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Abstract

Humans are amazingly adept at eliciting and interpreting touch-based feedback during in-

teractions with everyday objects, naturally leveraging this wealth of dynamic information

to guide both exploratory and dexterous manipulation. Haptic interfaces attempt to recre-

ate the feel of real objects for telerobotic or virtual interactions, allowing the user to touch

distant or unreachable environments and computer-generated models through a lightweight

robotic arm. Current haptic rendering techniques, which use position or force feedback,

generally cannot convey a crisp contact with a hard object, nor can they convey the fine

features of a textured surface; instead, portrayed objects feel overly soft and unnaturally

smooth or oscillatory, limiting the usefulness of teleoperation systems and virtual environ-

ments.

This work has developed methods for stably endowing impedance-type haptic interfaces

with the high-frequency (20 to 1000 hertz) feedback signals necessary to make virtual and

remote objects feel nearly indistinguishable from their real counterparts. The fundamental

insight for this undertaking is that haptic systems have internal electrical, mechanical, and

biomechanical dynamics that strongly influence their performance. Indeed, simply replaying

a scaled version of a recorded acceleration as a motor current command does not produce

the intended acceleration at the user’s hand. These dynamics can be modeled by careful

application of developed identification techniques, including comprehensive evaluation and

successive isolation, and the resulting models can be used to improve interaction realism in

two main ways.

First, the controller can precisely create high-frequency fingertip accelerations during

contact with remote or virtual objects by inverting the interface’s dynamics before playback.

For teleoperation the target accelerations are measured in real time at the remote manipula-

tor, and in virtual environments they are pre-recorded. When overlaid with position-based

feedback, high-frequency acceleration matching creates vibrations at the user’s hand that
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closely correspond to the specified signals and that feel almost identical to the real object,

as confirmed by a human subject study.

Second, the dynamic relationship between haptic feedback command and measured de-

vice position can be estimated and canceled to improve the stability of a haptic interface. A

position-force teleoperation system that vibrates unnaturally during contact with hard ob-

jects behaves well if induced master motion is canceled from the remote robot’s movement

command. Canceling induced master motion stabilizes strong high-frequency feedback and

allows the user to feel the remote environment more clearly.

Both of these control strategies use a dynamic model of the haptic interface’s high-

frequency behavior to make remote and virtual interactions feel more real. Application

of these techniques to minimally invasive surgery and medical simulation is specifically

promising, as it would allow physicians to feel the hardness and texture of the structures

being manipulated, potentially facilitating new procedures and improving patient outcomes.
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Chapter 1

Introduction

The primary manner in which humans can affect their surroundings is through physical

contact. We use our muscles and bones to move around the world, exerting forces and

torques on various objects to accomplish tasks like brushing our teeth, driving a car, and

assembling a new piece of furniture. We would be nearly helpless without this ability

to change the physical organization of the world around us, an ability that is strongly

mediated by our capacity to sense the effects of manual interactions. Indeed, almost all

living organisms have a sense of touch, the capacity to detect contact between self and

environment [6]. It is the oldest and most primitive of senses, but its intricacies are far

from understood [42].

When was the last time you found yourself without a sense of touch, and how did

this loss affect you? Perhaps your hands became numb from cold and you found it hard

to unfasten your jacket. Maybe your leg fell asleep while you were sitting in a peculiar

position, and you experienced difficulty walking afterwards. Or perhaps you received a shot

of local anesthetic from the dentist and struggled to talk and eat until its numbing effect

had diminished. Each of these situations put you in the uncomfortable position of being

unable to detect the interactions between part of your body and its physical environment.

Without such feedback, you are forced to rely more heavily on visual and auditory input,

if it is available, and simple tasks become much more laborious and challenging. The sense

of touch plays a pivotal role in the human ability to interact effectively with the physical

world, but its natural ubiquity often causes us to take it for granted [11].

The sense of touch also plays a central role in many professional activities. If you were

undergoing heart surgery, you would want the surgeon to have full sensation in his or her

1
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fingers. If you were paying a mechanic by the hour to work on your car, you would want

him or her to be adept at disassembling and reassembling the components of your engine

by hand. And if a technician was working to defuse a bomb hidden beneath a bridge near

your house, you would want him or her to be able to distinguish between different wires

and components by feel alone. Experts like these undergo significant training to learn to

interpret touch-based feedback and accomplish a wide variety of important, difficult tasks

for society. For further understanding of touch-based interactions, a detailed treatment of

human sensory and motor capabilities will be provided in Section 1.1.

The adjective “haptic” is a more formal synonym for the term “touch-based.” It stems

from the Greek word haptikos, which means “able to touch or grasp,” a descendant of

the Greek verb haptein or “fasten” [34]. Haptic feedback is often taken to include both

tactile sensation from the skin and force sensation from the muscles. As technology has

improved, humans have developed systems that enable haptic interaction with distant or

virtual environments, rather than just real objects. As described in Section 1.2, these so-

called haptic interfaces attempt to stimulate the user’s sense of touch in a manner that

resembles real interactions, allowing users to conduct activities from afar or to practice

manual interactions through simulation. Teleoperation and virtual environments are dis-

cussed in Sections 1.3 and 1.4, respectively, and their existing performance limitations are

highlighted in Section 1.5.

This thesis develops methods for making haptic interfaces to remote and virtual inter-

actions feel more realistic, as presented in Section 1.6. When there is close correspondence

between the touch-based feedback provided during teleoperation and that received during

a real manipulation, the user will be able to leverage skills from real experiences and more

easily perform tasks in the remote environment. Similarly, when the haptic feedback from

a model-based simulation is closely matched to that of a real interaction, the user will be

able to interact more naturally and learn tasks that translate well to the real world. On the

other hand, when haptic feedback is a poor approximation of reality, the operator loses his

or her ability to feel the effects of an interaction, and tasks become more difficult and time-

consuming. To fully realize the potential of remote and virtual touch-based interactions,

we must design haptic interfaces to match human capabilities and needs, as overviewed in

Section 1.7 and put forth in the body of this thesis.
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1.1 Human Sensory and Motor Capabilities

The human body is an amazingly sensitive and able organic machine. It is generally con-

sidered to have five main sensory input streams: vision, hearing, taste, smell, and touch, a

classification that stems from Aristotle [135]. Each sense enables a unique set of measure-

ments about the physical world, the aggregation of which guide human behavior. Unlike the

four other senses, which are afforded by sensory organs located on the head alone, touch

is distributed throughout the body. Furthermore, touch is made up of several different

types of sensations, including pressure, vibration, temperature, shear force, and pain, each

of which can be localized to a certain area of the body with varying degrees of acuity.

While vision provides us with spatial information about the world, we use the sense of

touch primarily to ascertain material properties such as hardness and texture [75]. During

typical manual interactions, the human hand experiences a broad spectrum of forces ranging

from steady state to over one kilohertz. These signals are detected by a rich array of

mechanoreceptors in the skin, muscles, and joints, naturally guiding both dexterous and

exploratory interactions. There are four main types of mechanoreceptors in glabrous (non-

hairy) human skin [68], and their functions are summarized in Table 1.1.

As delineated by Johansson in 1976, the mechanoreceptors in the glabrous skin of the

human hand can be defined by the speed of their adaptation to mechanical stimuli and

the size of their receptive field. Fast-adapting (FA) mechanoreceptors react primarily to

changes in stimulus state, and they do not exhibit a prolonged response to a steady input;

in contrast, slow-adapting (SA) mechanoreceptors respond to static stimuli like a constant

deflection of the skin [71]. Mechanoreceptors are further differentiated by whether they

Table 1.1: Mechanoreceptors in the glabrous skin of the human hand.

Receptive Field Size
Small Large

Fast

FA I FA II
Meissner Corpuscle Pacinian Corpuscle

8 to 64 Hz Greater than 64 Hz
Adaptation Spatial Deformation Non-localized Vibration

Speed

Slow

SA I SA II
Merkel Complex Ruffini Ending

2 to 32 Hz DC to 8 Hz
Spatial Curvature Directional Stretch
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have a small receptive field with well defined borders (Type I) or a large receptive field with

diffuse borders (Type II) [71]. Mechanoreceptors with a small field are generally located

close to the surface of the skin, and those with a large field occur more deeply.

The four types of mechanoreceptors have been documented extensively via microneu-

rography, and they have been associated with the four end organs (sensor units) listed in

Table 1.1. The frequency range in which each mechanoreceptor type is most sensitive is

also listed, taken from [70], though it should be noted that these sensitivity bands depend

somewhat on the magnitude of the input. Furthermore, the cited study tested discrete

frequencies and did not establish an upper limit for the response of Pacinian corpuscles

(PCs), noting that they still responded well at 400 hertz [70]. Bell et al. state the band-

width of Pacinian corpuscles as 20 to 1000 hertz, based on an extensive review of pertinent

literature [10]. They further note that these receptors respond most strongly to excitation

between 250 and 550 hertz, and the peak response frequency depends on the sensitivity

criterion used, commonly lying between 250 and 450 hertz.

Following their distinct response characteristics, each mechanoreceptor has been found

to respond most intensely to a certain type of stimulus. Most interestingly, the Pacinian

corpuscles (FA II) are known to respond best to the high-frequency vibrations that stem

from contact between hard objects. Westling and Johansson conducted a relevant study in

which subjects repeatedly lifted and set down a small test object while the responses from

single tactile units were recorded: these researchers found that the “FA II units responded

distinctly to the mechanical transients associated with the start of the vertical movement

and especially with the sudden cessation of movement at the terminal table contact” [154].

As Pacinian corpuscles are located deep within the tissue of the hand, they have large recep-

tive fields and often respond to stimuli that are applied many centimeters away; Pacinian

corpuscles are especially implicated in tool- and probe-mediated interactions [12], provid-

ing humans with ample information about macroscopic material properties as well as fine

surface features.

In contrast to our high-bandwidth sensory system, we humans cannot move or po-

sition our fingertips at frequencies above eight to ten hertz [92, 136]. This asymmetry

in sensory and motor capabilities causes humans to use low-frequency hand motions to

elicit information-laden high-frequency responses from the environment; Johansson calls

this strategy “sensory discrete-event driven control” and notes that it is commonly used

over short time scales during manipulation of physical objects [69]. For example, consider
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Figure 1.1: Asymmetry between human actuation and sensation.
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Figure 1.2: Contact force from tapping on a hard wooden table with a plastic stylus.

the act of tapping on a wooden table or a stone block with a pen, as shown in Figure 1.1.

Though the person initiates the motion, it is the physical properties of the object and tool

that shape the transient details of contact. Each tapping event creates sudden accelera-

tions with frequency content up to several hundred hertz, strongly stimulating the Pacinian

corpuscles in the hand and fingertips. These tool-mediated contact vibrations provide the

person with far richer information about the object’s material properties than could be

obtained by merely pressing the stylus into it, as demonstrated by LaMotte’s investigation

of human capabilities during interactions with real test samples of varying softness [86].

Another way to see the role of high-frequency haptic feedback is to examine the force

transient produced by contact with a hard object. Figure 1.2 shows a force signal recorded

from tapping on a hard wooden surface with a stylus. This contact is seen to produce two

distinct, superimposed forces: an initial high-frequency transient and a slower extended

response. Over long durations, the object opposes penetration, yielding a quasi-static, low-

frequency reaction force. The shape of the short-duration transient at impact is determined
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by material properties and initial user conditions, including grasp configuration and incom-

ing velocity. Impact transients generally take the form of decaying sinusoids [152], though

multiple resonant modes and intermittent contact may lead to a more complex response.

It is these signals, lasting tens of milliseconds, that create high-frequency accelerations and

allow the user to infer the material properties of the object. Together with low-frequency

forces sensed in the muscles and tendons, high-frequency accelerations provide important

haptic cues that allow humans to interact easily with their physical surroundings. Haptic

interfaces must provide these same high-frequency vibrations during remote and virtual

interactions if they are ever to succeed at replicating the feel of real objects.

1.2 Haptic Interfaces

A haptic interface is a system that allows a human to feel as though he or she is touching

a distant or virtual environment. These interfaces allow the user to move part of his or

her body, typically the hand, and feel touch-based feedback such as forces, vibrations, or

changing contact location. Haptic interfaces generally resemble robotic systems and include

electromechanical sensors and actuators in a variety of configurations. The portrayed rela-

tionship between motion and haptic feedback is usually meant to resemble an interaction

with a real object so that the user can perform the task or explore the environment in a nat-

ural manner [133]. To augment the illusion, such interfaces are almost always accompanied

by visual feedback and can include auditory feedback as well.

There are two main categories of haptic interfaces: admittance type and impedance type,

as described below in Sections 1.2.1 and 1.2.2. These two types differ in how they control

the relationship between movement and force at the user’s hand, as these two quantities

are dynamically coupled. Most devices fall into one of these dual categories, though a

third class that allows the user to move freely and responds with non-force-based feedback,

such as low-amplitude vibrations, spatial patterns, or temperatures, exists as well. This

body of research is concerned with impedance-type haptic interfaces that apply forces to

the user via actuators such as DC motors. A related class of devices uses brakes rather

than actuators to impede the user’s motion during contact with remote or virtual objects;

selecting a braking technology [106] and coordinating multiple degrees of braking [77] are

both present challenges for this display type, making passive devices far less common than

active displays.
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1.2.1 Admittance Type

Haptic interfaces of the admittance type measure the force that the user exerts on the

handle and vary the amount of motion that results. Typically constructed as strong, non-

backdrivable mechanisms with a force sensor at the endpoint and highly geared motors with

position sensors at the base, admittance-type haptic interfaces attempt to present the user

with the following dynamic relationship,

~vhi = Yenv
~Fuser, (1.1)

where ~vhi is the output velocity of the haptic interface, Yenv is the admittance of the remote

or virtual environment, and ~Fuser is the input force exerted by the user on the interface.

