxwell 3D Field Simulator Version 3.0.12 beginning m25mm_c on
trombone.msl.ri.cmu.edu at 11/19/95 23:08:32

| |  Real | Cpu | Mem/File | [
| Command/File | Time | Time | Size | Number of Elements |

Finished m25mm_c on trombone.msl.ri.cmu.edu in 00:00:35 at 11/19/95 23:09:07

Maxwell 3D Field Simulator Version 3.0.12 beginning m25mm_c on
trombone.msl.ri.cmu.edu at 11/19/95 23:09:53

[ |  Real | Cpu | Mem/File | [
| Command/File | Time | Time | Size | Number of Elements |
| cond_adapt | 00:00:06 | 00:00:05 | 3377K | 2554 tetrahedra |

| mesh_adapt | 00:00:31 | 00:00:29 | 4034K | 3619 tetrahedra |
| adapt | 00:20:49 | 00:20:06 | 14245K | 3619 tetrahedra |

| mesh_adapt | 00:00:26 | 00:00:24 | 5039K | 5091 tetrahedra |
| adapt | 00:03:27 | 00:03:15 | 18441K | 5091 tetrahedra |

| mesh_adapt | 00:00:35 | 00:00:34 | 7864K | 7152 tetrahedra |
| adapt | 00:07:06 | 00:06:54 | 25143K | 7152 tetrahedra |

Finished m25mm_c on trombone.msl.ri.cmu.edu in 00:35:04 at 11/19/95 23:44:57

Table 3.2: Finite Element Analysis Runtime Information
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Figure 3.14: Coil and Magnet Shapes Projected onto a Plane

assemblies is 32 mm to accommodate the thickness of the flotor, its range of motion, and

its curvature.

3.2.4 FEA Modeling Results

The exact shape and dimensions of the magnet assemblies were designed with the aid of the
finite element analysis software. The goal of the design was to produce magnet assemblies
with the highest and most uniform magnetic fields in the air gaps between the magnet faces
and which would fit in the available space on the stator hemispheres. A high magnetic
field in the air gaps enables high Lorentz forces to be produced on the flotor coils with
low currents and heat dissipation, and a uniform magnetic field causes the Lorentz force to
remain constant and independent of the position of the coil provided that the coil remains
in the magnet gap.

Four different models were evaluated with different magnet thicknesses. Magnet thick-
nesses of 20 mm, 25 mm, and 30 mm were analyzed, also one model was analyzed with
30 mm magnets on the inside assembly and 45 mm magnets on the outside. Figs. 3.15-
3.18 show the calculated magnetic fields in a plane through the center of the magnets. The
magnetic field lines in the plots represent field magnitudes of 0.25 T to 0.75 T in increments
of 0.025 T. The calculated forces generated on a coil in the center of the magnet assembly
air gaps are shown in Table 3.3. The 1/4 model of the coil is modeled in two parts; the
straight part is the part between the magnets and the curved part is the circular part on
the ends of the coil.

From the data in Table 3.3, it can be seen that the 25 mm magnet thickness actually
generates the greatest Lorentz force in the Z direction. The Lorentz forces in the X and

Y directions would be canceled out in a full model of the actuator assembly due to the
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Magnet Thickness: | 20 mm magnets | 25 mm 30 mm 30 and 45 mm
X force: straight | 0.00784 N -0.00093 N | 0.00792 N | 0.00843 N
curve -0.346 N -0.416 N -0.389 N -0.425 N
Y force: straight | 0.801 N 0.917 N 0.811 N 1.15 N
curve 0.150 N 0.317 N 0.278 N 0.433 N
7 force: straight | 2.97 N 3.09 N 2.96 N 3.13 N
curve 0.767 N 0.902 N 0.839 N 0.765 N
Total Z force: 3.74 N 3.99 N 3.80 N 3.90 N

Table 3.3: Lorentz Forces from Coil Currents in FEA Models

fourfold symmetry of the model. The magnet assembly model with 30 mm and 45 mm
magnets generates nearly the same force as the 25 mm model, but requires much more
magnet material. The additional magnet thickness in the models of Fig. 3.17 and Fig. 3.18
actually generate less force than the Fig. 3.16, since the larger magnets generate more
magnetic field fringe leakage. The Fig. 3.16 model with the 25 mm magnets was selected
for fabrication of the magnetic levitation device.

The magnet sizes in the final design are 20x50x25 mm, to provide a field strength of
0.35 T at the center of the air gap using limited magnet material. A current of 2 A through
each of the three rim coils when the flotor is in the center position was predicted to result
in 60 N of vertical force.

Because of the large air gap in each magnet assembly, the magnetic field varies from 0.2
T at the edge of the gap, to 0.35 T at the center, to 0.6 T by the faces of the magnets, as
seen in Fig. 4.5. Due to this variation, the Lorentz force obtained from the coil current
is dependent on the position of the coil in the air gap. The force increases as the coil
approaches the faces of the magnets and decreases as it moves sideways so that less of the
coil is exposed to the areas of high magnetic field. The variation of force with position is
averaged over the entire area of all six coils and is not significantly perceptible to the user,

so it will be neglected during feedback control of the device.

3.2.5 Design Verification

The magnitude of the magnetic field in the the gap between the magnet assemblies in the
plane parallel to and equidistant from the faces of the two magnets is shown in Figs. 3.19
and 3.20, where the plot shown in Fig. 3.19 is from the FEA analysis and Fig. 3.20 is from

actual gaussmeter measured values from the test magnet assembly. Each contour plot shows
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Figure 3.18: FEA Magnetic Field in Gap, 30 and 45 mm magnets
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the magnetic field magnitude from the left half of a single magnet gap and the top, bottom,
and left outlines of the plots correspond to the edges of the magnets.

The prototype test actuator pictured in Fig. 3.21 generated 7.2 N/A rather than 8.0
N/A as predicted by the FEA results with the sample coil centered in the magnetic field
gap. The 10% difference may be attributable to FEA errors and a coil winding less dense

than expected.

3.3 Comments

The steady-state vertical forces necessary to counteract the weight of the levitated flotor
are distributed over the three coils next to the hemisphere rim so that the heat generated
by the coil resistances is more easily dissipated. Heat dissipation in the actuator coils was
a primary concern in the device design since the operating temperature of the coils is the
limiting factor for the maximum steady-state forces exertable by the device. Due to this
concern, the outer stator bowl was designed with air vents and thermistors were embedded
in the first set of flotor coils so that coil temperatures could be monitored during operation.

During preliminary testing of the finished device with the first flotor, however, only 4.5 W
of power was required to cancel gravity on the flotor and the coil temperatures only slightly
increased above room temperature. Since heat dissipation is less critical than anticipated,
aluminum ribbon coils have become a more attractive option. Although aluminum has 50%
more resistivity than copper, its density is only 30% that of copper. Since most of the mass
of the flotor is in the coils, an aluminum coil flotor has approximately half of the mass of the
copper coil flotor, the power required to lift the flotor is reduced, and the motion bandwidth
of the entire device is be considerably increased. If the maximum position control bandwidth
of the device is proportional to 1/y/m, then the bandwidth would be increased by /2 or
41%.

42



Magnet
centerline

15.0mm

p e— I
rd e e
7 R - - o o
£
i

«—PUT. _gesT 4L

-25.0 mnni z \

Figure 3.19: FEA Predicted Magnetic Field in Gap

Magnet
centerline

15.0mm

<« |-+ { 0.0 mm
-25.0 i

mm

“™ _50mm

43
Figure 3.20: Measured Magnetic Field in Gap



Figure 3.21:

Test Actuator
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Chapter 4

Position Sensing

Position sensing for the new magnetic levitation device, as with all previous Lorentz levi-
tation devices, is optical and involves no contact between the device flotor and stator. On
the new magnetic levitation haptic device, position is sensed by three lateral effect planar
position sensitive photodiodes (PSDs) with lenses on the fixed outer stator which measure
the positions of light spots from three LEDs mounted on the moving flotor. These sensors
provide six independent variables (z and y on each sensor) which together determine the
position and orientation of the flotor. The three sensors are equidistant from the stator
center and mutually orthogonal to maximize position accuracy and simplify the geometric
calculations. The sensor and LED configuration is shown in Fig. 4.1.

Due to the larger range of motion of the new device compared to the Magic Wrist
and the UBC Wrist, a new position sensing scheme was designed. Instead of using narrow-
beam LEDs shining directly onto the position sensing photodiodes, wide-beam LEDs on the
moving flotor are imaged onto the photodiodes by fixed demagnifying lenses. Photodiodes
with the size and signal resolution necessary to accommodate the range of motion of the
new device with narrow-beam LEDs could not be obtained. Since the largest commercially
available position sensitive photodiodes have an active area smaller than the range of motion

of this device, direct sensing LED light beams was not possible.

4.1 Sensor Assemblies

Sensor assemblies containing a lens, sensor, housing and a sum-and-difference signal condi-
tioning circuit to be fastened to the outer stator bowl were designed by Zack Butler. A lens
demagnification ratio of 1:2.5 at the nominal flotor position maps the full range of motion
of the LED onto the limited area of the sensor. The sensor assembly and the light path of
the LED is shown in Fig. 4.2. The zy spot position on the sensor determines the angles
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Figure 4.1: Sensor configuration and Coordinate Frames
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Figure 4.2: Sensor Housing Assembly
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Figure 4.3: UDT SC-50D Position Sensitive Photodiode, Rear View

between the light path and the lens axis, but the LED-lens distances must be calculated
from all the sensor signals in combination.

Planar position sensing photodiodes operate by a lateral photoelectric effect. In a
tetralateral PSD, light striking the sensor surface generates electric charges which flow
to four electrodes on the sides of the device. The charge flowing to each electrode is ap-
proximately inversely proportional to the distance from the electrode to the light spot. The
position of the centroid of the light spot on the sensor can thus be approximately calculated

as follows [47]:

T ~ 1 — T3
% = Tsignal = m, and (41)
ypos ~ Y1 — Y2
= Xy = 4.2
I Ysignal Y1 + Yo ) ( )

where L is the distance from the center to each electrode and xq, x9, y1, and ys are the
currents through each electrode.

The position sensitive photodiodes were obtained from UDT Sensors Inc. The active
sensing area of the sensors is a 44.5 mm diameter circle and the sensing electrodes are

positioned on a 40.5 mm diameter circle. The back of the sensor is shown in Fig. 4.3.
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4.2 Sensor Calibration

The PSD output signals have significant nonlinearities near their edges and offsets which
must be corrected to achieve accurate position sensing over the range of motion of the
device. The combined effects of physical misalignment, optical misalignment, and sensor
zero point offsets cause the z and y readings from each sensor to vary from zero when the
flotor is in the center position. In addition, there is lens distortion and warping of the
sensor signals which become more pronounced towards the edges of each sensor. The signal

to noise ratio of each sensor is also critical to the positional accuracy.

4.2.1 Calibration Lookup Table

The sensors were calibrated by moving the LED using a computer controlled precision x-y
stage! over a 20x20 grid of points spaced 2 mm apart, 15 mm above each of the three sensor
assemblies and measuring the 2z and y sensor output at each point. The nonlinear distortion
of sensor 1 and its lens assembly is shown in Figs. 4.4 and 4.5, where the planar grid of LED
positions of Fig. 4.4 maps to the warped grid of sensor signal outputs shown in Fig. 4.5.
The sensor nonlinearity at the extremes of this range of motion corresponds to a difference
of approximately 5 mm in the LED planar position at the 15 mm height. The extreme
warping at the corners of the sensor signal output grid may be due to several factors such
as internal reflection of the LED light inside the sensor assembly, partial occlusion of the
LED spot by the edge of the stator casting, or the light spot on the sensor partially spilling
outside of the sensing area. In any case, flotor motion limits are imposed by the device
controller to prevent the LED sensor light spots from moving into these areas, as described
in Section 5.2.4.

The raw data from each sensor calibration procedure consists of a regular grid of LED
position data mapped to a warped grid of sensor signal data. For practical use, this mapping
must be inverted: a regular grid of sensor readings which maps to the corresponding LED
positions in z and y is needed. The irregularly spaced sensor data is reinterpolated to create
a grid of evenly spaced data to be used as a lookup table. Interpolation between the points
of the sensor signal grid will then produce accurate, calibrated LED positions.

To quickly and accurately obtain LED spot positions given = and y sensor signals, a 2-D
cubic reinterpolation was done on each set of calibration data to obtain an inverted mapping

from a regular grid of sensor values to the corresponding inversely warped grid of LED spot

'NEAT 310 Programmable Controller
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positions. The 2-D reinterpolation of the calibration data sets was done using the MATLAB
griddata function, which uses an inverse distance 2-D reinterpolation method[48].

The reinterpolated data sets are used as lookup tables online during device operation
to quickly calculate LED spot positions by 2-D linear interpolation at each sample period.
Since the reinterpolated sensor values are spaced in a regular grid, the lookup tables can
be indexed directly rather than with a bisecting search of indeterminate execution time.
For each sensor two 2-D lookup tables are calculated, one for # values and one for y. The
elements of the m x m lookup tables are referred to by z;; and y; ; for ¢ < m and j < m.

The indices of the lookup tables range from 0 to m — 1.

4.2.2 Lookup Table Interpolation

Since computation times are critical to the performance of the maglev device during op-
eration, a fast and simple interpolation method is used to calculate corrected LED angles
from the raw sensor signals using the calibration lookup tables. First, the indices 7 and j of
the grid square in which the pair &4, Yrqw falls are found, along with the z and y weights

which correspond to the z,y position of the raw sensor data point within that grid square:

Tiut = (Traw = Tmin)M, (4.3)
it = floor(zy), (4.4)
z, = fraction(zpyu), (4.5)
Yur = (Yraw = Ymin) M, (4.6)
J = Hoor(yi),and (4.7)
Yw = Iraction(yp.s). (4.8)

The lookup table indices ¢ and j are given by the integer parts of z;,; and y;,: and the
weights z,, and y,, are the fractional parts. The minimum z and y sensor signal values in
the lookup tables are x,,;, and y,,;, respectively.

Then, the calibrated LED directions x.4; and y.q; are given by a simple 2-D weighted

average of the lookup table values at each corner of the grid square determined by ¢ and j:
Leal = xz,](l - xw)(l - yw) (49)

Tit1,jTw(l — Yu)

T j+1(1 = 2w)Yu

+ 4+ +

Tig1,54+1%wYw, and

Yij(1 = zw)(1 = yu) (4.10)

Yeal
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+ yi—l—l,jxw(l - yw)
+ Yij+1(l = 2w)yu

+ Yir1,i+1TwYw-

This fast interpolation method is described in in Numerical Recipes in C'[49] as bilinear 2-D
interpolation. Higher order cubic or spline interpolations could be used instead for greater
accuracy and smoothness of the interpolated output function, but the computation time
required would increase geometrically with the order of interpolation. If greater accuracy
is needed, the calibration raw data and the inverted lookup tables can be redone with more

data points over the same area.

4.2.3 Lookup Table Accuracy

To estimate the accuracy of the generated lookup table, the original signal data from the
sensor calibration procedure were substituted back into the interpolated lookup table pro-
cedure described above to calculate the error between the actual LED positions during
calibration and the calculated LED positions from lookup table interpolation. The errors
in z and y positions of the light spot over the complete area sensor area are shown in the
surface mesh plots of Fig. 4.6. The interpolated lookup table procedure reduces the sensor
signal distortion to under approximately 0.0015 mm within an approximately 8.0 mm radius
circle around the sensor center. Beyond that radius the errors become much larger since
the sensor distortion is much larger but the points in the interpolated table are still the
same distance apart. The 8.0 mm sensor radius is sufficient to track the full motion range

of the flotor in translation and rotation.

4.3 Sensing Kinematics

The coordinate frames referred to in the kinematics calculations are the fixed stator frame
S, the moving flotor frame F, and sensor frames A, B, and C at each lens. § and F are
coincident when the flotor is at its home position, as in Fig. 4.1. Solving the position and
orientation from the sensor data is referred to as the forward kinematics and calculation of
the sensor data from the device position and orientation is the inverse or reverse kinematics.
Whereas for a serial link manipulator, the forward kinematics is an easy and straightforward
calculation and the inverse kinematics is more complicated, with this magnetic levitation
device the opposite is true. Its kinematics calculations are more analogous to a parallel

linkage or Stewart platform device rather than to a serial link manipulator.
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4.3.1 Inverse Kinematics

The inverse kinematics are computed by first finding the position of the LED in its cor-
responding lens frame with respect to the transformation matrix 5T, which describes the
flotor’s motion. With the constant vector /A (the location of LED a with respect to the

flotor frame) and the constant transformation matrix ¢, this is given by
"A=!T ST A. (4.11)
The light spot from the LED is imaged onto the sensor by the lens equation at a point

]G

Say

given by:
aAI
llAy

: (4.12)

where [, is the distance from the lens to the sensor (13 mm).

The position and orientation of the flotor can be represented by a 6-element vector
[n160 120 n3 X Y Z], where ny, ny and ng represent a normalized rotation axis, 6 the
rotation angle about this axis, and X, Y, and Z the translational motion of the origin. The
rotation angle @ can be extracted from this vector by calculating the norm of elements n,8,
n9#, and nzf. Creating ;T as a function of these variables and computing s,, and s, ,
from the equations above gives:

I LU[nins(1 — cos @) — nysin ] + Z .
A+ (1 - n?)cosl] + X 1, — 1

nd (4.13)

~ LU[niny(1 — cosf) + nzsind] + Y
Say = Un?+ (1—n?)cosOl+ X +1, -1,

(4.14)

where [ is the distance from the flotor origin to the LED (115 mm) and /; the distance from
the stator origin to the sensor (160 mm). Similar computations for the other two sensors

give:
~ Ll[ning(1 — cos @) — nzsin 6] + X

z = , 4.1
*, hini+ (1—n3)cos®)+Y +1, -1 (4.15)
Lli[nans(1 — cos @) + nysinf] + Z
= 4.1
by Lh(ni+(1—n2)cos) +Y +1, -1’ (4.16)
L[nans(1 — cos @) — nysinf]+Y
Sew = T3 — p T , and (4.17)
1(ns 4+ (1 —n5)cosO)+ Z+ 1, —
~ Lh[nyn3(1 — cos @) + nysin 0] + X (4.18)

Fow = h(ni+(1—nd)cost)+Z+1,—-1;
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4.3.2 Forward Kinematics

No closed-form solution for inverting the sensor signal formulas could be obtained, so an
iterative solution technique must be used. Two methods for solving the forward kinematics
of the device were implemented; a method formulated by Zack Butler which uses a sixth-
order Newton-Raphson root-finding method with a 3% entry lookup table of inverse Jacobian
matrices computed beforehand [23], and a method by Stella Yu which reduces the sixth-
order problem to a third-order problem with a rapidly converging iterative solution method
[50].

Solving the forward kinematics of the magnetic levitation device occupies most of the
processing time required for each control update, so the execution time of the kinematics
solution is critical to the achievable control rate and the overall dynamic performance of the
device. The lookup table method iterates faster, but more iterations are necessary than the
rapidly converging reduced-order method to converge to within a given tolerance € of the
exact solution. Generally, the inverse Jacobian lookup table method and the reduced-order
kinematic solution method required approximately the same amount of time. The reduced-
order kinematics solution method was eventually selected as it was found to be more robust
to sensor error and does not require the additional memory and initialization time to load

the 3% Jacobian matrices of the other method.

4.3.3 Inverse Jacobian Lookup Table Method

The relations between the differential motions of a positioning device dz and its sensor

signals dq are contained in the Jacobian matriz J, where
dz = J dq. (4.19)

For the magnetic levitation device, the full Jacobian matrix can be expressed as

[ §(n.ib)  §(nif)  S(nif)  S(nif)  S(nif)  S(n.b) T
8sa,x 85a,y 85p,z Ssp,y 8sc,x 8sc,y
§(n2f) (nz2f) 8(nzb) (naf) &(nzf) (nab)
8Sa,x 85a,y 85p 2 dspy 8sc,w 8sc,y
6(ngf) S(ngl) S(ngf) S(ngf) S(ngzf)  S(nsf)

- 8sa,x 85a,y 85p 2 S5y y 8sc,x 8sc,y
J = §X 5 X 5 X 5X 5 X 5X : (420)

8Sa,x 85a,y 85p, 2 Sspy 8sc,w 8sc,y

5Y §Y 5Y §Y 5Y §Y

8sa,x 8sa,y 85p 2 Sspy 8sc,x 8sc,y

57 57 57 57 57 57

L dsa,z 85a,y 85p, 2 Sspy 8sc,x 8sc,y

Computing this Jacobian matrix from the kinematics Equations 4.13 through 4.18 symbol-

ically is straightforward but the resulting partial differential formulas are complicated and
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would impose a prohibitively large computational burden on the control processor during
operation. The complete Jacobian matrix for the magnetic levitation device is given in
Appendix A.

