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Abstract

Although friction is an important phenomenon and greatly affects the way in which individ-
ua s interact with the world, friction isall but absent from force-feedback computer simula-
tions of reality. Haptic interfaces are mechanismsthat allow oneto interact with a computer
through the sense of touch. Past research has shown that haptic interfaces can be used both
to identify the properties of an environment and to ssimulate its feel to a human user. Much
of this work has been limited to environments dominated by stiffness. This thesis expands
the state-of-the-art of the haptic rendering of friction for the purposes of generating higher
fiddity virtual experiences and improving human performance in manipulation tasks. This
work discusses the use of a haptic interface to: a) explore and model the frictional and iner-
tial properties of real environments, b) provide arealistic haptic simulation of these proper-

tiesto a user, and c) examine human perception of simulated friction.

| present a method for probing a system with unknown friction and inertia with a
haptic interface. Experimental results show that the method is an effective means of charac-
terizing the system’s dynamic properties. Next, | present an algorithm to haptically display
the identified friction and inertia. By considering how changing parameters of the model
affect both the stability and fidelity of the haptic rendering, | provide guidelines for selecting
parameters to avoid a set of undesirable sustained oscillations termed limit cycles. Lastly, to
learn about human perception of friction, | describe and present results from a series of
human subject tests. The results indicate that a moderate amount of friction, either real or
simulated, tends to improve human performance in a targeting task. Very sticky friction,
however, degrades performance. | also show that humans are able to discern subtle differ-

ences in kinetic friction more readily than differences in static friction.
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Chapter 1

| ntroduction

Friction is essential to even the most basic of human activities. Without friction, shoes

would not grip the ground and walking would be difficult. Without friction, fingers would

not be able to grasp and turning the pages of this dissertation would be difficult. We depend

on the friction between the pulleys and beltsin machinesto transmit power. We depend on

the friction between the pads and discs of automobile brakesto stop our carswhen we press

the brake pedal. The examples of beneficial friction areinnumerable. Equally innumerable,

however, are the negative effects of friction. The nature of friction is to dissipate energy.

The friction between the moving parts inside a car’s engine and between the wheels and

axles means that one must use more fuel to reach one’s final destination. When two solids
rub against one another, the friction at the interface results in heat and wear. As mecha-
nisms wear under the sometimes-destructive nature of friction, billions of dollars are spent
annually to maintain and replace critical components. The presence of friction and its effect

on our lives is abundantly clear.

Nevertheless, friction is all but absent from force-feedback computer simulations of
reality. Haptic interfaces are the mechanisms that allow one to interact with a computer
through the sense of touch. They give users a sense of being immersed in virtual worlds.
These interfaces have grown in complexity and performance in recent years, but friction
simulation has remained somewhat primitive. This dissertation expands haptic rendering

of friction for the purposes of generating higher fidelity virtual experiences (i.e. virtual
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experiences that are closer to the feel of real friction) and improving human performance.
This dissertation shows how to 1) use a haptic interface to explore an environment to esti-
mate its frictional properties, 2) use the same interface to generate realistic renderings of
friction based on models acquired from real data, 3) use a haptic interface to evaluate

human perception and task performance in the presence or absence of friction.

1.1. What are haptic interfaces?

Inthelast decadehapticinterfacesandhapti crendering havebecomeincreasingly popul ar
subjects of research. Derived from the Greek term haptesthai, the second edition of the
online Oxford English Dictionary (http://www.oed.com) defines the word haptic as “Of,
pertaining to, or relating to the sense of touch or tactile sensations.” A haptic interface is a
mechanical device equipped with motors or other such actuators and sensors that allows a
person to experience kinesthetic (force) and/or tactile (touch) sensations. Typically com-
puter controlled, haptic interfaces provide a force-feedback link to virtual reality. A force-
feedback joystick used in a video game is one popular example of a haptic interface. Such
a joystick allows a game player to experience the aerodynamic force on an airplane control
yoke, or to feel the recoil of a fired missile, or to wrestle with the vibrating suspension of
a high performance race car. In addition to allowing people to interact with a virtual envi-
ronment, they allow people to experience the forces of a real environment as well. Haptic
interfaces are also commonly used to control a remote manipulator. In such an arrange-
ment, referred to as tele-operation, the motions of the haptic interface determine the motion
of the remote manipulator while the forces experienced by the manipulator are relayed
back to the haptic interface and are subsequently felt by the operator. Skilled operators can
guide remote robots into hazardous situations where vision feedback is either unavailable

or insufficient and perform their task by feeling what the robot feels.

Besides the obvious entertainment applications, haptic interfaces have an abundance of
practical applications. In virtual reality simulation, they can be used for virtual training.

Doctors can practice and perfect delicate surgical procedures via haptic simulation without
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having to endanger the lives of humans or animals. Similarly, pilots and drivers can learn

the nuances of a particular aircraft or vehicle without ever leaving the classroom.

Virtual instruments and controls are other promising applications for haptic interfaces.
It is not difficult to imagine vehicles where the control interfaces are al haptic devices.
Like fly by wire technology in airplanes, drive by wire technology in acar would have no
mechanical connecting between the steering wheel and the suspension. A haptic interface
could replace the traditional steering wheel giving the driver a virtual “feel” for the road

providing force clues to help the drivers performance.

Engineers and designers could one day benefit from the application of haptics to com-
puter aided design and virtual prototyping. In such a scenario, a designer could design a
mechanism with a solid modeler and then manipulate the virtual mechanism with a haptic
interface. Such interaction would allow the designer to quickly iterate between mechanism
parameters to design the one that feels best.

1.2. Motivation

Simulating the feel of real friction with a haptic interface is a natural extension of previous
haptic rendering studies. Gillespie (1996) carefully modeled the dynamics of a grand piano
to generate a haptic rendering of the grand piano’s feel on a specially designed haptic piano
keyboard. MacLean (1996) introduced the notion of a haptic camera, a system that could
take a haptic snapshot of an environment and subsequently reproduced the environment’s
haptic properties. MacLean demonstrated the feasibility of the haptic camera by using a
haptic device to characterize the dynamics of a toggle switch and then using the same
device to simulate the switch’s feel. The work presented here extends the idea of the haptic
camera and the haptic piano. In previous work, the dynamics of the environments in ques-
tion were dominated by stiffness and inertia. The environment identification could be done
by directly measuring the physical parameters of the environment and/or by quasi-static

motion of the haptic interface. In this work we take a haptic snapshot of environments with
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significant friction. Asfriction is a dynamic property, the identification must also be con-
ducted dynamically.

The dynamic and nonlinear nature of friction aso introduce new challengesin the area

of haptic rendering or haptic display.

Modeling

Friction

A

Identification

A\

Figure 1-1. Overview of haptic friction identification and rendering.

Figure 1-1givesan overview of the main stepsin the process of identifying and render-
ing friction on a haptic interface. First we measure the friction in real environments by
manipulating the environments directly. Next, we determine the parameters of a friction
model that will match the collected data. Last, we create a realistic simulation of the fric-
tion that a user can experience asif he or she were manipulating the origina environment
directly.

It isimportant to display friction for at least two reasons. The first isrealism. To pro-
vide realistic haptic renderings of any environment, arendering of friction is essential. In

the absence of friction, thevirtua worldisakin to aworld where everything is made of ice.
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Adding viscous damping, the oft used substitute for dry friction is helpful, but it does not

provide arealistic sensation when objects are manipul ated.

A second reason to display haptic friction is to improve human comfort and task per-
formance. Some tasks simply seem easier with asmall amount of friction. At the very least,
friction playsaroleinthe quality of the experience. Consider the different levels of quality
felt when writing with various pens and pencils on various grades of paper. There is no
doubt that the level and quality of the friction play an important part. Turning the tuning
knob on an old analog radio also gives a distinctive feel. Friction in the system helps us
position the dial and helps the dial stay in place once we have found the frequency we

desire.

1.3. ThessOverview

Chapter 2 isaconcerned with friction models. After abrief historical overview, the chapter
describes the basic mechanism for dry friction. The chapter concludes with descriptions of
several of the more commonly used friction models. The models presented in Chapter 2 are

commonly used for dynamic simulation of systems with friction.

Chapter 3 deals with the experimental identification of friction. The chapter opens with a
literature review of robotic environment identification. Next, an algorithm for estimating
the friction and inertia of a system is outlined. Experimental results are presented for a
block of aluminum dliding over three different surfaces: brass, Teflon, and aluminum.

Also, two friction models, the Karnopp model and the Dahl model, are compared.

The haptic rendering of friction is the subject for Chapter 4. An algorithm that resultsin a
realistic haptic simulation of friction is presented. We will ook at how changing parame-
tersinthe friction model affect thefidelity of the simulation. We will also look the stability
of the haptic rendering and suggest ways to avoid undesirable sustained oscillations

referred to as limit cycles.
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Chapter 5 explores the effects of friction on human performance in a targeting task and
human perception of friction. We will see how the presence of friction, either real or sm-
ulated aids or degradesthe speed and accuracy of subjectsasthey attempt to acquiretargets
avariouslevels of difficulty. We will also look asthelevel of friction that humans are able

to perceive.

Chapter 6 concludes the thesis. It presents a summary of the observations and highlights

some areas for future research in friction and haptics.

1.4. Thesis Contributions

The three most significant contributions of this thesis are:

1) The formulation and demonstration of a method to use a haptic interface to explore

a system and subsequently return an estimate of the system’s friction and inertia.

2) The development and analysis of an algorithm to use a haptic interface to generate

realistic renderings of friction.

3) The evaluation of human perception of friction and how human performance in a tar-

geting task is affected by the addition of various types of friction.

This dissertation provides a background into the basic mechanisms of friction. It pro-
vides a summary of the some of the commonly used models for friction simulation and
identification. The reader will learn how the models differ, and which ones are best suited
for haptics. We use these models in conjunction with data collected from an environment
to estimate the friction and inertia of the environment. Next, this work demonstrates how
one can use a haptic interface to generate high-fidelity renderings of friction. The stability
of a haptic friction rendering is studied and we set some bounds on the selection of model
parameters to ensure the quality of the rendering. In addition to stability, this work provides
insight into the issue of limit cycles and how to avoid them in a haptic friction rendering.

I show that friction does affect a human’s task performance in challenging targeting tasks.
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Moderate amounts of both real and simulated friction improved subjects’ task completion
time and reduced their error rates. However, very sticky friction results in slower perfor-
mance with more errors. Finally, by conducting psychophysical tests | show that humans
can discern between small levels of simulated friction. The results indicate that humans are

more adept at discerning differences in kinetic friction than differences in static friction.



Chapter 2
Modeling Friction

This chapter examines the basic mechanism that causes friction between sliding surfaces.
After abrief historical overview of the study of friction, the microscopic aspects of friction
are presented. Next the macroscopic friction models that are commonly used for identifi-
cation and simulation are described. The chapter concludes with a discussion about which

models are best suited for haptics applications.

2.1. Introduction

The study of friction is encompassed by a much broader field of study termed tribology.
Tribology, based on the Greek root tribos meaning to rub, literally means the study of rub-
bing. In addition to refining models of friction, tribologists study a wide range of subjects
such as how materials wear and how lubricants can be used to reduce both friction and

wear.

Thisthesisis concerned primarily with dry friction. Friction refersto theresistiveforce
that is present when there is relative motion between two bodies in contact. Dry friction
refers to the resistance due to the motion of bodies with solid to solid contact. L ubrication
Is not afactor. Fluid friction, on the other hand, concerns the resistance between adjacent

layers of afluid as the fluid flows.
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2.2. Brief Historical Overview

Friction has presented challenges to humankind for thousands of years. People have tried
to understand friction and reduce its negative effects. As early as 1880 B.C., in apainting
of ancient Egyptians transporting a massive colossus on a ded, a man at the front of the
sled pours lubricant on the ground to ease the load (Dowson 1998). Although these ancient
Egyptians may not have understood the physics behind friction, it is clear that they under-

stood that lubrication can lower frictional resistance.

The most basic laws of friction date back to the work of Leonardo DaVinc, prior to
1500. DaVinci postulated that friction obeyed two laws. First, that friction is directly pro-
portional to the applied load. Second, that friction is independent of the apparent area of
contact. DaVvinci also introduced the concept of a coefficient of friction relating level of
observed friction to the weight of a diding object. The observations of DaVinci remained
undiscovered for years, as his notes went unpublished. In 1699, the French physicist Guil-
laume Amontons independently rediscovered what DaVinci had found earlier. The two
laws of friction mentioned above are therefore commonly referred to as Amontons’ laws
of friction. In 1748, the Swiss mathematician Leonhard Euler contributed to the knowledge
of friction with the submission of two papers to the Academy of Sciences. Euler's work
was the first to draw distinction between the static coefficient of friction and the smaller
dynamic coefficient of friction. Euler is also credited with introducing the commonly used

symbolu to denote the coefficient of friction.

In 1785,Charles Augustin Coulomb published the most comprehensive study of fric-
tion up until that time. Coulomb verified and extended the groundwork that had been estab-
lished by Amontons and others. Among Coulomb’s contributions in his lengthy treatise is
the notion of rising static friction. Coulomb found that the level of static friction would
increase from an initial value to some larger value while the system was at rest. In other
words the level of static friction is a function of the time of repose or dwell time. Coulomb
also found that under dry sliding conditions the kinetic friction was independent of velocity

for both metal-on-metal and for wood-on-wood contacts. For wood-on-metal, he found
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that the kinetic friction increased at higher speeds. Despite Coulomb’s published results, a
third law of friction is usually attributed to him. The third law states that in the absence of
lubrication kinetic friction is independent of sliding velocity. The third law, like the first
two, is empirical, and does not hold in all situations. All three laws, however, work quite

well for describing the friction in metal-on-metal contacts.

Perhaps the most significant portion of Coulomb’s work deals with the cause of fric-
tion. Coulomb believed, like others before him, that friction is due to the interaction of sur-
face features on all materials known as “asperities.” He felt that the deformation of the

surface asperities could not be neglected in an explanation of friction between surfaces.

2.3. Microscopic Perspective

From a microscopic perspective, friction is in fact caused by the interaction of surface
asperities. Crystalline surfaces, which may appear to be quite smooth, are actually some-
what rough. The rough surface features, the asperities, interact with each other when two
surfaces are brought into contact (Figure 2-1). The only true contact between the two sur-
faces occurs at the asperity junctions. This situation was aptly described by tribologist F.P.
Bowden in a 1950 BBC radio broadcast where he compares the topology of solids to the
mountainous topology of earth. According to Bowden, “...putting two solids together is
rather like turning Switzerland upside down and standing it on Austria — the area of inti-

mate contact will be small.”

2.3.1. Asperity interaction

When the surfaces are in contract, the friction force is the force necessary to deform the
asperities and (according to some tribologists) to overcome the interfacial adhesion. The
friction is proportional to the shear strength of the asperity junction or the weaker of the
bulk materials (Armstrong-Helouvry et al. 1994; Blau 1996). The static friction fiegce,

may be expressed in terms of the static friction coeffigigahdP*, the normal force com-

prised of both the applied load and the normal component of any adhesive forces at the
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True Surface Film
Contact Sites (Boundary Layer)
(10 m Typical)

W

~ Asperities

Figure 2-1. Part-to-part contact occurs at surface asperities. Adapted from Armstrong et al.

(1994)

interface (Blau 1996). It can also be expressed as the product of the junction shear strength,
T,and the actual area of contact, A.

Fe = pPU=1,A (2.1)
Alternatively, the static friction coefficient may be expressed as a function of t,, A, and

P*,

Tm
Hg = P—Eﬁ (22)

From amacroscopic perspective, frictionisindependent of the apparent area of contact.
At closer inspection, however, we see that the actual area of contact indeed does affect the
friction. Asthe load holding two surfaces together increases the asperities deform thereby
increasing the actual area of contact, and increasing the static friction force.