The admittance that the user perceives may deviate from the target Yenv due to imperfect

force sensing, imperfect velocity output, and the dynamics between the handle and the

motors, which often stem from compliant members, friction, and other nonideal effects. A

related class of haptic interfaces for virtual environments tracks the movement of the user’s

hand without contact, using optical sensors, and positions itself at the location of a virtual

object’s surface when contact is imminent [157]; such systems allow unrestricted free-space

motion and provide firm contacts, but they have difficulty tracking fast hand movements

and are thus not yet widespread.

Recent examples of admittance-type haptic interfaces are the FCS Robotics HapticMas-

ter [31] and the Johns Hopkins University Steady-Hand Robot [143]. Systems such as these

excel at inhibiting movement (Yenv ≈ 0), as they can use the mechanism’s natural stiffness

to resist near-arbitrary user forces. In contrast, such interfaces generally struggle to let the

user move freely (Yenv ≫ 0), as the controller must mask the inherent mass, friction, and

stiffness of the device using limited-resolution force sensing and limited-authority actuators.

Although admittance-type haptic interfaces are enjoying a resurgence through the improved

mechanical and control design of systems like the Northwestern University Cobotic Hand

Controller [36, 37], several other features have limited their widespread use, including the

high cost of good force sensors, the danger of using non-backdrivable robots near people,

and the often encumbered feel of free-space motion.
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SensAble Phantom Intuitive Masters Immersion Joystick

Figure 1.3: Common impedance-type haptic interfaces.

1.2.2 Impedance Type

Haptic interfaces of the impedance type measure the motion that the user imposes on

the handle and vary the amount of force applied in response. Typically constructed as

lightweight, backdrivable mechanisms with DC motors and position sensors at the base,

impedance-type haptic interfaces typically attempt to present the user with the following

dynamic relationship,

~Fhi = Zenv ~vuser, (1.2)

where ~Fhi is the output force of the haptic interface, Zenv is the impedance of the remote

or virtual environment, and ~vuser is the input velocity applied by the user to the interface.

The impedance that the user perceives may deviate from the target Zenv due to imperfect

velocity sensing, imperfect force output, and the dynamics between the handle and the

motor, which often stem from compliant members, friction, and other nonideal effects.

The most common example of an impedance-type haptic interface is the SensAble Phan-

tom [98], and other examples include the master manipulators of the Intuitive da Vinci

system [52, 108] and the Immersion Impulse Engine 2000 [66], all of which are pictured in

Figure 1.3. Systems such as these can easily allow near free-space motion (Zenv ≈ 0), as

the mechanism’s natural dynamics possess low inertia and low friction. In contrast, these

systems encounter difficulties in displaying very stiff, dissipative, or massive environments

(Zenv ≫ 0) as the controller must try to recreate these dynamics with limited-resolution

position sensing and limited authority actuators. Impedance-type haptic interfaces are gen-

erally more widespread than admittance-type systems due to their relatively simple design,

higher safety around humans, and the good haptic feel of free-space motion. The remainder
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Figure 1.4: Teleoperation paradigm.

of this thesis will deal exclusively with active impedance-type devices, developing control

methodologies that improve the feel of hard contact in teleoperation and virtual environ-

ments without sacrificing the natural benefits of a lightweight haptic interface.

1.3 Teleoperation

For over fifty years, teleoperation has promised users the ability to manipulate and perceive

a remote environment as though it were directly accessible. As illustrated in Figure 1.4,

teleoperation systems employ a robotic mechanism as the user’s proxy at the remote site

and use a haptic interface to measure the operator’s motions and provide appropriate haptic

feedback. The telerobotic system acts as an extended tool, leveraging the operator’s skills

and decision-making abilities into a setting beyond normal reach. Such technology enables

humans to safely handle toxic waste, assemble space equipment from Earth, and explore the

deep sea, all tasks that would be difficult to perform directly or to automate. Other potential

applications include treating wounded soldiers on a battlefield, hand-manipulating atoms

at the nanoscale, human-guided manufacturing, and assistive technology for the disabled.

Although it was originally developed for industrial applications such as nuclear decom-

missioning and underwater construction, telerobotic technology is seeing a strong recent

interest driven by medical applications, starting with minimally invasive surgery. Here, the

use of tiny robotic tools allows surgeons to operate on internal organs through ports that

are just one centimeter in diameter, avoiding the large incisions of traditional surgery along

with the associated patient trauma and recovery time. The surgeon guides the movements

of the robotic instruments via natural hand motions while seated comfortably at a console
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next to the patient [52, 129]. Ideally, the system should provide the doctor with realistic

haptic feedback throughout the operation, enabling skillful tissue differentiation, incisions,

and suturing.

Another modern instance of teleoperation arises when a machine’s mechanical control

linkage is replaced by a computer-controlled electromechanical connection, as in automotive

steer-by-wire or manual operation of a computer numerical control (CNC) machining center.

In both of these situations, the human needs to be able to tell the machine how to move

and would also benefit from feeling forces or vibrations as they occur during the task. The

computer connection is more flexible than the original mechanical linkage, but providing

appropriate teleoperative feedback often proves to a challenging control-design task.

1.4 Virtual Environments

Haptic simulations aim to recreate the feel of real manipulations for virtual reality. As

illustrated in Figure 1.5, a haptic interface is used to measure the user’s motion, which

is mapped into a virtual (simulated) world. Appropriate reaction forces are computed in

real time from the model and displayed to the user using the actuators on the device.

Virtual environment systems allow the user to interact with geometric and/or dynamic

data that they otherwise would not be able to touch. For instance, a user can explore

a complex computer-aided design (CAD) model of an automotive dashboard and assess

its feel without need for a physical prototype. Researchers can feel topographical data

from mountain ranges or micro-electro mechanical systems (MEMS) to gain a stronger

intuition for their behavior, as an engineering student can interact with a model of a dynamic

Figure 1.5: Virtual environment paradigm.
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system to better understand the roles of its various parameters [116]. Other applications

of virtual environments include the creation and manipulation of three-dimensional shapes

for sculpture or design and the enhancement of entertainment media.

Another promising use of virtual environments is medical simulation and training [2,26,

85, 145]. Instead of learning to perform a procedure solely by watching an expert doctor

conduct it on a patient, medical students and residents can use special haptic interfaces

to practice a wide variety of important treatments. The computerized models can be used

to teach both cognitive and manual skills, and the system can track each individual’s per-

formance via well-defined metrics such as completion time, errors, and total applied force.

Ideally, interactions such as these would be as vivid as performing the procedure on a real

patient, allowing the trainee to feel the full spectrum of haptic feedback available during

real operations without risking the health of a real patient or requiring the cost of an animal

model or cadaver.

1.5 Hard Contact Performance Limitations

While they have been used in a wide variety of applications for both teleoperation and

virtual environments, haptic interfaces have yet to achieve the levels of haptic realism

required for widespread adoption [16, 25, 117]. As noted in Section 1.2.2, the primary area

in which impedance-type interfaces struggle is the rendering of hard contact. Tapping a

metal tool against a bone or dragging a stylus across a stone surface creates high-frequency

vibrations at your fingertips that help you locate the surface and discern its material and

textural properties. The vast majority of teleoperation and virtual-environment systems

do not convey these high-frequency signals because of a historical reliance on closed-loop

position and velocity feedback. This common control strategy effectively places a spring

and damper between the motors of the haptic interface and either the motors of the slave

robot or the surface of the virtual object. In teleoperation this algorithm is often called

position-position control, and it can also be termed proportional-derivative (PD) feedback

in both remote and virtual applications. The stiffness of the controller spring is severely

limited by closed-loop stability requirements [1, 32, 33, 88], which low-pass filters contact

transients and prevents high-frequency vibrations from reaching the hand of the user.

Providing only low-frequency haptic feedback requires the operator to rely unnaturally
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Figure 1.6: Slave tip and master handle accelerations for a telerobotic tap on a piece of
wood during position-position control.
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Figure 1.7: Stylus accelerations for a human tapping on a real piece of wood and on a
virtual surface rendered with proportional feedback.

on vision and hearing, diminishing their sensitivity to environmental properties and pro-

longing tasks. When conducting surgery telerobotically, the lack of high-frequency haptic

feedback makes all items feel like soft foam, and surgeons cannot adequately detect tissue

reactions, suture tension, or even tool collisions [17,20,35,125,140]. Position-based control

also fails to deliver haptic feedback that feels fully authentic in virtual environments, once

again leaving all surfaces feeling soft and undefined [67, 117, 153]. Ideally, remote and vir-

tual haptic interactions would be indistinguishable from real manipulations, and the lack

of high-frequency vibrations is the most salient omission from present systems.

The feel of a hard contact can be quantified by examining the high-frequency accelera-

tions it creates, since the Pacinian corpuscles in glabrous human skin serve approximately as

biomechanical accelerometers [10, 12]. As an example of the poor performance of position-

position feedback, Figure 1.6 plots the accelerations experienced by the remote robot’s end

effector and the user’s hand when teleoperatively tapping on a piece of wood. While the
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slave tip undergoes a high-magnitude, high-frequency acceleration transient at contact, the

user feels approximately nothing. Figure 1.7 plots the corresponding comparison for virtual

environments: the acceleration that stems from tapping on a real piece of wood and that

created by tapping on a virtual surface with the same contact velocity. The acceleration

produced by the proportional feedback is significantly lower in magnitude and frequency

than that created by a tap on the real object. The poor correspondence between the two

curves in each of these diagrams must be addressed and is a central focus of this dissertation.

Position-force control is another common algorithm used in teleoperation [28,56,88]. The

remote robot tracks the motion of the haptic interface via PD feedback, and environmental

interaction forces are explicitly measured with a force sensor at the slave’s end effector.

These forces are scaled up or down and displayed to the user via the actuators on the master

device. While this scheme does capture the high-frequency effects of environmental contact,

it fails to portray them to the user’s hand for two main reasons. First, high-frequency

feedback forces are distorted by the haptic interface’s internal dynamics, for the connection

from master motor to hand often contains several structural resonances [1].. Thus the

force that the user’s hand feels is not merely a scaled version of that experienced by the

slave tip. Second, such feedback forces compromise closed-loop stability and generally limit

the force-feedback scale factor to inadequately low values [88]. When using a teleoperator

under position-force control, the user typically feels distorted, low-magnitude forces that do

not adequately convey the slave’s contact experience. The stability limitation encountered

for high-magnitude, high-frequency haptic feedback requires consideration and is another

central focus of this dissertation.

1.6 Improving Haptic Interface Performance

Haptic interfaces presently fail to portray the high-frequency hand accelerations that define

hard contact, leaving all remote and virtual objects feeling soft and indistinct. The source

of this problem is twofold: closed-loop position feedback is inherently limited to low fre-

quencies, and high-magnitude, high-frequency haptic feedback like that from a slave force

sensor causes closed-loop contact instability. The fundamental insight of this thesis is that

both of these problems can be confronted via open-loop control adjustments that are based

on a dynamic model of the haptic interface as it is held by a user.
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1.6.1 Creating High-Frequency Fingertip Accelerations

Generating realistic high-frequency hand accelerations with a position-position controlled

teleoperation system is nearly impossible, as the series dynamics of the slave mechanism,

controller, and master mechanism low-pass filter this feedback significantly. Even a perfectly

rigid mechanical connection from slave motor to master motor would not fully suffice, as the

intervening robot dynamics would still distort the feedback signal. To traverse this distance,

I have developed the method of high-frequency acceleration matching, which places a high-

bandwidth accelerometer at the tip of the remote robot. By inverting a good dynamic model

of the haptic interface’s acceleration output capabilities, the updated controller can recreate

the measured slave-tip accelerations at the user’s hand, overlaying this high-frequency haptic

feedback channel with traditional position-position control.

High-frequency hand accelerations are similarly difficult to create with closed-loop posi-

tion feedback in virtual environments, as the renderable spring stiffness is severely limited

by stability requirements. Even holding the motor perfectly still, as with a mechanical

brake, would not create realistic contact transients because the frequency and duration of

the contact response would then be governed by the haptic interface’s structural dynamics

rather than by the virtual object’s properties. To overcome this limitation, I again apply the

principles of high-frequency acceleration matching to augment the closed-loop controller with

an auxiliary high-frequency feedback channel. Contact accelerations are pre-recorded from

a real human-object interaction and then conditioned by the inverse of a dynamic model

of the haptic interface’s acceleration output capabilities. In this manner, the updated con-

troller can recreate measured hand accelerations, overlaying this open-loop high-frequency

haptic feedback channel with traditional position control for short durations after contact.

1.6.2 Stabilizing Strong High-Frequency Haptic Feedback

High-magnitude, high-frequency haptic feedback often causes instability in haptic interfaces,

especially during teleoperation. Researchers who use position-force control consistently find

that their systems exhibit contact instability when the force feedback gain is increased above

a certain level, e.g. [56]. Lowering this gain restores stable operation but often does not

provide the operator with sufficient stimulation from the remote environment. To improve

this poor performance, I have developed the method of canceling induced master motion,

in which the movement of the master motor in response to the force feedback signal is
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estimated and removed from the position command for the remote robot. By canceling

induced master motion, the controller can obtain a good estimate of the user’s intentional,

low-frequency hand movement, thereby breaking the closed loop that becomes unstable

under high gain. When the model of the haptic interface is suitably accurate, most of the

destabilizing high-frequency motion is canceled, and stable hard contact is possible at much

higher haptic feedback levels.