The transformation from the sensor data to flotor position and orientation can be com-
puted from the Jacobian matrix J using a modified Newton-Raphson root-finding method
in six dimensions, since the inverse kinematics from flotor position to sensor data is known
analytically but there is no known closed-form solution to the forward kinematics. A six-
dimensional lookup table of flotor vector with respect to sensor data at the desired accuracy
would be prohibitively large. Newton-Raphson uses the numerical inverse of the Jacobian

to determine the next step of the iteration with the update rule
2t = 200 4 77 [s — f(2'))], (4.21)

where s is a vector of the known sensor values and f(z(?) is the predicted sensor values
for the previous estimate of the flotor location. The system implemented for the haptic
device cannot calculate the inverse Jacobians at run-time, since this is too computationally
expensive, but instead will pick one out of a 3¢ entry lookup table which can be calculated
beforehand. This slows the convergence slightly in terms of number of iterations required,

but greatly increases the overall speed.

4.3.4 Reduced Order Beam Length Method

The fast numerical root-finding procedure formulated by Stella Yu using the motion history
to obtain initial position guesses solves Cartesian position and orientation from the sensor
signals in real time during device operation. Stella’s method for calculating flotor position
and orientation from sensor data is given in step-by-step detail in Appendix B.

We can consider a vector from each LED to the lens of its sensor. Given the direction and
magnitude of each vector, the position and orientation of the flotor are uniquely determined.
Since the sensors are fixed, the vectors determine the positions of the LEDs. The flotor
center is a known constant distance above the plane determined by the three LEDs, and
the normalized vectors from the flotor center to each LED make up a rotation matrix.

The directions of the three LED-sensor vectors are given by the sensor signals and the
fixed distance between each lens and its sensor. Only the magnitudes of the three vectors
are unknown, so the solution of the position and orientation of the flotor can be reduced to
a third-order problem.

Let the LED-sensor unit vector directions be denoted as b,,b., and b; and the mag-

nitudes as uy, ug, and uz. The sensor positions are given by §,,S5,, and S; and the LED
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frame F

Figure 4.7: Vector Geometry For Forward Kinematics Solution

positions are E,, F,, and E,. The locations of the points and vectors in this configuration
are shown in Fig. 4.7.

For ¢,j =1,2,3 and ¢ # j it can be seen from the figure that
E;,=S; —b;u;,and (4.22)

|E; — E;|? = d?, (4.23)

where length of each side of the triangle determined by the three LEDs is a. Substituting
for each E; and E; in Equations 4.22 and 4.23 the following system of three quadratic

equations with three unknowns can be obtained:

u% + 2g3uiug + u% + 2f10u1 + 2fo1us + d* = 0, (4.24)
u% + 2g1U2U3 + u% + 2f23’d2 + 2f32U3 + d2 = O, and (425)
us + 2gouzuy + ui + 2fs1uz + 2f13uy + d* =0, (4.26)

where
gk = —bi - by, (4.27)
fij = (Si = 5;5) - bi, (4.28)

and

d*=(5; - S;)* —a®* > 0. (4.29)
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Although the forward kinematics for the maglev device has now been simplified to
a third-order problem, a closed-form solution still could not be obtained. To obtain a
solution, a two-stage numerical method is used, first obtaining an approximate solution by
differentiating the equations to update u; using the previous solution values, then improving
the accuracy of the approximation by an iterative Newton gradient method.

Differentiating Equations 4.24, 4.25, and 4.26 produces the following:

[ur () + g3(t)u2(t) + fr2(D)]dur(t) + [u2(t) + ga(O)ua (t) + far (1)]dua(?)
= —u1(t)uz(t)dga(t) — wi(t)dfi2(t) — ua(t)df (¢),
[u2(t) + g1(t)ua(t) + faa(O)]dua(t) + [ua(t) + g1()u2(t) + faz(t)]dua(?)
)dga (t) — Uy (t)dfz3(t) us(t )df3z(t), (

[ us(

) ( )

= —Ug(t Ul (t dgg(t) - U3(t)df31 t) - ul( )dflg(t s (432)
where
dbz(t) = Abz(t) = bi(t + At) — bi(t), (4.33)
dfij(t) = Afi;(t) = fi;(t + At) — fi;(¢), (4.34)
and
dgi(t) = Agi(t) = gi(t + At) — gi(t). (4.35)
These linear equations can be put into a matrix equation of the form Az = y with

the unknown 3-vector du as @. This equation is solved by the eflicient LU decomposition

method (described in Numerical Recipes in C [49]) to produce the approximate solution
u(t + At) = u(t) + du(t). (4.36)

This approximate solution is iteratively improved by resubstituting the approximation
u(t + At) into the matrix A and calculating the resulting error in in y, dy. Then LU
decomposition is used again to solve the equation Adx = dy and improve the solution
estimate u(t + At). This step can be repeated as desired until the errors are within a given
tolerance e.

Yu’s formulation and analysis of this forward kinematics solution method includes a
simulator to demonstrate the performance of the iterative kinematic solution. The simu-
lation of the flotor motion performs a random walk of the flotor position and orientation,
assuming a +12.5 mm motion range, a +7° rotation range, and a maximum variation be-

tween samples of 1.0%. The results of a 1000-sample simulation are shown in Fig. 4.8. The
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Figure 4.8: Convergence of LED-sensor Vector Lengths Solution

position estimation errors in the plot are given as the norm of the beam length errors, since
this iterative method solves for the lengths of the light paths from each LED to its position
sensor lens. The beam length error is an upper bound to the actual flotor position error. In
this simulation, the initial estimate of the beam lengths is always within approximately 0.1
mm of the true lengths, the first iterative refinement of the solution is within approximately
0.001 mm, and the next iteration is within approximately 1072 mm.

In the actual implementation the algorithm is performed twice at each cycle, once to
obtain the initial estimate and then iterated once, so the “first iteration” values from the
simulation test would be used, with an expected accuracy of 0.001 mm in the absence of
any sensor errors. With a fixed number of iterations on each update, the execution time
can be predetermined, simplifying the realtime programming of the controller.

The complexity and the computation required for this iterative solution is reduced if
the sensor coordinate frame from Fig. 5.7 is used for calculations instead of the “world”
frame used in the controller, since the sensor lens axes are coincident with the principal
sensor frame axes. Since the origins of the sensor frame and the world frame are always
coincident, to transform the flotor position vector and rotation matrix from the sensor
coordinate frame to the world coordinate frame only the rotation matrix from one frame to

the other is needed.
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Each axis of the sensor frame forms an angle of —¢ with the xzy plane of the world frame,
where ¢ = 35.26°. The projections of the ', 3, 2’ sensor frame axes onto the zy plane of the
world frame form angles of 8, (8 — 27 /3), and (64 27/3) with the world z axis respectively,
where 8 = 30.5°. By projecting each unit axis of the sensor frame into the world frame, the
rotation matrix transform from the sensor frame to the world frame can be calculated as

follows:

cos(¢) cos(f) cos(¢)cos(f — 2w /3) cos(¢) cos(d + 27/3)
Ry = | cos(¢)sin(f) cos(¢)sin(f —27/3) cos(¢)sin(8 + 27/3) | . (4.37)
— sin(¢) —sin(¢) — sin(¢)

4.4 Comments

The position sensing system design, calibration, and kinematic solution were performed
with the aim of providing the most precise possible magnetic levitation flotor position and
orientation measurements throughout the range of motion of the device at a sufficiently fast
rate to enable a realtime controller to update at at least 1000 Hz.

For haptic interaction, the relative position or position sensing resolution is important
rather than the absolute position accuracy. The dimension error tolerances of the device
may be as large as 0.5 mm due to the difficulty of fabricating the complex geometry of the
stator and flotor hemispheres. The position sensing resolution, however, is closer than £10

pm, as experimentally shown in Section 7.1.5.
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Chapter 5

Control

Feedback control in 6 DOF is necessary for stable magnetic levitation [3]. Gravity compen-
sation can be done with a constant feedforward term in the controller.

The forces exerted by the user’s hand have a relatively low bandwidth of 10-20 Hz while
the forces exterted on the hand by the device may have frequencies up to half the control
rate, so a slow lowpass filter or estimator is sufficient to track the hand motion disturbances.
The motions and forces of the user’s hand are treated as disturbances by the controller and
state estimator.

The digital control and kinematics computations for the device are executed by a VME-
bus 68060 single-board computer. Ethernet IP socket connections enable communication
with a graphics workstation host. With this setup, a complex physical simulation may be
executed on the workstation host while the on-board processors for the device handle only
local kinematics and compliant control computations. The separation of the simulation
and the device control processing allows the device to easily be connected to any different
workstation executing a different simulation. A dedicated fast serial connection could be
also be used as an option in the future instead of the Ethernet connection for faster, more

reliable communication without network traffic interference.

5.1 Control Hardware

The components necessary for magnetic levitation are contained in a single enclosure with
the maglev flotor and stator embedded in the top, amplifiers and processing, filtering and
conversion electronics in the middle, and power supplies in the bottom. A VMEbus contains

the control processor and analog-to-digital and digital-to-analog signal converters. Three
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Figure 5.1: Hardware System Components in Device Enclosure

separate power supplies are used for the coil current amplifiers, the analog to digital con-
verters, and the VMEbus and sensor electronics. The placement of the system components

in the cabinet is pictured in Fig. 5.1.

5.1.1 Control Processors

The original control processor board for the maglev haptic device was a Motorola MVME162.
The processor was later upgraded to MVME172 to enable faster control update rates and
more complex local simulation of haptic environments. The control update rate of the
Motorola MVME162 was limited to 1000 Hz while executing simple servo control and was
reduced to 666 Hz while executing trajectories or multiple virtual barriers and communi-
cating with the host workstation over an Ethernet network connection. The MVMIE172
can execute the device control at rates up to 1500 Hz. A realtime multitasking operating

system! is used on the control processors.

'VxWorks 5.3, Wind River Systems, Alameda CA
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5.1.2 Analog I/O

16-bit analog to digital converters with conversion times of approximately 20 microseconds
are used to digitize the position sensor signals. Since each of the three sensors outputs the
sum and difference of the electrode currents for # and y directions, a total of 12 channels of
A/D is needed. To reduce the total time required each cycle for analog to digital conversion,
three converters are used in parallel, with one for each sensor.

A 12-bit digital to analog converter is used to send the computed coil currents from
the controller to the six current amplifiers, one for each actuator coil. The remaining two
channels of the 8-channel D/A converter are used to output realtime diagnostic information

to an oscilloscope, if desired.

5.1.3 Current Amplifiers

PWM rack-mount servo amplifiers are used?. A current limit of 4A per amplifier is imposed
in the control software. A power transformer reduces 110V main current to 65V AC for two

rectifier /filter cards to supply the 65V DC power supply for the amplifiers.

5.1.4 Signal Filters

Each of the 12 position sensor signals is passed through a lowpass analog antialiasing filter
with a 1000 Hz cutofl frequency. The position signal cables are completely shielded and
the sensor and filter electronics are inside aluminum enclosures to minimize electrical inter-
ference noise. The noise level of the sensor signals has been reduced to 2-3 units after the

analog to digital conversion. The sensor noise level is shown in Section 7.1.5.

5.2 Control Software

The time required to calculate the position and orientation of the flotor in Cartesian space
imposes the hardest limitation on the maximum cycle rate of the controller. Therefore, the

speed of the kinematics solution is critical to the bandwidth performance of the device.

5.2.1 Digital Filtering

A second-order Butterworth filter is implemented in software. The cutoff rate of the filter is

user selectable down to 1/5 of the actual sampling rate, or the unfiltered raw signals can be

2Copley Controls Corp., Waltham MA
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used for control. The cutoff of the software filter can be set low for the most noise rejection
or higher for greater control bandwidths. More noise rejection results in a smoother feel
for the user during haptic interaction, but higher control bandwidths enable more realistic
emulation of stiffer surfaces and fine shape and texture details. There is a tradeoff between
noise rejection and faster control. High frequency resonances cannot be controlled if the
cutoff frequency of the filter is too low. At high feedback gains, the filter cutofl frequency
must be low enough to cancel most sensor noise, but not so low that uncontrollable high-

frequency oscillations result in the actuator bowl.

5.2.2 Spatial Rotation Conversions

Representation of spatial rotations is not so straightforward as for translation due to the
distinctive geometry of rotations in three-dimensional space. Spatial rotations are not
commutative and it is impossible to represent rotations with only three variables without
introducing singularities and distortions in measurement [51]. For these reasons, a number
of different representations of rotation are maintained in the control routines.

The rotation matrix obtained by the forward kinematics calculation after each sample
period is converted to the roll-pitch-yaw coordinate representation to be used for feedback
control and is also converted to the axis-angle representation in order to apply the rotation
limit described in Section 5.2.4. The roll-pitch-yaw specification describes a roll rotation r
about the fixed z axis, followed by a pitch rotation p about the fixed y axis, followed by a
yaw rotation y about the fixed z axis. The following conversion is used to obtain r, p, and

y from the rotation matrix R [51]:

r = atan2(Ry 1/ cos(p), Ra,2/ cos(p)), (5.1)
p = atan2(—Ry 0,/ R5 o + i o, (5.2)
y = atan2(Ry o/ cos(p), Roo/ cos(p)), (5.3)

where the atan2(y, z) returns the correct solution of tan=!(y/z) for each of the four quad-
rants of the zy plane. The roll, pitch, and yaw representation of spatial rotations has no
singularities and minimal distortions for small rotations.

The axis-angle coordinate rotation specifies a single rotation 6 in space about a unit
vector K. The axis-angle representation H,K is obtained from the rotation matrix as

follows:
Roo+ Ry + Ry 2 — 1)
2 b

(5.4)

6 = arccos(
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K_i ROQ—RQO . (55)

5.2.3 PD Control

The simplest effective means to control the levitated flotor is by proportional-derivative
error feedback gains. Physical mechanisms and rigid contacts can easily be emulated with
PD control since the stiffness of the environment is given by the proportional error gain and
the damping or viscous friction by the derivative feedback. Since flotor velocities are not
directly measured by sensors, the velocities must be calculated from the calculated position
history.

A constant feedforward term can be included in the control of vertical translation to
counteract the weight of the flotor. For accurate position control, the feedforward term
should exactly cancel the constant control disturbance of gravity, but for haptic emulation
of a tool, the simulation is more realistic if the user feels some weight in the interface device
and the virtual tool can set down on a surface without drifting away into space.

It is easiest and most straightforward to represent the orientation of the flotor about a
given center of compliance with the rotation angles roll, pitch, and yaw or (6;,6,,6.) as the
three independent variables to be controlled. If small angles and rotational velocities are
assumed, then the flotor dynamics can be modelled as 6 decoupled second order systems.

The PD control law used for each axis is:

f = _I(p(xpos - xdes) - Krv((xpos - xprev)r - vdes) + fff7 (56)

where f is the force to be generated by the actuator coils, r is the update rate, s is
the current axis position, z4.s and vges are the desired position and velocity, z,,c, is the
position from the previous update, and K, and K, are the proportional and velocity error
gains. The feedforward term fyy is generally used for gravity cancellation and can also be

used for impacts and other forces in an environment simulation.

5.2.4 Motion Bounds

As the LED position markers on the flotor move increasingly far off the sensor lens axes, the
amount of incident light collected by the lens and focused onto the position sensor decreases.
Also, the nonlinearity of the position sensing photodiodes becomes much more pronounced

as the incident light centroid moves closer to the edge of the sensor. Due to these two
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phenomena, the resolution of position sensing becomes worse as the flotor translates and
rotates away from the center position and towards is limits of motion. The translation of
the flotor is physically limited by the magnet assemblies and stator bowls, but it is possible
for the flotor to be rotated outside of the sensor ranges so that the LEDs cannot be seen by
the position sensors. In the absence of position feedback, the flotor cannot be controlled.
To prevent the flotor from rotating past the sensor limits during operation, a stiff rotation
limit is applied by the control software. The limit of rotation depends on the distance
that the flotor is off center, since the motion of the position marker LEDs depends on
both the translation and the rotation of the flotor. To allow the maximum safe rotation
range throughout the translation range, the rotation limit 6y, is calculated from the radial

distance r of the flotor position from the center during operation:

T
elim = ecenter - —(gcenter - Hedge) (57)

rmax

where 0.cpse, is the maximum safe rotation when there is no flotor translation, 6.4y is the
maximum rotation when the flotor is at the edge of its translation range, and r,,,, is the

radial distance from the edge of the translation range to the center position.

5.2.5 Multiprocessing

A second processor board on the same VMEbus has been used for oversampling. During
one control period, the sensor data can be sampled four times, averaged, and written to
shared memory by the second board to reduce sensor noise. Higher stiffnesses and control
bandwidths were found to be possible by using oversampling on a second control board,
but the reliability of the system was substantially decreased due to the limited bandwidth
of the VMEbus.

5.2.6 Levitation Liftoff and Landing

If the actuator amplifiers or control gains are abruptly switched on or off while the user
is not grasping and supporting the flotor weight, the flotor is forced to make an abupt
transition between its rest position at the bottom of its motion range to its servo control
position at the center. This sudden motion may cause the flotor shell to collide with the
stator or the maximum safe rotation to be surpassed. To prevent these, software routines
have been implemented to begin and end levitation in a stable and controlled manner.

To lift the flotor as smoothly as possible, it is first rotated to the zero rotation angle, then

lifted to the zero position. At each of the two liftoff stages, the stiffness and damping control
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gains are smoothly ramped from zero to a standard set of servo gains over approximately

half a second. To land the flotor, the process is reversed.

5.2.7 Environment Emulation

To emulate dynamic interaction with solid objects in a simulated environment, the param-
eters of the controller must be continually updateable. For example, a fixed solid wall in
the virtual environment can be represented by a unilateral constraint. The positions of the
vertices of a virtual tool in the simulated environment would be determined by the position
and orientation of the magnetic levitation flotor and whenever any vertex of the virtual tool
penetrates the virtual wall, appropriate feedback forces and torques would be generated
according to the depth of penetration and the stiffness and damping gains of the surface.
Otherwise the flotor would be freely movable in all directions.

The motion of the magnetic levitation device flotor can also be coupled to an object
in the simulation by introducing stiffness and damping gains in position and orientation
between the flotor and the simulated object. Further details of the controller algorithms

used to emulate haptic environments are described in Part II of this document.
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Chapter 6

Fabrication

The spherical curvature, complex part geometry, and cost considerations posed various prob-
lems in fabrication. Many parts were machined by CMU machine shops from Pro/Engineer
drawings, but several parts had to be fabricated by hand in the laboratory. All aluminum
parts were black dye anodized to minimize LED reflections and protect the surface finish.
Device assembly was done in the lab, requiring special care while handling the permanent

magnets and other fragile parts.

6.1 Flotor

Two different flotors were fabricated for the magnetic levitation device. The first flotor was
made with standard copper ribbon wire coils. After the first flotor was operational, it was
found that the flotor temperature remained only slightly warmer than room temperature
even during long periods of levitation. Since heat dissipation was not a problem, it was
decided to fabricate a second flotor using aluminum ribbon wire coils instead of copper to
reduce the flotor mass. The reduced flotor mass is easier for the user to manipulate and
requires less actuation force to levitate, although the resistance of the aluminum coils is
approximately 50% greater than the aluminum. The amount of material in the structure
between the coils was also reduced in the second flotor to further reduce the mass.

The flotor coils were wound in the lab using a coil winder while carefully controlling the
wire feed speed, angles, and tension by hand. Convex and concave curved Teflon forms were
used to conform each coil to the correct spherical shape and clamp it during epoxy curing.

Single component polyimide epoxy was used to set each coil together in its final shape®.

'Epotek, Billerica MA
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Infrared LEDs with copper leads? were obtained to be used as position sensing markers.
Copper leads must be used since the LEDs are in high magnetic fields and the ferrous
content of typical LED leads causes very large magnetic force disturbances, reducing the
stability and dynamic performance of the levitated flotor. The plastic domes on the LEDs
were ground down to a flat surface just above the diode junction to make them into wide-
angle point sources. The circumference of the LEDs were also ground down to a smaller
diameter to fit between the coils in the flotor.

The handle parts, connector socket, and flotor rim were machined by the CMU Me-
chanical Engineering machine shop. The aluminum hemispheres were formed by an outside
vendor® by metal spinning on a steel mandrel. Metal spinning is a process for fabricating
rotationally symmetric forms from thin sheets of metal by using a roller on a lever arm to
push the metal onto a form or mandrel of the desired shape as it is spun.