If the applied tangential load islarge enough, the asperities begin to break contact. Sub-

sequent motion is referred to as microdlip, or pre-sliding displacement. As the surfaces

yield “break-away” occurs and larger scale motions follow. After break-away, the friction

interfaces enter a regime referred to as boundary lubrication.
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2.3.2. Boundary lubrication

Oxide films and other contaminants create a thin boundary layer on the surfaces of sol-
ids. These boundary layers typically have lower shear strength than the bulk material on
which they form. If the shear strength of boundary layer junctions is less than the shear

strength of the parent material junctions then the coefficient of kinetic friction, p,, will be

lower than the static coefficient, pg.

2.3.3. Lubrication effects

In many mechanisms, lubrication is present to reduce friction and wear. For mecha-
nisms employing hydrostatic lubrication, a layer of lubrication is always maintained
between the solid surfaces. No direct solid to solid contact occurs; only fluid friction is
present. With hydrodynamic lubrication, the moving surfaces are initially in contact with
one another. Asthey begin to move relative to one another, lubricant isforced between the
surfaces. Morelubricant fillsthe space between the moving surfaces astherel ative velocity
increases. Above some critical velocity full fluid lubrication takes place. Under full fluid
lubrication, the viscosity of the fluid determines the frictional resistance. A smple and
commonly used model for friction in this regime is to multiply the relative velocity, v, by

a viscous damping coefficient b.

F = bv (2.3
The transition from solid-to-solid friction to full fluid lubrication is explained with two
regimes. As fluid fills the region between the solids, the friction force initially decreases.
The friction begins to increase at higher velocities due to the viscosity parameters of the
fluid. This phenomenon of decreasing friction with increasing velocity at low velocitiesis
called the Stribeck effect after the german engineer Richard Stribeck. For more details on
the friction in lubricated mechanisms, the interested reader is referred to Armstrong-
Helouvry (1991).

12
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2.3.4. Sick-Slip Vibration and Relaxation Oscillations

Stick-slip is the term coined by Bowden and Leben (Bhushan 1999; Blau 1996) to
describe the vibratory phenomenon that is sometimes observed at frictional interfaces.
Another commonly used term for the phenomenon is relaxation oscillations. Blau (1996)
gives examples of stick-dlip that include the squealing of adoor hinge, the skipping motion
of awiper blade on a partially wet windshield, or the sound generated when a bow glides
over aviolin string. Stick-slip can ensue when the static coefficient of friction is greater
than the dynamic coefficient of friction. When two objects are stuck together, if aforceis
applied to one, the friction ramps up to the static friction limit and break-away can occur.
After break-away the object can begin diding, but under stick-dip, the object slips asmall
amount and then sticks again. The friction versus time curve for stick slip typically looks
somewhat like a sawtooth. Some tribologists attribute the phenomenon to adhesive bonds
being made and broken at the frictional interface. In order for a model to represent stick
dip, it must allow for higher values of friction at lower speeds, and a decreased friction at
dightly higher speeds.

2.4. M acroscopic Models

2.4.1. Basic Coulomb models

Aside from the simple viscous damping approximation of friction (Figure 2-2a), the
most common representation of dry friction found in engineering is ssimply referred to as
Coulomb friction. With the standard Coulomb friction model, the friction force is repre-

sented with a signum function and expressed as

F; = Fsgn(v) (2.9)
Where F is the value of the Coulomb friction and v is the relative velocity between the
mating surfaces. Taking the strict definition of the signum function, the friction is zero at
zero velocity. Figure 2-2b shows the standard Coulomb friction model. Occasionally, the

Coulomb model and the viscous damping are added. The result is shown in Figure 2-2c.
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To represent stiction, a condition where the static friction, Fg, is greater than the dynamic
or kinetic friction, Fgy, a piece-wise definition of Coulomb friction is sometimes used.

Shown in Figure 2-2d, this model is multi-valued at zero velocity. This model has several
drawbacks. Firgt, it does not provide aphysically realistic representation of the behavior of
friction near zero velocity. Second, the hard non-linearity at zero velocity makes efficient
computer simulation of friction with thismodel difficulty. In digital computer simulations,
calculation of a velocity of exactly zero is unlikely. Simulations using the standard Cou-

lomb model are prone to oscillate around zero velocity.

ot Friction
riction
b £,
Velocity Velocity
(@) (©)
Friction
Friction /bA/ F.¢
F. For—
Velocity Velocity

/ e
(c) (d)

Figure 2-2. Various representations of friction. a) Viscous damping, b) the Coulomb
model, ¢) Coulomb plus viscous, d) Coulomb with stiction.
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2.4.2. The “Classic” Model

One attempt to ameliorate the negative effects of the stiffness problems associated with
the basic Coulomb model is the so-called classic friction model (Haessig and Friedland
1991). The classic model replaces the steep non-linearity with a relatively steep linear
function near zero. The main issue with this model is that is allows a body to accelerate
even though the applied force is less than the static friction value. Steeper slopes at zero
reduce this effect, but for steep slopes, the classic model has the same drawbacks of the

original coulomb model. Figure 2-3 shows the classical stick-slip friction function.

Friction

ViV, Velocity

Figure 2-3. The “classic” stick-slip friction model.

2.4.3. Karnopp

As a means of handling the numerical difficulties in simulating the standard highly
nonlinear model of Coulomb friction, Karnopp (1985) introduced a method for represent-
ing stick-slip friction “without the introduction of numerical stiffness problems.” Like the
standard Coulomb model, in Karnopp’s model friction is ultimately a function of velocity.

When the velocity of the system approaches zero, the velocity is considered to be exactly
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zero. Inside this band around zero vel ocity thefriction forceis calculated to be either a) the
value needed to keep the system at zero velocity, or b) the break-away friction force level.
The value of (a) or (b) with the smallest magnitude is the one used. A graphical represen-
tation of the Karnopp model can be seen in Figure 2-4

Friction

—> <« 2DV
Velocity

Figure 2-4. The Karnopp friction model

2.4.4. Bristle

In the bristle model, the friction between two surfaces is represented by a set of rigid
and pliable bristles. Rigid bristles are attached to one surface and pliable bristles to the
other. The bristles bond to one another and it is this bonding that representsthe friction. As
the surfaces move relative to each other, the bristles deflect and the strain in each bond
increases. When the deflection of aparticular bristle exceedsacertainlevel, itsbond breaks

and it attaches itself to a new bristle with alower level of strain. (See Figure 2-5.)

The bristle model isbased on the physical interaction of the microscopic asperities that
are the cause of rea friction. The model does not, however, attempt to create a one-to-one
correspondence between the actual number of bonds interaction between two surfaces and

the number of bristles used in the model. Haessig et al. report that 50 bristlesis sufficient
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Sliding Body

N Bonded

Bristles
— 1 11

Stationary Surface

()

(Xi_bi)

Figure 2-5. Bristle Model, (a) N randomly located bristle bonds, (b) a single bond.
Adapted from Haessig and Friedland (1990).

to adequately represent surface friction. For a simulation with n bonds, each bond repre-

sents 1/nth of the bonding that occurs on the actual contacting surface.

The spacing between the bristlesis random. Theforce applied by the bonding of arigid
and pliable bristleis

F = K(x,—b) (25)
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Where K isthe stiffness of the pliable bristle, ; isthe location of the pliable bristle, and

b isthe location of the rigid bond.

Thetota friction force between the two surfaces is the sum of the forces between each
pair of bonded bristles. When the deflection of a pliable bristle exceeds A, the bond’s snap-
ping point, the bond breaks. Therigid bristleformsanew bond with adifferent pliable bris-

tle. The location of the new bristleis random. The location of the new bond is defined as

b, = b; +uniform(A)sgn(x; —b;) (2.6)
The “uniform” function places the bristles at random, uniformly distributed distances rang-
ing from O toA. The friction load can be made a function of velocity by varying the number

of bristles as a function of velocity.

2.4.5. Dahl

Dahl (1976), presents a model “to describe friction primarily as a function of displace-
ment.” The model states that the rate of change of friction with respect to time is equal to
the rate of change of the friction with respect to position multiplied by the relative velocity

of the two moving bodies:

dF(x) _ dF(x)dx

at - dx dt (2.7)
The hysteretic behavior of friction is capturedfi(x)/dt is of the form:
dF) _ 41— Esonyl _F D
i ol I:ngnx sgn%[ I:ngnxD (2.8)

Wherea is the slope of the friction curve B0, andF, is the Coulomb friction forcei’
isan empirically determined parameter that adjusts the shape of the friction slope function.
Thismodel has been successful in ssimulating the frictional properties of ball bearings, and
Is used by the author to model the “solid friction damping” of a pendulum. Figure 2-6

shows a sample of the shape of Dahl friction plotted against displacement.
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TRest Slope"
C o

Friction Force (F)

0 0.5

1 1.5 2
Displacement (x)

Figure 2-6. Parameters and shape of the Dahl model.

2.4.6. Armstrong’s integrated model

Armstrong et al. (1994), is one of the most extensive surveys of friction models and anal-

ysistools. This paper deals with friction asit applies to the automatic control of machines.

It is therefore focused primarily on friction in lubricated metal on metal contacts, never-

theless the information included is quite valuable. Some of the key points elicited from

Armstrong et al. (1994) arethat (@) friction isafunction of the true area of contact between

two mating surfaces and (b) friction isafunction of velocity in four different regimes:

» Static friction (pre-sliding displacement),

» Boundary lubrication,
¢ Partial fluid lubrication
« Full fluid lubrication.

Thereisdiscussion of the Stribeck effect, which saysthat at velocity near zero, friction

decreases as velocity increases. The phenomenon of stick—slip friction is also introduced.

The two temporal phenomena of friction that cause stick slip being are listed as (a) dwell

time and (b) friction memory. Dwell time refers to the length of time that two contacts are
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held together at zero velocity. Frictional memory is the term used to describe the time lag

between a change in the velocity of two contacts and the resulting change in friction.

Armstrong et al. (1994) then present a seven parameter integrated friction model that

encompasses all of the phenomena discussed above. Parameters in the model include:

* |Instantaneous friction force

» Coulomb friction force

» Viscousfriction force

» Magnitude of the Stribeck friction

» Magnitude of the Stribeck friction at the end of the previous diding period
» Magnitude of the Stribeck friction after along time at rest
» Tangential stiffness of the static contact

» Characteristic velocity of the Stribeck friction

» Time constant of the frictional memory

» Temporal parameters of the rising static friction

* Dwell time

2.4.7. Exponential Models

Majd and Simaan (1995) present a continuous friction model that works in both low
and high velocity regimes. Their paper discusses some of the friction models mentioned
above and how each dealswith friction at low velocities. The authors review the Coulomb
friction model and note that the model’s discontinuity at zero is not observed in physical
systems. They then address a friction model developed by Hess and Soom (1990), and a
model by Bo and Pavelescu (1982). Both models more accurately address the friction force
at low velocity, i.e. both account for the Stribeck effect, but neither accounts for the pre-
sliding displacement observed by Walrath (1984), and discussed by Armstrong et al.
(1994). The reason being that both models still have discontinuities at the origin. It is con-
ceded that the Dahl model can account for this pre-sliding displacement, but it “does not
include the viscous friction and break away torques and is formulated only for slow motion

without considering stiction.” The new model that is proposed accounts for the pre-sliding
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effects observed in experiments, and also is continuous about the origin. Theformisgiven

as:

®
wC

w
n—
W

Flw) = f o+ {fc +0e

—(o+f)e

} sgn(w) (29

‘w’ is used here because the objects discussed move with angular velocities rather than
translational velocitiesf,’ is the slope of friction after the Stribeck effect and is the same
as the viscous damping coefficient’ is a real number that chosen so that the above
expression has a maximum valudothe static friction of the systenn’ ‘determines the
steepness of the friction-velocity curve at zero veloaity. is known as the critical angu-
lar velocity. It is used to demark the transition from the Stribeck friction, where the friction
force falls as velocity increases to standard viscous friction when the friction force

increases with increasing velocity
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Figure 2-7. The effect of various model parameters on the Majd and Simaan model. a) The
effect of ‘n’. b) The effect ofv.. c) The effect o0b.

2.5. Modelsfor Haptic Friction

Of the models presented here, the Karnopp and Dahl models are most attractive for use

in haptics. Haptic interfaces have difficulty sensing velocity. Typically haptic interfaces
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rely on digital encoders for position sensing. Velocity is estimated by differentiating the
position signal. Discrete-time differentiation of a quantized position signal leads to poor
velocity resolution. Using afirst-difference, fixed-time, differentiation scheme, the veloc-

ity resolution, dv, can be expressed as

_ O
v == (2.10)

Where dx is the encoder’s resolution aiids the sample rate. From Equation 2.10 we see

that shorter sample rates result in poorer velocity resofution

Most other models, due to the hard nonlinearity, or steep slope near zero velocity,
would require very small velocity resolution to be successfully used for haptics. The Dahl
model and its derivatives, because they are position based, do not have the same stringent
velocity resolution requirements. The Dahl model is somewhat complicated however,
because it requires the integration of a differential equation in order to calculate friction

force.

The Karnopp model circumvents the low velocity resolution issue with the introduction
of the velocity threshold)V. Karnopp’s model is also attractive because, although itis rel-
atively simple, it can capture an important feature of friction: higher values of static friction
than dynamic friction. For this reason, the Karnopp model is the model of choice for this

work.

1. Asdiscussedin 3.4, an alternativeisto estimate velocity by measuring thetime interval between encoder
ticks. Even so, velocity resolution and accuracy at low speeds are problematic.

22



Chapter 3

Friction Identification

This chapter evaluates approaches by which a haptic interface can be used to identify and
model friction present in an environment or device. It begins with a review of previous
work in robot and haptic environment identification. Next, it outlines a procedure for iden-
tifying the amount of friction present between two surfaces, and the inertia of the moving
element. After a presentation of some experimental results, the chapter concludes with a
discussion of the procedure’s effectiveness and a comparison between the Karnopp and

Dahl models as they apply to friction identification.

3.1. Introduction

The challenge of creating realistic, high fidelity representations of physical devices or
mechanisms has received much attention by haptics researchers and haptic system devel-
opers. Objects such as switches and springs, with impedance characteristics dominated by
stiffness, inertia, and damping, have been successfully modeled and subsequently rendered
with the same haptic interface. Here, we extend the realm of haptic identification and dis-
play to include objects with substantial friction. Friction is present at some level in all slid-
ing objects and mechanisms with sliding parts. Knowledge of an environment’s friction is
essential to understanding and modeling the system dynamics. Nevertheless, because it is

highly nonlinear, friction is rarely fully included in haptic renderings. Friction is often sim-
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plified and represented as a constant plus linear damping term, even when the details of the

friction can be valuable for distinguishing among different materials.

The problem of identifying friction is complicated when the environment’s inertia is
also unknown. Unlike stiffness, which can be measured statically, friction identification
involves dynamic measurements, which are invariably affected by mass and damping as
well. It is possible to include damping in a general friction model, but inertial forces must
be isolated. In some cases, it is possible to disassemble a mechanism or otherwise operate
on it so that the mass can be evaluated independent of friction. In the most general case,

however, the mass and friction must be estimated simultaneously.

3.2. Previous Work

In both the robotics and haptics literature, one can find examples of researches actively
probing environments with forces to learn about the environment’s dynamics. In certain

instances, the robot itself is the environment under investigation as programmers attempt
to quantify parameters such as the robot’s inertial and frictional properties. In the following
sections, we will review active force probing as it has been applied to general environment

identification, and more specifically to the problem of measuring friction.

3.2.1. Environment and Device ldentification

There are several examples of haptic interfaces used for system identification in the litera-
ture. Shulteis et al. (1996) demonstrated that a haptic system used for teleoperation can
extract quantities such as an object's dimensions, weight and coefficient of friction. Dupont
et al. (1997) showed that the same system can be used to identify the kinematic constraints
of an object being manipulated. MacLean (1996) used a haptic interface equipped with a
force sensor as a force probe to characterize the nonlinear stiffness properties of a momen-
tary switch. The characterization was done by first recording the force response of the
switch over a range of displacements. Next, the nonlinear force versus displacement profile

was divided into piece-wise linear segments. The obtained stiffness model was used to sim-
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ulate the switch using the same interface that characterized it. Miller and Colgate (1998)
used a wavelet network (a nonlinear system identification technique) to identify the imped-
ance characteristic of a spring attached to a wall. The wavelet technique, like MacLean’s
method, uses force/displacement data collected from a real system. However, the wavelet

analysis is done in the spatial frequency domain.