1.7 Thesis Overview

This thesis presents the motivations and methodologies for characterizing and controlling

the high-frequency dynamics of haptic interfaces. After the high-level introduction pro-

vided by Chapter 1, a historical and technical framework for this research is developed in

Chapter 2. The most common feedback methods used with impedance-type haptic inter-

faces are formally defined, and a variety of existing strategies for improving performance

are discussed.

Chapter 3 builds the foundation of this thesis by describing typical haptic interface

dynamics and presenting a unified approach to characterization. Common haptic interface

models are shown to be poor predictors of system behavior for the high-frequency inputs re-

quired to render hard contact. Previous modeling methods are discussed, and their strengths

are incorporated into my new two-step approach of comprehensive evaluation and succes-

sive isolation. These methods are described in detail and then demonstrated on various

haptic interfaces, with particular attention paid to the influence of user grip force. The

models developed in this chapter are used extensively in the open-loop model-based control

adjustments presented in the following two chapters.

The strategy of high-frequency acceleration matching is explained and demonstrated in

Chapter 4 as a method for creating realistic fingertip accelerations during remote and virtual

haptic interactions. Previous efforts in this domain are summarized, and the relationship

between commanded motor current and fingertip acceleration is highlighted as the funda-

mental influence on the feel of such feedback. Open-loop model inversion can be used to

compensate for these intervening dynamics, enabling the output of accurate high-frequency

hand accelerations for both teleoperation and virtual environments. The increased realism

of this method was verified through a formal human subjects study, which is thoroughly

described and discussed.
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Chapter 5 presents cancellation of induced master motion for improved stability dur-

ing high-magnitude haptic feedback. It begins by distinguishing between intended and

induced master motion and continues on to derive a simple criterion for contact instability

in position-force control. The stabilizing measures used by others are explained and con-

trasted with my method of estimating and removing unintended master motion from the

slave command. Finally, the stabilizing effect of cancellation is demonstrated by experiment

on a teleoperation system and is shown to provide a substantial increase in force-feedback

gain.

The thesis concludes in Chapter 6 by summarizing the most important insights and

contributions of the presented work. Recommended steps for the mechanical, electrical,

and computational design of haptic interfaces are then laid out as a guide to providing

more realistic feedback at hard contact. The final section suggests extensions and broader

applications for this work in the hope that it might improve the capabilities of robotic

surgery systems, educational simulators, and other important efforts in haptic interfaces.



Chapter 2

Background

For the vast majority of history, humans have been able to touch only the objects within

arm’s reach. The development of mechanical tools enabled people to interact with objects

beyond this zone, in the way that a rake allows you to rearrange leaves on the ground

without needing to stoop over. Mechanical tools have also facilitated the manipulation of

hazardous environments, in the way that long metal tongs can be used to adjust the burning

logs in a fireplace. Such devices extend the user’s powers of actuation and perception but

are still limited by physical proximity.

Over the last sixty years, electromechanical tools have been developed that allow people

to touch objects that are located far away or that exist only as computerized models. The

interfaces that facilitate this connection are controlled in a variety of ways, as explained in

Sections 2.1 and 2.2. Haptic feedback has been shown to improve the operator’s efficiency

and perceived realism of these remote and simulated interactions, as discussed in Section 2.3.

Taken as a whole, this chapter aims to provide a historical and technical context for the

contributions of this thesis.

2.1 Teleoperation Control Techniques

Teleoperation dates back to nuclear research by Raymond C. Goertz in the 1940s and 1950s,

driven by a need for humans to handle radioactive material from behind shielded walls.

With the earliest systems, the operator controlled the motion of the manipulator through

an array of on-off-on switches, for example flipping a lever to the left to begin counter-

clockwise wrist rotation [45]. Providing “neither force indication nor force reflection (feel),”

17
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these manipulators were “slow and somewhat awkward to operate,” leading Goertz to build

pairs of master-slave robots whose motions were mechanically linked together via gears

and cables, like an extended tool [45, 46]. These new systems allowed the operator to use

natural hand motions to move the master mechanism and thus the slave, feeling forces and

vibrations from the remote interaction through the connecting structure.

Though a significant improvement over a switch-based interface, a mechanical connection

mandates close proximity of operator and environment, limits the system to kinematically

identical devices, and requires the user’s arm to generate all interaction forces. As early

as 1952, Goertz recognized the promise of electrically coupled master-slave manipulators

and began an investigation of bilateral force-reflecting positional servos [47]. His concluding

observations that a telerobotic system’s “stability problem is quite complicated” and “more

research and development is needed to improve the performance” aptly foreshadowed the

last fifty-four years of work, as engineers and scientists have juggled the dual objectives of

stability and haptic feel, searching for ways to bring the user closer to the remote environ-

ment.

2.1.1 Position-Position Control

After investigating several alternatives, Goertz decided to connect his electronic master

and slave manipulators via bilateral proportional-derivative (PD) control [48], which is

now also known as position-position control. Measuring position and velocity errors, this

controller creates a virtual spring and damper between the motors of the two devices,

pulling them together in an attempt to emulate the direct mechanical connection of earlier

systems. Goertz chose this architecture for its simplicity and stability, the same reasons it

was adopted in the first computer-controlled master-slave system in 1976 [149], and why it

is the most commonly used control method in today’s telerobotics.

Throughout the following discussion, I examine the behavior of a teleoperation system

by viewing it as a long chain connecting the user to the environment, including the hand,

handle, master motor, controller, slave motor, and end effector. This dynamic chain is

depicted via lumped parameter elements in Figure 2.1. The user’s influence on the system

is approximated as a position set-point attached to the master handle through a spring and

damper that represent the arm muscles and skin. The environment with which the slave

tip is interacting is also portrayed as a spring and damper, along with a frictional contact.

For clarity, only one member is depicted between the endpoint and motor of both master
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Figure 2.1: Illustration and single-axis lumped-parameter model of a telerobotic system
under bilateral PD control.

and slave mechanisms, though these connections can include several spring-like, dissipative,

and inertial elements. Based on this treatment, the position-position controller chosen by

Goertz and many others can be represented by the dotted spring and damper that connect

master and slave motors in Figure 2.1.

Despite its attractive two-sensor simplicity, practical limitations prevent position-position

control from joining master and slave tightly enough for realistic haptic feedback. Even

without the influences of a user or the environment, the two robots form a closed-loop sys-

tem that has its own dynamics. Sensor discretization, actuator dynamics, time delay, and

structural compliance all compromise the stability of this loop at high gain, limiting closed-

loop bandwidth to about five to 20 hertz, e.g. [16]. Although this control methodology

adequately transmits intentional hand motions and quasi-static forces, it cannot feed back

the broad spectrum of forces that humans can sense during manual interactions, leaving

stiff objects feeling soft and undefined.

2.1.2 Position-Force Control

The alternative strategy of position-force control seeks to provide accurate feedback by

explicitly measuring the force of contact between the slave and the environment. As illus-

trated in Figure 2.2, the slave is commanded to follow the measured position of the master
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Figure 2.2: Illustration and single-axis lumped-parameter model of a telerobotic system
under position-force control.

mechanism via proportional, derivative, and sometimes integral feedback. Contact forces at

the slave’s end effector are measured with a dedicated sensor and simultaneously displayed

via the master’s motors. This haptic feedback is transmitted to the user’s hand via the

structure of the interface so that the user can feel the effects of the slave’s environmental

interaction.

Although it provides a more direct path from environment to user and hides the slave’s

friction and inertia, this architecture suffers from contact instability, as feedback forces trig-

ger master motions that excite further contact forces. Forces must typically be attenuated

to prevent closed-loop feedback from driving the system unstable [88], again trading off

stability and performance. Additionally, all high-frequency feedback forces are distorted by

the dynamic chain between the master mechanism’s motors and the human’s hand. This

chain often includes several lightly damped structural resonances, which distort the user’s

haptic perception of the remote environment and interfere with material and texture iden-

tification. Despite its drawbacks, position-force control does allow the user to receive some
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high-frequency feedback during contact with remote objects, reducing completion time and

the application of extraneous forces in tasks such as peg-in-hole insertion [56].

2.1.3 Two-Port Networks and Time Delay

Another important perspective for understanding and adjusting closed-loop telerobotic be-

havior is that of the two-port network, which treats the connection between user and envi-

ronment as a series of energy exchanges [54,123]. This model enables interpretation of each

system element as a two-port impedance and inspires a passivity approach, where energy

dissipation can be used to determine stability. The performance of such two-port networks

has been studied extensively, specifically under the condition of time-delayed transmissions,

which easily destabilize traditional controllers [88]. Lawrence argued that a transparent

connection requires the communication of both position and force information from master

to slave as well as from slave to master. This more complicated control structure is called

the four-channel architecture, and it can achieve greater stability and transparency than

traditional approaches when properly tuned.

Viewed as a two-port network, a telerobotic system will be stable when all of its elements

are passive, i.e. when they do not generate energy. Communications time delay has been

shown to violate passivity, which was initially addressed by Anderson and Spong through

the use of scattering operators [3] and later handled by Niemeyer and Slotine’s strategy

of wave variable encoding [107, 109]. Although passive transmissions have been noted to

reduce the perceived stiffness of the environment [4, 87], appropriate design choices can

improve the feel of such systems, providing consistent, predictable behavior in addition to

guaranteed stability under arbitrary time delay [110, 112]. The user’s experience of free-

space motion and hard contact can be further improved by automatic online tuning of the

wave impedance [141], and even better feedback can be provided to the user by adding a

slave force sensor and appropriate wave filters [142]. This focus on the user’s ability to

adequately feel the environment has emerged as a common yet difficult-to-achieve goal of

modern teleoperation.

2.1.4 Vibrotactile Feedback

Contact realism has also been improved by displaying vibrations via the master device

in teleoperation. Kontarinis and Howe overlaid accelerations measured at the slave’s end
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Figure 2.3: Illustration and single-axis lumped-parameter model of a telerobotic system
under position-force control with additional vibrotactile feedback.

effector with traditional position-position feedback via a supplementary voice coil actuator

mounted near the user’s fingertips [76], as illustrated in Figure 2.3. Careful placement of

this vibrating element with the purposeful use of an intervening compliance, combined with

the small magnitude and high frequency of the displayed signals, allowed them to decouple

the feedback and command paths, preventing closed-loop instability. User tests indicated

that this hybrid feedback strategy increased user performance in inspection, puncturing and

peg-in-slot tasks, and later work improved the vibration actuator for better rendering of

contact transients [30]. The merits and drawbacks of this approach are analyzed further in

Section 4.1.1.
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2.1.5 Sensory Substitution

To avoid closed-loop instability, other researchers have tried to provide force cues via the

means of sensory substitution. Hawkes measured accelerations at the slave robot finger-

tips, playing the signal to the operator as a sound via headphones rather than with a

master-mounted actuator [59]. In another approach, Massimino and Sheridan presented

low-frequency force information to users of a telerobotic system using audio as well as vi-

brational information, finding an improvement over visual feedback alone [99, 100]; this

control method falls under sensory substitution because the auditory and vibrational wave-

forms mapped frequency to contact location rather than to the dynamics of the impact

itself.

In another instance of sensory substitution, Debus et al. used fixed-frequency vibrations

from two secondary handle-mounted actuators to convey whether the operator of a teler-

obotic contour-following task was contacting the environment with an appropriate amount

of force [29]; one side of the custom-designed handle would vibrate when the applied force

was too low, and the other side would vibrate when it was too high. The addition of these

vibration signals allowed users to modulate applied force more accurately than with visual

feedback alone, and it also improved performance when overlaid with standard position-

position control. Griffin et al. employed similar strategies in a teleoperated object-handling

task, finding that auditory cues provided during the application of extreme grasp force al-

lowed subjects to reduce the total force applied to a transported object [51]. All of these

methodologies circumvent the closed-loop stability problems posed by high-frequency force

feedback, but they therefore cannot capitalize on the user’s manual experience, creating

inherently unnatural, cognitively intense interfaces.

2.2 Virtual Environment Control Techniques

While the haptic feedback provided during teleoperation can stem directly from the remote

robot’s interaction with its surroundings, the system controller for a virtual haptic inter-

action must determine its output based on an environment model. The earliest interactive

virtual environments were computerized flight simulators, which were developed from ear-

lier electromechanical models in the 1970s as an efficient method to safely train commercial

and military pilots [119]. These systems typically consisted of a mock cockpit surrounded

by visual displays and mounted on a moving platform. In modern systems, a sophisticated
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computer monitors the operator’s control inputs and simulates the motion of the airplane,

shaking and tipping the cockpit appropriately. Whole-body situational simulators are now

used in a variety of applications, including flying, driving, and even locomotion [21,27,126].

While these dynamic systems differ from the physical object interactions necessary for hand-

guided exploration and manipulation, their continued success speaks well to the potential

of virtual environments for training other types of experts in complex physical tasks.

Haptic simulation of the interactions between a physical object and a user’s hand (or

a hand-held tool) began in the mid-1990s with the development of the Phantom haptic

interface [98]. This impedance-type device has since been used in a wide variety of appli-

cations, including assembly path planning, deformable object simulation, computer games,

medical and surgical simulation, and three-dimensional design [132]. Despite the breadth of

the virtual environments that have been developed, the control methodologies that underlie

their operation are very consistent.