The fastener, LED, and coil locations in the inner hemisphere were laid out in the lab
using a (#, ¢) angular positioning setup, then fastener and LED holes were drilled, holes
were punched for the connector and to reduce weight, and the large oval coil holes were
traced and cut by hand using a power nibbler tool. The two hemispheres were bonded
together with vibration damping viscoelastic polymer adhesive sheet?.

The coils were epoxied in place in the hemisphere with thermistors packed into their
centers and the rim was attached to the hemisphere with thermally conductive epoxy. The
LEDs were placed with cyanoacrylate adhesive. All flotor component wiring was done with
flat ribbon wire to the connector at the pole of the hemisphere. The inside of the hemisphere
was lined with adhesive bonded Teflon sheet to protect the wiring and coils from abrasion
from contact with the inner stator bowl. For ease of assembly, the connector and its socket
were attached to the hemisphere first, then the wiring pins were inserted into the connector
from inside the hemisphere, then the handle parts were fastened to the hemisphere. The
fabricated flotor is pictured in Fig. 6.1 before the Teflon lining was applied.

Thermistors not were not used in the aluminum flotor since they were found to be

unnecessary and cause slight magnetic disturbances due to ferrous material content.

?Hewlett-Packard HSDL-4220
*EH Schwab Co, Turtle Creek PA.
“3M
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Figure 6.1: Fabricated Flotor

6.2 Stator

The aluminum braces which support the magnet assemblies and are bolted onto the stator
bowls, the iron pole pieces in the magnet assemblies, and the sensor housing assemblies were
machined from stock. The inner and outer stator bowls were first sandcasted® to near-net-
shape with mating surface and fastener details machined afterwards to reduce fabrication
costs. The high-energy NdFeB magnets were obtained from Magnet Sales, Inc.

Stator assembly must be done carefully because of the very strong magnets that must
be handled. First, the magnet assembly iron pieces were bolted to the aluminum braces.
Then, each magnet was guided into its assembly. The subassembly must be rigidly clamped
while one person wearing gloves carefully puts the magnet in place and the other slowly
pulls out the wooden wedge separating the iron from the magnet. The inner stator magnet
assemblies were then placed and bolted to the inner stator bowl while using cardboard, tape
and bubble wrap to guide positioning and prevent the magnets from coming too close to
each other. The magnetic field directions must be the same for each set of magnets. The

outer stator bowl and the inner stator were then bolted together with the flotor between

5Laurel Aluminum Casting, Glassport PA
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Figure 6.2: New Fabricated Lorentz Levitation Haptic Device

them. The outer stator magnet assemblies could then be placed by hand without too much
difficulty. The sensor housings and upper sets of magnets must be inserted into place after
the device is placed in the enclosure since they will not fit through the hole in the enclosure

desktop. The fully fabricated device outside of the desktop enclosure is shown in Fig. 6.2.

6.3 Enclosure

A desktop height wheeled cabinet with a Eurocard rack was obtained from Schroff to contain
all the power supplies, amplifiers, filter boards, control processing, and converters necessary
for magnetic levitation. Rack-mounted PWM current amplifiers are used to power the
amplifier coils. The control processing consists of a digital-to-analog and three analog-to-
digital converter mezzanine cards on a VMEbus board with a single board computer on a
VMEbus rack. Analog antialiasing filters were used for conditioning the sensor signals and
all analog cables and electronics were shielded to reduce electrical interference noise. The
original metal cabinet top was replaced with with a wood and formica top. The outer rim

of the stator rests snugly on the edge of a circular hole in the enclosure top.
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6.4 Comments

When the device assembly was first completed, an unforeseen problem with the first set
of LEDs on the flotor became apparent: The casings of the original LEDs were slightly
ferromagnetic, which resulted in additional attractive forces on the flotor as the LEDs
approach the magnetic fields of the actuators. These force disturbances made the flotor
motion very difficult to control stably and accurately. To eliminate this problem, non-
ferromagnetic infrared LEDs were acquired and substituted for the original LEDs.

The thermistors in the first flotor were also found to be slightly ferromagnetic. Since
heat dissipation was not a problem during operation of the first flotor, they were omitted
from the second flotor made with aluminum coils.

Now that one magnetic levitation device of this design has been fabricated, additional
devices of the same design could be produced much more quickly and at a reduced cost.
Since the casting form for the stator bowls and the metal spinning mandrel for the flotor
bowls have already been made, additional bowls could be produced quickly and the main
time and cost to produce additional devices would be in machining the small parts of the
device and the manual labor of coil winding, wiring, and assembly. A substantial economy
of scale is achievable in the cost of the NdFeB magnets; the cost for each magnet was 40
percent less for magnets ordered in a set of 20 than for magnets in the first set of 4.

Some of the manual fabrication procedures required substantial trial and error, dex-
terity, and practice before they could be performed adequately, in particular the winding
and epoxying of the actuator coils and mounting them in the flotor. The success rate of
these procedures is much higher now that the difficult part of the learning curve has been
overcome.

Although this magnetic levitation device is portable in that it is completely contained in
a single wheeled cabinet, its bulk and weight make it difficult to be transported. The device
cabinet is approximately 16 in. wide, 23 in. deep, and 28 in. high and weighs approximately
150 lbs. This size and weight could be substantially reduced in future models by minor
design modifications and substitution of many of the enclosure components.

The stator castings alone weigh 10 Ibs. The thickness of the stator bowl is much larger
than necessary and could probably be reduced by half before introducing any significant
material strain due to the attraction of each magnet assembly across the air gap. The
Eurocard rack amplifiers and VMEbus components could be substituted with much smaller
and cheaper parts. The VMEbus components could be replaced by a single card to be

plugged in to the bus of the host computer or by a standalone embedded processor card
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with mezzanine cards for analog 1/0. The card rack PWM amplifiers could be replaced by
H-bridge amplifiers and the 50 1b. amplifier power supply currently in use could certainly
be replaced or eliminated.

With these component and design modifications, the weight of the entire device could
probably be reduced by half. The current desktop height of the device would be maintained
for ergonomic user operation, but the width of the device could be reduced somewhat and
the depth also reduced to less than 18 in. The reduced size and weight would enable the

device to be lifted by one person and transportable by car.
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Chapter 7

Performance Testing and Results

Perfomance testing of the haptic magnetic levitation device was done to demonstrate the
feasibility of the device for realistic haptic interaction. The critical performance parameters
for fine, high-performance haptic interaction are the control bandwidths of the device and
its sensitivity, or position resolution. Low inertia in the flotor enables the user to manipulate
the attached handle more easily and feel computed interaction forces more distinctly. The
maximum force and stiffness ranges of the device are also given. A range of performance
tests were done for both the copper and aluminum coil flotors. Tables of performance
parameter data are given in Appendix C.

The significant differences between the copper and the aluminum coils are density and
electrical resistance. Aluminum has 65% of the conductivity of copper but only 30% of the
density of copper.

7.1 Performance Limits

The limits on performance of the magnetic levitation device with the copper coil flotor and

the aluminum coil flotor were measured.

7.1.1 Maximum Control Rate

The maximum attainable sample and control rate of the present control system is 1.45
kHz. The maximum control rate is reduced if the processor must perform tasks in addition
to servo control, such as logging data, performing collision detection, or communicating
with the host workstation. This rate could be increased in the future by further upgrading
the embedded control processor or by adding a fast floating-point digital signal processing
board to the control system. The average execution time required on the present controller

to perform the following tasks is shown below, with the remaining time on each cycle used
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for host communication and other network and operating system tasks:

Operation Time

Sensor Sampling and

LUT Interpolation: 180 psec

Forward Kinematics: | 360 usec

Control Law: 140 psec
Total: 680 psec

7.1.2 Maximum Forces and Torques

The main limitation on the forces obtainable with Lorentz actuation is the heat generated in
the coils. With the hemispherical device design, the areas of the coils and flotor hemisphere
are large and thin enough to quickly dissipate the heat from the coil currents so that the coils
become only very slightly warmer than room temperature during steady-state operation.
Since the heat dissipation of the coils does not impose such a significant force limitation for
the desktop hemispherical device, the momentary peak forces and accelerations obtainable
on the device are determined by the current limits of the actuator amplifiers.

The PWM current amplifiers used by the actuators have a 7 A current limit and each
actuator generates 7.2 N/A when the coil is centered in the magnetic fields. The maximum
peak forces and torques exertable by the device can then be calculated from the current-to-
force transform matrix described in section 4.2. The resulting maximum forces and torques

in each direction individually are:

Axis Limit
Force in X: 64 N
Force in Y: 55 N
Force in Z: 140 N

Torque about X: | 7.3 Nm
Torque about Y: | 6.3 Nm
Torque about Z: | 12.2 Nm

These maxima demonstrate that our device has more than adequate force and acceleration
capabilities for any reasonable haptic interaction. Since such large forces and accelerations
are not needed during typical operation, the maximum actuator currents are limited to 4

A in the control software.
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7.1.3 Flotor Inertia

The flotor masses are 880 g for the copper coil flotor and 580 g for the aluminum coil flotor.
The rotational inertia of the flotor bowl was calculated from the measured period of simple
harmonic motion oscillations with the flotor attached to a torsional spring. The oscillation

period is given by:

T =27

- (7.1)

where T is the period of oscillation, K is the torsional spring stiffness, and [ is the moment
of inertia.

For a spherical shell with uniform density, the moment of inertia calculation

I= /r2 dm (7.2)

with r is the distance from the axis of rotation of each mass particle dm, produces the

formula
_ 2Mr?

3

with mass M and radius . The mass distribution and moment of inertia of a hemispherical

1

(7.3)

shell about its center point is the same as for a sphere and is the same for all principal axes.

The density of the magentic levitation flotor hemispheres is not uniform, however, due
to the distribution of coils and holes in the hemispheres. Compared to a uniform density
shell, the measured moments of inertia were 8 percent greater for the copper coil flotor and

6 percent greater for the aluminum coil flotor.

Parameter Copper Coil Flotor | Aluminum Coil Flotor
Mass 880 g 580 g

Calculated Moment of Inertia | 0.00776 kg/m? 0.00511 kg/m?
Measured Moment of Intertia | 0.00842 kg/m? 0.00543 kg/m?

7.1.4 Power Consumption

To levitate the flotor bowl, the vertical Lorentz force applied by the coil actuators must
equal the weight of the flotor. Three of the six actuator coils on the flotor can generate
forces with vertical components. The coils which generate vertical forces touch the flotor
rim with their centers at 22.5° below the rim. If equal currents are applied to these coils
the horizontal force vector components cancel out and the net force is purely vertical.

In the absence of force disturbances on the flotor, the feedforward currents cancel the

flotor weight and the additional feedback currents necessary to stabilize the flotor in space
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are negligible. The power consumption of the magnetic levitation device can be calculated
by measuring the voltage drop across the three lifting coils and using the power consumption
formula P = V?/R where V is the voltage drop over resistance R.

For the copper coil flotor, the voltage drop across each 6 2 lifting coil was 3 V for a power
consumption of 1.5 W each and a total of 4.5 W required to to levitate the 880 g flotor. For
the aluminum coil flotor, the voltage drop is 2.9 V across three 10 €2 coils, dissipating 0.85
W each, so 2.5 W total is sufficient to levitate the 600 g flotor. The aluminum coil flotor
was also tested with an additional 1 kg on the flotor to simulate a user’s hand holding the
handle and supported by the magnetic levitation device. With the added mass, the voltage
drop was 7.3 V over each lifting coil, dissipating 5.5 W each for a total power consumption
of 16.5 W.

The power for levitation generates resistive heating in the coils. At these power levels
the heat is quickly dissipated from the flotor and the coils remain practically at room

temperature during typical operation.

7.1.5 Sensor Noise and Position Resolution

The position sensor signals are digitized by 16-bit converters. The noise level of the con-
verted signals after being passed through the analog antialiasing filters is less than +2 bits,
for an analog noise level of less than 1 mV. Since the light spot position on the photodetec-
tor is given by the ratio of the electrode voltage difference to the sum in each direction, the
position resolution of the sensor depends on the total amount of light hitting the sensor. If
the LED is close to the sensor so that the sum signal is near saturation, the signal to noise
ratio is 16000; if the flotor is at the edge of its translation and rotation ranges so that the
LED is further away, the signal to noise ratio may be as low as 2500. The average variation
in the computed position in Cartesian coordinates due to sensor noise inside the 25 mm
and 15° motion range of the flotor ranges from £3 to 10 pum.

The noise level of one of the digitized sensor signals with the magnetic levitation flotor
rigidly clamped in the center position is shown in Fig. 7.1, with an average variation in the
digitized signal of only £+ 1 to 2 units. This sensor noise level corresponds to an average
variation in the calculated vertical position of less than +1 pm, as shown in Fig. 7.2.

When the flotor is levitated, the sensor noise causes added error in the controlled po-
sition. For the levitated flotor in the center position the average variation in the sensor
signals is over 45 units and the average measured position error is approximately £4 pm,

as shown in Figs. 7.3 and 7.4.
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7.1.6 Stiffness Range

The maximum stiffnesses that have been achieved with the device to date are 25.0 N/mm
in translation and 50.0 Nm/rad in rotation. During haptic interaction, this stiffness is
used in unilateral constraints to give the user the impression of a rigid surface. Higher
stiffnesses are achievable on and around the vertical axis due to greater passive damping
with motion in that direction. During free motion the residual stiffness of the device due to
the hanging coil current feed wires is approximately 0.005 N/mm, resulting in an maximum
to minimum achievable impedance ratio of 5000:1. The stiffness of the device was measured

from displacements using a millimeter scale and a handheld digital force guage!.

7.2 Response Bandwidths

The dynamic performance of the magnetic levitation device is determined by its frequency
response bandwidths. Current, force, and position bandwidths are limited by the response
of the amplifiers, the inductance of the actuator coils, the stiffness, inertia, and eddy current
damping of the flotor hemisphere, the sensor signal noise, and the maximum update rate
of the controller. Above a certain cutoff frequency, the magnitude of the system output of
interest will tend to drop off or be increasingly attenuated as the input or command signal
increases in frequency. The ratio of the input magnitude to the output magnitude and their
phase differences is graphically shown in the Bode plot, where the response magnitude ratio
is plotted in decibels on one plot and the phase difference is plotted in degrees against the
input frequency on a logarithmic scale. Frequency response tests were performed on the
magnetic levitation device for amplifier currents, vertical forces, and handle positions and

orientations on each control axis.

7.2.1 Test Setup

A dynamic signal analyzer? was used to measure the frequency response of the coil current
amplifiers, open-loop force generation at the device handle, and closed-loop position control.
To measure the current bandwidth, the analyzer signal was the voltage drop across one of
the actuator coils. For the force bandwidth, a load cell® mounted between the flotor and

a rigid platform was used. For the position bandwidth, the source signal from the signal

"Model DFG-10, Chatillon, Greensboro NC
?Hewlett-Packard 3652A
?Entran ELF-TC500-20
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analyzer was digitized to become the position control setpoint and the cartesian position
calculated from the sensor signals was converted back to an analog signal for the analyzer.

The closed loop small-motion position control frequency response was measured with 0.2
mm and 0.002 radian peak-to-peak commands. The source signal for the frequency response
was random noise in the 2-200 Hz range. Analog input and output channels were used to
transmit the position command and response between the signal analyzer and the magnetic
levitation device. The magnitude and phase of the freqency responses were calculated by
the signal analyzer and plotted.

To determine the position control bandwidth of each axis of the device, the digital filter
cutoffs and stiffness and damping gains were tuned to provide the largest possible +3 dB
range of the frequency response magnitude. Frequency response testing was carried out
on the vertical z axis and horizontal z axis in both translation and rotation, on both the
aluminum and the copper coil flotors, and at control rates of 1.3 kHz and 650 Hz. The PWM

current amplifiers used in the magnetic levitation device are rated for a 10 kHz bandwidth.

7.2.2 Amplifier Current and Force Bandwidths

The PWM current amplifiers have 10 kHz bandwidth rating, but frequency response testing
with the actuator coil load showed a wide 6 dB resonance peak at approximately 600 Hz
followed by a rolloff to -3 dB at approximately 6 kHz. The coil current frequency response
plot is shown in Fig. 7.5. This amplifier current bandwidth is an upper limit for force and
position bandwidths, since it is impossible to generate forces at frequencies higher than the
actuator currents produced.

To measure the force bandwidth of the magnetic levitation device, the base on which the
load cell is mounted must be as rigid as possible so that high frequency force responses can be
accurately measured. Any vibration response in the load cell base platform will be reflected
in the magnetic levitation Lorentz force reponse data. For this response measurement, the
load cell was firmly attached to a stack of three 5 kg aluminum slabs to reduce transmission
of vibrations. The force frequency response resonance at approximately 250 Hz is shown in
the plots of Fig. 7.6. This 250 Hz resonance is concluded to be the resonant frequency of
the flotor bowl.

7.2.3 Position Bandwidths

The closed loop position control frequency plots obtained during testing are shown in Figs.

7.7-7.10. The +3 dB bandwidth for each axis is greater at the faster control rate than
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the slower one, and greater for the aluminum coil flotor than for the copper coils. The
resulting bandwidths for all tested degrees of freedom are in the neighborhood of 50 Hz at
the half-speed control rate and 70 Hz at the fast control rate with the copper coil flotor,
and 70 Hz range at the slow control rate and 100 Hz or greater at the fast control rate
for the aluminum coil flotor. The bandwidths for vertical translation and rotation about
the vertical axis are expected to be somewhat higher than for horizontal translations and
rotations due to the symmetrical coil arrangement and mass distribution about the vertical

axis.

7.3 Discussion

The performance of the aluminum coil flotor is superior to the copper coil flotor in the

measures of
e lower weight,
e higher acceleration,
e lower typical power consumption,
e higher position frequency response bandwidths,
and the copper and aluminum coil flotors are equivalent in:
e maximum forces and torques,
e impedance range, and
e position sensitivity.

Since there is no disadvantage to the use of aluminum coils in the flotor, aluminum coils are
definitely preferable for this magnetic levitation device. Furthermore, since the maximum
forces and torques are higher than most users can apply with the fingertips during haptic
interaction and the average power consumption is quite low even with the higher resistances
of the aluminum coils, further improvements in operational frequency response bandwidths
could be achieved by using narrower aluminum coil ribbon wire for further reduction of
the flotor mass. Less powerful magnets could also be used for the actuators to reduce the
material cost of the magnetic levitation device, since the maximum forces and torques of the

device could be reduced without significantly affecting the effectiveness of haptic interaction
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using the device. To generate forces above the 250 Hz resonant frequency of the present
aluminum coil flotor, the flotor would have to be made stiffer and/or lighter.

The aluminum flotor delivers position control frequency response bandwidths of at least
100 Hz in all the degrees of freedom of the magnetic levitation device with the 1.3 kHz
servo control rate. Even at the 650 Hz control rate, the control bandwidths in all degrees
of freedom are at least 70 Hz, which is still sufficiently high to provide convincing haptic
contact and surface texture forces. Some further improvement in control bandwidths may
be possible with a faster control processor and update rate, but the achievable control
bandwidths have an upper bound determined by the sensor noise level, flotor inertia, and
eddy current damping. At lower control rates the additional computation time available
to the local control processor can be used for more sophisticated collision detection and
environment simulation to provide more responsive haptic interaction.

The operation of this new magnetic levitation haptic interface device is part of the
larger goal to realize high-performance, realistic haptic interaction with dynamic physical
simulated environments. Since no other 6 DOF haptic interface device yet exists with the
bandwidths of the new device, it enables evaluation of richer, more subtle methods of haptic
interaction with dynamic physical simulations including sophisticated texture and friction
surface effects. Noncontact actuation and position sensing eliminates the friction and other
actuator nonlinearities of haptic interfaces which use conventional motors, linkages, and
cables, and the new device also has a very large impedance range for haptic interaction.

A realistic, dynamic virtual environment, integrated with the magnetic levitation haptic
interface device and a graphical display, has the potential to provide users with a very

convincing experience of directly interacting with physical objects in a real environment.
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Part 11

Interactive Simulations
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Chapter 8

Haptic Simulation and Display

The second part of my thesis work was to build an integrated hardware and software system
to interact with realistic dynamic simulated environments using the magnetic levitation
haptic interface device described in Part I as a virtual tool. Previous implementations
of magnetic levitation haptic interaction with simulated environments [44, 45] were with
simple, limited, static environments, in which only the magnetic letitation device flotor,
corresponding to the haptic tool in the virtual environment, moved while the environment
remained fixed. Although haptic interaction with a static environment is useful in itself
to enable the user to feel the shape and surface characteristics of an object, the work to
be described here goes further to provide interaction with a realistic physically simulated
world in which objects dynamically react to forces acting on them due to collisions, friction,
gravity or other force fields or point forces. Such a realistic, dynamic virtual environment,
integrated with the haptic interface device controller described in Part 1 and a realistic
graphical display, provides users with a convincing experience of directly interacting with
physical objects in a real environment.