3.2.2. Friction Identification

Johnson and Lorenz (1992) present a novel method for identifying a system's friction by
measuring state feedback errors. They begin by building a feed-forward controller that
includes relevant dynamic properties of the system such as its mass and viscous damping.
The controller does not include compensation for Coulomb friction. Once the feed-forward
gains for inertia and viscous damping are properly tuned, the state feedback error signal
will contain only errors caused by friction and other unmodeled effects. The unmodeled
effects are then minimized with a signal processing technique called Synchronous Spatial
Averaging, SSA. SSA averages velocity signals in the spatial velocity domain rather than
in the time domain. Averaging in this manner filters noise signals that are uncorrelated to

spatial velocity.

Kim et al.(1996) use a numerical optimization scheme to find the unknown parameters
of their chosen friction model. Seeking to characterize the friction in an x-y plotter, the
authors operate the system by applying a specified force input. The plotter displacement is
then recorded. Starting with initial estimates for the friction model parameters, their opti-
mization scheme adjusts the parameters until optimal values are found. The optimal set of
parameters minimizes the square of the error between the recorded displacement and the

displacement predicted by the model.

Armstrong-Helouvry (1991) used two main schemes to measure the friction present in
robotic joints. In the first method, a known torque trajectory was applied to the system
while the acceleration was recorded. Because the system’s inertia was known, the friction

could be calculated as the difference between the known input torque and the calculated
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inertial torque. The second method estimated static friction by measuring the minimum

input torque necessary to initiate motion.

Kim et al. (1997) began by selecting an exponential friction model. They used least

squares regression in the frequency domain and solved for the parameters of their model.

In each of these cases, the first step in friction identification was the selection of the
model to be used. The second step was to determine the values for the parameters of the

model.

3.3. Model Selection

Though we have an assortment of models to choose from, the model of choice for friction
identification here is the Karnopp model. The driving factors behind the choice of the Kar-
nopp model are its simplicity and the fact that it does not require extremely accurate mea-
surements of velocity at low speeds. All of the model parameters can be expressed as linear
coefficients of the independent variables velocity and acceleration. This fact will be
exploited later to facilitate estimates of the parameter values. Despite its simplicity, the
model accurately describes the resistive force present for the materials tested at velocities
away from zero. Karnopp’s model was also chosen for its flexibility. It is readily adjusted

to allow for asymmetric frictional properties in different directions. Viscous damping is
easily included and it allows the static and dynamic friction to take on different values. Dif-
ferent static and dynamic friction values are necessary to model the occurrence of stick-
slip. Karnopp’s model dodsave some problems, however. The model's behavior around
zero velocity is not based on the microscopic interaction of the material asperities. It cannot
predict hysteresis even if hysteresis is present in the collected data. For these reasons the

Dahl model was also considered.

The Dahl model is best described as a position dependent friction model rather than a
velocity dependent model like Karnopp. As stated by Armonstret al. (1994) “If very

small displacements are to be accurately simulated,...position-dependent models could be
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more accurate than a velocity-dependent model.” The Dahl model is more accurate in
describing friction in the low velocity regimes, but it is not without its problems. The
model is described by a differential equation. As such, its parameters cannot be expressed
as linear coefficients of the independent variables meaning that numerical schemes such as
nonlinear least squares or other methods are required to estimate the parameter values.
Such methods are more complicated and computationally expensive than linear least
squares. The Dahl model does not allow for stiction, or “stick-slip-slide” friction without
being modified. Furthermore, it can be subject to numerical instabilities. To be useful for
identification purposes, both models need to be modified slightly as explained in the fol-

lowing sections.

3.3.1. Modified Karnopp Model

The modified version of the Karnopp used can be seen in Figure 3-1. It includes both Cou-
lomb and viscous friction and allows for asymmetric friction values for positive and neg-

ative velocities. It is expressed as:

C,sgn(x) + byx for x> Av

O : : :
0 C,,sgn(x) + b,x for x <-Av
O
: 0 max D, F.) for -Av<x<0

I:friction(x’ Fa) = 4 e . (3-1)
E min(D,, Fy) for 0<x<Av
O
O

whereC, andC,, are the positive and negative values of the dynamic fri¢iiamdby, are

the positive and negative values of the viscous friction, is the relative velocity between
the mating surface®), andD,, are the positive and negative values of the static friction,
Av is the value below which the velocity is considered to be zer&gasthe sum of non-

frictional forces being applied to the system.

Although this model cannot replicate subtle friction features such as the Stribeck effect,

it does model the basic stick-slip property. By allowing the friction force to be asymmetric,

27



CHAPTER 3: FRICTION IDENTIFICATION

this model better matches data observed here and in other friction identification papers

(Armstrong-Helouvry 1991; Johnson and Lorenz 1992)

Friction
D__
p /bpé/
Cp |
—_ 4— v

Velocity

/bné/
t——»— D

Figure 3-1. Parameters of the modified Karnopp model

3.3.2. Modified Dahl Model

The modified Dahl model is quite similar to the original Dahl model. For the purposes of
experimental friction identification, we define the model in a piecewise fashion. This
allows the friction force to be different for different directions of motion, a common obser-
vance in friction identification. The modified Dahl model also contains a viscous damping

term. The model is presented in Equations 3.2 and 3.3.

0

0

0 _F = O for x>0
Fon_ 0 B sofh-fsoniff k0
dx 0 '

U o ——sgn(x) sgn%[ —sgn(x)D for x<0

0

0

F d
Ftriction = %’Xfrlctlon X%jt b (3.3)
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WherekF is the friction force predicte@, andDy, are the friction limits in the positive

and negative directions respectively, dn the viscous damping term. For simplicity

only a single viscous damping term is used in this model.

3.4. Experimental Apparatus

A one degree of freedom linear motion haptic interface was constructed in order to conduct
friction identification experiments (See Figure3-2). The setup includes a low friction, low
inertia, dc motor (Maxon RE025-055) as the actuator. A 2048 line quadrature encoder is
used for position sensing. Velocity is estimated with the aid of an I/O Card from Immersion
Inc. This card calculates velocity values by measuring the time between encoder pulses

rather than counting the number of encoder pulses that occur during a specified time.

Rotary motion from the motor is converted to linear motion/force using a low friction
linear stage and a transmission consisting of a steel cable wound several times around the
motor pulley. A 10 Ibf. (44.8 N) capacity load cell (Sensotec31/1426-04) gives force mea-
surements and a BBg accelerometéEensotec 60-3629-02) provides acceleration mea-
surements. Estimates of key characteristics, including noise levels, of the apparatus are
listed in Table 3-1.

Table 3-1. Experimental Apparatus Parameters

System Equivalent Inertia (motor and slide 0.692 kg

Force output to commanded voltage 23.315 N[V
Maximum Force (continuous) 9.48 N
Range of Motion 3.2cm
Position Resolution 2.57x 108 m
\oltage output to measured force 8.896 N/V
Static Friction (motor and slide)

Forward Motion 1.04 N

Reverse Motion 0.69 N

The force sensor for the apparatus is located downstream of the motor and slide inertia
so that it only measures the force applied to the object or system under test. The system

being tested and the experimental apparatus are connected by a coupling that is compliant
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Figure 3-2. Experimental Apparatus for Identification

in the radial direction but stiff in the axial direction. The apparatus was used to identify

sliding friction between an aluminum block and sheets of brass, Teflon and rubber.

3.5. Identification Procedure

The procedure for friction identification can be summarized as follows:

» Model the force/motion interaction of the system

* Move system over a range of velocities of interest

* Record force/motion variables included in the model
* Solve for unknown parameters of the system model

These steps are detailed below.
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3.5.1. Modeling the brce/motion interadion

For our experimental system the force/motion interaction can be described as

F MX+ Feiction + F (3.4)

whereFgppiiegis the force applied to the aluminum blockijs the mass of the aluminum

applied = other

block, Xs the acceleration of the aluminum blocEgicion is the modified friction model
described by either Equation 3.1 or 3.3, kgglerincludes any effects not included in the

inertia term or in the friction model.

Terms inFgiher can include things such as off-axis force sensor loading, forces caused

by elastic deformations, and an inertial force out of line with the primary direction of

motion.

3.5.2. Move the system over the range of velocities of interest

For each friction measurement experiment the aluminum block was connected to the appa-
ratus and the apparatus was commanded to move with a periodic trajectory. Various peri-
odic trajectories having frequencies ranging between of 0.5-3 Hz were explored. The
sample trajectories presented here are sinusoids with a frequency of 2 Hz and an amplitude
of 0.01 meters. The system was driven using a proportional-derivative or PD controller.
The PD gains were tuned before the apparatus was connected to a system with friction.
They were empirically set to the highest values that gave smooth sinusoidal responses
without friction. For additional smoothing, the command output was digitally filtered with

a second order low-pass filter with a cut-off frequency of 100Hz. The frequency and ampli-
tude of the command trajectory were selected to stay within the 0.030 meter range of
motion of the interface and to match the approximate range of motions that humans use
when sliding their fingertips in an exploratory fashion. The sample rate for motion com-

mands and data collection was 1 kHz.
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3.5.3. Record force/motion variables included in the model

The system was allowed to warm-up for 10 seconds prior to collecting data for each exper-
iment. During the warm-up, the aluminum block was moved with the same sinusoidal tra-
jectory that was used during data collection. The warm-up served two functions. First, it
eliminated the phenomenon of rising static friction because the system was not allowed to
dwell at zero velocity for a significant period. Second, it allowed the motion of the system
to reach steady state. After the 10 second warm-up was complete, the force applied to the
aluminum block was recorded, along with the block’s position, velocity and acceleration.
Data were collected for 2 seconds, corresponding to four cycles and seven velocity rever-

sals. Figure 3-3 shows typical velocity, acceleration and force data.

Velocity (m/s)

Acceleration (m/sz)

Force (N)

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
Time (sec)

Figure 3-3. Typical velocity, acceleration, and force data

Due to the digital nature of the encoder, position and velocity estimates were obtained

with a relatively small measurement error. Force and acceleration estimates, however, had
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larger uncertainties arising primarily from noise introduced in signal amplification and

analog to digital enversion (See T&éB-2).

Table 3-2. Standard Deviations of the Measurement Errors

Measurement | Standar Units

Error Deviation

position 5.76 X 10° meters

velocity 3.18 x 10-3 meters/second
acceleration 0.2379 meters/secorfd
force 0.062 Newtons

The uncertainty estimates are the standard deviations of the difference between the
measured trajectories and ideal trajectories. These are conservative estimates since a por-

tion of the difference can be attributed to errors in the control.

To help reduce the errors caused by the drift and temperature sensitivity in the acceler-
ometer, the acceleration signal was scaled and offset for each experimental run. The scale
factor and offset were selected to minimize the difference between the accelerometer mea-
surement and a differentiated velocity signal. The differentiated velocity signal was
obtained by four-point central differences. The resulting adjusted acceleration signal con-
tains less noise than the differentiated velocity signal and is more accurate than the original

accelerometer measurement.

3.5.4. Solve for unknown parameters

With the modeling and data collection complete we can now estimate the parameters of the
friction model. We will first fit the parameters of the Karnopp model to the data using
linear least squares regression. Next, we will find the parameters of the Dahl model using

nonlinear least squares regression.

3.5.4.1. Fitting the Karnopp model to the data

One advantage of the Karnopp model is that its parameters can be expressed as linear coef-

ficients of the input variables. By expressing the parameters as linear coefficients of our

inputs the parameters can be estimated using linear least square regression (LLS). As a first
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step in expressing the model parameters in a linear fashion, we separate the data into two

bins. One bin contains data for velocities of magnitude les@\tharhe second bin holds

the remaining data\v is selected as the smallest velocity range that fully encompasses the

transition from static to dynamic friction. After the data points corresponding to low veloc-

ities are removed, the recorded velocity vector is splittimtonew velocityectors. The

velocity vectorvel, is equal to the original vectwel except that negative velocity values

are replaced with zeros. The velocity veatel, contains the negative portion of the orig-

inal velocity vector and has zeros where there are positive valuel{$ee Figure 3-4).
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Figure 3-4. Example of how velocity is split into positive and negative components

Now, the measured force can be expressed as the sum of the inertia force, and the fric-

tion by
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Fm = ma+ C sgn(vel)) +byvel) +C, sgn(vel) +byvel, +¢ (3.5)

or, in matrix form as

m
Fot a, sgn(vel,) vel, sgn(vel,;) ve}, Col &g
= [P L (3.6)
FmN ay sgn(veIpN) vebN sgn(vel,n) velinl [Ch En
bn
F. = XB+e 3.7)

whereF, is the measured forca,is the measured acceleration and the measurement

error.

The LLS estimate fo has been shown to be

B = (X'X) (XFy) (3.8)
Implicit in this estimate fof8 is the assumption that the variablesdnandvel in our
case, are free of measurement error. Fuller (1987) show3grestimated using Equation
3.8 will contain a bias if measurement error is present. Given the fact that measurement
errors exist in botta andvel, we consider an alternate estimator foFuller goes on to
present several alternate estimators that account for errors nptitevariablesand pro-
vide unbiased estimates Bf Assuming that the errors in each of our measured variables

are independent of each other, our alternate estimafgador

~

B = (N X'X-S%u) (NX'F) (3.9)

whereN is the number of samplesy,, = diag(ss,,0, Sse0:Ssvel)  5aSS the estimated

variance of the acceleration, anggpis the estimated variance of the velocity.
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3.5.4.2. Fitting the Dahl model to the data

The Dahl model is expressed as a differential equation. Because its parameters cannot be
expressed as linear coefficients of the input, a numerical optimization scheme such as an
unconstrained minimization technique, or nonlinear least squares (NLS) must be used to
obtain parameter estimates. For the nonlinear least squares approach, the goal is to mini-
mize the square of the error between our model predicted values and the values obtained

via experiment. Mathematically stated, the goal is to minimize a funftgubject to the

parameter$

mi f = F v 1) = Freasuredl ? 3.10
B |:| |:|n (B) ng( mode“3 tJ) (QJ)) ( )

The elements iff here are similar to th parameters found about in the Karnopp
model. For the Dahl representation of frictipnncludes them, the mass of the sliding
block, Dp, the positive friction limit,D,, the negative friction limit, and a single viscous
damping coefficienb. The value for the Dahl stiffness, is not included in the automatic
parameter estimation. The magnitudecof generally quite large in comparison to the
other model parameters. The parametgproved to limit the efficiency of numerical opti-
mization schemes so it was set and adjusted by hand achieve a good match between the
experimental data and the model. The Dahl model is quite sensitive to the paranieter

the value ot is too large, the Dahl model will exhibit numerical instabilities.

To estimate values f@, we employ an iterative nonlinear least squares estimator. The
estimator usedsqcurvefit, is implemented in the MATLAB® optimization tool-
box. The Levenberg-Marquardt method was used to set search direction for parameter esti-
mation. The interested reader is referred to the MATLAB® Optimization Toolbox

Reference Manual (Coleman et al. 1999) for the details of the implementation.
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3.6. Results

Here we present results obtained by using théodetutlined in the previous section

to identify the friction and mass of an aluminum block sliding on brass, Tefloruabérr

The mass of the block was presumed unknown for each experiment; however, for verifica-
tion purposes the block was weighed and found to be 0.419 keg. Figures 3-5(a), 3-6(a), and
3-7(a) show typical raw force data plotted against velocity for our three material combina-
tions. The effects of some stick-slip vibration are evident in the plots. Figures 3-5(b), 3-
6(b), and 3-7(b) show the raw force adjusted for the estimated mass. The solid lines in Fig-
ures 3-5(b), 3-6(b), and 3-7(b) represent the predicted friction for each case using the
parameters in the Karnopp Model, Equation 3.6. The rectartgasiowsAv, D, andD,

from Equation 3.1. Figures 3-5(c), 3-6(c), and 3-7(c) show the Dahl models plotted over

the measured data adjusted for mass.