2.2.1 Position Feedback

The geometry of the objects in a virtual environment can be defined either implicitly via

mathematical functions or explicitly via point locations joined by a polygon mesh. The

user’s hand movement is measured via the encoders on the haptic interface’s motors and

mapped into the virtual environment as a point, sphere, or other shape. Collision detection

is performed between the user’s proxy and the surfaces of the environment to determine the

occurrence of contact [158]. When contact takes place, the direction of the surface normal

is computed, and the penetration vector ~x along this axis is determined. The classic haptic

rendering algorithm for rigid objects [9] applies a force ~F proportional and opposite to the

user’s penetration into the virtual object,

~F (t) = −k~x(t) (2.1)

where k represents the virtual object stiffness and t is time. The haptic feedback force has

zero magnitude when the user is not inter-penetrating a virtual object, since ||~x|| ≡ 0 in

this case. This algorithm can be visualized as a virtual spring between the motor of the

haptic interface and the surface of the virtual object, as illustrated in the lumped parameter

model of Figure 2.4.

The basic approach of proportional feedback captures steady-state interaction forces, but
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environment through a haptic interface under position and velocity feedback.

it cannot accurately render high-frequency contact dynamics. Fundamentally, this penalty-

based method represents a linear control system: the frequency content of the force output

is governed by the input signal (i.e. the user’s motion) and the system’s resonant frequency,

ω =
√

k/m, with m denoting the combined mass of the haptic device and the user’s hand.

Assuming a typical gain of k = 1000 N/m, limited by sensor resolution and computational

update rates, this resonance falls no higher than 15 hertz. In contrast, interactions with real

materials such as metal and glass commonly exhibit force transients above 1000 hertz [114].

Closed-loop generation of such signals would require feedback gains up to 1,000,000 N/m,

roughly a 1000-fold increase over the performance of existing systems; such stiffnesses would

necessitate significant improvements in both position resolution and servo rate, as analyzed

in [32]. Considerable effort has been expended to understand and overcome these limitations

[23,43], but closed-loop feedback is inherently restricted to smooth, low-frequency forces.
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2.2.2 Velocity Feedback

Position-based haptic feedback in virtual environments is doomed to render soft, dull con-

tacts devoid of the information-laden high-frequency transients encountered during real

manipulation. As illustrated by the virtual dashpot in parallel with the virtual spring in

Figure 2.4, this algorithm can be augmented to include velocity feedback; adding viscous

damping to oppose penetration when the user is entering a virtual object improves the

crispness of contact. Lawrence et al. explained this effect by distinguishing between the

stiffness of virtual walls and their perceptual hardness [90]. They defined the metric of

rate-hardness to quantify a virtual wall’s ability to display quickly changing forces at con-

tact and found it to be a better indicator of perceived hardness than the wall’s stiffness [89].

Unfortunately, adding derivative feedback requires a good velocity estimate, which is sel-

dom available on systems with digital position sensors and uncertain servo-loop timing. In

practice, few haptic simulations include virtual damping, which contributes to their soft,

springy feel.

2.2.3 Event-Based Feedback

The paradigm of event-based haptics defines an alternative display strategy for creating

high-frequency contact accelerations [64, 79]. Rather than trying to generate adequate

contact transients using closed-loop position and/or velocity feedback, this method uses

discrete event triggers to begin playback of pre-computed force histories. An impact event

is triggered when the stylus moves through the surface of a virtual object. The entire

transient signal is computed and then overlaid with traditional proportional feedback for

its short duration, as depicted in Figure 2.5. With tapping, the contact state is latched

during transient output, preventing multiple event detections. Relying on open-loop display

somewhat relaxes the need for high-gain closed-loop feedback, and event-based haptics has

the additional advantage that brief transients can utilize higher peak currents than steady-

state feedback without violating the device’s thermal restrictions.

Two main classes of parametric contact transients have been previously investigated and

are discussed below: pulses and decaying sinusoids. Regardless of the method used to pre-

determine the transient, its output remains deterministic up to the user’s tactile reaction

time of approximately 140 ms [92] and hence does not require continual sensor feedback

or additional online computation. Several other event-based methods have been developed
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for augmenting proportional feedback with texture and friction, perturbing the force vector

with a variety of different signals for a more realistic feel [41, 96,104].

Pulse Transients

Several researchers have found that adding pulse-shaped forces to oppose the haptic inter-

face’s motion at contact creates sharp force changes and reduces virtual object penetra-

tion [24, 64, 128]. Bringing the hand to a stop requires the force transient to be carefully

matched to the user’s incoming momentum. Under the assumption of constant mass, the

system’s linear momentum at contact is proportional to the hand’s incoming velocity vin.

Parametric transient signal magnitude is thus usually scaled by this measurable quantity.

The transient’s other parameters, such as pulse magnitude per unit velocity and pulse width,

are typically tuned by hand to achieve an appropriate feel, though studies have not yet been

conducted to evaluate their perceptual impact.

Decaying Sinusoid Transients

Decaying sinusoid transients have also been used to great effect in event-based haptics.

Okamura et al. demonstrated significant improvements in perceived realism and task com-

pletion during virtual tapping, stroking, and puncturing tasks that included the display of

velocity-scaled decaying sinusoid transients at key moments [114]. This study shows that
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a combination of vibration and force feedback, displayed simultaneously via the master

mechanism’s motors, heightens perception capabilities for material discrimination tasks in

virtual environments. Unfortunately, signal parameters such as frequency, magnitude, and

duration must again be hand-tuned for an appropriate feel, though extensive user testing

can also be employed [113].

2.3 The Benefits of Haptic Feedback

As our understanding of stability and control has grown, many researchers have turned

their attention to the human experience of haptic feedback. Although tasks can usually

be performed without it, force feedback has been shown to reduce completion time, error

incidence, and excessive force application during general telerobotic manipulations such

as peg-in-hole insertion [56]. Haptic feedback was shown to be especially useful in situa-

tions where remote vision fidelity was reduced due to low frame rate or subtended visual

angle [100]. Furthermore, while visual feedback can convey sufficient information for the

exploration of soft environments, surface deformations of hard objects are too small and

abrupt to be seen. The same argument applies to the exploration of edges, small surface

features, and other discontinuities; in all such cases, visual cues are of limited value, and

the sense of touch becomes the dominant source of information [75].

Interactions with a virtual environment also feel more natural with haptic feedback.

Completion time of a rapid tapping task was reduced by adding contact feedback to the

virtual targets [5], and simple vibratory feedback during drag-and-drop computer tasks has

been shown to ease the user’s cognitive workload, determined via both quantitative and

qualitative measures [150]. Over the last ten years, a variety of haptic feedback algorithms

have been shown to improve user interactions with virtual objects [14, 139], and specific

benefits have been identified in tasks such as surgical training [8, 103,145].

Many experts believe that the intricate tactile nature of surgery, from suture tying to

palpation, will be best served by telerobotic systems that provide high-fidelity feedback [19,

134,144]. One early effort found that position-position-based signals (which include inertial

and frictional forces from the slave) fatigued the operator during mock surgery and did not

allow perception of soft tissue contact [94]. Indeed, the present generation of commercial

telerobotic surgery systems has succeeded partially because soft tissue manipulation can

be performed without haptic feedback if high-resolution stereoscopic vision capabilities are
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provided. More recent investigations have documented haptic feedback’s ability to reduce

the excessive application of force, both in blunt dissection [151] and in suturing [74], though

further improvements will be necessary to match the dexterity of direct manipulation.

The positive influence of force feedback on manual tasks can be understood by dividing

manipulation into a low-frequency power band and a high-frequency information band, as

suggested by Daniel and McAree [28]. As discussed in Section 1.1, human manipulation is

inherently asymmetric; low-frequency motions elicit high-frequency dynamic responses from

the environment. These sudden accelerations, with frequency content generally on the order

of several hundred hertz, strongly stimulate the Pacinian corpuscles in the human hand and

fingertips [154]. Such tool-mediated vibrations provide rich information about an object’s

properties, including geometry, texture, and material composition; for example, when ex-

ploring real items with a stylus, LaMotte’s subjects achieved significantly better levels of

discrimination via tapping as opposed to pressing, adeptly inferring softness from the high-

frequency dynamics elicited by impact [86]. Clearly, high-frequency accelerations provide

important manipulation cues that should be rendered by high-fidelity haptic systems.
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Chapter 3

Haptic Interface Dynamics

A haptic interface plays the important role of connecting the user to the controller dur-

ing interactions with remote and virtual objects. As noted in Section 1.2.2, this research

is concerned specifically with actuated impedance-type interfaces due to their excellent

free-space characteristics and their widespread use in a variety of applications. During an

interaction, the controller of an impedance-type device must measure the user’s hand mo-

tion and apply an appropriate force in response. Impedance-type haptic interfaces vary in

design, but they usually include a series of dynamic elements between the handle and the

computer, as described in Section 3.1. Although the common device models discussed in

Section 3.2 assume that this connection behaves in a simple manner, the separation between

the user’s hand and the motor typically results in high-frequency dynamics that are quite

complex.

Almost all of the control methods presented in Chapter 2 were developed assuming

a simple model for the haptic interface or without a model at all. This design choice

limits the usefulness of such approaches and provides an opportunity for substantial im-

provement. As such, I have sought to characterize the internal dynamics of typical haptic

interfaces, building models that accurately predict system behavior, especially at high fre-

quency. As presented in Chapters 4 and 5, these models can then be used to improve

both the feel and the stability of a haptic system. Some previous efforts in device iden-

tification are examined in Section 3.3, and the first core element to my characterization

approach is explained in Section 3.4. Comprehensive evaluation is extended to the time-

varying parameter of user grip force in Section 3.4.6, and Section 3.5 presents a thorough

31
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methodology for building a physically based model of the entire dynamic chain. As sum-

marized in Section 3.6, the main goals of this chapter are to convey the nonideality of

internal haptic interface dynamics and to provide a reliable set of methods for their identi-

fication.

3.1 Elements of Impedance-Type Haptic Interfaces

Haptic interfaces usually provide two or three degrees of freedom in position, sensing the

user’s motion and applying feedback forces within this workspace. Many devices permit

changes in the orientation of the end effector; these rotational degrees of freedom can be

unsensed, sensed but not actuated, or sensed and actuated. The remainder of this work will

focus on translation rather than orientation, though the developed methods can be applied

to either.

Figure 3.1 illustrates the chain of elements typically present in each axis of a haptic

interface. For clarity, the illustration depicts a device with a single degree of freedom, but

typical systems combine several degrees of freedom in parallel or series to allow unrestricted

translation and/or orientation. Although differences exist, individual position axes of most

mechanisms can be represented by such an arrangement. For the duration of this thesis,

the terms “haptic interface” and “master” will be used interchangeably to represent all

electrical and mechanical elements depicted in Figure 3.1, extending from the amplifier and

encoder to the handle.

encoder

computer

current
amplifier

motor

linkage

handle

drum

capstan

cables

Figure 3.1: One axis of an impedance-type haptic interface.
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3.1.1 Computer

The haptic interface’s controller typically runs on a real-time enabled computer at a fixed

servo rate, which is often one kilohertz. Haptic feedback forces are converted to a desired

current for each DC motor using the mechanism’s Jacobian-transpose matrix, the gear ratio

of each joint, and each motor’s torque constant. These current commands are communicated

to a set of self-contained amplifiers through a digital-to-analog converter (DAC) that often

resides on a control card on the computer’s ISA or PCI bus. Some amplifiers also accept

digital commands, communicated over a parallel or serial connection.

3.1.2 Current Amplifier

Each amplifier is connected to one motor, and it attempts to regulate motor current via

pulse-width modulation (PWM) or linear control techniques. PWM amplifiers are presently

somewhat more common in haptics due to their widespread use in industrial robotics where

their lower power consumption is important. Unfortunately, PWM amplifiers generate

significant high-frequency electrical noise at their switching rate and its harmonics, which

can contaminate analog sensor lines. Additionally, PWM amplifiers are often tuned by the

manufacturer to a low bandwidth, often on the order of 100 hertz, which is adequate for

industrial applications but must be increased for high-frequency haptic interaction. If their

additional power consumption can be tolerated, linear amplifiers are generally preferable,

as they can provide very clean, high-bandwidth current output without interfering with the

system’s sensing requirements.

3.1.3 Motor

Haptic interfaces typically use small, brushed DC motors such as those available from Maxon

Precision Motors, Inc. [101], as they provide very smooth torque generation and have high

power to weight ratios. Current flowing through the motor creates a torque on the motor

shaft, to which a small capstan is attached. The relationship between the motor current,

im, and the applied motor torque, τm, is governed by the motor’s torque constant, kt, as

follows:

τm = kt im. (3.1)

The torque constant for a motor can be obtained from the manufacturer’s data sheet and

can also be calibrated using an ammeter and a torque sensor. When used in a haptic
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interface, the net torque output of the motor will be diminished by the friction present at

the motor shaft, so low-friction motors and bearings are desirable.

Another important set of characteristics for a DC motor are its heat dissipation ca-

pabilities and its internal temperature limit. The flow of current through the motor coils

produces heat that raises the temperature of the rotor. A motor that is driven with high

levels of current that cause it to exceed its internal thermal limit will burn out and need to

be replaced. This phenomenon is often viewed as setting a maximum steady-state current

that a motor can sustain indefinitely. Most interface designers conservatively choose to op-

erate under this limit at all times, though more sophisticated thermal monitoring schemes

can also be employed [38]. As another consideration, a rise in motor temperature increases

the motor’s electrical resistance and therefore reduces its electrical efficiency.

3.1.4 Encoder

Motion of the haptic interface is usually sensed with an optical encoder attached to the

motor shaft. This type of sensor provides two digital output lines, often denoted A and

B, that stem from two optical sensors in the encoder. These two sensors are pointed

at a reflective disk that has many thin radial lines cut out of it or painted onto it; this

disk rotates with the motor shaft. Each sensor reads high and low as lines pass before

it, and their locations are chosen to place the signals 90◦ out of phase from one another.