To realize this type of interaction, a simulation engine is needed to model the behavior
of objects in the virtual world in real time. The haptic device controller has a limited com-
putational speed and can only simulate simple environments locally. In the newly realized
system, the simulation executes on a workstation and communicates with the maglev haptic
device controller via an Ethernet network link. The simulation software must continually
and smoothly handle collision detection, object motion mechanics, contact and constraint
forces, and communication with the device controller. The device controller calculates and
continually updates its force feedforward and impedance control parameters according to
the contact state of the haptic tool in the simulated environment.

The software system has to generate haptic device forces from an environment model

with the geometry of the virtual tool and other objects in the simulation, dynamic models
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including masses and inertias of the objects, optional surface models of friction and texture,
and the motion imposed on the haptic device handle by the user.

The effectiveness of the proposed haptic interaction system will depend on the system
integration and virtual object control methods as much as on the dynamic performance of
the device and the accuracy of the physical simulation. The intention of the integration
methods is to make the haptic interface as transparent and direct as possible, so that
the user can feel he or she is actually directly physically interacting with the simulated
environment.

The effectiveness of a haptic interation system is difficult to evaluate quantitatively since
it depends not only on the accuracy with which the device reproduces the dynamics of a
real physical system, but also on the subjective perception and neuromuscular properties of
the user. It may be advantageous to emphasize or exaggerate some aspects of the physical
simulation in order to compensate for other limitations in the simulation or haptic device and
thereby improve the user’s overall perception of the simulated environment. For example,
increasing the force impulses to the haptic device due to object collisions in the simulated
environment may compensate for limited stiffness in the haptic device. An accurate analysis
of the effectiveness of a haptic interface system would include a user survey and results of
task performance as well as test data from the device. Statistical surveys of the effectiveness
and realism of simulated tasks using the haptic interaction system for a group of different
representative users are planned in an upcoming project and are beyond the scope of the

thesis described here.

8.1 Modularity

There are many benefits achieved by separating the haptic device controller and the sim-
ulation of the virtual environment. As mentioned previously, the computational power of
the haptic device controller is limited and it is not able to simulate environments of any
more than minimal complexity at a rate sufficient for haptic rendering. It is also easier to
monitor and ensure the stability and reliability of the realtime haptic device controller if
its interfaces and tasks are well-defined and consistent.

Separation of the device control and environment simulation enables the device to be
interfaced to existing environment simulation systems which can operate at or near realtime
rates while exchanging position and contact information with the device controller. More
than one haptic device could be interfaced to a single simulated environment so that two-

handed tool-based tasks could be simulated or so that multiple users could interact in
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a shared environment. The environment simulation system could could also be directly
replaced by an actual manipulator which exhanged position information in the same format

with the haptic device controller, to realize high-performance force reflecting teleoperation.

8.2 Simulation and Device Correspondence

The most critical problem that must be resolved to integrate physically-based modeling
with the maglev haptic interface device is to maintain the correspondence between the sim-
ulated environment, the haptic interaction device, and the graphical display. The graphics
display and the haptic interaction must be kept closely synchronized with minimal latency
between them so that the environment seen in the display and felt through the device
seems consistent and natural to the user. Perceptible differences in the feel and appear-
ance of surface shapes or the timing of collision events seriously degrade the effectiveness
of interaction with the simulated environment. To preserve consistency in the interaction
system, the state information in the haptic device controller and the haptic tool object in
the simulation must be mutually updated often enough that slight differences in timing,
shape, and contact configurations will be virtually imperceptible to the user. For the best
system performance, the simulation processing and the device control will be executed on
separate processors and a local intermediate representation will be periodically generated by
the simulation and communicated to the device controller to determine the device’s spatial
impedance at the much faster control cycle rate.

The simulation processing and device control must be decoupled because of their differ-
ent performance requirements: The physical simulation requires very intensive processing
and its update rate depends on the complexity of the environment and dynamic events oc-
curring from moment to moment. A moderately complex simulation and graphical display
executing on a SGI workstation updates at 20-30 Hz, which is sufficiently fast to appear
almost continuous when graphically displayed to the user. The device controller must cycle
at a much faster fixed sample rate, at least 500 Hz for convincing interaction with solid
objects and preferably over 1000 Hz for realistic emulation of more finely detailed subtle
surface characteristics. Rather than attempting to integrate intensive asynchronous compu-
tation, graphical display, I/O, and fast realtime sensing and control on a single processor,
it is more practical and flexible to execute the realtime control task and analog [/O on a
separate processor system.

Due to this decoupling, an intermediate dynamic representation will be used to achieve

adequate performance. To keep the simulation and device control mutually consistent given
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limited communication speed and bandwidths, the simulation will periodically send a de-
scription of the local environment to the device controller. The device controller will cal-
culate the control gains, setpoints, and compliance frame variables for spatial compliance
control from the local environmental description of motion constraints supplied by the sim-
ulation. Dynamic events can then be predicted by the device controller so that they occur
nearly simultaneously in the simulation and the actual dynamic behavior of the haptic de-
vice. The device controller must also return the flotor motion and actuated interaction force
and torque back to the simulation so that the simulation responds to the user motion and

forces.

8.3 Intermediate Representation

Intermediate representation for virtual environment interaction was developed by Adachi et
al. in [18]. Mark et al. and others describe several intermediate representations that they
implemented, including plane-and-probe; friction and texture; and multiple planes, probes,
and springs [52].

A physically-based dynamic simulation has been integrated with a PHANToM 3 DOF
point-based haptic interface device by Vedula with added Coulomb friction [53]. The most
successful intermediate representation implemented consisted of a kinematic description of
the object plane closest to the location of the probe tip in the virtual world including its
updated position and the relative position and linear and angular velocity of the object’s
center of mass.

Previously developed intermediate representations [18, 52, 53] represent point force in-
teractions only. For rigid-body 6 DOF haptic interaction, a more flexible and detailed
intermediate representation is necessary. In this described research, I have developed and
implemented an interface to a simulated environment by using a new representation model
which generates and displays the complete force-torque wrenches resulting from all rigid

body interactions.

8.4 Virtual Coupling

One way to interface a haptic device to a simulated environment is through a virtual coupling
[16] between the tool in the simulation and the haptic interface device. A virtual spring and
damper concisely transmits all force and motion information between the device and the

simulation so that the haptic device user can feel the dynamics of the tool in the simulation.
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The stability of the haptic device controller can be easily ensured by setting the gains of the
virtual spring and damper. The drawback of the virtual coupling interface method is that
the detail and responsiveness of the environment simulation is diminished, since sudden

motions in the environment are filtered through the virtual spring and damper.

8.5 Contact Point Intermediate Representation

The simplest way to extend point-contact intermediate representations for rigid-body inter-
action would be to generate representations for multiple contact points as suggested in [52].
The combination of the point forces would produce a force-torque wrench on the haptic
tool in the simulated environment and be felt by the user. The drawback of this method is
that it only emulates contacts between vertices of the haptic tool and planar surfaces in the
simulation; edge-to-edge contacts and contacts between haptic tool planes and environment
vertices would not be detected and would not generate reaction forces.

To emulate real rigid-body haptic interaction, the multiple-point representation method
of [52] must be extended to recognize edge-to-edge and tool-plane-to-world-vertex contact
forces also. A full intermediate representation for rigid-body contacts may become rather
large even for simple objects, as illustrated by the cube alignment task of Fig. 8.1. Small
perturbations in the position of the cube shown may result in any of the following rigid-body

contacts:

e Point A with Plane abed, acge, and abfe
e Point B with Plane abed and abfe
e Point C with Plane abed and acge
e Point D with Plane abed

e Point E with Plane acge and abfe
o Point F with Plane abfe

e Point G with Plane acge

e Point d with Plane ABCD

e Point f with Plane ABFFE

e Point g with Plane ACGE

o Edge AB with Edge bd and bf

o Edge AC with Edge ed and cg

e Edge AF with Edge ef and eg

e Edge BD with Edge bd and cd

o Edge CD with Edge bd and ¢d

e Edge BF with Edge bf and ef
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Figure 8.1: Potential Contacts Aligning a Cube

e Edge EF with Edge bf and ed
o Edge CG with Edge cg and eg
e Edge EG with Edge c¢g and eg

For the intermediate representation to correctly represent this local object configuration,
it must contain the positions and types of all the potential local contacts, as well as the
translational and angular velocities of the relevant surfaces, edges, and vertices. Due to the
limitations in communication bandwidth and processing speed for realtime force interaction,

it may be necessary to limit the number of vertices and edges of the modelled haptic tool.

8.6 Simulation and Controller Integration Summary

To summarize the requirements for integration of the physically-based simulation and the
maglev device controller, the possible interactions between the simulation and the controller
during free tool motion, tool-environment collisions, and constrained tool motion modes are

described below:

Free tool motion: The physical simulation and the haptic controller are independent of
each other in this mode. The user feels the actual inertia of the maglev flotor but the
weight that is felt is dependent on the amount of feedforward gravity cancellation in
the controller. The passive eddy current damping in the maglev device may be mostly

eliminated if desired by adding negative damping in the control feedback. A collision
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detection algorithm executing in the physical simulation will signal any change to the

free motion of the maglev flotor.

Tool-environment collision: When a tool-to-environment collision occurs, a collision
force-torque impulse wrench is generated by the physical simulation, which is de-
pendent on the masses and moments of inertia of the tool and the collided object,
their relative velocity, and a predefined coefficient of restitution ¢ where 0 < € < 1.
While the colliding tool and environment objects remain in contact in the simulation,
the device controller must switch from free to constrained tool motion. The collision
impulse vector from the simulation can be communicated to the device controller and
reflected to the haptic interface user at the right instant by applying a force F = J/T
to the flotor for one sample period, where J is the impulse vector and 7" is the sample
period time. For the simple case where the flotor of mass m represents a point mass
tool colliding with an stationary infinite-mass object, with a velocity v parallel to the

surface normal, the collision impulse is J = —emv.

Tool-environment resting contact and constrained motion: This is the most diffi-
cult case to emulate since combinations of contacts produce the impedance for the
haptic device flotor at each controller sample period. To accomplish this, an inter-
mediate representation data structure must be sent from the simulation to the device
controller at each iteration of the simulation. The haptic device controller synthesizes
the correct impedance gains and setpoints for the haptic device flotor to generate
feedback forces at each sample period of the controller as different contacts are made

and broken.

The three modes of interaction are not independent but may run concurrently in some
dynamic conditions. For example, one corner of the haptic tool may be in resting contact
with an object in the simulated environment when a different corner of the tool collides
with an object. The remaining unconstrained degrees of freedom of the haptic tool and

flotor will have free motion to pivot around the constrained corners.
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Chapter 9

Modeling and Simulation for Haptic Interaction

To realize convincing, realistic haptic interaction with any modelled environment, the sim-
ulation of the environment should be as fast and detailed as possible to match the respon-
siveness of the magnetic levitation haptic device. The haptic perception capabilities of the
hand still remain much greater than any haptic interface system can deliver, although the
present system is a significant step towards that goal.

Control of the magnetic levitation device of Part | is based on a setpoint and stiffness
and damping gains for each axis with added force feedforward, otherwise referred to as
the proportional-derivative error [PD] control as described in Section 5.2.3. An interface
of some kind is necessary to set the feedforward, setpoint, and gain control parameters
from the environment simulation. A simple example of a control interface to a simulated
environment is the unilateral constraint for a single point on the haptic tool contacting a
solid wall. Both the stiffness and damping gains are set to zero when the point is on one
side of the wall and set to stiff, stable gains if the point is inside the wall, with the position
setpoint at the point on the wall closest to the tool point. For the haptic interaction system
described here, the interface between the simulation and the device controller must account
for rigid-body contacts between the tool and environment which may include multiple point,
edge, and face contacts. The simulation to controller interface would further benefit with
the addition of modelling and display of friction and texture.

The following sections describe the physically-based simulation software package used
for the haptic interaction system, methods for interfacing the simulation with the magnetic
levitation device, and methods for modeling and haptically displaying surface friction and

texture.
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9.1 Physical Dynamics Simulation

The CORIOLIST™ 3D physically-based dynamic simulation package developed by Baraff is
used for the interactive simulation, an extension of the 2-D simulation described in [54]. This
package calculates forces and motions of rigid bodies in space due to Newtonian mechanics,
motion constraints, collisions, and friction in near-real time on the host workstation. The
algorithms calculate object dynamics by numerical integration of the environment model
differential equations at each timestep, accounting for instantaneous collisions and motion
constraints due to resting or sliding contact [55, 56]. A sample display of Baraff’s real
time physically-based simulations is shown in Fig. 9.1. The functionality and use of the
CORIOLIS package is described in an API [57]. Added details of the methods used to
calculate collision and constraint forces and perform efficient collision detection are given

in Appendix D.

9.1.1 Dynamic Simulation Methods

Three types of motion dynamics must be modelled: free rigid-body dynamics, collisions,
and constrained motion such as sliding or resting contact. Free rigid body dynamics are
straightforward to calculate given each body’s state vector, initial conditions, and inertial
parameters. Contact forces between objects are calculated from the relative velocities,
the contact point, and a surface normal. Plane-to-plane and edge-to-plane contacts are
modeled as multiple vertex-to-plane contacts. Vertex-to-vertex and vertex-to-edge contacts
are degenerate and can be treated as vertex-plane contacts, since they can only occur
instantaneously. For edge-to-edge contacts the surface normal is defined to be perpendicular
to both edges.

The Newtonian free rigid-body dynamic state equations given below are integrated for

each free body in the simulation:

(1) (1)

i o)
L) (1)

o) = 20 w0y = 1)(0), (0:2)

I(t) = R(t)Ip,0, R(1) (9.3)
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with position @, rotation matrix R, momentum P, angular momentum L, velocity v,
angular velocity w, force F, and torque 7. Body mass M is constant and inertia I is a
coordinate transform of constant inertia matrix Ipoqy.

In this simulation approach, objects are assumed to be perfectly rigid and non-interpenetrating.
To prevent interpenetration when contacts occur, the necessary forces to prevent interpen-
etration are analytically computed and introduced into the simulation. In the case of colli-
sions, the impulsive forces and accelerations are instantaneous. Since differential equation
integration methods assume continuous dynamics, integration must be halted at the time
of a collision and restarted again with new initial conditions.

Objects in prolonged contact with one another are subjected to only continuous forces
and accelerations so discontinuities in the dynamics integration are unnecessary. Since the
contact forces for multiple contacts may depend on each other, they must all be computed
simultaneously. These forces must be solved using a quadratic program, however the pa-
rameters of the problem are such that this quadratic program can be solved efficiently.

Collision detection to prevent interpenetration can be a computationally intensive re-
quirement of the physical simulation. A naive method of comparing points and faces at
each time step would require O(n?) computation; efficient updating of a dependency tree
structure can considerably reduce the computation required in practice. A 3-D hierarchical
bounding box approach is reported to run essentially in O(n + k) with k& the number of

pairwise bounding box overlaps [55].

9.1.2 Dynamic Simulation for Haptic Interaction

The CORIOLIS™ simulation package was not originally intended for use with a haptic
interface. The execution time of the simulation is non-deterministic and cannot strictly be
said to be “realtime”. Any delays from the simulation or in communication are noticeable
to the haptic interface user when the simulation is tightly coupled to the haptic device
controller. In particular, if many collisions occur in the simulation, then the elapsed time
in the simulation will drastically slow down and the tool in the haptic simulation will seem
to be stuck or jammed.

Both the magnetic levitation haptic device controller and the simulation can be classi-
fied as impedance systems since they calculate force outputs from position inputs at each
iteration cycle. Since each system expects position inputs from the other, they can not be
interfaced directly. Some coupling interface is needed between the two subsystems.

The steps taken to mitigate the nondeterministic effects of the CORIOLIS™ simulation

and enable the physical simulation to be interfaced to the realtime magnetic levitation haptic
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Figure 9.1: Sample Display of Physically-Based Simulation

device controller are explained in Chapters 12 and 13 which describe the development and
implementation of the virtual coupling and the contact point intermediate representation

interface methods.

9.2 Friction

Introduction of Coulomb friction into the non-penetrating rigid-body physically-based sim-
ulation could require exponential computation time, but a reformulation allowing additional
introduction of non-impulsive contact forces enables the use of algorithms with polynomial

time behavior [58].

9.2.1 Viscosity

Added viscous friction or damping in the maglev device dynamics is produced by the deriva-
tive gain in the controller applied to filtered or estimated velocities. Passive damping also
exists in the device due to eddy currents in the flotor shell. It is possible to reduce the total

damping of the device response by applying a negative damping gain, but this is not done
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during haptic interaction to ensure stability and prevent resonances in the flotor from being
excited.

Previous work has shown the damping control gain to be especially effective in emulat-
ing damped collisions, sliding on sticky or oily surfaces, and motion of objects submerged in
viscous fluids, provided that the signal filters described in Section 5.2.1 are tuned to elim-
inate inaccuracies from sensor noise and quantization effects but still capture the motions

of the user’s hand and fingers.

9.2.2 Coulomb Friction

The emulation of dry sliding or Coulomb friction is slightly more involved as it requires
monitoring and updating a stick/slip condition. When a virtual tool object surface is in
contact with another surface, the following algorithm determines motion on that surface
[45].

During the sticking state, the control law used is:
[=—kyi& — kp(zq — ). (9.4)

If f exceeds a threshold force fy, then the controller switches to the sliding state and uses

the viscous only control law:

[ = —kyi. (9.5)

When f falls below f; again, the position setpoint z4 is reset to = and the controller
switches back to the sticking state. The sliding force threshold is determined by the defined
coeflicient of friction g between the surfaces and the normal force between the objects f,

according to Coulomb friction:
Ir =it (9.6)

Both types of friction were previously demonstrated by the author [44] with a static
environment using the IBM magic wrist. Implementation is straightforward and leads to a
high degree of perceived realism in the haptic interaction. The integration of these friction
emulation techniques with realtime physically-based modeling simulations is an important

result of this research work.

9.3 Texture

Convincing, realistic haptic display of texture was first demonstrated in the “sandpaper

system” [19] with a 2-DOF force-reflecting joystick. Surface roughness was shown even
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Figure 9.2: Texture modelling methods (a) Sandpaper system (b) surface grooves (c)
stochastic

with only 2 DOF in the plane by generating forces proportional to the local gradient of a

simulated bumpy surface as shown in Fig. 9.2(a).

9.3.1 Texture from Facets

Surface texture was emulated with the original Magic Wrist and the new magnetic levitation
haptic device by defining a multifaceted surface and treating interaction with that surface in
the same way as with other rigid surfaces [44]. A flat surface with parallel sawtooth grooves
200 pm wide and deep was defined as in Fig. 9.2(b). Contact with the angled walls of the
grooves produces a reaction force normal to the surface proportional to the interpenetration
distance. A disadvantage of this method is the “pop-through” effect: The reaction force is
calculated by the distance between the actual position of the flotor and the closest surface
point, so the assumed surface contact point can “pop-through” from one side of a peak
to the other. This phenomenon can be avoided by tracking “ghost” points on the surface
during the interpenetration so that the force direction does not abruptly switch from one
surface to another in a nonphysical way[15, 16, 17].

The presence of the grooves could be felt by the user as long as the surface was suffliciently
stiff. A buzzing sensation was felt as the flotor was moved perpendicular to the texture
grooves, while the motion felt smooth parallel to the grooves. The addition of static friction

improved the natural feel of the interaction.
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9.3.2 Fine Generated Texture

For fine textures, pseudo-random generated force patterns can be superimposed on the con-
tact forces, as in Fig. 9.2(c), to give the impression of surface textures instead of modelling
surface features physically. A stochastic method of texture emulation for haptic interaction
is presented and implemented in [20]. For texture emulation that is both realistic and ef-
ficient, the limitations of physical dynamics modelling, computational power, and human
haptic sensing capabilities must be balanced against each other. Below a certain size of
shape detail, the increase in the complexity of the physical model and the amount of neces-
sary information transfer between the simulation and the controller becomes prohibitively

large as it approaches the limits of human tool-based haptic perception.

9.3.3 Texture Issues

This surface texture simulation method for haptic display is analogous to 3-D graphics
display methods: Larger geometric features are modelled with polygon meshes or spline
curves, while fine texture patterns are directly mapped onto surfaces. For the best corre-
spondence between the graphical display and haptic sensing of a virtual environment, the
haptic texture can be either generated from the graphic texture or both the graphic and
the haptic texture representations can be generated from an underlying surface roughness
model in a manner similar to the “sandpaper system”.

Synthesis or coordination between friction and texture emulation can improve the effec-
tiveness and realism of haptic interaction, as the same physical effects of surface variations
and microcollisions cause both texture and friction. Coulomb friction itself is an approxi-
mate model which averages out the effects of microscopic surface variations. Massie defines
a “haptic spectrum” where real-world surface variations are haptically perceived as shape,
texture, or friction according to their scale, or “wavelength” [15].