Table 3-3 lists estimates of the Karnopp model parameters and their standard devia-

tions. The values fdD, are negative due to the definition for static friction given in Equa-

tion 3.1. The viscous damping coefficient,b, for brass is sometimes negative. This
indicates that the friction is decreasing with increasing velocity. Decreasing friction with
increasing velocity is not uncommon for dry metal on metal contract. For information
about calculating the standard deviations of the parameter estimates obtained by Equation
3.9, the reader is referred to Fuller (1987). Two experimental runs are presented for each
material combination to give a sense of the friction model parameter repeatability from
setup to setup. The use of Equation 3.9 rather than Equation 3.8 had the most profound
effect on the mass estimates. Mass estimates are 3.8% larger for brass and rubber and 5%
larger for Teflon For comparison purposes, Table 3-4 lists the Dahl model parameter esti-

mates for a single experimental run.

The goodness of the Karnopp model’s fit can be seen in Figure3-8 which is a plot of

the measured force and the model predicted force for aluminum on rubber. Both measured
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Figure 3-5. Aluminum sliding on brass. a) Measured force versus velocity. b) Force
adjusted by inertia with Karnopp fit overlaid. c) Force adjusted by inertia with Dabhl fit
overlaid.
force and model predicted force are plotted against velocity. A similar plot for the Dahl

model is presented in Figure3-9.

The reader will note that second and third columns and the fourth and fifth columns in
the matrixX, defined in Equations 3.6 and 3.7, are related through signum function. For

velocity values that are strictly positive, the linear correlation betwegrand sgn{el,)
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Figure 3-6. Aluminum sliding on Teflon. a) Measured force versus velocity. b) Force
adjusted by inertia with Karnopp fit overlaid. c) Force adjusted by inertia with Dabhl fit
overlaid.

is undefined. Similarly, when the velocity is strictly negative, there is no linear correlation

betweervel, and sgrn¢el,). However, because botel, andvel, contain zeros, there is a

guantifiable linear correlation between columns 2 and 3 and between columns 4 and 5. The

relationship between the independent variables causes the Xnair@xhibit some multi-
collinearity. Multicollinearity leads to a poorly conditioné¢bX matrix, and subsequently
poor parameter estimates. For the data presented in this papet'tkenatrices for all
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Figure 3-7. Aluminum sliding on rubber. a) Measured force versus velocity. b) Force
adjusted by inertia with Karnopp fit overlaid. c) Force adjusted by inertia with Dabhl fit
overlaid.

materials have condition numbers on the order 6t. Matrices with condition numbers

on this order are readily invertible with numerical software packages such as MATLAB®.
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Table 3-3. Friction estimates for aluminum sliding on brass, Teflon and rubber using
Fullers method (Equation 3.6). The parameters correspond to the modified version of

Karnopp’s model (Equation 3.1).

Brassl Teflonl Rubberl

Parameter [[Estimate Std Dev [[Estimate Std Dev ||Estimate  Std Dev
m 0.4033| 0.0051 0.4436| 0.0038 0.3886 0.0045
Cp 1.7714) 0.023 0.513| 0.0136] 3.4901]| 0.0334}
bp 0.457| 0.248 1.0957| 0.1519] 8.7338] 0.3621
Cn 1.729| 0.0229 0.5365| 0.0133 2.5611 0.0298
bn 0.6196| 0.2504 1.3038 0.15 7.9521 0.3225
Dp 2.1302 1.0078 3.8513

Dn -1.8623 -0.7167 -2.9099

Av 0.007 0.005 0.02

Brass2 Teflon2 Rubber2

Parameter [[Estimate Std Dev [[Estimate Std Dev ||Estimate  Std Dev
m 0.4117 0.0039 0.4555| 0.0037 0.3737 0.0047|
Cp 1.6814| 0.0173 0.4808| 0.0132 3.7244 0.0353
bp -1.5778| 0.1884 1.6554| 0.1476 9.6733 0.3853
Cn 1.6384| 0.0174 0.5233| 0.0127 2.7269 0.0296
bn -0.618| 0.1894 1.5635| 0.1434 8.0322 0.3213
Dp 2.0842 0.9319 4.0179

Dn -1.7328 -0.6553 -2.7733

Av 0.007 0.005 0.02

Table 3-4. Friction estimates for aluminum sliding on brass, Teflon and rubber using
nonlinear least squares regression. The paraméseiuned manually. The parameters
correspond to the modified version of Dahl’s model (Figure3.2).

Brass Teflon Rubber
Parameter ||[Estimate |[Estimate [Estimate
m 0.4489 0.4633 0.3820
b -2.6071 0.3838 9.9812
Dp 1.9078 0.6389 3.3122
Dn 1.7296 0.5774 2.4238
o (manually) 30000 10000 50000

3.7. Discussion and Conclusions

This chapter has presented almoekfor using a haptic interface to estimate the friction and

inertia of a real device or system. Sample results were presented for the friction force and
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Figure 3-8. Typical measured force and Karnopp model predicted force versus velocity
(aluminum on ubber) over dur cycles of motion.

mass estimate of an aluminum block sliding on brass, teflon and rubber. Unlike other fric-
tion identification techniques, it does not require the experimenter to carefully tune a feed-
forward controller. Identification via the Karnopp model is not susceptible to the conver-
gence problems experienced when identification is done via the Dahl model or some other
numerically based techniques. For identification via the Dahl model, careful selection of
theo parameter was necessary in order for the numerical optimizatiomverge. It was
difficult to obtain an adequately large value dowhen the dynamic value for friction was
relatively low. This can be seen for brass and especially Teflon (see Figures 3-5 and 3-6).
Ideally, since very little hysteresis is observed for brass and Tefleould take on a rel-

ative large value. However, if values larger than those presented in the table are used,
numerical difficulties arise. These results indicate that the Dahl model works well in cases
where there is a significant amount of dynamic friction and a significant amount of pre-

sliding displacement as in the case of rubber.
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Figure 3-9. Typical measured force and Dahl model predicted force versus velocity
(aluminum on ubber) over dur cycles of motion.

As is often the case with control or identification strategies, accurate measurements of
velocity and acceleration are the key to accurate friction and mass estimates using the
method presented here. Much of the spread in the data adjusted for mass ((b) and (c) of Fig-
ures 3-5, 3-6, and 3-7) can be attributed to noise in the accelerometer. The effect appears
to be less drastic for aluminum on rubber, but this is due to the larger magnitude of the fric-
tion force for rubber. The larger the relative magnitudes of the mass and viscous damping
for the system being identified, the more acceleration and velocity errors will affect one’s
estimate. In general, the effect of acceleration and velocity errors will be less profound on

estimates of the dynamic friction parametggsandC,,

In addition to measurement accuracy, the selection of the excitation trajectory is impor-
tant. While it seems that virtually any input trajectory should suffice for friction and mass
estimates, the best results were obtained when smooth sinusoidal closed-loop position tra-

jectories were used. The frequency of thgut trgectory is limited on the low end by the

43



CHAPTER 3: FRICTION IDENTIFICATION

signal-to-noise properties of the accelerometer. At low frequencies, the system’s accelera-
tion is low and acceleration measurements will be dominated by noise. The frequency of
the input trajectory is limited on the high end by the bandwidth of the apparatus. Open-loop
force input trajectories did not provide good results. Finding the appropriate amplitude and
frequency for an open-loop force input proved to be difficult. If the input force amplitude
was made too small, the system would sit at rest, unable to overcome static friction. If the
input amplitude was slightly larger, the system would crash into the hard stops delimiting
its range of motion. Even if an appropriate open loop force trajectory was found for a given
environment, that same trajectory would in all likelihood be inappropriate for a system

with different inertia or friction properties.

We have elected to include the observed asymmetry in the friction data in the friction
model. Since the force sensor is located between the haptic device and the system with fric-
tion, effects like cable drag, D/A calibration offsets, and motor amplifier offsets should not
result in asymmetric friction identification. Asymmetry in the force sensor, or in the force
sensors amplifier can however lead to an asymmetric response. For this reason, great care
should be taken when calibrating the force sensor. Whether or not the asymmetry in the
measured force derives from friction or another physical source, it will be experienced by

the user of the haptic device and should therefore be included in the haptic rendering.

Our selection of a modified version of Karnopp’s friction appears to be a good choice
for the range of materials presented here. The model allows for reasonable estimates of
static and dynamic friction as well as viscous damping terms. It should be noted, however,
that Karnopp's model is not necessarily the best representation of friction from a tribolog-
ical point of view. Models that are based on the interaction of microscopic surface asperi-
ties, or on pre-sliding displacement are better able to capture subtle features of friction. The
Karnopp model is preferred to Dahl not because it provides a better quantitative fit to the
data, but rather because it provides an adequate representation of the data and it is simple

to implement.
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The hysteresis that is evident in the force versus velocity plots is most likely due sur-
face elasticity and/or some compliance in the system. This elasticity is, strictly speaking,
not part of the friction, and therefore is not included in the model. The true test of the

model's adequacy will come from psychophysical user testing.

45



Chapter 4

Haptic Friction Rendering

This chapter explores the haptic rendering of friction. After reviewing some of the pre-
vious work on applying friction models to haptics, we step though a haptic rendering of
friction based on the Karnopp model. Karnopp’s model is selected because it is numeri-
cally simple and therefore implementation of a haptic rendering is rather straightforward.
We examine how the Karnopp model parameters effect the overall system response. We
will examine both the attributes and limitations of the implementation by focusing on three
regimes of the friction model: 1) pre-sliding, 2) stick-slip and sliding, and 3) free motion,
or the transition from sliding to zero velocity. Finally, we extend the utility of the model
with the addition of a virtual coupling. We show how to choose the virtual coupling's
parameters to keep our haptic friction rendering from entering the classic “velocity-rever-

sal” limit cycle that can occur in some friction simulations.

4.1. Introduction

As with any haptic rendering, the challenge of rendering friction is to provide a realistic
virtual reproduction of reality: to produce with hardware and software a replica of the nat-
ural world around us. Because an exact replica of reality is unachievable, due to limitations
of the hardware such as sensor resolution and actuator power, a haptic friction rendering
should, at the very least, provide an experience for its user thatis of high perceptual fidelity

even if it is nophysically exact. Sustained oscillations, termed limit cycles, or other insta-
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bilities common in haptic renderings not only detract from the realism of a haptic render-

ing, but can prove to be dangerous to the operator.

4.2. Previous Approaches

4.2.1. The Bristle Model

Chen et al.(1997) sought to simulate not only friction, but compliance and adhesion on sur-
faces using a haptic interface. They model the interaction of a virtual stylus sliding over a
virtual surface. The frictional portion of their model is quite similar to the bristle model
developed by Haessig et al. (1991); however, the model of Chen et al. treats the simulated

stylus as a single bristle. The details of the bristle model can be found in Chapter 2.

Using the notation of Chen et al., the normal fofg, , between the stylus and the sur-

face is estimated by giving the simulated surface a stiffriegs, , in the normal direction

and multiplying by the stylus’ penetration degth

Fy = KyYy (4.1)
The lateral forceF, between the stylus and the surface is estimated by giving the
stylus a stiffnesgg; , in the lateral direction and multiplying by the stylus’ lateral displace-

ment,x, from the point where it was previously attached to the surface.

FL = K. x (4.2)
The frictional forceF. , is defined to begmortional to the normal force. The two are
related by a coefficient of frictiorCwhich can represent either static or kinetic friction

depending on how long the stylus has been in contact with the current point.

e = CeFy (4.3)

When the stylus first comes in to contact with a point, the kinetic coefficient of friction

is used. If the stylus remains in contact with the same point for a specified amount of the
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time, the static coefficient is used. As long as the as the stylus is in contact with the surface,
the user will experience a force that is equal to the lesser of the frictional force or the lateral

force. For more details on the bristle model, the reader is referred to Chapter 2.

4.2.2. The Dahl Model

Hayward and Armstrong (Hayward and Armstrong 2000) developed a computational
model of friction for haptic rendering that is based upon the Dahl model (Dahl 1976). In
Chapter 3 we learned that the Dahl model is well suited for modeling frictional interfaces
with significant pre-sliding displacement such as aluminum sliding on rubber. Hayward
and Armstrong begin by modeling the frictional interaction between a stationary surface
and a sliding object with a virtual spring. The position of the sliding object is derpted

the length of the spring & and the point of attachment between the spring and the station-
ary surface isv. The force in the spring as it tenses and relaxes represents the friction. They

define the change in the spring’s length with respect to the sliding objects position as

dz _
ax - 1-a(z)sgn(dx)z (4.4)

wherea(2) is a function defined by the designer.

Integrating over an intervédl of arbitrary lengthz is found to be

z= x—J’ a(z)zdx = x—w (4.5)
h

The initial stretching of the spring models static friction. When the spring is at its max-

imum lengthz, the model allows the contact point, w to move withx to maintain a con-

stant friction force. In this state, the model emulates sliding or kinetic friction. Most
interesting is the model’s ability exhibit behaviors such as “stick-slip” at the transition
between static and kinetic friction. This transition is governed @y As previous men-
tioneda(2) is defined by the designer of the haptic rendering. Hayward and Armstrong pro-

vide three examples of choices @(z). The simplest, referred to aick-slide models
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simple dry friction where the static and kinetic values of friction are the same. Itis
expressed as

0. 2= Znax (4.6)

a(z) =
1/ 20 otherwise.

OO

The second form, referred to as stick-slip-slide allows the static coefficient of friction

to be larger than the kinetic value. This is accomplished by introducing a vazighle

and setting its value to be greater trgn, . It is expressed as
U < Zyinr,
a(z) =0 0, |Zl - ZS“.CI(’ (47)
01/ Znax otherwise.

Last, a form denotedtick-creep-slip-slidellows the system to creep slowly xfis
increasing slowly. I increases more rapidly, the system behaves in a manner similar to

stick-slip-slide In this form, an example of an appropriate) can be expressed as

8
Z

Z 8
max Zgyickt Z

a(z) = (4.8)

4.2.3. The Karnopp Model

Salcudean and Vlaar (1994), Berkelman (1999), and Nahvi et al. (1998) created haptic ren-
derings of friction based on the Karnopp model. In all of these renderings, the sliding
object takes on one of two possible staggsIiCK or SLIDING. Recall that in the Karnopp
model, an object in theTuck state does not move. Rather, the force due to static friction
perfectly balances any external applied force up to the static friction limit. In a haptic ren-
dering of thesTucK state, a proportional position controller similar to Equation4.9 is used

to keep the sliding object stationary.

f = kn(X=Xs7ycK) (4.9)
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In Equation4.9,f is an estimate of the force being applied to the sliding olkgect, IS

the stiffness of the pportional controllerxsr,cx  is the point where there the object was

initially stuck andx is the object’s current position. Clearly this implementation is not a
true representation of the Karnopp friction model because absent an infinite stit[pess, :
the object must move by some measurable amount before any counteracting friction can
be applied. What is interesting, however, is that by implementingrihex state of Kar-

nopp friction with a virtual spring, we are in fact allowing some pre-sliding displacement.
This effect is similar to the pre-sliding displacement that is inherent in the Dahl model. In

some implementations (e.g. Nahvi et al.), the stiffness is a function of the normal force

vectorn such that such thzkrp(n) = kp||n||

If f, the force applied to the object, exceeds the static friction the model transitions
from thesTuck state to theLIDING state. In theLIDING state, the force experienced by the
user can be a velocity dependent viscous friction, a velocity independent kinetic Coulomb

friction, or some combination of the two.

Salcudean and Vlaar as well as Berkelman elect to represent only viscous friction in

the sliding state. The frictional force exerted on the user is this case is

f= kX (4.10)

V
wherekis the viscous damping coefficient and is the relative velocity between the

sliding object and the surface.