A quadrature decoder chip, which is usually located on a control card on the computer’s

ISA or PCI bus, observes the output of these two sensors to determine the present angular

position of the motor shaft. The output of the quadrature decoding is an signed integer that

designates the number of ticks the shaft has rotated away from an arbitrary zero location.

Each tick represents one quarter of one line on the disk; haptic interface programmers can

determine the number of lines in an encoder either from the manufacturer’s data sheet or

from calibration. This information enables computation of the encoder resolution, ∆, which

is measured in radians per tick and is calculated as

∆ =
4 n

2 π
, (3.2)

where n is the number of encoder lines per revolution, commonly between 500 and 2500.

Once the resolution of the encoder is known, the digital output from the quadrature
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decoder chip can be transformed into a quantized motor angle reading, θm, as follows:

θm = ∆(q − qzero), (3.3)

with q standing for the present quadrature output and qzero being a calibration value. This

zero offset must be determined every time the system is initialized, often by recording the

quadrature readings at a certain known position in the device’s workspace.

3.1.5 Cables

Thin stranded cables couple motion of the motor’s capstan to that of a larger drum. Cable

drives are used instead of belts or gears to enable very smooth, efficient motion of the

device [130]; as discussed in Section 1.1, the human hand is very sensitive to high-frequency

vibrations, so non-vibratory transmission elements must be used to maintain the realism

of free-space motion. When pre-tensioned, the low-stretch, highly-stranded cables available

from manufacturers like Sava Industries, Inc. [131], provide a zero-backlash connection

between capstan and drum, which is important for ensuring a close coupling between the

user’s hand and the motor.

3.1.6 Drum

The drum diameter, dd, is typically ten to twenty times as large as the capstan diameter,

dc, providing the unitless gear ratio, ρ, as follows:

ρ =
dd

dc
. (3.4)

Assuming that they are perfectly inextensible, the cables couple the motion of the capstan

and drum together by this gear ratio with the following two equations:

τd = ρ τm (3.5)

ωm = ρ ωd, (3.6)

where τ is a torque, ω is an angular velocity, and the subscripts d and m denote drum and

motor respectively. The cable drive thus serves the dual objectives of amplifying the motor’s

torque to enable stronger haptic feedback and amplifying the drum’s motion to enable higher
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resolution position measurement. The primary disadvantage of a high gear ratio is that it

also increases the effect of the motor’s rotational inertia and rotational friction at the user’s

hand, relationships that go with ρ2 and ρ respectively. Device designers typically balance

the four objectives of torque amplification, motion amplification, inertia minimization, and

friction minimization to select an appropriate gear ratio.

3.1.7 Linkage and Handle

The drum is attached to the endpoint of the device through a mechanical linkage, and the

user holds a handle, stylus, or thimble at the endpoint. The distance between the rotational

axis of the drum and the point of user-handle contact is defined to be h, and it relates the

translation of the user’s hand to the rotation of the drum. If the linkage were perfectly stiff,

the coupling relationships would be

Ff =
τd

h
=

ρ τm

h
(3.7)

ωm =
ρ vh

h
, (3.8)

where Ff is the haptic feedback force applied to the human, and vh is the translational

velocity of his or her hand. Such devices are designed to have low friction and low inertia

so that the user can easily move them by hand and so that the applied haptic feedback is

more salient than the forces resulting from the natural dynamics of the device.

3.1.8 User

The final element that affects the behavior of a haptic interface is the user. When an indi-

vidual grasps the handle at the end of the system’s long dynamic chain, he or she gains the

ability to physically affect its motion and to be affected by it in turn. The skin and muscles

of the human hand are somewhat compliant and dissipative, and the flesh and bones of

the hand have significant mass [53, 120]. While all of the other elements in the master’s

dynamic chain are generally time invariant, with the possible exception of configuration de-

pendence, different users consistently possess unique dynamic characteristics. Additionally,

the dynamic response of each user can vary over time with changes in grasp configuration

and the co-contraction of various muscle groups.
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In his work on position-force control in 1988, Hannaford insightfully observed that “un-

less human operator impedance is taken into account in the real time operation of the

control laws, optimum performance must be sacrificed to guarantee safe and stable opera-

tion” [55]. He suggested three methods for implementing this strategy, including allowing

the user to tune controller parameters during operation, installing a one-bit contact sensor

to detect sufficient grip strength, and continuously estimating operator impedance from

the relationship between applied force feedback and measured master position. My work

naturally continues these tactics by seeking to establish a known correlation between grip

force and user impedance, as will be discussed in Section 3.4.6.

3.2 Common Models

Despite the complexity of their many connected elements, haptic interfaces are most often

modeled as ideal mechanisms. The discretization of the computerized servo loop is generally

neglected, as are any possible variations or delays in the controller’s execution time. Current

commands and motor position readings are treated as continuously varying signals, ignoring

their respective quantizations. Current amplifiers are assumed to have infinite bandwidth

and perfect disturbance rejection, and current saturation is seldom modeled. Beyond sup-

posing that these electro-mechanical interface features will not affect the behavior of the

system, researchers also often make strong assumptions about the mechanical behavior of

the haptic interface, employing two common models that are derived from fundamental

physical principles.

3.2.1 Simple Mass

The first model frequently used to represent the behavior of a haptic interface is a simple

mass, as depicted in Figure 3.2. This model assumes that the cables, linkage, and hand-

handle interface all behave as perfectly rigid members, allowing their inertias and the inertias

Ff

m

xm

Fu

Figure 3.2: Simple mass model of a haptic interface.
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of the motor, drum, handle, and hand to be lumped into a single effective mass, m. This

model also neglects any friction that may be present at the motor or drum, as haptic

interfaces typically exhibit little friction to ground. These assumptions enable the use of

(3.5) to (3.8), implying that the system is capable of perfect force production at the user’s

hand and perfect measurement of the user’s hand motion. The device’s encoder reading is

taken to indicate the position of the mass, xm, and the motor torque is assumed to directly

apply the force Ff . The influence of the user is modeled by the force Fu and is treated as

a system input, though it is seldom measured explicitly on impedance-type devices.

While its simplicity is very attractive, the common mass model provides a very poor

approximation for the behavior of an actual haptic interface when held by a user. The

dynamic equation that governs this model’s position response to force feedback is

Xm(s)

Ff (s)
=

1

ms2
(3.9)

where s is the Laplace operator. As the system’s two input forces are collocated and

therefore indistinguishable, the response to user force takes the same form. This double

integrator has an unbounded response to any net feedback and user force inputs that have

a non-zero mean. A small, constant feedback force that is not countered by an equal and

opposite user force is thus predicted to move the device to positive or negative infinity; when

held by a user, as it is during all haptic interactions, a haptic interface will not behave in such

a manner. First, any real device will have some amount of friction, which acts to remove

energy from the system and slow the mass down. Second, the user is often attempting

to move the device along a certain trajectory and will typically oppose moderate levels of

force feedback to maintain his or her intended path. This model provides no method for

differentiating between the passive and active aspects of the user, i.e. their natural hand

dynamics and their intentional hand motion. It thus becomes impossible to predict the

motion of the device without sensing the force applied by the user at the handle.

Researchers who use this model for its simplicity sometimes acknowledge that it struggles

to capture the non-inertial properties of the user. They typically set the user force to zero

to approximate the situation when a user is not holding the handle and argue that this

scenario represents the most challenging dynamic response for keeping the system stable. I

argue that constraining the handle in the user’s hand actually exposes the nonidealities of

the master’s dynamics and can make stability far more difficult to attain, especially when
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lightly damped internal resonances exist. Furthermore, the objective of a haptic interface

is to allow a human to interact with a distant or virtual environment; neglecting the user’s

influence seems to defeat the purpose of the system and can result in controller designs that

fail to perform as well as predicted.

3.2.2 Mass-Spring-Damper

The other model commonly used to predict the dynamic response of haptic interfaces is

that of a mass, spring, and damper, as shown in Figure 3.3. Examples of researchers who

use this model type include [72,88,123,133]. Like the simple mass, this model also assumes

that the master’s mechanical transmission elements (cables and linkage) are perfectly rigid,

allowing their inertias to be lumped with the inertias of the motor, drum, handle, and hand

to form a single mass, m. The user’s attachment to the system is modeled as a spring

and damper in parallel, connecting the single mass of the haptic interface to the position

that the user desires for his or her hand, xdes. The stiffness, ku, and viscous damping,

bu, represent the action of the user’s muscles in response to disturbances from the device.

Many researchers use second-order models to describe passive joint dynamics [58, 61, 73],

and my previous investigations have supported the efficacy of such a user model in haptic

interactions [80, 84]. The user’s desired position will generally change at no more than a

few hertz, but the spring and damper allow the mass to move at frequencies much higher

than this when driven by force feedback.

The mass-spring-damper model predicts low-frequency system behavior much more

adeptly than the simple mass model by accounting for both the user’s intentional and

non-intentional influence on the system. The dynamic equation that governs its position

response to force feedback is

Xm(s)

Ff (s)
=

1

ms2 + bus + ku
. (3.10)

bu

ku

Ff

m

xmxdes

Figure 3.3: Mass-spring-damper model of a haptic interface.
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This model yields a finite deflection of Ff/ku under a constant force (s = 0), providing a

more tenable prediction of the interface’s low-frequency behavior. If its three parameters are

well identified, this model type can be used to analyze teleoperation and virtual environment

systems that have only low-frequency feedback signals. It generally should not be used to

predict the behavior of haptic interfaces subjected to high-frequency force feedback, i.e.

signals at frequencies much above the model’s resonant frequency of
√

ku/m.

The mass-spring-damper model of a haptic interface cannot capture the high-frequency

behavior of typical systems because it makes several erroneous assumptions. First, effects

such as the servo-loop’s finite sampling frequency, servo-loop delay, and amplifier dynamics

become increasingly significant at higher frequencies. For example, while it is generally

acceptable to model an amplifier as a perfect current source at one or ten hertz, amplifiers

exhibit low-pass behavior above their rated or tuned bandwidth, attenuating the magnitude

and shifting the phase of current requests. These significant effects are not captured by the

mass-spring-damper model (nor by the simple spring model), so they have limited efficacy

near the servo frequency and near or above the bandwidth of the amplifier.

Second, the assumption of a single lumped mass also breaks down at high frequency. No

mechanical connection is infinitely stiff: the cables and the linkage will both exhibit some

degree of flexibility, and this behavior significantly changes the system’s high-frequency

response. Rather than behaving like the lumped mass m at infinite frequency, the system

will behave like the motor mass mm, as the somewhat flexible cables connect it to the rest

of the chain. The importance of structural flexibilities is explored by Adams, Moreyra, and

Hannaford, who model a haptic interface as an n-length chain of lumped masses connected

by springs and dampers [1].

Third, the lumped-mass assumption implies that the user’s hand will feel the same

accelerations as the motor, which is far from true. The user holds the haptic interface at

the handle, which is separated from the motor by several transmission elements and the

intermediate mass of the drum. As the user’s Pacinian corpuscles are not collocated on

the same mass as the actuator, they will undergo high-frequency accelerations that are

significantly different from those of the motor. While simple models can capture the low-

frequency behavior of a haptic interface, they cannot reproduce these higher-order effects,

which become apparent at the high frequencies that need to be displayed to achieve adequate

haptic realism for hard contact.
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3.3 Prior Work in Haptic Interface Identification

Despite its prominent role of connecting the user to the controller, only a few researchers

have sought to characterize the broad-spectrum dynamic response of haptic interfaces. This

paucity of investigation can most likely be traced to the low bandwidths of the closed-

loop, position-based control methodologies typically employed in teleoperation and virtual

environments; developing models that are accurate at high frequency has not been a relevant

undertaking until about ten years ago, when a focus on the performance capabilities of

haptic interfaces began to emerge. In the context of this thesis, it is beneficial to highlight

three previous efforts in haptic interface characterization. These projects were conducted

by different sets of researchers for different purposes and are described below.

3.3.1 Structural Deformation Ratio

The first notable approach to system identification was developed by Moreyra and Han-

naford in 1998 as a simple method for quantifying the nonideal high-frequency dynamics of

a haptic interface [105]. The authors discuss the importance of the dynamic response of the

mechanism in creating hard contact interactions that feel “good” to the user. They develop

the unitless metric of the structural deformation ratio (SDR) by applying a short impulse

in current and measuring the velocity of the motor immediately following the impulse. This

measured velocity is divided by the velocity that is predicted by a simple mass model to

provide an indication of the flexibility of the mechanism’s internal transmission elements;

higher ratios indicate that the pulse is accelerating less mass, so the device must have an

internal structural flexibility.

Performing the same test for pulses with different durations begins to elucidate the

frequency-dependence of the system’s dynamics, but it is difficult to build a dynamic model

from this metric. Additionally, this method relies on having accurate low-magnitude velocity

measurements, which are difficult to obtain with quantized position sensors, and it fails to

differentiate between electrical, frictional, and structural effects. Overall, though, this work

aptly identifies the importance of high-frequency dynamics in haptic interfaces and provides

a straightforward method for calculating the SDR on any device without additional sensors

or actuators.
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3.3.2 Acceleration Throughput

The second important effort in master identification was published by Okamura, Hage,

Cutkosky, and Dennerlein in 2000 and 2001 to motivate the slowing down of recorded

high-frequency acceleration transients before display in an event-based virtual environment

[113, 115]. This group used a function generator to apply sinusoidal current at individual

frequencies to the motors of an impedance-type haptic interface. The output from a tip-

mounted accelerometer was observed on an oscilloscope while the experimenter lightly held

the handle in place, and the relative magnitude was recorded. By performing tests at a

wide range of frequencies, the researchers were able to compute the normalized magnitude

response of their system, which exhibited a resonance at 120 hertz, a sharp roll-off until

400 hertz, and various peaks and valleys up to 2000 hertz.