Dynamic and static Coulomb surface friction as well as texture is emulated in [52] by
Mark et al. by a surface populated by snags in a model similar to the bumpy surface texture
model of [19]. In [20], friction and texture emulation forces are completely decomposed so

that
Fcontact = Fconstraint + Ffriction + Ftea:tur’e (97)

The haptic interaction system used decomposed models of texture and friction for increased

flexibility and simplicity in surface modeling.
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An interesting feature of the haptic interface is that exotic physical effects are possible.
For example, directionally dependent viscosity can be easily obtained by using different

velocity feedback gains in each control axis.
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Chapter 10

Local Simulations

Several simple simulated environments were implemented to execute entirely on the haptic
device controller processor. These interactive simulations demonstrate the effectiveness
of the haptic interaction simulation and control methods without any delays or loss of
bandwidth due to communication with a separate simulation operating at a slower update
rate. For these simulations, the object dynamics and contact constraints are computed
locally and the graphical workstation is used for only for rendering and display of the
simulated environment. The position data is sent from the haptic device controller to the
graphics workstation at approximately 50 Hz over an Ethernet network using a TCP/IP
socket connection. The information flow over this socket connection is one way only. Since
these simulations are completely independent of the host workstation, the reaction and feel
of the haptic interface device is the same when there is nosocket connection to the graphics
workstation and the graphical display program is not executing. The graphical displays
were generated using the Open Inventor graphical package on SGI workstations.

The environment is static. The virtual tool is the only object that moves in the local
simulations.

The local implementation should provide the best responsiveness, bandwidth, sensitivity
and stiffness, for applications but the complexity of the simulations is limited due to the

limited processing speed and power of the realtime controller.

10.1 Basic Rigid-Body Simulations

The simple rigid-body local simulations demonstrate the capabilities of haptic interface
system with 3-D rigid-body environments. To emulate point, edge, and face contacts, the
complete 6 DOF of the haptic device are required to reflect forces and torques to the

user. Simple tools and environments are demonstrated so as not to overburden the current
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device controller and allow simulation and control update rates of 1000 Hz. The walls in
the simulated environment are also aligned with world coordinate frame axes in order to

minimize the contact calculations required.

10.1.1 Interface and Control Method

First, the positions of the haptic tool vertices are calculated from the position and orien-
tation of the haptic interface device handle. The local rigid-body contact simulations use
a block-shaped tool since the contact and feedback calculations are minimal. For a block-
shaped haptic tool of dimensions 2w x 2l x 2h with the center of the block corresponding to

the center of the haptic device handle, the positions of the vertices of the tool are given by

vo = P+ wi+lj+ hk,
vi = P+wi+tlj— hk,
vy = P+ wi-—1j+ hk,
vs = P+ wi-—1j— hk,
vy = P —wi+lj+ hk,
vs = P —wi+lj— hk,
ve = P — wi—1j+ hk,
ve = P —wi-—1j— hk,

where the haptic device handle position is P and the matrix rotation of the haptic device
handle R is partitioned as [t j k.

Then, all possible combinations of vertices and faces are checked for interpenetration.
If there are n vertices and m faces on the haptic tool and n’ vertices and m' faces in the
environment, then nm + n'm’ different combinations could need to be checked. In specific
cases, many combinations can be eliminated due to the limited rotation of the magnetic
levitation haptic interface device and the shapes of the simulated tool and environment. In
a complex environment, bounding box and recursive tree-based algorithms can also elim-
inate many combinations in order to reduce computation. A single vertex-to-face contact
interpenetration is shown in Fig. 10.1.

Edge to edge contacts must also be detected and their feedback forces and torques
calculated. A pair of edges can be checked for contact by projecting both edge segments
onto the two face planes adjoining one of the edges, solving for the intersection of the

projected lines, and checking the endpoints of both edges. Due to interpenetration, the
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edge segments do not actually intersect in space. A sample edge-to-edge contact is shown
in Fig. 10.2.

For each calculated contact and interpenetration, the feedback force and torque contri-
bution is calculated and added to the total force and torque to be generated by the haptic
device. The feedback from multiple point contacts added together emulate line and face
contacts, as shown in Fig. 10.3.

The feedback force and torque contributions from a single contact point are:
fmp = —K,®epryand (10.1)

Tmp — (wmp - wmc) X fmpa (102)

where the stiffness feedback force f,,, from a single point is the material stiffness propor-
tional gain K, applied to the contact point interpenetration distance z.,, in the direction
of the interpenetration. The feedback torque 7,,, to be applied at the center z,,. of the
maglev handle from the contact point is the product of the contact point force vector f,,
and the lever arm between the contact point and the body center, 7 = r X f. The r and
&, vectors to generate force and torque feedback from one interpenetration contact point
is shown in Fig. 10.4.

Viscous or damping feedback must be generated whenever there is stiffness feedback for
stability and to prevent excessively bouncy surfaces and surface chattering while the haptic
device handle is held by the user. The damping feedback was applied to the translation axes
normal to each interpenetration surface and rotation axes parallel to each surface according
to the motion of the flotor center. Applying damping at the center of the tool is simpler

than applying damping at each contact point and stability can be ensured more easily.

10.1.2 Cube-In-Cube

The cube-in-cube local simulation demonstration consists of a moving cube confined to a
cubical box. Point, edge, and face contacts are possible between the inner and the outer
cubes. No edge to edge contacts are possible in this environment, which greatly simplifies
the contact calculations required for the simulation. Furthermore, there is no ambiguity as
to which face is contacted when there is interpenetration near an edge or corner. There are
no surfaces in the environment which the tool can “pop through”.

The graphical display is shown in Fig. 10.5. The inner moving cube is a solid colored

block and the fixed outer cubical environment is shown in wireframe mode.
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Figure 10.4: Force and Torque Feedback from Contact Point

Figure 10.5: Local Cube-in-Cube Simulation

Figure 10.6: Local Peg-in-Hole Simulation
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10.1.3 Peg-in-Hole

The peg-in-hole simulation is similar to the cube-in-cube simulation but also includes po-
tential edge-to-edge contacts and “pop through” effects due to the convex edges in the
environment formed by the top rim of the hole.

The possibility of edge-to-edge contacts and interpenetration must be checked between
each of the peg edges and the four top rim edges of the hole. For each peg edge, if at least
one endpoint of the edge is below the level of the hole, then both lines are projected onto
the zy plane and their intersection is calculated. The hole rim edges are parallel to the
z and y axes, so for a 2/ x 2l square hole centered on the origin and a peg edge segment

between (o, Yo, z0) and (z1,y1, 21), the two-point form of a straight line:

Yy—un _ Y2 — 41 (10‘3)

T —x1 Tg—T1

can be used to calculate the z;,; and y;,: coordinates of the intersections of the peg and

hole edges projected into the zy plane:

Xy = i, and (10.4)
it = 2P0 (1 o) 4y (10.5)
1 — X

for the edges of the hole at y = £/ and

Ting = St (£l — yo) + o, and (10.6)
Y1 — Yo

for the edges at = = +l.

If the projected intersection point z;.¢, yin: lies between the endpoints of the current
hole rim edge, then there is indeed contact of the peg and hole edges and interpenetration
between their rigid-body polyhedron representations.

For edge-to-edge contacts between the rim of the hole and the bottom edges of the peg,
the contact normal force is approximated to be vertical and the vertical interpenetration
distance is used for surface stiffness feedback. A more physically exact representation would
be to calculate the cross product of the two edge segment vectors to obtain a contact force
direction unit vector orthogonal to both edge vectors. The vertical interpenetration in the
approximate case is the distance between the top of the hole ¢t and the intersection of the
peg base edge and the wall of the hole. For the hole walls parallel to the zz plane, the
vertical interpenetration distance d is

21 — 20

d=1-]

(:i:l — .To) + Zo] (108)

] — Zo
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and for the hole walls parallel to the yz plane the interpenetration is

Z1 — 20
Y1 — Yo

d=1t- [ (:tl - yo) + Zo]. (109)

For edge-to-edge contacts of the rim edges of the hole and the side edges of the peg, the
contact normal force is approximated as horizontal and so the horizontal interpenetration
is used for stiffness feedback. The horizontal interpenetration is found by calculating the
intersection point of the peg edge with the plane of the top of the hole. For the hole edges

parallel to the zz plane, the interpenetration d is

t—ZO

d= :|:[ (.’El - 1‘0) + 370] -1 (1010)

21 — 20
and for the hole edges parallel to the yz plane,

t—ZO

21 — 20
The display for the peg-in-hole simulation is shown in Fig. 10.6. For added clarity, the
base object around the hole was defined to be semitransparent and the edges of the hole

are outlined in wireframe mode.

10.2 Surface Characteristics

The simulation environment in this demonstration consists of a single fixed flat surface. The
haptic tool controlled by the haptic device is a pointed probe tip and the user can move the
tip position anywhere above or on the simulated surface. Each quadrant of the surface has
a different characteristic surface model. The surface models are (1) a frictionless and flat,
(2) flat with friction, (3) textured with no friction, and (4) texture and friction together.
For each model the texture and friction forces are added to the solid contact constraint
forces to give the user the perception of surface characteristics. The graphical display for

this simulation is shown in Fig. 10.2.

10.2.1 Coulomb Friction

All modeled surfaces must have some limited degree of damping or viscous friction in order
to prevent chattering. Coulomb or dry friction is based on a different model which involves
a stick-slip motion, however. The right half of the surface shown in the figure has added
Coulomb friction.

In this basic stick-slip friction model, when the haptic device handle (and the probe tip

in the simulation) contacts the friction surface, a position control setpoint is established
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Figure 10.7: Surface Characteristic Simulation

on that surface at the current position. While the probe remains in contact with the
surface, whenever the magnitude of the force on the probe tip parallel to the plane exceeds
the normal force times the Coulomb friction coefficient u, the position control setpoint is

reestablished at the new probe position. For a surface parallel to the zy plane, the friction

threshold is
I3+ 15 > (nf:)* (10.12)

10.2.2 Texture

The half of the surface farthest from the user in the figure is modeled with a faceted surface
of grooves with a sawtooth profile. This texture simulation model was shown in Fig. 9.2(b).
For grooves running parallel to the z axis with height A and width w, the added surface

height z; due to the texture at a given y is:

o ymodw if ymodw ¢ 5
zs(y) = et 4 v (10.13)
2h(1 — ¥22=2), otherwise
and the added forces due to the texture model are:
2 = Kpzs,and (10.14)

110



‘ Parameter ‘ Value

Translation Gains: | 5.0 N/mm Stiffness, 0.06 Ns/mm Damping
Rotation Gains: 25.0 Nm/rad Stiffness, 0.5 Nms/rad Damping
Force Feedforward: | 5.0 N

Moving Cube Size: | 10.0 mm

Fixed Box Size: 15.0 mm

Table 10.1: Cube in Cube Experiment Parameters

Kz, ifymedw g5
f, = { P B (10.15)

—K,z,, otherwise

with stiffness gain K.

10.2.3 Impact

The surface characteristic simulation includes an impact model. A force impulse f; pro-
portional to the velocity normal to the surface v, is generated at the contact point when
collision is detected,

fi = Kv,, (10.16)

where K is a proportionality constant. Due to the high control bandwidths of the magnetic
levitation haptic device, impacts with the simulated surface actually produce audible clicks,
just as actual impacts of a tool with a solid surface.

Audible impacts are also produced on the magnetic levitation device using just surface
stiffness and damping if the gains are sufficiently high. The addition of the impact impulses
reduces the interpenetration of the tool into the virtual surface, improving the stability of
the device controller and generating a smoother, more realistic feel of solid surface impact

to the user.

10.3 Experimental Results

The following sample experiments were run at a 1000 Hz control rate. The test data were

recorded using a data logging software package' running on the realtime device controller.

10.3.1 Cubes

*StethoScope, Real Time Innovations
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Figure 10.8: Position and Force Data from Cube-in-Cube Simulation
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‘ Parameter ‘ Value

Translation Gains: 6.0 N/mm Stiffness, 0.04 Ns/mm Damping
Rotation Gains: 25.0 Nm/rad Stiffness, 0.5 Nms/rad Damping
Force Feedforward: 5.0 N

Coulomb friction coefficient: | 0.3

Texture Groove Height: 0.25 mm

Texture Groove Width: 0.25 mm

Table 10.2: Surface Simulation Experiment Parameters

The parameters of a sample recorded cube-in-cube haptic interaction are given in Ta-
ble 10.1. The position and force data are plotted in Fig. 10.8.

To obtain the sample data, the inner cube was moved along the bottom and top edges
of the outer cube, then held in the center and dropped twice on the floor of the outer
cube. Since there is 5 mm of clearance between the modelled cube and its environment,
the position data range from -5 to 5 mm. Since the collision between the inner cube and
the floor was very lightly damped, the cube bounces a few times at first and continued to
oscillate in force until damped out. The force generated by the device during the experiment
feels realistic and appears to be as expected, but added vibrations due to sensor noise and

limited damping are apparent in the output data.

10.3.2 Surface Characteristics

To obtain the data of Fig. 10.9, the probe tip in the simulation was moved by the
user in circles over each of the four quadrants of the environment surface in succession
for approximately two seconds each. The simulation and control parameters are listed in
Table 10.2.

The distinct surface characteristics of each of the four quadrants can be seen in the
position and force data of Fig.10.9. For the first two seconds, both the position and force
data are smooth, since the surface in the (—z, —y) quadrant has neither texture nor friction.

For approximately the next two seconds, the probe was in the (—z,4y) quadrant, with
grooves aligned with the z axis. The z position and force data are still smooth due to
the lack of friction, but the motion in the y direction is more jagged and flattens at the
local maxima and minima due to the grooves in the surface resisting smooth motion. The
force traces in y and z show high frequency vibrations due to the collisions with the groove
surface facets and the vertical motion over the peaks and valleys of the sawtooth grooves

can be seen in the z position data.
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Figure 10.9: Position and Force Data from Surface Simulation
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In the 3.5 to 6 second period, the probe was moved into the (+z,+y) quadrant with
both texture grooves and Coulomb friction. Here the 2 position and force data is somewhat
less smooth due to the stick-slip of the friction model. The vertical motion of the probe tip
over the grooves can still be seen in the z position data.

In the final period from 6 to 8 seconds the probe was in the (+z, —y) quadrant, with
Coulomb friction and a flat surface. The z and y position plots are less smooth than in the
(—z, —y) quadrant due to friction and vibrations can be seen in the z and y forces. The z

position and force data are quite smooth since the surface is flat.

10.4 Discussion

Performing all the environment simulation calculations on the local control processor can
provide the fastest possible performance response since the environment simulation is recal-
culated at every sample update of the controller and there is no delay due to communications
with a simulation on a different processor. The complexity of the environment is limited by
the local processor, however. The performance and response of the local simulations provide
a point of comparison for the quality of haptic interaction with more complex simulations
executed on the host workstation.

Use of the Open Inventor graphics modeling libraries enabled rapid, easy development of
environments, but the dynamic haptic control simulations required extensive hand coding
to calculate contact forces and tuning to realize stable, realistic haptic interaction. The
control and modeling for each of the locally exectuted simulations had to be done specifi-
cally for each environment in order to achieve the fastest possible execution time and realize
the best haptic performance. The gains and other parameters for the simulations were also
individually tuned to provide the most realistic impression of haptic interaction. Specific
programming for each different environment would be too time consuming and impractical
for a general haptic interaction system, so it would be better to interface with general,
existing environment simulation software if it is possible to realize comparable performance
and response in the haptic interaction with a simulation which is separated from the de-
vice controller. Virtual coupling and intermediate representation methods were adapted to
the magnetic levitation haptic interface device implemented with the aim of providing the
response of the local simulations with a fully developed and general, dynamic, rigid-body,

interactive simulation package.
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Chapter 11

Haptic User Interface

In addition to the haptic interface device and the physical simulation, a graphical display
and a means of easily modifying simulation environments, operational modes, and other
parameters of the interface during operation are necessary to make a haptic interface system
into a tool that is both versatile and easy to use.

Implementation of the graphical display of the simulated environment is straightforward
on a graphics workstation. Simple, basic lighting and reflectance models were used for
graphical rendering so that the display could operate at a reasonably smooth 20-30 Hz
frame rate while allowing the simulation computations to run as fast as possible.

Various operational modes and parameters were implemented and included in the hap-
tic interface system to provide the user with a degree of flexibility and customization in
the system interaction and to overcome the limitations of the haptic device when com-
pared to real world tool-based object manipulation. For example, a number of different
modes and parameters can be used in combination to move the virtual tool over arbitrarily
large distances and rotations in the simulated environment so that the size of the virtual

environment is not limited to the range of motion of the maglev device.

11.1 User Interface Control Panel

A graphical user interface control panel was implemented during the course of the devel-
opment of the haptic interface system so that operating parameters could be tuned and
different environments and operational modes could be tested easily during operation. The
same graphical user interface control panel allows all the operational modes and parameters
to be set by simply pointing, clicking, and draging with the workstation mouse, so it is also

suitable to be used as a control interface for any end user.
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The user interface control panel is shown in Fig. 11.1. It was designed and implemented
using the Xforms graphical user interface toolkit free software package [59] and contains
regular buttons, toggling “lightbuttons”, “radio” buttons for selecting among multiple op-
tions, and sliders. The control panel is divided into sections to control the following aspects

of the haptic interface system:

e position of the viewpoint of the graphics window
e parameters, actions, and modes of the dynamic simulation

e selection of the virtual tool and its environments, tool actions, and setting tool mate-

rial properties
e stiffness and damping gains for virtual coupling
e toggling control modes and setting their parameters
e motion scaling
e motion offsets

A message box at the bottom of the GUI window indicates when the rotation limit described

in Section 5.2.4 is exceeded by the user.

11.2 Graphical Display

The dynamic simulation environment during haptic interaction is displayed using the OpenGL
graphics library routines on a Silicon Graphics workstation or, equivalently, using the
MesaGL package on a Sun Sparc workstation. A schematic representation of the inter-
communication between the device, controller, simulation, and graphical display systems is
shown in Fig. 11.2. The physical simulation supplies data for the graphical display in real
time as well as two-way interactive communication with the haptic device controller.

Haptic interaction and 3-D graphics complement each other very well since the combined
interaction system recreates human visual/haptic interaction with real objects. Since human
haptic perception of object shapes is distorted and inaccurate depending on the hand and
arm position [60] and visual cues are dominant over haptic perception [61], small position
and force errors in the haptic device control should not be perceived by the user during
interaction if object shapes are also graphically displayed.

The graphical representation of the simulated environment includes shadows vertically

projected onto the floor from the objects in the simulation. The shadows were found by
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Figure 11.2: Haptic and Visual Interface System

various users to be useful visual cues to vertically align objects for tasks such as catching
thrown objects and peg in hole insertion. The shadows compensate for the lack of depth
perception while viewing a three dimensional environment on a flat monitor screen. The
existing graphical display system could be extended into a true three dimensional stereo
vision display system with the addition of LCD shuttered glasses synchronized with the

refresh rate of the display monitor and graphical generation of separate images for each eye.

11.3 Mouse Interface

Clicking and dragging the mouse in the graphics display window creates a virtual spring in
the simulated environment at the point on the object surface indicated by the mouse pointer.
The virtual spring can then be used to pull objects around the simulated environment while
the mouse button is held down. This interface feature was implemented by Sebastian Grassia

and David Barafl for CORIOLIS simulations.

11.4 Viewpoint Motion

Viewpoint controls are provided to enable the user to zoom, rotate, and pan the view of
the graphics window to display areas of interest in the simulated environment. For each of
the five possible camera translations and rotations, four buttons are provided to command
large or small steps in either direction. A slider is used to set the sizes of the camera motion
steps. Specific viewpoints can also be loaded from or saved to files; a pop-up dialog box

queries the filename. The button marked “extra” is not implemented.
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11.5 Simulation

The controls in this section affect the operation of the simulation itself.

11.5.1 Integration Method

A set of three buttons selects the numerical integration method used in the simulation for
modeling Newtonian rigid-body dynamics. The selections are the fifth-order Runge-Kutta
integration method with adaptive timesteps, fourth-order Runge-Kutta, and second-order or
midpoint Runge-Kutta. During typical operation, the 2nd-order Runge-Kutta integration
method is selected for greatest speed, although the accuracy and stability of the other

methods is greater.

11.5.2 Motion Recovery

The zero velocity button ZV sets the velocity of all the objects in the simulation to zero.
This capability is useful if objects in the simulated environment are accidentally given a
large velocity due to being struck or becoming suddenly unstuck. The button can stop the
objects before they go out of reach or fall off the edge of the simulated world. A reposition
button Repos sets all the objects in the simulation back to their initial positions with zero
velocity. This button is the useful one when objects have already gone out of reach or off

the edge of the world.