Nahvi et al., however, model the kinetic Coulomb friction. In vector form they express
the frictional force in the sliding state as:

f = uknnn@ (4.12)

whereis the kinetic coefficient of friction.

50



CHAPTER 4: HAPTIC FRICTION RENDERING

In the strict sense of the Karnopp model, the transition fronsitieNG state to the

STUCK state occurs when the relative velocity, , falls below a small threshold velocity

Av. A non-backdrivable haptic interface equipped with force sensing however allows a
force threshold to determine the sliding to stuck transition. Such a force threshold was used
by Berkelman.

4.2.4. Other methods

Ruspini et al.(1997) model static, dynamic and viscous friction with the aid of a virtual
proxy. In a virtual environment, a virtual proxy represents the human finger or probe. The
motion of the virtual proxy is constrained by the geometry and resistive forces in the virtual

environment. The finger and the virtual proxy are connected via a virtual spring of stiffness

kp. (The virtual spring connecting the proxy and the finger is similar to the virtual coupling

that will be discussed in Section 4.6.) The force exerted on the virtual proxy is then esti-
mated to be = kp(;(— f)) : where is the position of the proxy af)d IS the position of
finger.

When static friction is present on a virtual surface, the position of the proxy will be

static if the magnitude of the force tangential to the surfias,less than or equal to the

magnitude of force normal to the surfadg, times the coefficient of static friction
[l = Hslfal -
If the force on the proxy exceeds the limit set by static friction, the proxy begins to

slide; the friction becomes kinetic and the equation of motion governing the proxy’s

motion is given in scalar form as:

fi— M f, = mx+bx (4.12)
whereb is the viscous damping term apgd  is the coefficient of kinetic friction. Set-

ting the mass of the proxy to zero, the velocity of the proxy is found to be
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. fe—pf
X = t — Mkn
b
Equation 4.13 is used by Ruspini et al. to set a velocity bound for the virtual proxy. For

(4.13)

each clock cycle in their digital implementation of friction, the motion of the proxy is lim-

ited by the velocity bound.

4.3. System description

The system used for friction display consists of three components. Shown in Figure4-1 the
components include the human operator, the haptic device, and the virtual environment. In
our case, we treat the human operator as a force generating component with an impedance
causality. By impedance causality we mean that the force supplied by the human is a func-
tion of the input velocity. The term “haptic device” refers to the physical hardware (motors,
sensors, structural material, etc.) with which the human interacts. We have chosen to rep-
resent the haptic device with admittance causality meaning it takes force as input and
moves with an appropriate velocity. The force from the human summed with the force
from the virtual environment cause motion of the haptic device. This motion is experienced
directly by the human. It is also sensed by the haptic device and relayed back to the virtual
environment. The virtual environment in this case is a frictional surface, but in general, it

can be represented as any system with impedance causality.

4.3.1. Algorithm for implementing Karnopp Friction

In the original description of the Karnopp model, (Karnopp 1985), the friction model
changes depending on the state of the systeutk or SLIDING. Recall that according to
the Karnopp model, while the systensTsiCk, the frictional force takes on whatever mag-
nitude is necessary, up to the static friction limit, to keep the system at zero velocity. While
sliding at a velocity greater th&@V or Av, the velocity threshold below which the velocity
is taken to be zero, the friction force is equal to the level of Coulomb friction plus any vis-
cous damping. From an implementation point-of-view, instheING state, the friction is

a function of the velocity, but, in theruck, the friction is a function of the applied force.
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force velocity
Haptic Virtual
Human : :
«— Device |«—1Environment
velocity force

Figure 4-1. Block Diagram of the Haptic System

We however wish to implement friction without direct knowledge of the applied force. In
order for our representation of the friction to have impedance causality we must base the
friction force only on the motion. This is accomplished by using a virtual spring to convert

the input motion to an input force. A small motion of the system away from its stuck posi-

tion will generate a force proportion to the motionfFass —K, (X — Xyq) - An algorithm

for implementing friction is provided in Table4-1 in pseudocode form.

In the pseudocode, the variabtate represents the stuck or sliding state of the sys-
tem.friction is the value for the frictional resistance force applied to the haptic device.
ffold is the friction force applied during the previous execution of the algorkimns
the frictional stiffnessx andv are respectively the position and velocity of the haptic
device x_stuck is the position assigned to represent where the system entered the stuck
state DVis a velocity threshold set by the desigerstatic , F_dynamic , andB are
the static friction level, the kinetic friction level and the level of viscous damping at the

frictional interface.

The entire scheme for friction display is implemented on a digital computer. The com-
puter runs a segment of code every T milliseconds. During each of these loops or time

steps, the following operations are performed:
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{
if state = STUCK

friction = -Kp*(x — x_stuck);
if abs(friction) > F_static
state = SLIDING,;
friction = -sign(x - x_stuck)*F_dynamcic —B*v;
endif
else
if abs(v)< DV
state = STUCK;
x_stuck = x + sign(ff_old)*(F_static/Kp);
ff = -Kp*(x — x_stuck);
else
ff = -sign(v)*F_dynamic — B*v;
endif
endif
ff_old = friction;

}

Table 4-1. Algorithm for rendering Karnopp Friction.

* The position sensor of the haptic device is read

* The system velocity is estimated

» The appropriate amount of friction is calculated

* The friction force is output to the devicedhgh its actutors.

To simulate the action of the entire system, human, haptic device, and a virtual envi-
ronment with Karnopp friction, we much include the force supplied by the human, and the
dynamics of the haptic device. A computation program such as MATLAB® is helpful for

such simulations.

4.4. Computer simulation of friction rendering

A computer simulation is useful in helpingdersand the details of our haptic friction ren-
dering. The simulation allows us to examine how the system will respond under specific
and repeatable simulated humaiputs and responses. The steps of our simulation are

listed below:
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Create an array representing the time steps for the simulation
Generate an array of applied forces representing the human’s input force trajectory
Initialize system parameters including: initial position, velocity, state, friction, etc.
For each time step in the time array:
Calculate the motion of the haptic device based on applied force and friction
Quantize the position and estimate the velocity to simulate the device’s sensors
Calculate the new friction based on quantized position and velocity.

The details of each step will now be explained.

4.4.1. Simulating the human

As previously mentioned, the human can be modeled as a force-producing element with
impedance causality. For the purposes of the simulation, however, the human is treated as
a pure force source. The difference being that a force sauppées a force regardless of

the input motion. The force supplied to the haptic device by the human is considered to be
independent of the motion of the device. The human is therefore represented in our simu-
lation as a predefined force trajectory. Furthermore in our simulation the force applied by
the human is assumed to be constant between time steps. This is equivalent to placing a

zero-order hold between the human and the haptic device.

To help reduce some of the effects of quantized velocity, in our physical apparatus, we
use a digital encoder 1/0O card with special velocity sensing characteristics. Rather than
using the standard fixed time scheme to estimate velocity, where the number of encoder
pulses that occur during a fixed time intervalis measured, our card uses a fixed pulse
scheme. In the fixed pulse scheme, one records the amount of time that has lapsed between
consecutive encoder pulses. With a fixed pulse scheme, better velocity resolution, espe-

cially at low speeds, can be achieved by using a timer with a large number of bits. Because
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the fixed time scheme is so prevalent and the analysis more straightforward, we have used

a fixed time scheme for our simulation.

4.4.2. Simulating the Haptic Device Motion

The details of the experimental apparatus used for our haptic friction rendering will be
described in Chapter 5. The apparatus is essentially a single degree-of-freedom transla-
tional device. For the purposes of simulation it is modeled as slidingmaa#h a small
amount of viscous damping The small amount of coulomb friction in the apparatus is
neglected in the model as are other small effects. The equation of motion governing the

apparatus is

mX+bx = F,—F; = F,, (4.14)
Wherem is the mass of the translating portion of the haptic dewigg, the viscous

damping coefficient, is the force applied by the hum&ijs the friction force supplied

by the virtual environment, arfd, is net force applied to the mass. Equation4.14 can be
solved for both velocityx , and positioR, for all time. For a specified time stdp the

solutions forx andc are:

T

Fn . FyH O
X—ET—T%O—E%&‘ —15+Xo

Equations 4.15 describe the motion of the haptic device for a given applied force and

(4.15)

— 11—

friction over a given time step. ‘T’ is the time constant of the haptic device. It is defined

aST_m
b

56



CHAPTER 4: HAPTIC FRICTION RENDERING

4.4.3. Simulating the Haptic Device Sensors

Because the haptic device uses a digital encoder for position sensing, the position values
sensed and fed to the virtual environment are not only discrete in time, but are quantized
by the encoder’s resolution. The quantized position measurements of the encoder result in
guantized velocity estimates as well. In our simulation of Karnopp friction, the position is
only allowed to change by integer multiples of the encoder resolution. The velocity may
only change by integer multiples of the encoder resolution divided by the sample rate
This implies that faster sampling rates degrade the velocity resolution if velocity is esti-

mated based on a fixed time differentiation of a digital encoder.

4.4.4. Determining the friction

The friction force at each time step is determined using the algorithm given in Table4-
1. In our simulation of the Karnopp model, quantized versions of position and velocity are
used so that the results will better match those from experiment. To assess the behavior of
our rendering and to determine how certain parameters affect the system response, a sim-
ulation is quite useful. We are interested in both the stability of the system, and the accu-
racy with which it represents the friction that we desire to emulate. There are three regimes
of dry friction that we wish to examine. They are: 1) pre-sliding displacement, 2) stick-slip

and sliding and 3) free motion.

4.5. Effects of model parameters in three regimes

The three regimes of interest for looking at the effects of changing model parameters
on our haptic rendering are: 1) pre-sliding displacement, 2) stick-slip and sliding and 3)

free motion. We will now discuss each of theses regimes individually.

4.5.1. Pre-sliding displacement

Pre-sliding displacement is the term used to describe microscopic motion at a frictional
interface before true sliding begins. In many friction models, before macroscopic motion

occurs pre-sliding displacement is modeled as a spring. Our rendering of Karnopp friction
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uses a virtual spring to estimate the force applied at the interface when the system in the in
stuck state. Small displacements result in a restoring force that is proportional to the
amount of displacement. In this configuration, the rendering can be viewed as a regulator

keeping the system at a specified position subject to a disturbancefosceh a regula-

tor with proportional gairkK, is shown in Figure4-2.

Xstuck + + + 1 X

S Z0H me +bs

\ 4

v

bl
Figure 4-2. Block diagram of a digital regulator

4.5.1.1. Upper limit onK,

A large value foK, seems ideal in many respects. In the stuck state, it is desirable for the
velocity to remain low. IfK,, were infinite, for example, there would be no sliding at the
frictional interface and therefore zero velocity. Also, the larger the valkg, dfie higher

the system’s natural frequency. A system with a high natural frequency pande®re

quickly to changes in the applied force. Since we are U§irig estimate the force being
applied to our system, it is important th&g be large enough that our estimated applied
force doesn't lag too far behind the actual applied force. Larger valugs will reduce

the lag between the actual applied force and our estimated applied force. All of this seems

to suggest a very large value should be useldofhere is, however, a limit on the max-

imum value ofK,,. Because our system is implemented with digital contrdkifs too
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large, the system will become unstable. A small disturbance will result in a growing oscil-

lation. To find the upper limit ok, we must look at the poles of our closed-loop system.

To analyze the stability of the regulator, we begin by expressing Equation4.15 in state-
space form. By recognizing that the force F, can beexpressed as

F(k) = Kp(X(K) =Xgyed = —KX(K) whenxg, = 0, the state-space equation for the

closed-loop system can be written as

X(k+1) = ®©x(k) (4.16)
Wherex(k) = [X(®| | and
v(k)

_ . i}

3 Kp(T—T + Te( T)) . _'[e(_T/T)
O = b , (4.17)

-T/
Kp(l_e( V) (=T/7)

The stability of the system is determined by finding the eigenvalués of . Taking the

determinant ofA(1 —®) = 0 , the characteristic equation of the closed-loop system is
found to be

-T/1) (-T/1) (-T/71)
O KT K.t Kre( o o K. Te K1 K.te O
2 -/9_p ,p p- pg.g-/0_p - . Tp Tp- O
A —A§l+e ot 5 B+é=e - 5 LRl 5 5—0(4.18)

Finally, solving forA , the poles of the closed loop system are found to be

(_T/T))—Kp(T+ SR GUA I JB)(1+ e(_T/T))—Kp(T+ O 1))EF+ a4 Ko((T+ pe /D

-
A 0 (4.19)

b(l+e
A=

Assuming an haptic device with mass,= 1kg, dampingb = 10Ns/m and a sample

period,T of 0.001 secs, we find thakgof about 20,000, results l values of magnitude
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1. Larger values dfpwill result in an unstable system. For all of the computer simulation

results in this chapten will equal 1,b will be 10 Ns/m and will be 1 ms.

4.5.1.2. System Damping

Most haptic devices have very small amounts of friction and damping by design. While this
light damping is beneficial in many respects, it has a negative effect on the stability of
haptic rendering control systems. As we saw earlier, the stability linKi,fisra function

of b, the damping in the haptic device. A&, gets larger, the effective damping of the

system decreases. This effect can be seen by examining the equation for the damping ratio

or a continuous, linear, second-order systéns As the damping decreases,

b
2,/JmK,
the result is a system that oscillates more as it settles to its final value. Figure4-3 shows
simulation results for a step response with various levelskigrNote how the system

responds more quickly at higher gains, but the oscillations take longer to settle.

Adding some virtual damping in parallel with the virtual spring seems like a viable

method to reduce these oscillations. With virtual damping, the estimate of the friction force
in the stuck state becomBs = K,(X— Xgyd + KgX

damping Ky, will only be effective if good velocity estimates are available. At low veloc-

ities, a quantized velocity signal is quite noisy. Adding a damping term will cause the gen-
erated friction signal to be noisy as well. Figure4-4 illustrates the effect of adding damping
when using quantized velocity (again assuming fixed time position differentiation).

Figure 4-5 shows a quantized and nonquantized velocity signal for comparison purposes.

Given this situation the designer of a haptic rendering is left with two alternatives a)

obtain better velocity sensing, or b) select a valu&,dhat offers a compromise between

natural frequency and oscillation amplitude.
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Figure 4-3. Step responses for various gkins

4.5.1.3. Lower Limit onK
As mentioned previouss,, should be fairly large. IKj is too small, the frictional force

cannot respond quickly enough to match applied force, and the fidelity of the friction ren-

dering suffers. This lower limit is really one of system bandwidth. A siqalesults in a

system with a low natural frequency. As a rule of thumb, the system’s natural frequency
should be at least 20 times larger than the expected dominant frequency of the applied

force. Figures 4-6 and 4-7 show how a low value grleads to a lagging friction force
estimate. Figure4-7 especially shows how with léyy the velocity in thesTuck state

exceeddV. The result is an undesirable friction versus velocity curve. Figure4-6 also

exhibits stick slip friction, the subject of the next section.
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Figure 4-4. Effect of virtual dampinlfy, on system response

4.5.2. Stick-slip and sliding

“Stick-slip” is the term used by Bowden and Takht®56) to describe the riage in which

a frictional interface is transitioning between being stuck and sliding. Stick-slip is charac-
terized by the friction force oscillating between its static value and a lower kinetic value.
As described by Bhushan (1999), “During the stick phase, the friction force builds up to a
certain value, and once a large enough force has been applied to overcome the static fric-

tion force, slip occurs at the interface.”