This work by Okamura et al. clearly shows that haptic interfaces do not behave in a

manner consistent with a simple mass or a mass-spring-damper at high frequency; both

of these models would predict a flat frequency response from motor current to handle ac-

celeration at high frequency, rather than a response that varies strongly with frequency.

Unfortunately, the relative phase between input and output at each frequency was not

recorded, so matching a dynamic model to the presented data is difficult. Furthermore,

obtaining a smooth magnitude plot via single-frequency experiments is laborious and time

consuming, though it could be made more efficient through computerized commands and

measurements. Finally, it is not clear whether the user’s influence during testing was rep-

resentative of the dynamics that would be in place during a virtual interaction; if they

were not, due to a light hold or inconsistent experimenter behavior, then the obtained data

may not be an accurate representation of the system’s likely performance. While several

aspects of this identification project could be improved, the presented work does sufficiently

motivate the authors’ vibration feedback methodology, and it provides excellent impetus

for further investigation of the acceleration output capabilities of haptic interfaces.

3.3.3 Motor Response

The third endeavor at identifying the dynamics of a haptic interface was performed by

Çavuşoğlu, Feygin, and Tendick in 2002 [18]. The focus of this work was to understand and

improve the capabilities of a stock Phantom to enable high-fidelity applications such as bilat-

eral teleoperation, virtual deformable object portrayal, and frequency-based psychophysics
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experiments. After replacing the interface’s PWM amplifiers with high-bandwidth linear

amplifiers, the researchers commanded single-frequency sinusoids in current and measured

the magnitude and phase of the motor’s position response. They eliminated the effects of

gravity by reorienting the device for tests on each axis, and they did not have a user holding

on to the handle during the experiments. Testing elucidated double-integrator behavior on

all three axes at frequencies below about 30 hertz. Beyond this frequency, two axes show a

significant decrease in response at 50 hertz and a resonance afterwards near 100 hertz, and

the third axis shows a minor resonance at 200 hertz; system responses from 200 to 1000

hertz show peaks and valleys in magnitude and a marked decrease in phase.

This research by Çavuşoğlu et al. provides a rich view into the dynamics of the most

commonly used haptic interface, showing that good models must include at least two masses

in order to capture observed behavior. In some ways, this work is very similar to the accel-

eration throughput approach described above, though output phase was recorded, and com-

mands and measurements were computerized for increased efficiency. Unfortunately, these

tests did not include the influence of a user’s hand, presumably to focus on time-invariant

device characteristics. When compared with Okamura et al. the primary distinction of this

work is that it looked at motor position rather than tip acceleration, a tactic that is some-

what similar to the SDR work discussed above. The experimentally determined transfer

functions (magnitude and phase together) obtained by the researchers would be useful in

predicting the master’s influence on stability in high-bandwidth teleoperation without the

influence of a user, but they do not enable us to understand the device’s ability to create

high-frequency hand accelerations. Valuable work has been conducted in haptic interface

identification, providing insights about a variety of mechanisms and methodologies.

3.4 Comprehensive Evaluation

I have developed a set of methods for illuminating the high-frequency dynamics of hap-

tic interfaces and creating models that accurately predict the observed system behavior.

Simple second-order models and prior characterization techniques cannot fully capture the

dynamic response of the user-master system, so I have created the more sophisticated two-

step characterization approach of comprehensive identification and successive isolation. As

described in this section, comprehensive evaluation seeks to explore a certain input-output

relationship, determining if it behaves in a linear, time-invariant (LTI) fashion and finding
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an appropriate LTI model if so. Comprehensive evaluation can also be extended to account

for a single time-varying parameter like user grip force, as described in Section 3.4.6. The

second step of successive isolation is necessary only for those haptic interfaces that exhibit

significant nonlinearities or strongly time-varying behaviors. The detailed dynamic dissec-

tion methods of successive isolation are delineated in Section 3.5. Throughout the rest of

this chapter, my identification methods are described and then demonstrated on various

haptic interfaces.

In all of my identification work, I take the system input to be the current commanded

from the amplifier, icmd, which differs by only a constant scale factor from the force feedback

command, Ff . Such a choice allows for identification of the computer’s and amplifier’s elec-

trical dynamics, which are often significant at high frequency. For each haptic interface, I

consider two outputs: the acceleration of the handle, ah, which is central to user perception

of hard contact and texture, and the movement of the motor, xm, which is utilized by almost

all controllers to estimate the user’s hand motion. The relationship between the current

command and the two outputs depends to some extent on all of the elements in the long dy-

namic chain between the controller and the user. The objective of the system identification

process is to determine the most important effects and include them in the models. I define

the term Hha to stand for the relationship from current command to handle acceleration,

and I define the expression Gi to represent the relationship from current command to motor

motion, which I call induced master motion since it does not stem from the user’s volition.

As described in the following sections, comprehensive evaluation applies current com-

mands that stimulate the haptic interface’s high-frequency dynamics and measures the

resulting handle acceleration and motor movement. Commands and measurements must be

executed with very consistent timing, using a fast servo rate of a few kilohertz on the control

computer. All testing is performed with a user holding the handle of the interface in order

to showcase the dynamic relationships that will be in effect during actual teleoperation or

virtual environment exploration. I seek to determine whether linear, time-invariant models,

Ĥha(s) and Ĝi(s), can closely approximate the behavior of the haptic interface’s complex

electro-mechanical system above about ten hertz. Though such models can be obtained in

many ways, non-parametric characterization techniques are particularly well suited to this

purpose, as they do not assume a model order. These so-called black-box identification tests

apply an input signal that is rich in frequency content and observe the frequency content

of the resulting output signals.
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3.4.1 Experimental Procedure

With the user holding the handle in a comfortable grip, comprehensive evaluation applies

a current command that stimulates a range of frequencies in the haptic interface. While

a variety of signals can be used for this purpose, this research employs a swept-sine-wave

current command because it can be computed easily in real time. The frequency of a swept

sine wave varies linearly from low to high or high to low across its duration. At each time

step of a test, the controller requests a certain motor current from the amplifier; time steps

are denoted by the index k, which ranges from 0 to N −1. The equation for the kth element

of a discretized swept-sine-wave signal is

ik = iamp sin(2πfkkT ) k ∈ [0, 1, ... , N − 1], (3.11)

where iamp is the amplitude of the swept sine wave, T is the sample time in seconds, N is

the number of elements in the sample, and fk is the kth frequency in hertz, defined to be

fk = fi +
k

2(N − 1)
(ff − fi), (3.12)

where fi and ff are the initial and final sinusoid frequencies.

Typical values for the low frequency are one to ten hertz, and for the high frequency

are 500 to 2000 hertz. These selections are made to span the device’s interesting frequency

range without going much below the user’s active bandwidth of eight hertz or above the

Nyquist frequency, which is half of the sampling rate. The input signal spans approximately

two seconds, and it is repeated immediately to reduce the effect of start-up transients and

to help ensure a smooth transition between the final output values and their values at

the start of the second input signal. The input signal and both output signals (handle

acceleration and motor position) are recorded for the duration of the test and written to

a single computer file that also includes various testing and interface parameters. Sample

data from a single trial are shown in Figure 3.4.

Using a swept sine wave makes the identification process much more efficient than the

single-frequency sinusoid method. Rather than taking several seconds per frequency, all

frequencies are sampled in the same short test. The test is conducted two to four times

for each set of input signal parameters, and the sign of the input signal can be reversed for

half of the tests to investigate directional symmetry. The user finds it easier to maintain a
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Figure 3.4: Sample swept-sinusoid current command and resulting handle acceleration and
motor position.

constant grip force during this low number of trials than over many successive trials, as the

hand does not become nearly as fatigued.

3.4.2 ETFE Analysis

An empirical transfer function estimate (ETFE) can be formed from the experimental data

by dividing the discrete Fourier transform (DFT) of an output by that of its input. For

both handle acceleration and motor position, the system’s response to the second of the

two swept-sinusoid input signals is first isolated, giving the vectors ~ah = [ah,0 ... ah,N−1]
T

and ~xm = [xm,0 ... xm,N−1]
T . The data are then detrended by subtracting a ramp function

to achieve the numeric value of zero at the start and end of the updated vectors ~a′h and ~x′

m,

via

a′h,k = ah,k − ah,0 −
k

N − 1
(ah,N−1 − ah,0) k ∈ [0, 1, ... , N − 1] (3.13)
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Figure 3.5: Output signal detrending.

and

x′

m,k = xm,k − xm,0 −
k

N − 1
(xm,N−1 − xm,0) k ∈ [0, 1, ... , N − 1]. (3.14)

The process of detrending is illustrated for a sample motor position signal in Figure 3.5. If

this detrending is not performed, the first and last elements of the vector will not have the

same value, and a repeating sequence of the signal will appear to have a sharp jump. This

discontinuity will resemble a sinc function in the signal’s DFT, which undesirably disrupts

the rest of the data. Detrending is especially necessary for the motor position signal because

the human hand often drifts many millimeters over the course of a test; subtracting a gentle

ramp function from the raw data merely removes this net motion for better viewing in the

frequency domain.

Once the handle acceleration and motor position signals have been detrended, the N -

length discrete Fourier transforms of the input signal and both output signals are computed.

Each transformation yields a complex-valued vector of the same length N as the original

data, where the nth element of each DFT vector ~Y is computed by

Yn =
1

N

N−1
∑

k=0

yke
−2πjn(k+1)/N (3.15)

with ~y being the time-domain vector that is being transformed and j standing for the

imaginary unit. The nth element of ~Y represents the magnitude and phase of the signal at

the frequency

fn = 2π
n

NT
. (3.16)
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Figure 3.6: Magnitude of the discrete Fourier transform of each signal in Figure 3.4 after
detrending.

The second half of the DFT vector contains the complex conjugates of the first half, i.e.

YN−n = Ȳn. The magnitude of the first half of the DFTs of the signals shown in Figure 3.4

are plotted in Figure 3.6 for comparison. Gray lines indicate the starting and ending fre-

quencies of the input signal, icmd; frequencies outside of this range did not receive significant

stimulation and thus should not be considered in the results.

The output DFTs from several tests under the same experimental conditions are aver-

aged in the complex domain to diminish the effect of slight variations between trials. The

ratio of the averaged output DFT to the input DFT is computed, and the magnitude and

phase of this complex-valued vector are computed. The magnitude and phase vectors are

then smoothed using a five-sample boxcar filter and are plotted against the frequency vector

~f , as defined in (3.16). The results then comprise an experimentally determined Bode plot,

providing insight into the system’s broad-spectrum dynamic behavior. Sample ETFEs for

handle acceleration and motor position are shown in Figure 3.7.
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Figure 3.7: Empirical transfer function estimates for handle acceleration and motor position.
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Figure 3.8: The Phantom and its ETFEs for handle acceleration in the vertical direction.

3.4.3 Determining Linearity and Time Invariance

Performing the above procedure at a variety of signal magnitudes, frequency ranges, posi-

tions in the haptic interface’s workspace, and user grip force levels will elucidate the linearity

of the system’s behavior. If the experimental Bode plots match closely for a variety of con-

ditions, the haptic interface’s mechanical dynamics can be modeled as independent from

such changes. Ideally, all of the comprehensive ETFEs would match, and a linear model

could be tuned to match the total observed behavior.

One good example of a system that behaves in a fairly linear, time-invariant manner is

the vertical handle acceleration output of the Phantom shown in the left half of Figure 3.8.

This system was identified via comprehensive evaluation. A user passively held the stylus

with a moderate grip force while a 2.5-second-long swept-sinusoid current command from

ten to 500 hertz was applied to the system. An accelerometer mounted near the user’s

fingers enabled the recording of handle acceleration. Four tests were performed at three

current command magnitudes for two users, and results were averaged across tests. The

frequency content of input and output signals was compared by taking the ratio of their

discrete Fourier transforms (DFTs) in the complex domain, as detailed above. The resulting

curves are shown in the right half of Figure 3.8. The striking agreement across input
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signal magnitude and frequency order indicates that this haptic interface system behaves

in a manner that is approximately linear and time invariant; some deviations are observed

below 30 hertz, where user intention and differences between users affect the behavior of

the system more strongly. Overall, though, the dynamics of this haptic interface appear

consistent, boding well for our ability to model them with an LTI system.

For some haptic interfaces, the comprehensive ETFEs generated under various test

conditions do not match well and/or do not appear to correspond to an easily deduced

linear system. These discrepancies can stem from higher-order dynamics, nonlinearities,

and the influence of the user, which can all be difficult to characterize from the single-input

single-output frequency-domain perspective of comprehensive evaluation. In these cases,

building a model step by step from the physical system, as explained in Section 3.5, can

help one thoroughly understand its behavior.

3.4.4 Fitting an LTI Model

A linear, time-invariant model can be fit to a set of ETFE results by hand-tuning the

placement of poles and zeros; the model developed for vertical handle acceleration on the

Phantom is shown as the black dashed line in Figure 3.9. At steady state, one would ex-

pect the user-master system to behave like a spring, providing the transfer function from

requested current to handle acceleration with two zeros at the origin. Although identifica-

tion of low-frequency dynamics is obscured by the user’s reaction to the input, one does

observe an approximate slope of plus two at ten hertz, along with a phase lead of about

90 degrees. For this model, which is concerned primarily with behavior above 20 hertz, a

single zero at five hertz was deemed sufficient, followed by a pole at 25 hertz; as will be

discussed in Chapter 4, models to be used in high-frequency acceleration matching should

not contain zeros at the origin for Ĝm(s) because they become pure integrators when the

transfer function is inverted.