11.5.3 Print Operating Information

Three buttons cause runtime information of the simulation to be printed to the shell window.
The Contacts button prints the current position and normals for all the points on the tool
which are contacting other objects in the simulation. The tool contact data are used for
the contact point intermediate representation described in Chapter 13.

Toggling the Sec button causes the real time and simulation time elapsed for each it-
eration of the simulation to be printed to the shell periodically, along with the average
times and the number of elapsed simulation iterations and graphics frames. The real and
simulated time intervals do not match exactly due to factors such as momentary high com-
putational load, integration discontinuities due to object collisions, and nondeterministic
delays due to other operating system processes and network communications.

The Pos button causes the current tool position and orientation to be printed to the

shell periocically.
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11.5.4 Other Simulation Parameters

The Gravity slider sets the gravity on the objects in the simulation. Timestep sets the
attempted simulation time step per iteration.

Tolerance sets the tolerance for rigid-body contacts in simulation. Increasing the contact
tolerance speeds up the simulation time slightly fewer calculation iterations are required to
find contact points, but there is a corresponding loss of detail in the exact positions of the
calculated contact points. For detailed environments and very small clearances, it would be
preferable to set the tolerance lower.

The Nonstick parameter is a means to diminish the effects of the simulation drastically
slowing down when multiple objects in the simulation are tightly wedged together, as de-
scribed in Section 9.1. If the returned simulation time for one integration step 71 is less

than the nonstick parameter N times the desired simulation timestep 1y,
T < N1y, (11.1)

then the velocity of the virtual tool is set to zero, which tends to cause the simulation to

run at a typical speed again without perceptibly changing the dynamics of the simulation.

11.6 Tool

This section of the graphical user interface control panel controls the parameters of the

haptic tool in the simulation.

11.6.1 Shape

The topmost row of buttons in the TOOL section of the control panel is used to select
one of the different tool shapes and environments that have been modelled for the physical

simulation. The selection of tool shapes is pictured in Fig. 11.6.1 and described below:

PADDLE consists of handle attached to flat square panel

SCOOP handle attached to flat square panel turned up at back edge
PEG simple square peg for peg-in-hole simulation

KEY handle with attached tabs for key-in-lock simulation

ROD single thin stick to easily grab objects

For the peg tool, a set of holes of different sizes was created in the environment. The key

tool has a simple keyhole and sliding bolt structure in its environment.
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in Coriolis Simulations

Figure 11.3: Haptic Tool Selection
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11.6.2 Actions

Special added actions that can be performed with the tool in the simulated environment
have been implemented for easier manipulation of other objects in the environment. When
the Grab button is pushed, the next object that comes into contact with the tool becomes
rigidly attached and can be moved around the environment as part of the tool. Pushing
the button again releases the grabbed object. This feature of the interface enables the user
to easily move and maneuver objects in the simulated environment from place to place.
The Penetrate button allows the tool to pass through other objects in the simulation,
enabling the user to move the tool directly to other areas in the environment without having

to move around any other objects in the way. The Hold button is currently uniplemented.

11.6.3 Material Properties

The material and surface properties of the selected tool can be set from the control panel.
DynFric sets the dynamic friction coefficient and StatFric sets static friction for the Coulomb
stick-slip sliding friction model in the simulation. The elasticity of the tool in collisions is
set by the Rebound slider. Density sets the density of the tool material, which determines

the mass of the different tools which can be selected in the simulation.

11.7 Virtual Coupling Parameters

The stiffness and damping of the virtual coupling interface between the haptic device and
the tool in the simulation in translation and rotation are set by the four sliders in the
COUPLING section. The virtual coupling implementation is described in detail in Chapter
12.

11.8 Control Modes

Three control mode options were implemented to assist tool motion and viewing in the
simulated environment. The Rate mode, automatic view control AutoPan mode, and tool
coordinate ToolCrd mode can all be set independently. When all three of these modes are
enabled together, the result is a video game or flight simulator-like “fly-around” mode:
The position and orientation of the haptic device handle determine the translational and
rotational velocities of the tool in the simulation, the graphics viewpoint follows the tool
around, and the coordinate frame of the haptic device remains aligned with the frame of

the tool in the graphics window.
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11.8.1 Rate Control Mode

In rate control mode, the position of the haptic device handle determines the velocity of
the tool in the simulation. The zero offsets reflect the distance the tool has traveled while
in rate mode. Rate control mode can be either manually selected by clicking the button on
the user interface control panel window, or automatically invoked as the levitated handle
approaches its motion limits. Two sliders specify the radial distance and angular rotation

thresholds for the haptic device handle where rate control mode is started automatically.

11.8.2 Automatic View Control

The automatic viewpoint control mode tracks the position and orientation of the tool so
that the the zero position of the tool is centered in the display at a desired distance from the
viewpoint and the major axis of the tool zero position is aligned with the viewing direction.
Two sliders specify the graphics window viewpoint following distance behind the tool and

the height of the viewpoint.

11.8.83 Tool Coordinate Mode

In the regular coordinate mode, the world coordinate frame of the haptic device is aligned
with the simulated world coordinate frame with the z and y directions of the grid lines on
the floor of the simulated environment corresponding to the right/left, forward /back motion
of the haptic device handle. If the angle between the viewing axis and the simulation world
y axis is less than approximately 30°, then the coordinate mapping from the haptic device
to the simulated environment is still natural and intuitive for the user. If the viewpoint
is rotated by larger angles, the mismatch between the view and device frames becomes
confusing. Selection of the tool coordinate mode will keep the device frame oriented to the

viewpoint frame rather than the simulation world frame.

11.9 Mapping Motion between Device and Simulation

A one-to-one mapping of the levitated handle motion to the motion of the selected tool
in the simulated environment provides sensitive interaction for fine fingertip operations
such as insertion, but does not enable the user to move the tool over larger distances in
the simulated environment. Therefore, additional control modes have been added to the
haptic user interface to enable the user to move and operate the haptic tool over arbitrarily

large distances and rotations in the virtual environment in a natural, intuitive way. During
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interaction the user can change the scaling factors and the zero position offsets between the
levitated handle and the simulated environment, switch to rate control mode, and move the
graphics viewpoint for displaying the simulation.

The actual mapping from the actual levitated handle position and orientation vectors

T jevice and Ogeyice to the simulation setpoint vectors @ e, and Ose4p is given by
stetp = woffset + Lscale Ldevice s and (112)

0567527 = 00ff86t + OscaicOdevice - (113)

The variable scaling factors @scq1e and Ogeq1c, and offsets @, ¢ rse¢ and O, f5e for rotation and
translation can be set manually by the user during operation with sliders in a graphical user
interface control panel. Changing the translation scaling factor does not appear to affect the
user’s perception of haptic interaction with physical objects, but when the rotation scaling
factor is increased and the tool is manipulated in tightly constrained environments such as
the peg-in-hole, users have commented that the reaction torques feel unrealistic.

The offsets determine the position and orientation of the tool in the simulation when
the haptic device handle is in the centered position. These offsets can be set so that the
full sensitivity and motion range of the haptic interface device can be made available at any
point in the simulated environment. The user can easily switch from making large motions
across the entire simulation world to fine motions in one spot.

The sliders in the SCALING section set the @s.q. and @, parameters. The scaling
gains for the rate control mode can also be set independently.

The set of six sliders in the OFFSETS section is used to set the offsets between the
maglev device flotor and the haptic tool in the simulation. These offset values determine the
position and orientation of the virtual tool in the simulated environment which corresponds
to the center zero position and orientation of the flotor handle. Use of the offset sliders
enables the user to quickly and easily move the virtual tool to any position and orientation
in the simulated environment. The same result could also be obtained by switching into
rate mode and moving the haptic device handle. The offsets are updated automatically

when the rate control method is active.

11.10 Comments

The combination of different operating modes such as automatic view tracking, variable
scaling and offsets, and rate-based control enables the user to move the virtual haptic tool

easily over arbitrarily large distances in the virtual environment. When the virtual tool is
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in the desired local neighborhood, the user can then switch back to a smaller scaling ratio
between the virtual and actual forces and motions. The particular combination of control
modes used to reposition the haptic tool is up to the user. The control panel of sliders and
buttons in the graphics display allows the user to change and modify control modes during
haptic interaction. It is hoped that use of the various haptic interface system user interface

features will be as automatic for users as with a computer mouse.

11.10.1 Interfaces for Different Users

The user interface pictured in Fig. 11.1 provides user access to all the relevant features
and parameters of the simulation and the interface to the haptic device. Depending on
the particular simulated task and the experience of the user, most of the features of the
current graphical user interface may not be necessary. A beginning user may desire a simple,
intuitive interface, while a more experienced user would want finer control of the virtual
tool for more sensitive tasks.

In the demonstrations of the haptic interface system so far, a wide range of differences
in the use of the haptic simulation system has been observed, depending on the background
and experience of the user. The device handle may be gripped in different ways and different
approaches and strategies are used to perform tasks in the simulated environment. There is
an initial short adjustment period for users: The first motions and actions performed with
the device are tentative and uncertain, but the user’s proficiency rapidly improves over the
next few minutes of use. The short period required for the user to become accustomed
to the capabilities of this haptic interaction system may be a significant advantage of the
magnetic levitation device over large and awkward haptic devices and those which require

gloves or exoskeletons.

11.10.2 Interface Controls on Handle

To use the present user interface control panel, the user must either release the magnetic
levitation device handle to use the computer mouse, or operate the mouse and the magnetic
levitation device in opposite hands. Either option is awkward and inconvenient. The user
interface to the haptic interaction system would be improved if selected features and settings
of the GUI control panel of Fig. 11.1 could be set directly by the user with the same hand
which is grasping the haptic device handle.
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Embedding some switches, buttons, or control knobs in the handle of the haptic device
would enable the user to easily use the haptic interface and set the paramenters of the inter-
face simultaneously with the same hand. For example, it would be much more convenient
to grab objects, select different tool shapes, switch to rate mode, or change the scaling
parameters with the thumb or forefinger while grasping the haptic device handle with the
same hand. A “deadman” switch on the handle could be used to prevent large forces or fast
motions of the magnetic levitation flotor while it is not being held by the user. Commercial
game joysticks are often designed this way with buttons or switches located on the joystick
itsell to be operated by the user’s thumb and forefinger while gripping the joystick.

The design of the connector and the handle socket of the magnetic levitation flotor
accounts for potential future additions such as a force sensor, a 1-DOF gripper, or interface
controls such as buttons, switches, and knobs. The device handle can be changed without
difficulty as described in Section 2.2.3, the rod on which the handle is mounted is hollow
to accomodate wiring from the flotor connector to the handle, and the round connector
socket at the base of the magnetic levitation flotor has many extra pins available for future
additional wiring connections. The design and implementation of any added controls on

the device handle has been left to future development.
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Chapter 12

Virtual Coupling

The idea of coupling a simulated object’s motion with a haptic interface device by virtual
stiffness and damping links was first mentioned by Colgate et al[16]. A generalization and
stability analysis of virtual coupling has been given by Adams and Hannaford [62].

In this implementation, the physical simulation and control of the magnetic levitation
device execute independently on separate processors. The simulation and controller ex-
change the current positions and orientations of the levitated handle and the virtual tool
over a standard 10 Mb/s Ethernet 10BaseT network at the simulation update rate. The
positions from each system act as impedance control setpoints for the other, with position
error and velocity feedback on each system as a virtual spring and damper coupling between
the two systems. The setpoints from the simulation are interpolated by the controller at the
faster device control rate so that the user feels smooth sliding contacts without chattering
from the slower updates of the simulation. The simple feedback coupling between the two
systems enables the overall stiffness and stability of the combined system to be tuned easily

and provides realistic haptic user interaction.

12.1 Physical Simulation

The CORIOLIS'™ simulation was tuned to run as fast as possible for realistic realtime
interaction. The midpoint or second-order Runge-Kutta integration method was selected
for speed and simplicity. A 100 Hz update rate was achieved for simulations with up to 10
polyhedral objects of 6-12 vertices each on an SGI Indigo 2 or Octane workstation. If the
multiple rigid body contact states are sufficiently complex, such as when a chain of several
objects collides nearly simultaneously, the simulation update rate occasionally slows down

for one or two frames.
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Figure 12.2: Virtual Coupling of Simulation and Device

The 3-D rendered graphics display is updated asynchronously in the background after
the simulation dynamics are updated by an interval timer signal handler. The resulting
frame rate of the graphics display is typically 15-30 Hz, depending on the complexity of the

simulation and any other processes executing on the workstation.

12.2 Coupled Simulation and Control

The magnetic levitation haptic interface device and the realtime dynamic simulation system
described in Chapter 9 have been integrated to enable the user of the haptic interface device
to directly physically interact with the objects in the simulation. The simulation and the
device controller can each operate independently and communicate using TCP/IP socket
connections over a standard Ethernet network. A schematic representation of the inter-
communication between the device, controller, simulation, and graphical display systems is
shown in Fig. 12.1.

Interactive simulations have been implemented on the local control processor, as de-
scribed in Chapter 10, but they are limited to static environments with fewer than 10 to 15
total vertices in the models of the tool and its environment. The present control processor is
not sufficiently fast to perform dynamic simulation and collision detection on multiple mov-
ing objects while calculating the sensor kinematics and feedback control at a rate suflicient

for stable stiff contacts.
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The virtual coupling between the realtime simulation and the maglev haptic device
controller as proposed by Colgate [16] is shown in Fig. 12.2. In our implementation, the
present position and orientation vector of each system is periodically sent to the other
system to act as its control setpoint. The stability and responsiveness of the simulation and
device can be set by the spring and damper gains of the coupling as seen from either side.
The generated forces on the maglev haptic device fye, and the virtual tool in the simulation

Stool are given by:
fdeu - fg + Kp(mtool - wdev) + Ku (wdev - mdevprev)ra and (121)

ftool - fother + Kspring (wdev - €B7,‘001) + Kdamp”tool- (122)

where f, is gravity feedforward to reduce the weight of the levitated bowl, K are the cou-
pling gains, 7 is the control rate of the device, and f,iper are the forces from the other
objects in the simulation. When the virtual tool is not in contact with any other objects
in the simulation, force feedback to the device is switched off. Realistic and stable perfor-
mance for most task simulations has been obtained with the following coupling gains, where
K,pring and Kgqp, are the gains from the simulation side and K, and K, are the maglev

device control gains:

Gain Position Rotation

Kpring | 100 N/mm 800 Nm/rad
Kiomp | 10 N/mm/s | 20 Nm/rad/sec
K, 4.0 N/mm 25 Nm/rad

K, 0.1 N/mm/s | 0.5 Nm/rad/sec

The time required to send a set of position setpoints from the simulation and receive a
reply of setpoints from the control processor is generally approximately 1 millisecond. The
simulated environment takes 10 milliseconds to respond to forces or motions exerted by the
user, however, due to its 100 Hz update rate. The response delay due to this lag is perceived
by the user as stickiness or sluggishness in haptic interaction.

Interpolation between the setpoints supplied by the simulation eliminates the jittering
or chattering feel experienced by the user during sliding contacts between the simulated tool
and other objects. The desired position setpoints @,,q; on the haptic device controller are
interpolated from the last setpoint supplied by the simulation @, and the differences

between the last setpoint and the previous one & g;mprev:

LTsimnew — Lsimprev
Lgoal = Tgoal + T ’ (123)
avg
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where T,,, is the average of the last three simulation time intervals since there are occasional
variations due to momentary overruns in the simulation calculations, network traffic, or
other delays. This interpolation scheme is a first-order hold since the most recent sample
and slope between samples are used to calculate the interpolated setpoints.

During the developement and testing of the virtual coupling implementation in the
haptic interaction system, it was found that the jitter due to the slower update rate of the
physical environment simulation is eliminated when the simulation can update as fast as
the control bandwidth. For simulations that can execute at 100 Hz on the host workstation,
simulation setpoint interpolation was not used, since the position control bandwidths of all
the axes of the magnetic levitation device are also approximately 100 Hz.

This same method of virtual coupling with interpolated setpoints can be used to add
haptic interaction to any realtime simulation that calculates motions due to dynamic forces.
Independent operation of the simulation and the haptic device controller significantly sim-

plifies development, testing, and debugging of the integrated system.

12.2.1 Sample Tasks

General sample tasks have been programmed into the simulation to demonstrate rigid-
body haptic tool manipulation. Each of these tasks requires 6-DOF haptic manipulation
and feedback in the haptic interface device and could not be performed with a 3-DOF
only point interaction device. The first general task world contains several free polyhedral
objects and fixed walls, as pictured in Fig. 12.3. The user tool is a square scoop with a
handle. The scoop can be used to feel, strike, push, pick up, or throw and catch other solid
objects in the simulation while the user feels its dynamic response. The second task, shown
in Fig. 12.4, demonstrates the simple classic peg-in-hole manipulation problem. The world
contains only a fixed square hole and the user tool is a peg of a slightly smaller cross-section
than the hole. The third task, in Fig. 12.5, is a variation of the peg-in-hole where the task
setup includes a fixed keyhole, a movable bolt, and a key as the haptic user tool. The user

can insert the key into the hole and rotate it to slide the bolt sideways.

12.3 Sample Experimental Results

Experimental data from sample task environments demonstrate the effectiveness of the

integrated haptic interface system.
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Figure 12.3: Block Manipulation Task

12.3.1 Tool Colliding and Sliding on Floor

The data plots in Fig. 12.6 were obtained from the magnetic levitation controller during
typical user interaction with the haptic interface system. Rotation and torque data are not
shown. The user brought the virtual scoop of Fig. 12.3 into contact with the environment
floor while moving it in the positive & direction. The data show free tool motion until
approximately 0.2 seconds, then vertical impact and sliding. The desired position setpoints
in the controller are obtained from the virtual tool positions in the dynamic simulation.

In unconstrained axes, the desired setpoints lag behind the actual setpoints because
there is no force feedback exerted by the system. Due to the slower update rate of the
simulation, the desired position setpoint curves have a stair-step appearance. Since objects
in the simulation cannot interpenetrate, the z setpoint is pinned to the floor level at -5 mm
after impact, but the actual z position of the device handle is below this level due to the
limited stiffness of the device controller. There is an inflection in the z position curve after
the impact from the user’s hand rebounding due to the friction in the simulation.

The force data plot shows the force commands exerted on the flotor by the Lorentz
actuators. While the virtual tool is in free space, the user feels no resistance to motions
other than the actual inertia and passive eddy current damping in the flotor. No Lorentz
forces are generated in the zy horizontal plane and a 5 N force is generated upwards in z to

partially cancel the weight of the flotor. When the virtual tool in the simulation contacts
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Figure 12.5: Key and Lock

Figure 12.4: Peg-in-Hole

‘ Parameter ‘ Value ‘
Translation: 7.0 N/mm Stiffness, 0.06 Ns/mm Damping
Rotation: 25.0 Nm/rad Stiffness, 0.5 Nms/rad Damping
Force Feedforward: 5.0 N
Peg Size: 2.0 x 2.0 X 6.0 mm
Hole Top Level : -8.0 mm
Hole Bottom Level: -10.0 mm
Hole Cross-Section: 2.04 x 2.04 mm
Hole Center Location: | (4.0,0.0) mm

Table 12.1: Environment and Controller Parameters for Peg in Hole Insertion Trial

the floor, the force in y remains close to zero and a negative force in z is generated due
to sliding friction modelled in the dynamic simulation. The force in z changes suddenly
and rebounds at impact, then settles to support the weight of the flotor and additional

disturbance forces from the user’s hand.

12.3.2 Peg in Hole Insertion

A simulated square peg-in-hole insertion was performed using the virtual coupling haptic
interaction system to obtain the position, rotation, force and torque data shown in Figs. 12.7
and 12.8. geometric parameters of the peg and hole task environment are given in Table 12.1.

In the haptic simulation, the peg was initially held in free space above the hole structure,
then brought into contact with the flat surface next to the hole, slid over to the hole location,

aligned with the hole orientation, and fully inserted until the bottom of the peg contacted
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Figure 12.7: Position and Rotation Data from Peg in Hole Insertion
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the bottom of the hole. After insertion was complete, the handle of the haptic device
was released, then regrasped and pushed in all horizontal directions to demonstrate the
translation and rotation constraints on the peg while inserted in the hole. Each of the
stages of the peg-in-hole insertion can be seen in the sample data of Figs. 12.7 and 12.8.

For approximately the first 1/3 of a second, the peg is in free motion. There are no forces
or torques generated by the haptic device except for a constant 5 N of vertical feedforward
force to partially support the weight of the magnetic levitation device flotor, making it
easier to be manipulated.