The stick-slip effect is simulated in our rendering by exploiting the fact that the transi-
tion from STUCK to SLIDING depends on force, but the transition fr@mbDING back to
STUCK depends on velocity (These switching criteria are implemented ifvithstate-
ments as shown in Table4-1, “ Algorithm for rendering Karnopp Friction.,” on page 54).
There are two factors that affect the stick-slip behavior in our friction rendering. The first

is the static friction limitFg. Stick-slip will not occur unless the static friction vakig,is
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Figure 4-5. Examples of quantized and nonquantized velocity signal.

greater than the dynamic friction valugy. The larger the difference betwekgandFy,

the larger the amplitude of the stick-slip cycle. The stick-slip cycle continues as long as the
applied force is greater thBg and the velocity is less th&Y. Recall thaDV is a velocity
threshold below which the system is considered to be in the stuckBtaie the second
factor that affects stick-slip behavior. A larger value of DV means that stick-slip will occur
over a large range of velocities. Once the system velocity is greateD¥hahe system
enters the sliding state. Figure4-8 shows how changd3Vinaffect the duration of the
stick-slip regime, and Figure4-9 provides a magnified view of the stick-slip regime. Ini-
tially, as applied force is increased, the friction force matches the applied force. Once the

applied force reachds, the static friction limit, break-away occurs and the system begins

to slide. However, if the velocity is low, (lower thaDV) the system will immediately

return to thesTuck state. The value of friction will oscillate each time step betWwgand

Fq until the system has reached a sufficient velocity for stick-slip to cease. A similar effect
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Figure 4-6. Applied Forcds,, and Friction Forcefy, plotted against timek, = 120).

can occur as the system slows. As the system transitionssirmmiG back tosTuck the

friction force will oscillate as it settles to match the new level of applied force.

4.5.3. Free Motion

The third region of interest is free motion. Free motion refers to how the system will
behave when the applied force goes to zero. Of particular interest is how the system settles

to zero velocity. By selectini, to be below the stability limit, we are assured that the

system will settle to zero velocity in tlsFUCK state in the absence of any applied force.
We are not sure, however, that the system will even entgTuk& state if the system was
inititally sliding. Consider the case in which the system is traveling at some non-zero
velocity that is greater in magnitude than the velocity thredbildin the absence of any
applied force, the friction force will act to reduce the magnitude of the velocity. It is pos-
sible in this situation for system’s velocity to change sign between sample periods. If this

happens, the sign of the friction force will change and the system will be pushed in the
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Figure 4-7. Friction force versus velocik, & 120). IfK, is too low, therv > DV even in
the STUCK region.

opposition direction. If the magnitude of the new negative velocity is still greatddthan
the system has entered a limit cycle. The velocity will oscillate between positive and neg-

ative values without tending toward zero. The friction force will also oscillate between

+Fy.

One common method used to avoid this limit cycle in friction simulations is to dedicate
a routine to detecting “zero-crossings” and then to modify the friction force accordingly.
The DV parameter in the Karnopp model eliminates the need to detect zero crossings. If
DV is sufficiently large, then as the system'’s velocity crosses zero, it will still be within
the bounds oDV and will therefore enter th&ruck state. IfDV is too small, the limit
cycle can begin. For a given velocity threshDM, we can calculate the maximum value
of dynamic friction that can be simulated. We begin with the equation that defines the
system velocity at time stdp
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Figure 4-8. Effect oDV on the duration of the stick-slip regime.

_ I:n I:n (=T/1)
v(k) = 0 Hi(k-1) _F% (4.20)
Note that in free motion there is no applied forc&ge Fy The only force acting on

the systemis the dynamic friction force. Next note that for the limit cycle condition to exist
v(k) must equal wWk-1) Assuming that the initial velocity(k-1)is just equal t®V and-
settingv(k) = -DV, we can solve fdfy to obtain
_ -bDv(1+e7Y)
(1 _ e(—T/r))
Equation 4.21 is the upper limit on the level of dynamic friction that may be simulated

Fq

(4.21)

for a givenDV without the system entering the zero-crossing limit cycle.
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Stick Slip
Crscillation

Figure 4-9. Detalil of stick-slip regime

4.5.4. Simulation Results

The ultimate goal of the simulation was to find a set of parameters that yields a good rep-
resentation of the Karnopp friction model when used in conjuction with our haptic inter-
face. To that end, we now present simulation results that show the friction versus velocity
curve for a specific set of parameters. The final parameters used to generate Figure4-10
areKp = 10000 N/mPV = 0.02m/s = 2*(velocity resolution) = 2*(encoder resolution)/T,

Fs< 3.5, and~§ = 3. As can be seen, these parameters allow for a nice representation of the

Karnopp model. There is a small region around zero velocity in which the friction force
takes on a range of values. The range of possible values is bounded by the static friction
limit. The narrowness of the vertical portion of this curve is indicative of the quality with
which the fricition force is able to match the applied force. The better the friction force and
applied force match, the lower the velocities instheck state. Lower values &, result

in poorer matching of the applied force and friction force, and therefore lead to a wider
range of velocites in th&TUck state.
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Friction Force (N)

Velocity (m/s)

Figure 4-10. A haptic rendering of the Karnopp Model with tuned parameters. The
oscillations in the central portion of the figure are dukga(See the upper curve in

Figure 4-8)
As the velocity begins the increase, stick-slip is observed. In the stick-slip regime we

see the friction fluctuating betweéfy andFy as is expected and desired. Finally at rela-

tively large velocities, the system enters pure sliding and the frictional force is constant.

Thus far we have discussed how to simulate the friction force between two mating sur-
faces. While discussing friction identification, we found that friction measurements were
complicated by inertia. To provide a more realisitc sense of an object sliding across a sur-
face with friction, we must render not only the friction between the object and the surface,
but the inertia of the object as well. To add inertial forces, as well as other properties to the

virtual environment we are simulating, we will introduce the virtual coupling.
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4.6. The Virtual Coupling

In our virtual simulation, we wish to simulate the inertial and frictional forces of a block

as it slides. We could choose to simulate the mass of the block with an impedance (where
acceleration is the input variable and force is the output variable) or with an admittance
(where force is the input variable and acceleration is the output). To simulate the inertia of
the block using impedance causality, we would need an estimate of the user’s input accel-
eration. This is unfortunate as accurate acceleration estimates can be difficult to attain.
Digital encoders provide reasonable position sensing but introduce errors when the posi-
tion signal is differentiated to obtain velocity or acceleration estimates. Accelerometers are
also prone to errors due to drift and noise. To simulate the inertia of the block using admit-
tance causality, we would need to know the force being applied to the block. While force
sensors are often used successfully in control situations, simulation of admittance causality

is best suited for haptic interfaces that are not backdrivable.

What then is an effective way of simulating both inertial and frictional forces with a
haptic interface? By using a virtual coupling (Adams and Hannaford 1999; Colgate et al.
1995) we are able to effectively simulate both the friction and inertia of the block without

estimating either the user’s input acceleration or the user’s input force. The virtual coupling

force velocity force
Haptic "l Virtual "l Virtual
Human . . _
< Device | Coupling ¢ Environment
velocity force velocity

Figure 4-11. The virtual coupling (block diagram adapted from Adams and Hannaford
00))

is similar to the virtual spring described in section Section4.2.4 that coupled the virtual

proxy to the finger.
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A block diagram is helpful in explaining the functionality of the virtual coupling (See
Figure 4-11). It connects the physical haptic device (which in our case has an impedance
causality) to the virtual environment (presented with admittance causality.) For friction

rendering, we used a virtual coupling that consisted of a virtual spring and dashpot.

The algorithm for rendering friction and inertia with a virtual coupling is only slightly
different than the one explained in Table4-1. Figure4-12 shows the difference between
rendering friction with and without the virtual coupling. With the virtual coupling, the stiff-

nessK subsumes thi, that was needed previously to render #TecK state.The algo-

X (device velocity)

v (virtual block velocity)

X (device velocity) |—> v (virtual block velocity)

...... Friction

5 RKKIIIKK —

Figure 4-12. Schematic of a sliding block with friction rendered a)without a virtual
coupling and b) with a virtual coupling.

rithm for rendering with the virtual coupling proceeds as follows. Once each time step the
following actions are taken:

* Obtain position and velocity of the haptic interface.
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» Calculate the friction force and state of the block based on previous state and velocity
of the block.

» Calculate the net force being applied to the block based on force in the virtual coupling
and the frictional force.

» Calculate the block’s acceleration based on the applied force and the block’8/mass,

F.—F;
= 4.22
a v (4.22)
» Integrate to find the block’s velocity and position
v = [adt+yv,
| ° (4.23)
p= J’vdt+ Po
» Calculate the force in the virtual coupling
Fue = Kyo(X=p) + B (x—V) (4.24)

wherex is the position of the haptic device, and s the velocity of the haptic device.

» Apply the force in the virtual coupling to the human operator.

There are several advantages to using the virtual coupling. First, because the friction
force is depenent on the motion of a virtual block rather than the motion of of the haptic
device itself, the position and velocity used to calculate the friction a@ngerllimited
by sensor resolution and sample rate. Similarly, because the motion of the block is virtual,

the block velocity can be set to be exactly zero irstluek state.

4.6.1. The design of the virtual coupling

Will a system with a virtual coupling enter a limit cycle while settling to zero velocity
from free motion? The behavior of our system with a virtual coupling is in many ways quite
similar to the system before the coupling was adding. The presence otigt@g pro-
vides added stability and facilitates the rendering of environments with richer dynamics

than the environment with friction alone. With the virtual coupling, the virtual sliding mass
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in our friction simulation is not rigidly connected to the haptic device, but rather is con-
nected to it through a spring and damper. If the human becomes stationary, holding the
device velocity to zero, itis possible for the mass to continue to oscillate around zero veloc-

ity in an manner similar to the zero crossing oscillation described in the previous section.

From symmetry, it is not difficult to observe that the system will enter a limit cycling
condition when the position and velocity at time step(k) are equal in magnitude and

opposite in sign to the position and velocity at time ki t(k+1).

The acceleration of the block, at any time is found by summing the forces acting

upon it.

_ F{—Kp-Bv 425
a= M (4.25)
whereF;is the dynamic value of the friction, s@fy, in this caseK is the virtual cou-
pling stiffnessB is the virtual coupling dampindy is the mass of the sliding blogkis
the block’s position and/ is the block’s velocity. Recall that and xare zero when the

human holds the haptic device stationary.

The block’s velocity and position are found by integrating the acceleration with respect

to time to obtain:

v = vO+J'adt (4.26)

X = xO+J'vdt = XO+I(v0+Iadt) (4.27)

The discrete time value of the accleration at timelstgm be expressed as:
sgn(v(k—1))F(k) —Kp(k—1) —Bv(k—1)

M
If a standard digital computer intergation scheme such as Euler’s method is employed,

a(k) = (4.28)

the velocity is expressed as:

v(k) = v(k=1)+a(k)T (4.29)
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V(k) - V(k—l) + %sgn(v(k—l))F(k) _I\};p(k_l)_BV( k— 1)%*1- (430)

and the postion is expressed as

p(K) = p(k=1) +v(KT (4.31)

p( k) = p(k_ 1) + %/(k— 1) + Esgr(v(k_ 1))F(k) _I\};p(k_ 1) _ BV( k— 1)%1-%1- (432)

Now applying our limit cycle criteri&(k) = - v(k-1) = v, andp(k) = - p(k-1) = p and
assuming that sgn(n-1) = -1 we can simplify Equations 4.30 and 4.32.

v = F—Kp—Bvii (4.33)

Xp = > (4.34)

Solving the set of Equations 4.33 and 4.34 simultaneously we obtain two uncoupled

equations fow andp.

—2FT

V= — (4.35)
KT? +2BT-4M
—2F T2
p=— (4.36)
KT’ +2BT—4M

Equation 4.35 gives the amplitude, in terms of velocity, of the zero-crossing limit cycle
that can occur when the virtual coupling is used. Similarly, Equation4.36 gives the mag-
nitude of the limit cycle in terms of position. It is worth noting that this analysis does not

predict the occurance of a limit cycld-ifthe value of the dynamic friction, is zero. Also,

no limit cycle will exist for a contiuous impleme t@tior0().

4.6.2. Interpretation of the virtual coupling analysis

Equations 4.35 and 4.36 can be quite useful to the designer of a haptic friction simulation.

The question that arises for the designer of a haptic simulation is how to avoid exciting the
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limit cycle. Alternatively, what parameter values cause the limit cycle to occur? Equations
Equations 4.35 and 4.36 help answer these questions. The parameters of the limit cycle
amplitude for both velocity and position are tihamic fricton value F, the sample
period,T, the simulated mash] and the virtual coupling stiffness and dampk@ndB.

If, for example, the designer aims to simulate a mass of .5 kg sliding with a dynamic Cou-
lomb friction value of 4N and is running the simulation with a sample period of .001s, then
the virtual coupling paramet& andB remain to be determined. Once the paramdters

M andT have been selected the amplitude of the limit cyle will be a function &f &#mel

B. Itis possible to plot the surface representing the velocity limit cycle as a functon of
andB (Figure 4-13)

100

Velocity m/s)

10000

4000

Damping (Ns/m) Stiffness (N/m)

Figure 4-13. Surface representing amplitude (velocity) of the limit cycle as a function of
vitural coupling stiffness, K, and damping B.

A similar surface exists for position. From the surface, we see that for some values of
K andB, away from the singularies, the limit cycle amplitude is quite small. There are how-

ever values oK andB that case the denominators of Equations 4.35 and 4.36 to be zero
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resulting in the aformentioned singularities. Figure4-14 highlights tigulrites. The
upper portion of the figure is a cross section of the surfacadditd constant at 10000N/

m. The lower portion of the figure is a cross section of the surfacBvigtd at 995 Ns/m.

(a) K=10000 N/m

4 T T T T T
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Damping (Ns/m)
(b) B=995 Ns/m
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2
E
2 O0F
Q
o
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0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8
Stiffness (N/m) 4

Figure 4-14. Cross section of the limit cycle surface for K=10,000 N/m (upper plot) and
B=995Ns/m (lower plot)

The designer’s degree of freedom in the Karnopp mod®Vislf DV is chosen so that
it is greater then the critical velocity described by Equation4.35 then no limit cycle will
occur. As an example of the effectiveness of the rendering haptic friction with the virtual
coupling, Figure4-15 compares simulated friction and inertia against friction and inertia

measured for aluminum sliding on Teflon.
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o—0 Real Friction
+——+  Simulated Frictioj

Force (N)

-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
Velocity (m/s)

Figure 4-15. Force velocity plots of real fricton and simulated friction. These results are
for Aluminum sliding on Teflon. The inertia of the system is 1kg and the friction force is
roughly 2N.

4.7. Conclusions

In this chapter we have discussed different strategies for the haptic rendering of fric-
tion. We have presented a new implementation of the Karnopp model applied to haptics.
Simulation results show that once properly tuned, the Karnopp implentation is capable of
representing several desirable feature of a friction model such as presliding displacement,
stiction, and stick-slip. The Kaopp based fricbn rendering was analyzed to show how it
behaves in three specific regimes. We have demonstrated thatsimuttiestate, the sta-
bility of the model depends on the value of a control constgntlf K, is too large the

system will be unstable. Furthermore, we have shown tatsftoo small an unsatisfac-

tory friction simulation will result.

We have shown how the transition to stick slip depends,dfy andDV, and that the

large the value oDV, the great the opportunity for stick-slip to occur. The zero-crossing
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limit cycle, can be avoided by carefullia@osng the zero velocity threshol®V, and the

maximum level of dynamic friction to be simulated.

Finally we disscussed how the virtual coupling can improve the utility of a friction ren-
dering by allowing other enviroment elements to be rendered in addition to friction. We
analyzed the zero-crossing limit cycle with the virtual coupling and showed how it too can
be avoided by careful selection of the virtual coupling stiffnésslamping, and the zero
velocity thresholDV.
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Chapter 5

Perception and Psychophysics

This chapter presents the results of humans interacting haptically with real and virtual Cou-
lomb friction. A series of tests explore the effects of various types of friction on human per-
formance in a Fitts-style targeting task. The results indicate that haptically rendered
friction affects subject performance in a manner quite similar to that of real physical fric-
tion. Furthermore, moderate low-stiction friction tends to improve subject performance
both in terms of speed and accuracy. High-stiction friction, however, degrades subjects

performance, especially in terms of speed.

Subjects were also tested to determine the level of friction discrimination. The goal of
these tests was to estimate the Just Noticeable Difference (JND) for differing levels of

kinetic friction and differing levels of static friction.