The system’s primary resonance occurs at 129 hertz and is followed by alternating pairs

of lightly damped zeros and poles. The full model is a seventh-order, relative-degree-four

transfer function with a 0.25 millisecond time delay. When fitting a linear model to ETFE

results, both magnitude and phase should be considered, adding in a small time delay

to further depress the phase at high frequency. If magnitude and phase cannot both be

matched, the system has underlying nonlinearities and should be identified using successive

isolation. If the ETFE curves from different testing configurations diverge slightly, the
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Figure 3.9: Hand-fit linear time-invariant model for the system shown in Figure 3.8.

future use of the model should guide the tuning. If it is to be employed in high-frequency

acceleration matching, I fit the model to match the curves with the highest magnitude to

avoid over-stimulating resonant behavior when the model is inverted. If it is to be used

in cancellation of induced master motion, I tune the model to match the lower magnitude

curves to avoid over-canceling. If a general understanding of the device’s behavior is desired,

the model can be matched to the average of the curves, or successive isolation can be

employed to determine the underlying cause of the variations.

3.4.5 Time-Domain Validation

Once a model has been formulated, its time-domain response must be validated for a set of

typical input transients. For example, the system model obtained in the previous section

was validated in the time domain by playing a variety of transients as users held the stylus

with a moderate grip force and tapped on a virtual object. Three sample current and

acceleration traces are shown in Figure 3.10, and one sees that the model’s response matches

the measured values very closely, especially for the short durations characteristic of contact

transients. I conclude that a simple, user-invariant dynamic model is useful in describing the

vertical acceleration response of the Phantom during haptic interactions, provided the user
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Figure 3.10: Time-domain verification of the LTI model for Phantom handle acceleration.

maintains a consistent grip on the stylus. The influence of grip force on system dynamics is

discussed in the next section. Though it is sometimes difficult to interpret their individual

parameters, models obtained through comprehensive evaluation can aptly and efficiently

capture a system’s frequency response under a range of conditions.

3.4.6 Representing the Influence of Grip Force

Although many haptic interfaces can be treated as LTI systems, they always contain an

element that varies over time: the user. Changes in hand configuration and finger posi-

tioning can significantly change the effective impedance of the user’s hand at the endpoint

of the device. And when a user changes the force with which he or she grasps the handle,

the stiffness and damping of his or her arm muscles increase [84]. These changes affect the

transmission dynamics of the entire system and can alter the response significantly, espe-

cially near resonant frequencies. Although dynamics can be assumed constant if the user

maintains a consistent grip, these variations must generally be taken into account for best

performance.

Comprehensive evaluation can be extended to create an accurate model of a haptic sys-

tem under varying grip force. A series of tests is run at different grip force levels, using

a small force sensor on the handle to measure the user’s present grip force. I conducted

this type of evaluation on the one-degree-of-freedom interface shown in Figure 3.11, aiming
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Figure 3.11: Two views of the custom one-dof haptic interface.
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to characterize the grip-dependent dynamics between its current command and stylus ac-

celeration. This interface uses an RE025 Maxon motor taken from a Phantom, and it has

approximately the same amplification factor from motor torque to stylus force as the Phan-

tom interface previously characterized. This interface was studied to determine whether

comprehensive evaluation techniques would work well on non-standard haptic interfaces. A

high-bandwidth accelerometer is attached to the lower portion of the stylus to sense vertical

acceleration, and a force-sensing resistor from FlexiForce [40] is located beneath the user’s

fingers for sensing grip force.

Each solid curve shown in Figure 3.12 is the result of a complex-domain average of four

independent, two-second long, swept-sinusoid trials from one to 2000 hertz. The amplitude

of the input sinusoid was fixed at 0.75 amps, with the starting polarity reversed for two of

the four trials. This amplitude was chosen because it is in the middle of the motor’s steady-

state current range, producing approximately 0.725 newtons at the user’s hand when applied

continuously. Grip force for each curve was maintained near a constant value throughout

each test using a real-time graphical display for user feedback; trials over which grip force

varied more than ±0.5 newtons were discarded and repeated. The zero-Newton grip force

case represents the natural dynamics of the device, which must also be characterized.

The five dashed-line models shown in Figure 3.12 were hand-tuned to closely match

the ETFE results without excessive dynamic complexity. A basic approximation of the

dynamics below 100 hertz shows that when the user is disconnected from the stylus (i.e.,

zero grip force), the low frequency dynamics are dominated by the inertia of the stylus and

mechanical linkage. When the user holds on, one observes the addition of a low-frequency

spring and a mid-frequency damper. These additional elements cause the frequency response

to have an approximate slope of +40 dB/decade below five hertz and +20 dB/decade

between five hertz and 80 hertz. It appears that changes in the stiffness of this spring and

dissipation in the damper are the major effects of changing grip force, where a decrease

in ETFE magnitude corresponds to an increase in the respective parameter value. Many

researchers have identified the trend of increasing damping and stiffness with increasing

grip force [15,58,147], which is generally supported by the ETFE results. Once LTI models

have been obtained for a set of grip force levels, the dynamics of the device at intermediate

values can be approximated via interpolation between neighboring models.
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3.5 Successive Isolation

While comprehensive evaluation yields a good model for many systems and can even be

extended to account for variations in user grip force, it is sometimes necessary or preferable

to obtain a model that has physically based parameters rather than poles, zeros, and a

gain; such situations can be handled via successive isolation. This approach is especially

applicable if the user-master system exhibits strong nonlinearities or time-varying behaviors,

as it helps one identify an appropriate model structure. Furthermore, successive isolation

can be useful on systems that contain many electronic and mechanical elements; attempting

to identify such a complex system all at once makes it hard to distinguish overlaid effects,

each of which may be simple and based on a well-understood phenomenon. A system

like this can be characterized most effectively by breaking its dynamic chain at points

progressively farther away from the motor’s current input and position output, as illustrated

in Figure 3.13. For each mechanical configuration, different current signals such as sine

waves or step inputs are commanded to the system, and the resulting motor motion is

recorded. Such a strategy allows successive isolation of each element and its individual

contribution to system behavior. The procedure for successive isolation is described below

and then demonstrated on a test system.
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3.5.1 Procedural Overview

An accurate system model can be obtained by identifying each of the haptic interface’s

many dynamic elements in turn, as originally proposed in [81]. Such an approach yields

a model whose parameters have physical significance, facilitating the addition of a varying

user element and informing the processes of device design and modification. I begin by

separating the system’s dynamic chain into alternating inertial and connecting elements, as

illustrated in the bottom row of Figure 3.13. This model structure is shown with sample

constitutive elements in Figure 3.14, using κ to stand for possibly nonlinear stiffness, b

for linear viscosity, C for Coulomb friction (discussed below), and m for mass. Once the

system is divided into inertial and connecting elements, I proceed to identify each element’s

properties in turn, mechanically breaking the dynamic chain at points progressively farther

away from the motor’s force command input and position output, which are Ff and xm

respectively. At each stage, I conduct quasi-static and dynamic tests, comparing observed

and modeled behavior in both the frequency and time domains; only the model’s outermost

parameters are adjusted to make its response match the present round of observations.

The first dynamic element to consider is the current amplifier, which is commonly as-

sumed to be ideal. The controller’s current command is often treated as a command of

effective steady-state force at the user’s hand, as the two are related by the proportionality

Ff =
ρ kt

h
icmd, (3.17)

where h is the distance from the drum axis to the center of the hand and ρ is again the

unitless gear ration defined in (3.4). While Ff is the commanded force, I define F ′

f to be

the force actually applied to the system by the amplifier’s true current output, which may

incorporate a variety of dynamic relationships such as a low-pass filter and saturation. Next

successive isolation starts the process of adding inertial and connecting elements in order,
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working away from the amplifier, as illustrated in Figure 3.13. When an inertial element is

appended to the dynamic chain, the connecting element beyond it must be disengaged so

that the mass can move freely; for example, when the motor is added, the cables must be

disconnected. I then seek to determine the new element’s inertia and dissipation parameters.

Although dynamic models typically include only viscous friction, a Coulomb friction

model is more appropriate for haptic interfaces due to their relatively low operating velocities

[32]. Coulomb friction is defined as

C =















−c if ẋ > 0

0 if ẋ = 0

+c if ẋ < 0,

(3.18)

where ẋ is the relative interface velocity of the body that receives the force C. Many more

sophisticated methods for modeling static and dynamic friction have been developed that

could also be incorporated into successive isolation, e.g. [60], but this simple model works

well for characterizing the behavior of most haptic interfaces. Nonlinear friction like that

described by the Coulomb model is commonly found at sliding interfaces, and its effect is

characterized by linear, rather than exponential, decay of transient dynamics. Assuming

(3.18) approximately holds for a given system, the magnitude of Coulomb friction can be

determined by measuring the force required to move the present set of connected inertial

elements across the workspace under closed-loop position control.

The mass and the viscous friction coefficient of an inertial element can be highlighted

by adding a virtual spring to the motor’s end of the chain and analyzing both the frequency

and time response of the resulting system. When identifying inertial elements, open-loop

experiments that do not include a virtual grounding force should generally be avoided; the

unconstrained movements that result are very sensitive to initial conditions and are not

representative of the high-frequency oscillatory behavior that I wish to understand. The

focus advances to the next connecting element once an inertial element’s parameters are

estimated and validated.

The connector should then be attached to its neighboring masses, and the distant mass

should be immobilized mechanically; for example, when the cables are first added to the

system, the drum’s position should be locked. The important characteristics for each con-

necting element are its possibly nonlinear stiffness and its dissipation. Although dynamic

models commonly include only linear springs, large deflections of most physical objects
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reveal nonlinear relationships between position and force as well as occasional hysteresis.

The stiffness of a connecting element can be examined by slowly varying the motor force

and measuring the resulting position variations. Non-constant slope can be appropriately

parametrized, and hysteresis can be modeled with a new method I developed, which is

presented below in Section 3.5.3. A connecting element’s properties can also be highlighted

using the ETFE method presented above, and its overall behavior can be validated via time

response tests. When a connection is fully characterized, the inertial element beyond it is

added to the chain and the successive isolation process continues.

3.5.2 Sample Implementation

Through application to a one-dof testbed, this section demonstrates the methodology of

successive isolation for characterizing the behavior of a haptic device. After a comprehensive

evaluation of its dynamics under various conditions, the user-joystick system pictured in

Figure 3.15 was found to exhibit a higher-order, nonlinear response that required successive

isolation. A detailed model of its dynamics is developed through careful application of a

variety of system identification techniques. The model is constructed around translation of

the user’s hand, converting torques and rotations to their effective values in this space.

The hardware of this system is an Impulse Engine 2000, a research-quality force-feedback

joystick produced by Immersion Corporation. As shown in Figure 3.15, each of its two axes

includes a DC motor connected to the handle via a cable drive and a mechanical linkage;

the base of the joystick contains the motors and their respective current amplifiers. This

Figure 3.15: Immersion Impulse Engine 2000 joystick.
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investigation centers on the forward/backward degree of freedom, keeping the left/right axis

in the center of its travel. The joystick is controlled via an ISA card by a personal computer

running RTAI Linux, a hard-real-time open-source operating system [127]. All device-

control software was custom written in C, taking the place of the software development kit

provided by the manufacturer.

Each element of this master system, from the timing of the servo loop to the effective

impedance of the user, was tested in succession, using Matlab and Simulink for data analysis

and model simulation. An increasingly complex system model was constructed during

this isolation process, changing only the model’s outermost parameters to match simulated

to experimental behavior at each step. The objective of the simulation is to provide an

accurate discrete-time model of the haptic interface’s relevant behavior using physically

based and individually determined parameters. At the conclusion of this successive isolation

demonstration, Section 3.5.4 provides the full identified model with all parameter values.

Servo Loop Timing

Digital controllers are designed to execute at a steady frequency, measuring the device’s

present position and computing the appropriate feedback force at each servo cycle. While

important for accurate velocity estimation during normal use, predictable servo timing is

crucial for accurate system identification and model-based control. Servo loop consistency

can be observed by recording the actual time at which the system’s control code starts and

finishes for each cycle. This measurement can be performed using a low-level timer internal

to the computer such as the processor’s time stamp clock. It can also be done by setting and

clearing a digital output line such as a parallel port bit and watching the output with an

oscilloscope. Control code should execute at its specified rate without missed cycles, drift,

or variations in period. If these behaviors are unavoidable due to computer architecture, the

controller must record the actual time elapsed between cycles using a low-level timer, and

these measurements must be used during system identification and model-based control.

The RTAI Linux platform of the joystick testbed achieves uniform servo loop timing at

frequencies up to and beyond ten kilohertz, permitting a fixed rate assumption.

Current Amplifier

Although usually assumed to provide perfect signal tracking, the current amplifier can

add slight nonlinearities and important model dynamics to the haptic system. First, its
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steady-state gain and zero offset should be calibrated in hardware and/or software to ensure

that DC current commands from the computer are accurately applied to the motor, which

facilitates the identification process. The maximum steady-state current supported by the

motor should also be enforced and included in the model. The gain and offset of the Impulse

Engine amplifier were calibrated using a high-precision ammeter and corrected in software.

Second, the frequency response of the amplifier should be characterized while the motor

position is mechanically locked. Sinusoidal current commands up to one kilohertz should

be tested, keeping the servo rate at least a factor of ten above the test frequency. The

voltage across a sense resistor in series with the motor can easily be monitored with an

oscilloscope to detect high-frequency attenuation. More complete analysis of both magni-

tude and phase can be achieved by measuring current in real time with a sufficiently fast

analog-to-digital computer card. With such computer monitoring, a swept sine wave with

linearly varying frequency can be commanded instead of signals at discrete frequencies. The

system’s behavior can then be examined through an ETFE. First- or second-order low-pass

filtering will often be elucidated through this investigation; observed behavior should be

characterized and included in the system model, for it will strongly affect the device’s re-

sponse to high-frequency force feedback commands. The joystick testbed’s linear amplifier

responds excellently past one kilohertz, showing only the fixed delay of the servo cycle at

all frequencies.