At the 0.3 second point, the peg contacted the surface next to the hole. The initial
contact impulse can be seen in the Z_force line. The peg was then slid over the surface from
approximately the (z,y) = (1, —2) position to the (z,y) = (4, 0) position, where the leading
bottom edge of the collides with the corresponding edge of the hole, at slightly after 1.5
seconds, when a small collision impulse occurs in the X_force and a much larger impulse
occurs in the Y_torque.

After the bottom of the peg collides with the edge of the hole, the top of the peg
overrotates due to the momentum of the haptic device flotor and the delayed reaction of
the user’s hand. X_pos and X_desired overshoot the hole position and the pitch_desired
angle increases to its maximum, which is a saturation point implemented in the virtual
coupling in order to prevent the magnetic levitation haptic device from being torqued past
its maximum rotation angle. By 2.3 seconds, the pitch angles are no longer saturated and
the peg has been realigned. More force and torque impulses are generated as the peg aligns
with the hole.

From 2.3 to 2.6 seconds, the peg slides down into the hole. Z_desired decreases from -5.5
to -7.0 mm. Z_force increases because of the friction and “stickiness” of the hole as the peg
is sliding down and peaks after the peg reaches the bottom to counteract the force of the
delayed reaction of the user’s hand. Z_pos overshoots the level of the hole bottom as the
user pushes the peg to interpenetrate the botton of the hole.

From 3.3 to 3.7 seconds the user releases the haptic device handle. All the variables
remain near zero except for Z_force, which now supports the entire weight of the magnetic
levitation device flotor and handle. From 3.7 to 5 seconds, the user is pushing hard on
the handle in different directions. X _force and Y_force oscillate through wide excursions,
X_desired and Y_desired remain nearly constant due to the constraint of the hole on the
peg, and X_pos and Y_pos oscillate due to the compliance of the virual coupling.

Actual peg-in-hole experiments have been conducted by Whitney [63] using a peg sup-

ported by a remote center compliance. The peg-hole clearances, friction coefficients, and
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the translational and rotational stiffnesses in the simulation and in Whitney’s experiments
are similar, differing by a factor of approximately two or less. The differences between the
Whitney’s experiments and the haptic simulation are that the simulated hole is shallow and
not chamfered and the simulated hole and peg are square, while Whitney’s peg and hole
are round and much wider and deeper.

More significantly, the compliant support in Whitney’s experiments is at a fixed point
relative to the peg but in the simulation the peg is inserted by hand, so the orientation
and the center of compliance of the user’s hand grasping the peg may be anywhere and can
change during the task according to the grasp and insertion strategy of the user. Further-
more, the insertion in the haptic simulation is not quasi-static since the response of the peg
exhibits dynamic impacts and vibrations and is therefore dependent on simulated inertia
and damping and not only geometry and stiffness.

Due to these differences in the insertion task, the experimental data from the haptic
simulations and the actual peg-in-hole insertions cannot be directly compared. The torque
and force levels of the simulation during the “sliding in hole” phase and the Whitney’s

experiment during the “one-point contact” are similar, however.

12.4 Summary and Conclusions

Tool-based haptic interaction using a magnetic levitation device can provide sensitive, high-
bandwidth haptic interaction with a dynamic simulation. The virtual spring and damper
coupling is a simple yet effective method for coupling a haptic interface device with a
simulation to provide realistic, high-performance, 6-DOF haptic interaction. The three
tasks set up for the simulation system demonstrate common haptic 6-DOF rigid body tasks
that cannot be performed naturally using 3-DOF devices.

Separation of the simulation and the haptic interface simplifies development and testing
and the overall system stiffness and stability can be tuned by adjusting the parameters
of the virtual spring and dampers. Setpoint interpolation by the haptic device controller
practically eliminates the feel of jitter during sliding contacts caused by the slower update
rate of the simulation.

The flaws most noticeable by users in haptic interaction with dynamic physical simu-
lations are brief periods when the simulation or the haptic device seem to freeze and not
respond to the motions of the device handle. These periods occur whenever there is a de-
lay in the simulation updates or the Ethernet communication between the haptic device

controller and the simulation workstation. Delays can occur because the host workstation
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operating system, the simulation software, and the communication interface are not strictly
“hard” real time systems and complex events in the simulation, other processes on the
workstation, or other traffic on the Ethernet link may cause the simulation software to miss
its update deadlines. Elimination of these delays would require the simulation, its oper-
ating system, and all communications to be “hard” real time and guaranteed to meet all
time deadlines without delays. This could not be done in our laboratory due to the limited
computation speed of available realtime processors.

To further increase the fidelity of haptic interaction using the current hardware, the
effects of communication latency and compliance between the simulation and the haptic
device must be reduced. To accomplish this, all the simulated tool contact points can be
sent to the device controller from the simulation instead of only its position. The feedback
forces generated by the device would be calculated from each contact point and state rather
than simply servoing to the interpolated setpoint. This multiple contact point intermediate

representation integration is described in Chapter 13.

139



Chapter 13

Contact Point Intermediate Representation

An intermediate representation of a local region of a simulated environment can be used to
generate feedback forces from a haptic device. The intermediate representation developed
by Adachi [18] was extended by Mark et al. for more detailed models and situations [52], and
Vedula has implemented an intermediate representation method to interface a PHANTOM
haptic device with Baraff’s CORIOLIS simulation for 2-D environments [53].

The second method implemented to combine the physical simulation and the magnetic
levitation haptic device controller uses an intermediate representation based on multiple
contact points and their normals. At each update of the simulation, a list of all the contact
points between the haptic tool and other objects in the simulated environment are sent to
the haptic device controller. The device controller then uses the contact point list and the
device flotor position and orientation at each control cycle to calculate control forces based
on the interpenetration at each contact point if the haptic tool position and orientation
were coincident with the device handle position. The device also sends its current position
and orientation back to the simulation.

The contact point intermediate representation can provide a better, more realistic per-
formance response than the virtual coupling method because the impedance and contact
state of the haptic device can change at every update of the controller according to the
motion of the handle, rather than only when the position setpoints are updated by the
simulation as in the virtual coupling case described in the previous chapter. Checking the
interpenetration at each contact point at each update of the controller enables the controller
to respond more quickly and appropriately to the user’s hand motions since the contact state
at each contact point can change at any controller update. The “stickiness” and sluggish
feel of the virtual coupling method is eliminated and the user feels crisp, solid contacts as

they are made and broken.
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Direct feedthrough of contact forces generated in the CORIOLIS simulation would cause
severe jitter leading to instability in the maglev haptic controller due to the drastic force
discontinuities encountered in collisions. Also, the simulation cannot update fast enough
for stable levitation and stiff contacts in the haptic interface device, even with simple

environments and the fastest workstations available in our lab.

13.1 Configuration

The operation of the CORIOLIS simulations and the communication over an Ethernet
TCP/IP socket is configured in the same way as for the virtual coupling method, except
for the additional list of contact points and normals sent from the simulation on the work-
station to the controller on the realtime processor. In the CORIOLIS simulations, objects
are perfectly rigid and do not interpenetrate during normal operation, but contact points
must interpenetrate in the intermediate representation on the haptic device controller side
since the stiffness of contacts is limited by the maximum stiffness of the controller. The
interpenetration at each contact point is calculated from the difference between the posi-
tions and orientations of the haptic tool in the simulation and the actual flotor handle of

the magnetic levitation haptic device.

13.1.1 CORIOLIS Simulation

The operation of the CORIOLIS simulation does not require any modification since a list
of contact points for the entire simulation is maintained and available to be read by other
routines in the code according to the CORIOLIS API [57]. To model collisions and con-
straints of the dynamic system the simulation produces a list of all contact points and
normal vectors in the body system at each iteration update.

To generate the intermediate representation for the haptic device controller and enable
haptic interaction, each of the elements of the contact list is checked for contact with the
virtual tool and a new list is compiled of only the contacts which involve the virtual tool.
Each type of contact detected by the simulation, including face-to-vertex, vertex-to-face,
edge-to-edge, sphere-to-point, sphere-to-edge, and sphere-to-face contacts is represented as

a contact point and a unit surface normal vector.
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Figure 13.1: Schematic of Contact Point Intermediate Representation Interface Configura-
tion

13.1.2 Communication

The simulation sends the list of contact points and normals along with the position and
orientation vector of the virtual tool over the TCP/IP socket connection to the device
controller. The magnetic levitation device controller sends back a vector of the position
and orientation of the device handle, the same as in the virtual coupling case.

Since there may be many tool contact points when the tool is tightly constrained in a
detailed environment simulation, much more data may need to be sent from the simulation
to the controller. More time is required to be available for communication on both the
controller and simulation sides of the socket so the update rates may need to be slower to
avoid missing realtime update deadlines. The controller performs two socket reads; the first
data set contains the position and orientation of the haptic tool and the number of contact
points in the next data set so that the correct number of contact points and surface normals

can be read quickly during the second socket read.

13.2 Controller

The haptic device controller must generate feedback at each control cycle from the interme-
diate representation list of contact points supplied from the simulation and from the motion
of the haptic device handle. The objective of the controller is to provide a realistic response

for haptic interaction as quickly and accurately as possible without causing instability.
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13.2.1 Contact Point Intermediate Representation Control Law

The total force generated by the haptic device for its response is the sum of the forces from
each contact point interpenetration. This control method is similar to the local hand-coded
cube-in-cube and peg-in-hole simulations described in Chapter 10.

For each contact point in the intermediate representation:
Ty = e + Ry (@sp — ®50), and (13.1)

Lerr — (wmp - wsp) - Ny, (13.2)

where x,,. is the center position of the maglev device handle, R,, is the 3 X 3 rotation
matrix of the maglev handle, z,, is the contact point in the intermediate representation
received from the simulation, x,. is the center point of the tool body in the intermediate
representation. @,,, represents the virtual position that the contact point on the tool in
the simulation would have if the simulated tool had the position and the orientation of the
maglev handle. @.,, is the interpenetration distance of the virtual contact point @,,,, which
is equivalent to the vector difference between the contact point in the simulation and the
virtual contact point on the maglev handle projected onto the contact surface normal unit
vector Ny, from the intermediate representation.

An example of force and torque feedback from a single contact point is given in Fig. 13.2.

The dotted line block represents the position and orientation of the tool in the simulation

143



while the shaded block would be the position and orientation of the tool superimposed onto
the position and orientation of the haptic device handle.

The force and torque stiffness contribution from each contact point are:

fmp = —Kp2err Ny, for @, > 0, (13.3)
fmp = 0,for .., < 0,and (13.4)
T’mp = (mmp - wmc) X fmpa (135)

where the stiffness feedback force f,,, from a single point is the material stiffness propor-
tional gain K, applied to the contact point interpenetration distance z.,, in the direction
of the contact normal N,,. The feedback torque 7,,, to be applied at the center z,,. of the
maglev handle from the contact point is the product of the contact point force vector f,,
and the lever arm between the contact point and the body center, 7 = r X f.

If the interpenetration distance of the virtual contact point @.., is less than zero, the
maglev handle virtual contact point is no longer in contact with the other rigid body in the
simulation and no stiffness feedback will be generated.

This will occur whenever the maglev device handle has been moved away from the
contact surface since the last update of the simulation and intermediate representation.
A major benefit of the contact point intermediate representation is that attractive forces
between contacting bodies due to the delay in the simulation update and causing a “sticking”
feeling during haptic interaction are never generated as with the simpler virtual coupling

method of Chapter 11.

13.2.2 Modifications for Stability

With feedback from multiple contact points, it is more difficult to ensure that the control
of the magnetic levitation haptic device will remain stable. In the virtual coupling case,
the maximum stiffness along any axis is limited by the stiffness of the virtual coupling from
the controller, but in the contact point intermediate representation the number of contact
points is unlimited so the total contact stiffness along any axis may be higer than the
limits of stability of the device controller. Clearly, some modification of the contact point
intermediate representation control method is necessary to provide better stability in the
controller.

During operation of the haptic interaction system using the described contact point
intermediate representation it became apparent that the magnetic levitation haptic device

control easily became unstable in rotation when the number of contact points was large and
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the motion of the haptic tool was tightly constrained in many directions, such as during
simulated peg-in-hole insertion.

A simple solution to the problem of instability in rotation is to use the virtual coupling
method for control of rotation while using the contact point intermediate representation
for control of translation. This hybrid of the contact point intermediate representation
and virtual coupling for control is more easily stabilized over a larger range of environment
stiffness and provides the crisp response of the contact point intermediate representation
in translation. The sluggishness of the response in rotation alone due to the latency of the
simulation was found to be not as perceptible to the user. The hybrid controller using a
contact point intermediate representation for translation and virtual coupling for rotation
was successfully implemented and found to be stable and provide realistic haptic interaction

with the simulated environment.

13.2.3 Added Friction

Since the contact point intermediate representation control scheme eliminates the sluggis-
ness and stickiness caused by the response lag of the simulation and only generates contact
forces along the normal vector at each contact point, the environment contacted by the
haptic tool feels frictionless to the user. Although the lack of friction enables the user to
feel sharply defined details of the environment, the environment feels unnatural and it is
difficult to manipulate objects which slide on the tool with no friction.

Some representation of friction must be added to the contact point intermediate repre-
sentation controller to provide the user with a more realistic feel of the simulation environ-
ment. The simplest way to provide frictional resistance to motion during contacts is to add
forces to servo towards the position setpoint received from the simulation while the tool is
in contact with the environment. This method is similar to the stick-slip model of friction
described in Section 9.2, but uses the tool position received from the simulation as the
control setpoint rather than updating the setpoint when the static friction force threshold
is exceeded. This approximation to sliding friction was implemented and does provide the

desired friction forces during sliding contacts.

13.3 Experimental Results

The contact point intermediate representation and the modifications described in the previ-

ous section were tested with the same task simulation environments as the virtual coupling
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setup in the previous chapter. The differences between the contact point intermediate rep-
resentation and the virtual coupling that are most perceptible to the user are the lack of
sluggishness and stickiness while the tool is in contact with other objects and a crisper

reponse feel with the contact point intermediate representation.

13.3.1 Tool Colliding and Sliding on Floor

The plots of Figs. 13.3 and 13.4 were obtained by lowering the scoop tool onto the floor
while moving it in the positive @ direction. It is the same motion as was used in Section
12.3.1 for the virtual coupling case. The larger interpenetration of the device position is
due to a higher vertical velocity imposed by the user before impact compared to the results
of Section 12.3.1.

In Fig. 13.3, the “hybrid” control method was used where the contact point intermediate
representation was used to generate the forces for position control and virtual coupling was
used to generate torques to control rotation. No forces are generated in the « or y directions
after contact with the floor since contacts are frictionless in this control method.

In Fig. 13.4, a simple approximation to Coulomb stick-slip friction has been added to
the controller as described in Section 13.2.3. The friction forces generated in the  and y

directions after contact is made can be seen in the plot.

13.3.2 Peg in Hole Insertion

Figs. 13.5 through 13.8 were generated from simulation of a peg-in-hole insertion task with
the same tool and environment as described in Section 12.3.2 for virtual coupling control.
The first two Figs. 13.5 and 13.6 were obtained using the hybrid controller with contact
point intermediate representation for translation and virtual coupling for rotation and the
Figs. 13.7 and 13.8 were obtained using the added friction approximation described in
Section 13.2.3. The peg-in-hole task was much easier for the user in these experiments than

for the experiments in Chapter 12 using only virtual coupling.

13.4 Discussion

The contact point intermediate representation method for integrating the control of the
magnetic levitation haptic device with the state of the haptic tool in a physical simulation

was made to be stable by using virtual coupling to control rotation.
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13.4.1 Comparison to Virtual Coupling Interface Method

The operation of the physical simulation for the contact point intermediate representation is
the same as for virtual coupling. In the case of the contact point intermediate representation,
an additional routine compiles the list of haptic tool contact points and normals to be sent
to the haptic device controller.

The contact point intermediate representation provides a more crisp and lively interac-
tion and faster response to user motions compared to virtual coupling. There is no surface
“stickiness” due to lags in communication and simulation updates. The peg-in-hole insertion
task is much easier to perform for the user.

The device control based on the contact point intermediate representation is more com-
plex than control based on virtual coupling. More communication bandwidth required to
send the list of haptic tool contact points and normals from the simulation to the device
controller. Stability of the controller is not ensured as it is in the virtual coupling case; some
modification of the basic contact point intermediate representation control is necessary so

that the controller will remain stable at the control rates of the system.

13.4.2 Further Potential Improvements

The contact point intermediate representation controller allows contact points between the
tool and other objects in the simulation to be broken and reestablished at any cycle of the
controller according to the motion of the device handle, but new contact points can only
be introduced by the simulation at the slower simulation update rate. The implemented
contact point intermediate representation cannot anticipate new contact points. As a result,
new contact points tend to generate large, sudden impact forces since the device positions
and orientations generally indicate some interpenetration already by the time the contact
has been detected by the simulation. When the haptic device handle is being manipulated
by the user, the haptic tool in the simulation can lag behind, since the stiffness coupling in
the simulation must also be limited for stability of the simulation.

To prevent the sudden destabilizing impacts, the simulation would have to anticipate
potential contact points and include their positions and normals in the intermediate repre-
sentation so that the haptic device controller can respond to new contacts without delays.
Anticipation of contact points would require modifications to the CORIOLIS simulation
package, however. All potential contacts within a local neighborhood of the haptic tool

would need to be detected and listed as well as the actual contacts in the simulation.
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Better modeling of passivity conditions in the controller would be helpful to determine
if it is possible to guarantee unconditional stability for the contact point intermediate repre-
sentation while still providing realistic haptic interaction. A scheme of nonlinear, saturating
damping and stiffness or combining the contributions of multiple contact points may im-
prove stability without sacrificing performance response for realistic haptic interaction. The
current solution using the hybrid controller with virtual coupling for rotation and the con-
tact point intermediate representation for translation is ad hoc and not guaranteed to be
stable; the stiffness and damping gains must be tuned to achieve stability for the motion

constraints encountered in the simulated environment.

154



Chapter 14

Conclusion

The magnetic levitation haptic device of Part I and the simulation and integration software
of Part II complement each other well since the 100 Hz update rate of the dynamic physical
simulations is the approximate position control bandwidth of the haptic device. The sim-
ulation, interaction and control methods developed utilize the dynamic performance of the
haptic device. The overall contribution of this work is the synthesis of a complete haptic

interface system from the hardware design and all the control and interface software for it.

14.1 Summary of System Operation

The steps in the operation of the magnetic levitation haptic interface device controller
during each sample and control cycle and of the host workstation during each update of the

physical simulation are listed below.

14.1.1 Maglev Device Operation

In each controller cycle of the magnetic levitation haptic interface device, the controller

waits for a timer interrupt and then the following steps are executed:
1. Sample sensor signals from planar position sensitive photodiodes.

2. Calculate sensor LED spot positions using calibrated lookup tables as described in

Section 4.2.

3. Calculate flotor position from LED spot positions and previous position as described

in Section 4.3.2.2.

4. Calculate forces for control, using the flotor position setpoints and PD gains as in

Section 5.2.3. If the contact point intermediate representation of Chapter 13 is used
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as an interface to the simulation, then the control forces are generated from the

interpenetrations of all the contact points together.

. Add any additional forces for rendering of surface friction and texture, as described

in Chapter 9 and shown in Chapter 10.

. Convert desired force and torque vector to vector of coil currents using A™' matrix

from Section 3.1.4.

7. Output currents to amplifiers.

The local realtime device controller also executes network communications with the

host workstation and a console shell task for the user to enter commands and configuration

scripts to the controller. The console shell task and the servo control tasks were set to equal

task priorities so that the controller was never noticeably delayed but shell commands still

had a reasonable response time.

14.1.2 Interaction with Simulation

The host workstation executes the physical simulation as described in Section 9.1 and

Appendix D and handles interaction with the magnetic levitation haptic device controller.

A POSIX timer and signal handler is used to update the simulation at 100 Hz performing

the following at each cycle:

1.

Write haptic tool position to socket connection with maglev haptic device and haptic
tool contact point locations and normals if contact point intermediate representation

is in use.

. Read device handle position from socket connection.

. Advance simulation one timestep with added force on tool from virtual coupling with

maglev haptic device handle position.

. Compile list of tool contact locations and normals if contact point intermediate rep-

resentation is in use.

The updating of the graphics display and execution of commands from the graphical

user interface control panel are done by a loop outside of the timer signal handler. The

execution rate of this loop depends on the complexity of the simulation and the number of

contacts and collisions occurring in the simulation at each update.
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14.2 Device Contributions

This new device is the first Lorentz magnetic levitation device that was specifically designed
for haptic interaction. The measured control bandwidths for the device are the highest yet
reported for any 6-DOF haptic interface device. Furthermore, the device dynamics are
frictionless and the impedance range of the device in stiffness is greater than three orders
of magnitude. The high performance of the device provides an opportunity for better
evaluation of physical simulations, control algorithms, integration methods, and human

perception for haptic interaction.