5.1. Introduction

As mentioned previously, friction is present to some degree in all mechanisms; neverthe-
less, it is often absent or greatly simplified in virtual simulations of mechanisms. The pres-
ence of friction undoubtedly introduces complications into mechanical systems. A
mechanism with high friction will require more energy to operate and will therefore be less
efficient. Stiction, friction in which the static value is higher than the kinetic value, is often
the bane of controls engineers. In servo-systems using integral control, friction can cause

the system to “hunt” for its goal position. There are however some benefits associated with
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friction. Because friction dissipates energy, it tends to have a stabilizing effect similar to
that of viscous damping.

How does the presence or absence of friction in virtual simulations affect the user of a
haptic interface? More specifically, how does friction affect human performance in posi-
tioning or targeting tasks? Also of interest is a human’s ability to distinguish between vary-
ing levels of friction. Can humans discriminate between small changes in static or kinetic
friction? To answer these questions, we have implemented a haptic rendering of a block
sliding along a surface with friction interacting between the two. The design of our appa-
ratus is such that we can easily switch between real and simulated friction. The implemen-
tation allows us to change the mass of the sliding block as well as the friction model
parameters, such as the level of the static friction, the level of the kinetic friction and a vis-
cous damping coefficient. The friction model used for this work is based on the model
developed by Karnopp (1985) and discussed in Chapter 4.

After completing our haptic rendering of friction, we conducted two sets of human sub-
ject tests. Designed to examine the effect of friction on subject performance in a targeting
task, the first set of tests used a method similar to the one used by Fitts (1954). Subjects
moved between targets of various sizes and spaced at various distances. We examined
changes in subjects' task completion times, error rates, and average error magnitudes as
they moved a cursor through a virtual environment with various types of frictional resis-
tance. We present results of subject performance as they acquired targets in environments
with real physical friction, and various types of haptically rendered friction. In the second
set of tests, we examined humans’ ability to detect small changes in either the level of static
friction or the level of both the static and kinetic friction.

5.2. Experimental Apparatus

The apparatus used for this work is the same as the one used by Richard et al.(1999) for
friction identification and described in Chapter 3. It is shown in Figure5-1. It was modified

by the addition of a mouse shell riding on a low-friction translational bearing. A wrist rest
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around the base of the mouse prevented subjects from dragging their fingers along the
apparatus structure in order to generate more friction as they performed the task. Because
of the wrist rest, subject motion was generated more from the elbow and shoulder than it

is on a standard computer mouse.

Mouse Shell Accelerometer Encoder

Wrist Servomotor & (Optional)
Load Cell -
Rest Cable Mass & Sliding
Transmission Surface

Figure 5-1. Experimental Apparatus for Perception Experiments

5.3. Experiment Descriptions

5.3.1. Fitts-Type Targeting Task

In a targeting task, the user of a haptic interface is required to acquire a target by moving
a cursor to the location of the target and pressing a button or pulling a trigger. How does
the presence or absence of friction, either in the mechanism itself or in the virtual environ-

ment, affect a user’s performance in a targeting task? The answer to this question may
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depend on many factors. For example, one might expect a moderate amount of friction to
be helpful. It may dampen a subject’s involuntary hand movements and help him or her
acquire a target more quickly. Conversely, the presence of significant friction may actually
slow a subject; more work and larger muscle forces are required to move the system when
large amounts of friction are present. Finally, if the value of static friction is significantly
higher than the dynamic value of friction (a high stiction type of friction), we may expect

a subject to have difficulty homing in on the tardg#igh sticion may cause the subject to
“hunt” around the target area much like a servo-systants around its goal pitisn in

the presence of stiction.

A targeting task is useful for comparing the effects of real versus virtual friction.
Asking subjects to discriminate between real and virtual friction in a subjective manner
(e.g. exploring two environments, one with real friction and one with virtual friction and
asking subjects which is which) will nearly always favor the real friction over the virtual
friction. It is too stringent a criterion on which to base the value of a haptic simulation.
Humans are quite adept at exciting incipient instabilities in haptic simulations and at

detecting subtle phenomena caused by sensor resolution and actuator limitations.

Rather than asking subjects to compare a real friction and virtual friction directly, we
present them with a targeting task, the idea being that the task at hand will mask any irrel-
evant shortcomings of the simulation and provide a comparison of the real and virtual phe-
nomena under the context of the task. If the subjects’ performance with simulated friction
is similar to their performance with real friction, we can infer at a minimum, that the virtual
friction similarly affects the user’s performance for the task of interest. In fact, subjects did

comment that the real and simulated friction were very close.

To determine how the presence of Coulomb friction affects a user’s performance in a
targeting task, and to compare the effects of real friction and simulated friction in an objec-
tive manner, we conducted a series of Fitts-type targeting tasks (Fitts 1954). In a Fitts test,
subjects are required move back and forth between two targets in rapid succession. Fitts

defines the index difficultyl, , for a targeting task as:
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lg = oGy, (5.1)
W,=W-D
whereA s the distance between the targets; is the width of the targ&sstieé diam-
eter of the cursor.The concept is that a targeting task becomes more difficult as either the
amplitude of the required motion becomes largan€reases) or as the required accuracy

increases W, ( decreases).

For our friction-based Fitts tests, subjects were instructed to move a cursor vertically
on the screen by manipulating the computer mouse attached to the experimental apparatus.
Their task was to move the cursor back and forth between two colored regions on the
screen (See Figure5-2).

/ Green Target \

Cursor moves
A toward the
green target

A
\\ Red Target /

Figure 5-2. Screen seen by subjects during the Fitts test.
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They were instructed to click the mouse button once the cursor was completely within
the bounds of the green region. If subject clicked the mouse button with the cursor com-
pletely within the bounds of the green region, a valid click was registered, the green target
would turn red, and the red target would become green. If the subject clicked the mouse
button while the cursor was not within the bounds of the green target, an error click was
recorded. After making a valid click, the subject would then proceed to the new green
target and click the mouse button. Eight valid clicks were required to complete one seg-

ment of the Fitts test. Subjects were asked to complete the task as quickly as possible.

Twenty right-handed subjects (10 male and 10 female) participated in this experiment.
Each subject completed 45 batches of Fitts tests. The 45 batches included 9 different indi-
ces of difficulty (see Table 5-1) and five variations of frictional resistance to the subjects
motion (see Table 5-2). Before beginning the experiment subjects practiced the baseline
test, and the test with real friction added to the system (an aluminum block sliding on a
rubber pad). After practicing, subjects began the experiment by completing nine batches of
Fitts tests with the baseline resistance. Subjects completed nine batches of the remaining
four resistances (real friction, simulation, high stiction, and viscous damping) in random
order. In each case the order of the batches was also presented in random order. After each
batch, we recorded the subject’s completion time, number of errors, and average error mag-

nitude (in millimeters).

5.3.2. Forced Choice Tests

In addition to our studies of how friction improves or degrades human task perfor-
mance, we are also interested in learning about human friction perception in general. Per-
ception, in this context, refers to both a human's ability to detect the presence of friction
and a human's ability to discern between two frictional stimuli that vary in some subtle
way. Recent research has focused on measuring humans ability to discern between various
level of virtual haptic stimuli such as force, velocity, compliance and viscosity (Jones and
[.W. 1990; Jones and 1.V¥993; Millmanand Colgate 1995; Tan et 4P95).Along a sim-

ilar vein, Lawrence et al. (98) outlined a procedure for measuring the human perception of
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Table 5-1. Indices of difficulty for Fitts test

Batch A, pixels(mm) W, pixels(mm) lg
1 228(342) 12(18) 5.25
2 228(342) 40(60) 3.51
3 228(342) 68(102) 2.75
4 300(450) 12(18) 5.64
5 300(450) 40(60) 3.91
6 300(450) 68(102) 3.14
7 380(570) 12(18) 5.98
8 380(570) 40(60) 4.25
9 380(570) 68(102) 3.48
Table 5-2. Frictional resistances used for the Fitts test
Resistance Description
Baseline No frictional resistance is added. Subjects interact only jith
the friction (approx. 0.8N) and mass (approx. 1.4kg) inhefent
in the haptic interface
2 Real Friction A 0.5kg block of aluminum sliding on a rubber pad. (Fricfion
Force is approx 3.5N)
3 Simulated Friction A simulated level of friction that approximately matches fase
2.
4 High Stiction Similar to case 3 except that the value of static friction is get to
a higher value (approx. 7.0N)
5 Viscous Damping Subjects interact with virtual viscous damping of with a damp-
ing coefficient of approx. 35Ns/m and mass of 0.5 kg.

the friction inherent in a haptic interface rather than the friction rendered by a haptic inter-
face.

Lawrence et al.(1998) were concerned with measuring the absolute threshold for
human friction perception. Their goal was to develop a haptic system where the imped-
ance of the interface itself (i.e. its inertia, friction and compliance) was transparent to the
user. Because true physical transparency is not possible, perceptual transparency becomes
the goal. The first step toward perceptual transparency of friction is finding the threshold

below which humans can noriger perceive the presence of friction. Second, through care-
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ful mechanical design and possibly with the aid of a friction-reducing controller, the inter-

face in constructed so that the friction is below the requisite threshold.

We are interested in the perception of friction for a different reason. Our goal is to
include virtual friction to our system in order to better emulate reality and to potentially
improve human performance. We are more concerned with adding sufficient friction that
the user be able to detect it. Since there will always be some inherent friction in the inter-
face we are most interested in how humans apperceive changes in friction. There are many
dimensions in which friction can be changed. To limit the scope of the problem will inves-
tigate human perception when static and kinetic friction change together and when static

friction changes independent of the kinetic value of friction.

5.3.2.1. Basics of discrimination

Discrimination and detection are two of the four standard paradigms of psychophysics.
(the other two, recognition and scaling, deal with a human’s ability to organize stimuli into
like categories and to assign magnitudes to stimuli respectively). The interested reader is
referred to Millman (1995). The detection and discrimination paradigms are quite similar.
Detection experiments find the absolute threshold for detectability while discrimination
experiments find difference threshold for detectability. For example, a detection experi-
ment may be used to find the minimum volume level necessary for humans to detect a pure
tone signal. A discrimination experiment would seek to find the volume level difference
necessary for subjects to distinguish tone A from tone B. The difference threshold is often

referred to as the just-noticeable-difference, or JND.

5.3.2.2. Weber's Law

For a large number of stimuli, the JND is proportional to the stimulus intensity. A
larger difference is necessary for subjects to distinguish between stimuli of larger intensi-
ties than for stimuli of smaller intensities. E. H. Weber (Weber 1834) first noted this phe-
nomenon when conducting experiments to find the JND of weights. Weber found that two

heavier weights had to have a larger difference in weight than two lighter weights in order
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for a subject to perceive one the weights to be heavier than the other. Weber for the ratio

of the JND to be linearly related to the stimulus intensity. Weber's law is stated as
¢ = cAg

where @is the stimulus intensity,A@ is the JND andlis the constant of proportionality
known as the Weber fraction. Weber's law has been shown to hold for a wide range of sen-
sory modalities including the discrimination of the intensities of light, sound, pressure on
the skin and electric shocks. (Heeger 1999).

5.3.2.3. Standard Methods for Measuring the JND

Because detection experiments are just a special case of discrimination experiments (in
a detection experiment the stimulus has an intensity of zero), the procedures for finding
both absolute thresholds and difference threshold are fundamentally the same. Essentially,
subjects are presented with pairs of stimuli separated by either time or distance. Subjects
are then asked to select, for example, the larger of the two stimuli. The difference in inten-
sity of the stimuli is varied so that in some trials subjects will be unable to distinguish
between the two while it other cases the distinction will be made quite easily. Several stan-
dard procedures exist for finding absolute and difference thresholds. Three of the more
popular methods are: the method of limits, the method of adjustment and the method of

constant stimuli.

5.3.2.4. Method of limits

The method of limits is perhaps the mpspularmethod for estimating sensory thresh-
olds (Millman1995). It ispopular because it is generally faster than the method of constant
stimuli and more accurate than the method of adjustment. To find a difference threshold
the experimenter presents the subject with series of stimulus pairs. Each pair includes the
reference stimulus and a comparison stimulus. Subjects are asked whether the comparison
stimulus is less than, equal to, or greater than the reference stimulus. Initially the compar-

ison stimulus is much greater or much less then the reference stimulus. After the subject
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responds, the intensity of the comparison stimulus is increased to decreased to bring it
closer to the level of the reference. Eventually the subject will report that the pair of stim-
uli are equal. With continued adjustment in the same direction, the subject will, at some
point, report that the comparison has become greater than or less than the reference. The
difference threshold is taken to be the midpoint between the intensity level at which the
subject reported a change from “greater than” to “equal to” and the intensity level where

the subject reported a change from “equal to” to “less than.”

The process is repeated several times. To help limit the effects of habituation (where
the subject habitually gives the same report) and expectation (where the subject will
response based on the expected arrival of a stimulus) the experimenter must be sure to vary

the order (ascending versus descending) in which stimulus intensities are varied.

5.3.2.5. Method of adjustment

When the method of adjustment is used the subjects themselves adjust the intensity of
the comparison stimulus until it matches the reference stimulus. Occasionally subjects
adjust the comparison stimulus intensity so that is below the reference stimulus. At other
times the comparison stimulus intensity is to a value above that of the reference. Typically
several trials are conducted and the mean and variance of the subject response are reported
as the difference threshold. Atiughthis method can proceed rather quickly, it is not very
accurate. Some experimenters like the method claiming that active subject participation
helps to reduce boredom and apathy. Others dislike the method stating that it puts undue

stress on the subjects.

5.3.2.6. Method of constant stimuli

In the method of constant stimuli, a set of predetermined comparison stimuli is used.
Half of the comparison stimuli have intensity greater than the reference stimulus and half
have intensity less than the reference. The subject is presented a stimulus pair consisting
of the reference stimulus and a comparison stimulus. The subject is then asked to indicate

if the comparison stimulus is different than the reference. Each pair is presented to all sub-
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jects multiple times. For some stimulus pairs, when the difference between the comparison
stimulus and the reference stimulus is very small, subjects will almost never state that the
pairs are different. For other stimulus pairs, when the difference between the comparison
stimulus and the reference stimulus is relatively large, subjects will detect and report a dif-
ference nearly one hundred percent of the time. The JND or difference threshold is defined
as the intensity level at which subjects detect a difference in the stimulus pairs fifty percent

of the time.

5.3.2.7. Modified method of constant stimuli

For our friction perception experiments, we employed a modified version of the
method of constant stimuli. During each trial subjects were presented with three friction
renderings, a reference stimulus and two comparison stimuli. One of the comparison stim-
uliwas identical to the reference stimulus. For the other comparison stimulus the static and/
or the kinetic value of the friction was different. Subjects first explored the reference level
of friction, the Baseline case, by moving the mouse shell forward and backward. When
ready, subjects would click the mouse button and then explore the first comparison case,
Case A. By clicking a second time, the subject could explore the second comparison case,
Case B. Subsequent clicks would cycle the subject through the cases in the order Baseline,
Case A, Case B and then back to the Baseline. Once the subjects had explored each case to
his or her satisfaction, they were asked to report which case, A or B, was different than the
Baseline case. If the subjects could not readily detect a difference, they were asked to make
their best guess.

When the difference in the static and/or kinetic friction between Case A and Case B
was very small, subjects were essentially guessing as to which one was different than the
reference case. The chance of guessing correctly is fifty percent. When the difference
between Case A and Case B was rather large, subjects could detect the difference nearly
one hundred percent of the time. Between these two extremes, we expected to see subjects
correctly discriminate between cases more often as the magnitude of the difference

increased. Plotting the percent of correctly discriminated cases versus the difference in
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stimulus intensity should result in the classic s-shaped curve observed in detection and dis-
crimination experiments. By convention, the JND is defined as the difference in intensity
that corresponds to seventy-five percent of the cases being correctly distinguished. Hypo-

thetical data fit to an s-shaped psychometric function is shown in Figure5-3.
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Figure 5-3. Hypothetical results of a difference threshold experiment

All friction rendering was done using the modified Karnopp model as described in
Chapter 4. Every subject underwent three batches of experiments. Each batch contained
two rounds of five different comparison stimuli for a total of ten experimental trials. The
same reference stimuli were used in each trial. The parameters of the friction are listed in
Table 5-3. Note that in the Baseline case, there is no stiction: the static friction and the

kinetic friction are equal.
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Table 5-3. Friction rendering parameters for the reference stimulus

Model Parameter Value
Fe 2.0 (N)
Fq 2.0 (N)
b 20 (Ns/m)
DV 0.001 (m/s)
m 0.5 (kg)
Kye 25000 (N/m)
Byc 10 (Ns/m)

In experimental batch 1, subjects were asked to discern between the reference and both

the staticfs, and dynamidrg, friction parameters varied together. In all cases the friction

was higher than in the reference case. Table 5-4 lists the values used for the 5 comparison

stimuli.

Table 5-4. Parameter differences for Batch 1

1 2 3 4 5
Fs 2.03 2.08 21 25 31
Fq 2.03 2.08 21 25 31

In experimental batch 2, subjects were asked to discern the effect of increasing static
friction. The dynamic friction value remained the same as the reference case while the stic-

tion increased.Table 5-5 lists the five comparison values used in Batch 2.

Table 5-5. Parameter differences for Batch 2

1 2 3 4 5
Fe 2.2 2.6 3 3.5 4.0
Fq 2.0 2.0 2.0 2.0 2.0

Batch 3 is similar to batch 1 except in this batch the static and kinetic values are below

those of the reference case. Table 5-6 shows the five comparison values used for Batch 3.
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Table 5-6. Parameter differences for Batch 3

1 2 3 4 5
Fs 1.95 1.9 1.8 15 1.0
Fq 1.95 1.9 1.8 15 1.0

5.4. Results

5.4.1. Forced Choice Test Results

We wish to examine the subjects’ results on the Fitts test by comparing their performance
on a given test with added friction with their performance on the same test under the base-
line condition. For each index of difficulty and for all added resistances, we subtract the
subjects’ baseline performance on the same index. The results are a subject’s time differ-

ence, difference in number of errors and difference in average error magnitude.

As is often the case when human subjects are involved, the person to person variability
was high. For example, in some cases most of the subjects showed improvement in perfor-
mance, but a few showed a decrease in performance. Average scores and variations were
therefore not particularly instructive. Nonetheless, some clear qualitative trends can be
seen in the data. These trends are best illustrated with the scatter plots in Figures 5-4
through 5-7.

Plotting the difference in error (either number of errors or error magnitude) versus the
difference in time we obtain a graphical comparison of performance with added friction
versus baseline performance. Figure 5-4 shows how one can interpret each quadrant of the
error/time plane. Near the origin, the presence of added friction makes little difference in
subject performance. In quadrant 1, added friction negatively impacts subject performance.
Data in this quadrant indicates that the presence of friction caused subjects to perform more
slowly and with less accuracy. Quadrant 3, on the other hand, indicates that the presence
of added friction results in performance enhancement. Data in this quadrant indicate that

friction helped the subject perform the task more quickly, and with fewer errors.
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Quadrant 2: ]
Subjects complete the task ;
more quickly with friction,
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I Quadrant 1:
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"\ (No significant change in
: completion time)

Quadrant 3: ]
Subjects complete the task:
faster and with greater

Quadrant 4:
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more slowly, but with greater

accuracy. accuracy.

Figure 5-4. Possible effects of friction on subject performance.

Figures 5-5, 5-6, and 5-7 compare subjects’ performance for the three most difficult
indices of difficulty 1, 4, and 7. For index 1 (Figure5-5) we see a clustering of data points
in quadrant 3. This indicates, that for this index, friction generally helps subjects perform
the Fitts tests. Completion times were 17% faster for real friction and 23% faster for sim-
ulated friction. Subjects committed an average of 1.4 fewer errors for real friction and 2.8
fewer errors for simulated friction. There is however a small cluster of data points in quad-

rant 1. Most of these data represent high stiction cases.

For index 4 (Figure 5-6) we see more clustering in quadrant 1, and again this clustering
is mostly due to the high stiction case. Subjects took 64% longer to complete index 4 and

committed 1.35 more errors under the high stiction case.

Forindex 7 (Figure 5-7) we see most of the data clusteceshdthe origin indicating

that the presence or absence of friction has made little difference from a performance
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Figure 5-5. Subjects’ performance relative to their baseline case for index of difficulty #1
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standpoint. We do see, however, some high stiction outliers in quadrant 1 as was the case
in indices 1 and 4.

Itis not surprising that the high stiction case degrades subjects’ performance. As men-
tioned previously, high stiction can cause a servo-system to “hunt” about its goal position.
A similar behavior was observed in several subjects as they attempted to location the cursor
within the bounds the of the target. Figures 5-8 and 5-9 show the position trajectory for a
subject completing index 4 under baseline conditions and under the high stiction case. In
the high stiction case we see the subject repeatedly missing the target by overshooting
while trying to adjust to the goal position. Because the static value of the friction is signif-
icantly higher than the dynamic value, subjects found that tleatnof friction necessary
to “break-away” was more than they wanted to accelerate the mass once it was free.
Because of this overshooting and undershooting, we see that it takes the subject longer to
complete each cycle of motion in the presence of stiction (compare the subject’'s seven
target entries in Figure 5-8 with the three target entries in Figure 5-9 for the same 800 ms
of time).

Tables 5-7, 5-8, and 5-9 show the number of subjects that performed better and worse
than their base case. Performance improvement or degradation is based on task completion
time, number of errors committed, and the average error magnitude. In terms of time,
(Table 5-7), subjects were considered to have performed better if there completion time
was more than 0.5sec faster than their baseline time. They were marked as performing
worse if there time was more that 0.5 sec. slower than their baseline time. We see from the

table that real and simulated performed worse in high stiction cases.

In terms of the number of errors committed (Table 5-8), subjects were considered to
have improved if they committed at least 1 fewer error than the baseline case. They were

marked worse if they committed as least one more error than they did on the baseline case.

For error magnitude (Table 5-9), subjects must have had an average error magnitude at

least 1 mm smaller than their base case to register an improvement; if their average mag-
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Figure 5-8. Subject’s trajectory on a the baseline case. The subject was able to acquire the
target 7 times in 800ms.

nitude was greater than 1 mm larger than their base case, their performance was declared

worse. (One millimeter was judged to be the minumm significant change based on the

repeatability for a single user.)

5.4.2. Forced Choice Test Results

The psychometric curves resulting from nineteen right-handed subjects (10 male 9
female) performing the forced choice test are shown in Figures 5-10, 5-11, and 5-12.
Figure 5-10 is for Batch 1. Here we observed that in only one of the five selected values do
subjects correctly discern different levels of friction with an accuracy greater than 75%.
Ideally at least two or three valuessuld be about the JND. For Batch 1, the estimated just-

noticeable-difference is 0.78N.

As is evident from Figure 5-11 subjects had a difficult time with Batch 2. Subjects were

never able to distinguish the different cases with an accuracy of greater that 75%. We there-
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Figure 5-9. Subject’s trajectory on a High Stiction case--note the difficulty positioning the

cursor within the target bounds.

Table 5-7. Number of subjects (out of 20) that performed better and worse based on task

completion time. Tests with highest index of difficulty are highlighted.

Drse

Index Real Simulated High Stiction Viscous
Better| Worse| Betterf Worse Better Wornse Befter W
1 10 4 14 3 9 11 15 3
2 6 10 5 9 3 9 8 7
3 8 4 5 5 5 9 7 4
4 10 5 10 7 1 19 9 8
5 3 8 6 4 3 9 6 5
6 5 6 3 4 3 7 2 5
7 15 3 13 3 8 10 12 5
8 8 6 12 3 8 9 11 3
9 9 4 7 5 8 5 10 4
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Table 5-8. Number of subjects that performed better and worse based on the number of
errors committed. Tests with highest index of difficulty are highlighted.

Index Real Simulated High Stiction Viscous
Better| Worse| Betterf Worse Better Woirse Bejter Wgrse

1 11 2 16 3 10 7 11 5
2 1 8 3 9 5 7 3 7
3 4 5 5 5 3 5 4 5
4 14 5 10 7 8 10 10 7
5 7 2 6 6 5 5 6 6
6 5 2 3 7 3 4 4 5
7 14 3 15 3 12 7 12 6
8 6 7 9 6 6 11 9 4
9 4 5 5 5 5 5 4 9

Table 5-9. Number of subjects (out of 20) that performed better and worse based on
average error magnitude. Tests with highest index of difficulty are highlighted.

Index Real Simulated High Stiction Viscous
Better| Worse| Bettel Worse Better Worse Begter Worse

1 17 1 17 2 14 5 13 5
2 4 8 6 7 6 7 6 7
3 5 5 5 5 3 7 4 6
4 9 10 14 5 9 11 9 10
5 10 3 4 10 9 5 8 8
6 5 3 4 8 4 5 4 7
7 15 5 13 7 12 8 7 13
8 10 5 9 7 10 9 7 7
9 6 6 6 5 6 6 6 7

fore had to extrapolate to estimate the JND. From our psychometric curve, the estimated
JND for Batch 2 is 3.14N.
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Figure 5-10. Psychometric curve fit to subjecpresses during Batch 1. Estimated JND =
0.78 N
The best results for the forced choice test were obtained with Batch 3 (Figure5-12). In
Batch 3 for two out of the five cases, subjects were able to correctly identify the different

friction case more than 75% of the time. The estimated JND for Batch 3 is 0.36N

5.5. Discussion and Conclusions

5.5.1. Friction effects in a targeting task

This chapter presents results obtained with simulated friction in a haptic interface.
Using our haptic rendering of friction as well as rga}sical fiction, we have compared
the effects of friction on human performance in targeting tasks. Our results indicated that
a moderate amount of low-stiction friction can improve human performance in a Fitts type
targeting task in terms of both speed and accuracy. This result was observed whether the

subjects were experiencing real or virtual friction. Anecdotally, subjects indicated a pref-
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Figure 5-11. Psychometric curve fit to subject responses during Batch 2. Estimated JND =
3.14 N

erence for the frictional cases over the baseline case. Many indicated that the frictional

cases “felt better.” Subjects also noted that simulated and real low-stiction cases felt very

similar.

Not surprisingly, the results also indicate that high stiction friction negatively impacts
subject performance, particularly with regard to task completion time, as subjects had dif-

ficulty acquiring narrow targets in a high stiction environment.

5.5.2. Just Noticeable Diffeence

Making conclusions about the just noticeable difference is more difficult than it was
for the targeting task. The greatest difficulty comes for Batch 2. For the range of stimuli
tested in batch two, the pool of subjects was never able to correctly identify the different
stimulus more than 75% percent of the time. In Batch 1 only the largest difference in stim-

ulus magnitude was identified more than 75% of the time. It appears that the stimuli levels
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Figure 5-12. Psychometric curve fit to subjecpresses during Batch 3. Estimated JND =
0.36 N

tested for Batches 1 and 2 are not in the correct range. However during a short pilot study
experienced users had little difficulty discriminating between the largest two stimuli in all
three batches. It is also evident that a subject’s strategy and pattern of motion played a role
in their success, particularly during Batch 2. Recall that in Batch 2 the level of static fric-
tion differed from the level of dynamic friction. Subjects that employed a pattern of motion
with frequent starts and stops performed better in Batch 2. The difference in static friction
is really only noticed as the apparatus begins to slide. Perhaps the strongest conclusion to
be drawn is that subjects more readily distinguish small changes dynamic friction than

changes in static friction
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Chapter 6
Conclusions

6.1. Thesis Summary

This thesis presents a study of the resistive force commonly referred to as friction as it

applies to haptics. More specifically, it is deals with

* using a haptic interface to model the frictional properties of an environment.

» the development and evaluation of an algorithm to produce realistic haptic simulations
or renderings of friction.

» studying how humans perceive computer generated friction.

6.1.1. Friction Modeling and Identification

Although many friction models exist, the two that seem best suited for haptic friction
identification and haptic friction renderings are versions of the Dahl model and the Kar-
nopp model. Chapter 2 provided a overview of several models listing some of the strengths
and weaknesses of each. Chapter 3 provides details of a procedure for using a haptic inter-
face to identify the frictional and inertial properties of an unknown environment. Experi-
mental results are presented for identification using both the Karnopp and Dahl models.
We learned that the Karnopp model provides a simple linear expression that leads to few
numerical difficulties. It is also able to accurately capture stiction, but not pre-sliding dis-

placement. The Dabhl, on the other hand, is expressed with a differential equation making
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optimization (friction identification) difficult. If the initial values for the model parameters

are selected improperly, the optimization scheme will either not converge, or converge to
unrealistic values. Lastly, we learned that while the Dahl model easily captures pre-sliding
displacement for more elastic materials, it does not represent stiction. For these reasons we
conclude the Karnopp model provides the simplest entree into haptic friction identifica-

tion.

6.1.2. Haptic Friction Rendering

In Chapter 4, we showed that the Karnopp models works as well for friction rendering
as it did for friction identification. In fact, it was demonstrated that when used for friction
rendering, the Karnopp modskble to capture the frictional effect of pre-sliding displace-
ment. We learned that varying the parameters of our model affects the quality of the sim-
ulation. We set bounds on the proportional gain, and showed how its magnitude affects
both the stability and realism of the haptic friction rendering. The effd2Voé velocity
threshold set by the desigpean be exploited to produce and change the character of stick-
slip oscillations. We also found how the free motion linyitle is avoided with proper
parameter selection. Lastly, we introduced the concept of the virtual coupling into the
realm of friction rendering and showed how it helps deal with the causality issues associ-
ated with rendering both friction and inertia. We concluded by describing how to select the

virtual coupling parameter in such a manner as to avoid the free motion limit cycle.

6.1.3. Human Perception of Friction

Chapter 5 dealt with the human perception of friction. In this chapter we showed how
humans perceive simulated versus real friction through the use of a targeting task. We also
made estimates of humans ability to distinguish between varying levels of simulated fric-

tion.

The results of the targeting task showed that a moderate amount of friction typically
results inimproved performance for more difficult task levels. The results also indicate that

high stiction degrades subjects’ performance. From our discrimination tests we learned
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that human subjects are able to discern between small differences in friction, however, sub-
jects more readily distinguish small changes in dynamic friction rather than small changes

in static friction.

6.2. Recommendations for Future Work

One limitation to the rendering of friction with a velocity based model is the quality of
velocity estimation. As mentioned in Chapter 2, velocity in haptic interfaces is often
obtained by differentiation of a quantized position signal in discrete time. For our haptic
rendering we have obtained a better than standard velocity estimate by using fixed-distance
or fixed encoder-pulse differentiation rather than a fixed sample period or fixed time dif-
ferentiation. Nevertheless, to really model the subtle low velocity phenomena of friction,

better velocity sensing will be necessary.

With improved velocity sensing in place, another avenue for future work would be the
inclusion other frictional effects such as rising static friction, the phenomenon in which the
static level of friction between two mating surfaces increases with time. In our representa-
tion of stick-slip oscillation, the frequency of the oscillation is governed by the frequency
of the servo-system. Future implementations of haptic friction should allow for variations
in the frequency of stick-slip oscillations as a function of the properties of the frictional
interface. We have chosen to focus on dry friction. The presence of lubrication adds to the
richness of frictional phenomena. One interesting effect of friction in lubricated systems is
the Stribeck effect. The Stribeck effect is the name given to the phenomenon of the friction
force decreasing with increasing velocity at low velocity. At higher velocities the viscous

forces are larger and the friction force will begin to increase.

A final avenue for future work is extending friction rendering to two dimensions. The
addition of a second dimension to both friction identification and rendering will add sig-
nificant challenges for future research. Two dimensional friction allows for more realistic
renderings of surfaces which can have different frictional properties in different directions.

Such surfaces would greatly improve the realism of today’s haptic simulations.
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