14.2.1 Design

The device was designed to be easily reproducible. The complete design schematics are
available and the procedures followed at each stage of fabrication of the device are well
documented. Since low cost fabrication methods and materials were used where possible,
more devices of the same design can quickly and easily be fabricated for development of
haptic interface applications such as CAD and medical simulations, and for future research
in other areas such as teleoperation and psychophysical perception. The materials, fabrica-
tion procedures, and components in the design such as the large PSDs, high energy NdFeB

magnets, and spherical wound coils are novel but not prohibitively expensive.

14.2.2 Evaluation

A thorough quantitative evaluation of the device performance parameters including the
control bandwidths, accuracy, and ranges in both force and position has demonstrated the
potential effectiveness of maglev haptic interaction in general and of the new hemispherical
design in particular. The controlled bandwidths of the device were measured with a dy-
namic signal analyzer and a load meter. The relative positioning accuracy of the position
sensing system was determined through the sensor calibration process and evaluation of the
kinematics calculation algorithm and results. The power consumption of the device was

calculated from resistance and voltage measurements.

14.2.3 Interactive Haptic Simulation Testbed

The magnetic levitation haptic interface device described here served as a testbed to in-
vestigate issues in high-performance haptic interaction with physical simulations. Since no

other 6-DOF haptic interface device yet exists with the sensitivity and control bandwidths
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of the new device, it enables evaluation of richer, more subtle methods of interaction and
simulation. Newly developed simulation methods and their integration with the haptic
device controller were described in Part II of this document.

A new research project in the Microdynamic Systems Laboratory involves using the
magnetic levitation haptic interface device as a measurement tool for psychophysical per-
ception with human test subjects. The motions, perceptions, and task execution times
and effectiveness of different users will be tested while performing a peg-in-hole task with
the maglev haptic device and a simulated environment, with the maglev haptic device for

teleoperation, and with direct manipulation of a real peg into a real hole.

14.3 Simulation and Interface Contributions

Since haptic interface development is an emerging field of research, there is an opportunity
to make a significant contribution by demonstrating a novel and fully operational system
for 3-D haptic interaction. The main original software contributions of this work are in the
integration of the technologies of realtime physical simulation and Lorentz magnetic levita-
tion. The new magnetic levitation haptic device and the new methods and implementations
of physical simulation and controller integration have together enabled convincingly real-
istic haptic interaction with sample task environments. Most of the integration methods
and haptic rendering techniques developed are not specific to maglev actuation, but are

applicable to any other type of high-performance haptic interface device.

14.3.1 System Integration

The methods used to integrate the simulation and the device control computations and
to maintain correspondence between the two systems are also applicable to any other 6-
DOF rigid-body device control interfaces. The intermediate representation developed to
link the simulation at 100 Hz and the device controller at 1000 Hz is a new extension of the

intermediate representations developed for point-based haptic interaction.

14.3.2 Interactive Demonstrations

Functioning demonstrations of different task simulation environments and integrated control
implementations directly proves the feasibility of the methods used. Evaluation of the
effectiveness and usability of the complete haptic interaction system described can serve as

a benchmark for further improvement of the system and comparison with other systems.
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14.3.3 Haptic User Interface Features

Haptic user interface features were implemented to enable the user to easily move the haptic
tool in the simulation over arbitrarily large translations and rotations using the limited
motion range of the magnetic levitation haptic device. The haptic user interface features

include variable scaling and offsets, rate control mode, and viewpoint tracking modes.

14.3.4 Application Interface

The documentation of the complete system design enables more maglev haptic interfaces to
be easily fabricated for CAD, medical, human factors applications. The interaction meth-
ods used are applicable to rigid-body tool teleoperation systems as well as simulations.
The simulated tasks and environments set up for haptic interaction are generalizable to
a wide range of specific tasks involving haptic sensing. Because the haptic interface de-
vice controller and the dynamic simulation run independently, it would relatively easy and
straightforward to implement force-reflecting teleoperation of another device or interface

multiple haptic interface devices to the same physical simulation environment.

14.4 Future Directions for Research and Development

Since the field of haptic interface research is relatively new, there are many possible direc-
tions to improve the state of the art in haptic interaction. Haptic interaction using Lorentz
magnetic levitation is well suited for development with task environments which involve

detailed, sensitive fingertip motions.

14.4.1 Psychophysical Research

Since the magnetic levitation haptic device can reproduce the dynamic behavior of tools
during execution of a manual task, it can be used to study human haptic perception and
manipulation as described above in Section 14.2.3. This type of research is already underway
in a project using the device to study user perception and task execution in simulation and

teleoperation compared to direct object manipulation.

14.4.2 Applications

Specific application environments could be implemented for use with the magnetic levitation

haptic device. Interfaces for CAD assembly, simulations of various medical procedures, or
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other tasks which benefit from sensitive haptic interaction with small hand motions would

be well suited to this haptic interface system.

14.4.3 Simulation Complexity and Realism

The complexity and update rates of the simulation environments and the device controller
are limited by the computational speeds of the host workstation and the controller processor.
Assuming that the current trends towards faster and cheaper computational processing
continue, the speed of the simulation and controller processors will no longer be an issue in
a few years and much more detailed simulation environments and more sophisticated haptic
device control will be easily realized. These improvements to a haptic interface system will
make it practical to simulate complex, realistic tasks rather than the sample demonstration
tasks with limited numbers of vertices and objects such as the blocks world and peg-in-hole

task environments.
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Appendix A

Magnetic Levitation Device Jacobian

For the magnetic levitation flotor with cartesian position defined by [X Y Z] and orientation
defined by the angle-axis formulation with an angle 8 of rotation about the unit vector axis
defined by [ny ny ns], the reverse dynamics equations for the light spot locations on the

three planar position sensing photodiodes is as shown below in equations A.1 through A.6.

_ Lh[nyns(1 — cosf) — nysin ] 4+ Z

a,r — - A.l
%, On?+ (1 —n?)cosfl + X +1, - I (A1)
LU[ning(1 — cosf) + ngsinf] +Y (A.2)
Sqy = .
Y4 (1 - nd)cosb] + X + 1, — I
LU[ning(1 — cosf) — nzsin 0] + X
L= A,
b, L+ (1—n2)cosO)+Y +1, -1 (A.3)
L[nans(1 — cos @) + nysin 6] + Z
= A4
by h(ni+(1—n2)cost)+Y +1,— 1 (A.4)
_ LU[nynz(1 —cosf) —nysinf] +Y (A.5)
Fow = L(ni4+ (1 -nd)cosb)+Z+1, -1 '
_ Ll[nins(1 — cos @) + nasin 6] + X (A.6)

Few = L(ni+(1-nd)cos)+Z+1, -1
where [ is the distance from the flotor origin to the LED (115 mm) and /4 the distance from
the stator origin to the sensor (160 mm).

The Jacobian matrix of a system of equations J summarizes the differential relations

between cartesian position and orientation @ and a set of sensor or actuator variables gq:

dz = J dq. (A7)
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The elements of the Jacobian for the magnetic levitation haptic device and the sets of

position and sensor variables are defined as:

B 5(7119) 5(7119) 5(7119) 5(7119) 5(7119) 5(7119) T
8Sa,x 8sa,y S5y, 5 55p,y 8sc,z 8scy
S 8sa,y dsp, 5 85p,y §sc,z Ssc,y

J = 8Sa,x 8sa,y S5y 5 55p,y Ssc,z Sscy (A 8)
- 5X 5§X 5X 5X 5X 5X ) )

8sa,x 8sa,y S5y, 5 85p,y 8sc,x Sscy
5Y 5Y 5Y 5Y §Y 5Y
8Sa,x 8sa,y S5y 5 85p,y 8sc,z 8scy
5Z VA 57 57 57 5Z

L ésa,z 8sa,y dsp o 55p,y 8sc,z bscy A

and can be calculated from Equations A.1 through A.6 to obtain:

Joo = Jamli(amd(nscht — ningt; + ningty) — agpny (1 — nd)ty)

Joa = Jamli(—@ma(ninansty + n3cos(8) + sbt(1 — n3)) + aznn2jozn)
Joz = Jamli(@md(nicht — nlnzzgtl + nansts) + @znnsjazn)

J0,3 = —lznjam

Joa = 0

Jo,s = JamOmd

Jio0 = Jamli(@ma(nzebt — ningty + nynsts) — aynng (1 — ni)tq)

Ji1 = Jamli(@ma(nicht — n3nity + nansts) + aynnajomn)

Jig = jamll(amd(ng cos(f) + (1 — n%)sbt — nyngnsty) + Qynnajazn)
J1,3 = —dznjam

J1,4 = JamOmd

Jis = 0

J20 = Jemli(bpa(nacht — n%mh + ninstay) + brnnifozn)

Ja1 = Jemli(bpa(nychbt — nanit; + n2nsty) — bypna(l — n%)t4)

Ja2 = Jemli(=bpd(ningnsty + n% cos(f) + (1 — n%)sbt) + bynn3fbzn)
J23 = Jombmad

Jog = —Jemben

Jas = 0
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J3,0
J3,1
J32
J3,3

J3,4
J35

Ja,0
Ja1
Ja2
Ja,3
Ja,4

1

a5

jbmll(bmd(nf cos(f) + (1 — n%)sbt — nyngngty) + bypn foan)
Jbmli(brma(nschbt — n%ngtl + ningly) — bypna(l — n%)t4)
Jbmli(brma(nachbt — n3n2t1 + ninsty) + bynnsipzn)

0

—Jombyn

jbm bmd

Jemli(=€md(ningnsty + n% cos(8) + (1 — n%)sbt) + CenM1ezn)
Jemli(Cma(nschbt — n%ngtl + ningts) + Connafemn)
Jemli(Cmd(nachbt — n%ngtl + ninsts) — czans(l — n%)t4)

0

Jem Cmd

—JemCan

Jemli(Cma(nschbt — n%nStl — nyngts) + Cynn1Jesn)
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given the supplementary variables:

tp = sin(8) + 2(1 — cos(8))/8
t; = sin(8)/6 — cos(6)
ts5 = (1—cos(8))/6 —sin(d)
ts = 2(1—cos(6))/8 —sin(6)

ni+ (1 —mni)cos(d)) + X + L.
4gn = L(nins(l = cos(8)) — nysin(f) + Z

pqg = 1

ning(l — cos(6)) + nssin(f) +Y
bnd = l(n3+ (1 —n3)cos(d)) +Y +1.
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L(nyna(1 — cos(8)) — nzsin(8)) + X
l(nans(1 — cos(8)) + ny sin(8)) + Z
L2+ (1 —n3)cos(8) +Z + 1.
l(nans(1 — cos(8)) — ny sin(6)) + Y
L(nyns(1 — cos(8)) + nasin(8)) + X
L/ apq

(1 — n2)sin(6) + 2(1 — cos(8)/6)n?
/b

(1 — n3)sin(8) + 2(1 — cos(6) /8)n?2
L/

(1 — n3)sin(8) + 2(1 — cos(6) /8)n3
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Appendix B

Kinematic Solution

The algorithm formulated by Stella Yu to calculate the haptic device position from the
three position sensing photodiode signals [50] is summarized here. The vectors defining the

sensor, LED marker, and device flotor positions are shown in Fig. B.

B.1 Initial Estimate

1. Calculate unit vectors by(t + At), by(t + At), bs(t + At) from the sensor signals.
2. Fori,7=1,2,3 i# j and k =6 — ¢ — j compute:

wi; = wi(t) + gr(t)u;(t) + fi; (t)

fii(t+ AL = Subi((t+ Ab)
dfij(t) = [fij(t+At) = fi;(t)
gr(t+ AL = —bi(t+ At)b;(t+ At
dgr(t) = gi(t+ Al) = gi;(1)
yr(t) = —uw(t)u;(t)dgr(t) — wi()dfi; (t) — u; (£)dfs; (t)

3. Form the matrix J(u(t)) and the vector Y (u(t)).
4. Solve du(t) from the linear equation J(u(t))du(t) =Y (u(t)).

5. Set u(t + At) = u(t) + du(t).

B.2 Iterative Improvement

1. Fori,7=1,2,3 i # j and k = 6 — ¢ — j compute:
i (t 4+ At) = ug(t + At) + gr(t + At)u;(t + A1) + fi; (t+ A(2)).
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frame F

Figure B.1: Vector Geometry For Inverse Kinematics Solution

2. Form the matrix J(u(t + At)).
3. Compute én=n—n=n— F(u(t + At)).
4. Solve du(t + At) from J(u(t + At)du(t + At) = 6.

5. Set u(t + At) = u(t + At) + du(t + At).

@)

. Repeat iteration until |d7] < e.

To solve for a given 3-vector z in the linear equations Az = b, the LU decomposition

method given in Numerical Recipes in C [49] was used.
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Appendix C

Design and Performance Parameters

C.1 Design

Physical parameters of the fabricated device and its components are listed below.

C.1.1 Motion Range

Translation: 25 mm

Rotation with centered flotor: 20°

These motion ranges are for the entire range of motion from one extreme to the other
in any direction. The maximum excursion from the center in any direction is one half of

the values given above.

C.1.2 Flotor

Hemisphere diameter: 230 mm
Coil shell thickness: 2 mm
QOuter shell thickness: 0.6 mm

Two complete flotors for the magnetic levitation device were fabricated. The first flotor
contains coils wound from copper ribbon wire and the second flotor has aluminum wire

coils to reduce the mass of the levitated flotor.

Copper Coil Flotor Aluminum Coil Flotor
Flotor Mass: 880 g 580 g
Calculated Moment of Inertia: 0.00776 kg/m? 0.00511 kg/m?
Measured Moment of Inertia: 0.00842 kg/m? 0.00543

The rotational inertia of the flotor bowl was calculated from the measured period of simple
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harmonic motion oscillations with the flotor attached to a torsional spring. The calculated

moment of inertia figures are based on uniform density in a thin hemisphere.

C.1.3 Colls

Wire Section: 1.8 x 0.1 mm
Turns: 300

Coil size: 75x120 mm

Copper Aluminum
Resistance: 6 Q 10 ©
Inductance: 0.3 mH 0.3 mH

Coil inductances were directly measured using a Hewlett-Packard 4192A LF Impedance

Analyzer.

C.1.4 Sensors

Sensor Diameter: 35 mm

Sensor to Lens Distance: 13 mm

Lens to Hemisphere Center: 147 mm

The three position sensors are located on the outer stator hemisphere and point in mu-

tually orthogonal directions. The position sensor and configuration geometry are shown in

Figs. 4.1, 4.2, and 4.3.

C.2 Dynamic Performance

C.2.1 Force and Acceleration Limits

The limits for the current amplifiers which drive the flotor coils for actuation were set to
4.0 A. The force and acceleration limits of the device resulting from the amplifier current

limits are shown below.

Force/Torque Cu Coil Flotor Accel. Al Coil Flotor Accel.
Vertical Direction: 140 N 165 m/s? 233 m/s?
Horizontal Directions: 55 N 65 m /s’ 92 m/s?
Vertical Rotation: 12.2 Nm 1449 rad/s? 2247 rad /s*
Horizontal Rotation: 6.3 Nm 748 rad/s? 1160 rad/s?
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C.2.2 Impedance Range

The maximum stiffness given is the highest stiffness control gain that can be set for the
magnetic levitation device at the 1500 Hz servo rate without causing instability or high fre-
quency resonant vibrations of the flotor. The minimum stiffness is due to the approximate

stiffness of the wiring to the flotor from the current amplifiers and LED drivers.

Maximum Stiffness: 25.0 N/mm
Minimum Stiffness:  0.005 N/mm
Impedance Ratio: approximately 5000:1

C.2.3 Power Consumption

Copper Flotor: 4.5 W
Aluminum Flotor: 2.5 W
Aluminum Flotor with

Additional 1 kg: 16.5 W

The power consumption during flotor levitation was calculated from the measured coil

resistances and the voltage drops across each coil.

C.2.4 Control Bandwidths

The 4+3 dB closed loop position bandwidths given below were measured from the frequency

response Bode plots of Figs. 7.7-7.10.

Copper Coil Flotor | Aluminum Coil Flotor
Control rate: | 650 Hz 1300 Hz 650 Hz 1300 Hz
Vertical translation: | 50 Hz 100 Hz 72 Hz 120 Hz

Horizontal translation: | 60 Hz 60 Hz 70 Hz 100 Hz
Vertical axis rotation: | 40 Hz 70 Hz 70 Hz 100 Hz
Horizontal axis rotation: | 50 Hz 70 Hz 72 Hz 120 Hz
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Appendix D

Physical Simulation Software

The CORIOLIS™ software package, version 1.227 [57], from Baraff is used for the physical
rigid-body simulations interfaced to the magnetic levitation haptic interface device. At
every update of the physically-based simulation, the state of all the bodies in the system
are advanced to the next time step according to the forces acting on them by numerical
integration of Newtonian rigid-body dynamics. If there is any rigid-body interpenetration
in the new system state, the time of the collision is determined and the system state is
advanced to the time of the collision instead. Collision and constraint forces between objects
in contact are then computed to advance the system state to the next time step. The
simulation algorithms for calculating contact forces are described by Baraff [64] and the

following summarization below is from Yokokohji [65].

D.1 Contact Constraint and Collision Forces

Suppose a rigid body is resting on another object with n contact points. For simplicity the
frictionless case is considered. At the :-th contact point, a unit surface normal vector is
defined such that the vector is directed outward from the surface. The i-th contact point
acceleration, d“ which is the normal component of the translational acceleration of the

object at the i-th contact point, can be expressed by the following equation:
3i:ai1f1+ai2f2+"°+ainfn+bi (Dl)

where f; denotes the magnitude of the j-th contact force, a;; is the coefficient representing
the contribution of the j-th contact force to the ¢-th contact acceleration. b; is the term
containing Coriolis and centrifugal forces and the external force.

For nonpenetrating rigid body motion, the following conditions must be satisfied:
d;>0,f;>0and f;-d;=0 (D.2)

175



Combining Eqs.(D.1) and (D.2) for all n contact points produces the system of equations:

Af+b2>0, (D.3)

f>0and fT(AfF+b)=0 (D.4)

The problem is to find all f; contact forces which satisfy Eqgs.(D.3) and (D.4). This
problem can be regarded as an optimization problem such as linear complementarity pro-
gramming or quadratic programming. But solving such an optimization problem requires
much computational effort and might not be adequate for the purpose of interactive simu-
lation. Baraff [64] has proposed a fast algorithm to compute the contact forces by pivoting
matrix A. In the frictionless case, the algorithm is guaranteed to converge to the correct

solution. The algorithm also works well in practice with surface friction.

D.2 Collision Impulses

Suppose that a rigid body object is colliding with another rigid object with m colliding

points. Let v? and v, denote normal components of the velocities after and before the
+

collision at the i-th colliding point, respectively. Here v;" can be expressed by the following
equation:

,UZT}— = Ui_ + ailjl + aizj? Foeeet aimjm (D5)

where j; denotes the impulse at the i-th colliding point, a;; is the coefficient representing
the contribution of the j-th impulse to the i-th post-collision velocity. Newton’s law of
restitution says

v +ev >0 (D.6)

where €; denotes the coeflicient of restitution at the i-th colliding point. The reason why we
use “>7 in Eq.(D.6) instead of “=” is that there might be no impulse at the i-th colliding
point but the object may be pushed away by the impulses at other colliding points.

For nonpenetrating rigid body collisions, the following conditions should be satisfied:
7i > 0 and j3; - ('v;" +ev)=0 (D.7)
Substituting eq.(D.5) into eq.(D.6), we get

ai1j1 + ai2j2 + -t aimjm + 'UZ'_ + eivi_ 2 0 (D8)

176



Combining Eqgs.(D.8) and (D.7) for all m colliding points, we get

Aj+c>0 (D.9)

3>0and j7(Aj+¢) =0 (D.10)

The problem is to find the 7; which satisfy Eqs.(D.9) and (D.10). Note that Eqgs.(D.9)
and (D.10) have the same forms as Eqs.(D.3) and (D.4). Therefore, the same algorithm
can be used to find these impulse forces. Once we have obtained j;s, the system calculates

the object velocities after the collision, resets the state variables, and restarts to solve the

ODEs. More detail of the methods are given in [64, 66]

D.3 Collision Detection

The methods developed by Baraff for fast collision detection during physical simulation of
rigid bodies [54, 67] include hierarchical bounding boxes and caching of results to exploit
geometric coherence between simulation updates. Tables of bounding box overlaps along
each dimension are updated at each simulation stem. The computations for updating the
bounding box overlap tables and the actual interpenetration checking between polyhedra

can be done essentially in linear time.
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