A third phenomenon to note is that of back-EMF; rotation of a DC motor creates an

opposing voltage that the amplifier must attempt to overcome. The fixed voltage of its

supply limits the current an amplifier can source when the motor is rotating quickly. High

motor velocities are seldom encountered during normal operation, but they may occur when

identifying mechanical resonances, thereby attenuating the applied current. This effect can

be modeled using knowledge of motor and amplifier parameters, or it can be circumvented

by measuring current flow during all identification tests. The joystick testbed displays this

type of current attenuation only at abnormally high motor velocities with commands near

maximum current, so I opted to measure current rather than build a model of this peripheral

effect.
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position control.

Motor and Encoder

The motor shaft, the first moving element in the master’s dynamic chain, can be isolated

by disconnecting the cables that couple it to the drum, leaving it free to move. The fun-

damental parameters of motor torque constant and encoder resolution may be measured or

taken from appropriate manufacturer data sheets. The actual torque constant and the rel-

ative spacing of encoder ticks usually match these given values very closely. The Coulomb

and viscous friction parameters of the motor, cm and bm, can then be identified using a

closed-loop position controller. Recording the torque required to slowly rotate the mo-

tor in each direction provides a measure of its frictional losses. Performing this test at

a range of speeds differentiates Coulomb friction from velocity-dependent viscous friction.

Unlike gradually increasing the torque until the motor moves, this test also illuminates any

position-dependent friction such as that which results from damaged motor bearings. The

testbed’s Maxon RE025-055-35 motor exhibits Coulomb friction only, varying minutely with

commutator-brush position as illustrated in Figure 3.16. The twenty-two sloped sections

are caused by its two brushes transitioning between the commutator’s eleven segments, a

variation that can be disregarded as insignificant.

The motor shaft’s total inertia can be estimated by summing the rotational inertias

given on motor, encoder, and capstan data sheets. The motor’s effective mass in handle

space, mm, can be estimated from these values as

mm = (Jm + Jenc + Jcap) · ρ
2 ·

(

1

h

)2

, (3.19)
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where J signifies rotational inertia, ρ is the unitless gear ratio between motor and drum

rotation, and h is the distance from the drum axis to the chosen tip location on the handle.

This value can be confirmed by conducting a set of motor step responses under closed-loop

position control, which acts as a virtual spring to ground and highlights the inertia via

lightly damped oscillations. Starting with a model of the discrete servo cycle, the motor’s

identified friction, and the position controller, I fine-tuned the simulation’s motor to match

the system’s observed time response and achieved excellent agreement.

Cables

The dynamic properties of the cables can be isolated by re-connecting them to the motor

and locking the position of the drum. The cable should be tight enough to prevent rela-

tive motion between these two elements, but over-tightening increases the friction at this

interface. The possibly nonlinear stiffness, κc, can first be investigated by slowly varying
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Figure 3.17: Resonant response of the cable/motor assembly.
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Figure 3.18: Top view of the joystick testbed.

the motor torque across its full range using a triangle or sine wave, recording the resulting

position waveform. The cables will generally allow only a few encoder ticks of movement in

either direction, providing only a rough stiffness estimate, but the resulting torque/position

plot may show an enclosed area, the hallmark of hysteresis.

To augment this measurement on the joystick, I applied a swept-sine-wave input that

varied from ten to 500 hertz to both the testbed and the simulation. Figure 3.17 shows the

actual motor’s time response, clearly demonstrating a resonance, as well as an empirical

transfer function estimate (ETFE) of both the data and the simulation after parameter

fitting. Although the system’s Coulomb friction and hysteresis make it nonlinear, this tech-

nique can be useful in understanding and modeling its resonant behavior. A small amount

of hysteresis was observed in the cables of the test system, which changes their frequency

response slightly based on input magnitude, but this effect was deemed negligible and ap-

propriate values were chosen for the linear cable stiffness, kc, and linear cable damping,

bc. The effect of hysteresis on dynamic response is discussed below in detail, regarding the

joystick’s linkage element.

Drum

The drum’s inertial and frictional characteristics can be identified in much the same way as

those of the motor. Disconnecting the linkage leaves the drum free to spin; on the joystick

testbed, the linkage was separated where the bent member joins the beam from the base of

the handle, splitting its small mass between the drum and the handle. This disconnection

point is visible in Figure 3.18 as the silver screw head at the upper left corner of the
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Figure 3.19: Testing configuration for drum parameter identification.

linkage. As with the motor, open-loop experiments that did not include a virtual grounding

force were avoided. Instead, the drum’s parameters were identified by adding a position

controller to the motor, grounding that end of the dynamic chain via a virtual spring

as illustrated in Figure 3.19. Step responses with various magnitudes and with several

controller position gains were then performed via Ff to elucidate the system’s nonlinear

behavior. A combination of hand-fitting and nonlinear unconstrained optimization was

used to fit the parameters of drum mass (md), viscous friction between drum and ground

(bd), and Coulomb friction between drum and ground (cd); an initial set of parameters was

estimated by hand, and the Matlab function fminsearch was employed to find a locally

optimal parameter set, using a sum of squared position errors to quantify the accuracy of

particular simulations on each test. These parameters could also have been identified by

moving the system across its workspace under position control at various speeds, but the

small workspace of the drum (about 120◦) made such tests difficult.

Linkage

After locking the handle position and ensuring that there is no backlash in any of the sys-

tem’s connections, the linkage can be examined using a force/position plot and a frequency

response. The testbed’s linkage was found to be an order of magnitude softer than the

cables, and it displayed a rate-independent hysteresis, indicated by a significant enclosed

area on its force/position plot. This hysteresis caused the system’s resonant frequency and

magnitude to depend strongly on input magnitude, a behavior that cannot be captured

with a linear or position-dependent stiffness model. Unwilling to disregard this effect, I

developed a new method for modeling hysteresis in dynamic systems, which is described in

detail in Section 3.5.3.

The new hysteresis model was added to the built-up simulation to represent the linkage

stiffness. The testbed’s feedback force was slowly varied, and the motor’s resulting position
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Figure 3.20: Hysteretic behavior of the cables and linkage in series.

change was recorded, as shown in the force/position plot of Figure 3.20. Though the slope

is approximately constant, significant hysteresis is observed via the enclosed area of the

curve, which takes the same shape for a wide range of forcing frequencies. I deduced the

appropriate parameters for my new hysteresis model from the experimental data’s positive

and negative velocity asymptotes, which represent the series stiffness of linkage and cables,

and the shape that the force/position trace takes when transitioning between asymptotes.

See Section 3.5.3 for a full explanation of the five linkage parameters, klp, kln, flp, fln, and γ.

After parameter fitting, this simple model of rate-independent hysteresis aptly characterized

the system’s observed behavior.

A good hysteresis model is important because apparent stiffness strongly depends on

deflection magnitude. Small deflections give a relatively stiffer appearance, so the system’s

resonant frequency changes with signal amplitude. Swept-sine-wave inputs of different mag-

nitudes were applied to both the actual and simulated testbeds, with a sample result shown

in Figure 3.21. These tests enabled the fitting of the linkage’s viscous friction parameter,

bl. After this choice, the observed and simulated ETFEs matched well, responding similarly

for a range of input magnitudes. This linkage model enabled me to accurately characterize

the haptic interface’s response to high-frequency force feedback, as the shifting resonance

cannot be adequately approximated with a linear model.
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Figure 3.21: Nonlinear resonant response of the assembled motor, cables, drum, and linkage.
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Figure 3.22: Response of the complete system when held by a user.
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Handle and User Impedance

The last elements of the master’s dynamic chain, the mass of the handle and the impedance

of the user, can be characterized in the frequency domain. Swept sine waves varying from 10

to 200 hertz were applied while a user held the joystick in a comfortable grasp. Figure 3.22

shows the corresponding ETFE, to which the full model was matched via selection of handle

mass, mh, user stiffness, ku, and user damping, bu. The subdued resonance at 70 hertz stems

from the handle and mechanism vibrating against the flesh of the user’s hand. It was found

not to change significantly with variations in grip force, which can likely be traced to the

long distance between the handle and the motor.

If this model needed to accurately predict handle acceleration as well as motor move-

ment, accelerometer readings could be recorded during this round of testing and an appro-

priate relationship between grip force and user stiffness and damping could be determined.

A study that I conducted in 2003 showed approximately linear variation of the rotational

stiffness and damping of the user’s wrist joint in flexion and extension under changes in grip

force [84]. At a minimum, these parameters can be made to take the value of zero when

the user is not holding the device and to increase linearly from there, though this approach

does necessitate a grip force sensor. If detecting the presence of the user was important,

another option would be to use a momentary contact switch as a binary grip force sensor

so that the system can select between the non-user and user models.

3.5.3 Modeling Hysteretic Stiffness

A rate-independent hysteresis such as the one identified in the joystick’s linkage can be

attributed to combined elastic and plastic deformation, which is generally modeled using a

play/stop operator [93]. Unfortunately such a model cannot be used in dynamic simulation

because it maps force to position rather than position to force. A position-to-force model is

necessary for forward simulation of haptic interface dynamics because the hysteretic element

must be able to accept as input the position difference between two masses and output the

resulting force between them. This is the role played by a standard spring – serving as a

feedback element around the double integrators of the two connected masses. Furthermore,

the use of a play-stop operator produces an output that does not vary smoothly. In order to

enable dynamic simulation of compliant elements with hysteresis, I developed a new model

structure that takes an input deflection and produces a smooth, hysteretic force signal.
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Figure 3.23: New hysteresis model relating input deflection to output force.

As seen in Figure 3.20’s plot of linkage behavior, cycling the force applied across a

stiffness element with hysteresis traces a clockwise path in the force/position plane, enclosing

an oblong shape with pointed upper-right and lower-left corners. A non-hysteretic spring

would describe a single diagonal line rather than enclosing an area. Hysteretic behavior

is illustrated for a generic case in Figure 3.23, showing the single time-domain plots of

deflection and force, as well as these two signals plotted against each other for several input

magnitudes. In this plot, deflection is treated as the input, as that is the type of model we

need for dynamic simulation, but the behavior is the same as that exhibited by the linkage.

The observed relationship between position and force can be described by the two limits

lim
x→+∞

F (x) = fp + kpx (3.20)

and

lim
x→−∞

F (x) = fn + knx, (3.21)

where F is the force across the element and x is its deflection from nominal. I have defined fp

and fn to be the vertical offsets of the positive and negative asymptotes, respectively, and kp

and kn to be their slopes. The f parameters have units of force, and the k parameters have

units of force per distance like standard stiffnesses; the parameters fp, kp, and kn are positive

valued, and fn is negative. The asymptotic relationships described by (3.20) and (3.21)
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mathematically describe the target behavior for our model, along with the requirement for

smooth transitions between asymptotes, and they suggest a way to construct a model for

discrete real-time simulation.

The developed model produces the desired output by switching between two offset stiff-

ness lines based on positive or negative position changes and smoothing the output with a

tunable spatial filter. The coarse, pre-filtered force estimate is computed by

F̂i =















fp + kpxi + gp if xi > xi−1

F̂i−1 if xi = xi−1

fn + knxi + gn if xi < xi−1

, (3.22)

where i is the index of the current simulation cycle and gp and gn are supplementary force

offsets that are necessary for convergence to the desired limits, as discussed and defined

below. This equation produces a coarse force estimate, F̂ , that always lies on one of the

two asymptote lines and switches abruptly when the element’s deflection changes from

increasing to decreasing or the reverse. If the deflection has not changed since the previous

simulation cycle, the element’s force output remains the same.

The rough force estimate provided by (3.22) must be smoothed to match experimen-

tal observations. As the hysteresis is independent of the rate at which it is excited, the

smoothing cannot be done in the time domain. Instead, I limit changes in force based on

the deflection that has transpired since the last simulation cycle. A first-order low-pass

filter serves this purpose beautifully. In continuous space, this low-pass filter would take

the form
F̂ (s)

F (s)
=

γ

s + γ
. (3.23)

The parameter γ is the spatial filter bandwidth; it has units of radians per distance, as does

the Laplace operator s in this case. When implemented in a discrete simulation, this filter

can be represented by

Fi =
γX

1 + γX
F̂i +

1

1 + γX
Fi−1, (3.24)

with the change in deflection X defined as

X = |xi − xi−1| (3.25)

rather than the usual T employed in temporal filters. Such a choice produces a consistent
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shape in the force/position plane regardless of the time derivative of deflection, and the

smoothness can be tuned by adjusting γ. Smaller values of gamma produce smoother

transitions between the two curves, as they limit force changes with respect to deflection

more severely.

Implementing the above model without carefully choosing gp and gn does not yield the

desired force/position behavior: rather than converging to the limits described by (3.20)

and (3.21), the system asymptotically approaches lines that are each offset towards the

origin of the plot. This discrepancy can be traced to the steady-state error of the first-order

filter. The Laplace transform of its error, E(s), can be formulated in continuous space as

E(s) = F̂ (s) − F (s) =

(

1 −
γ

s + γ

)

F̂ (s) =
s

s + γ
F̂ (s). (3.26)

When the changes in deflection flip sign and the raw force signal jumps to the other asymp-

tote, the filter sees a combined step and ramp input. The position-based Laplace transform

of this raw-force input for a switch from lower to upper asymptote is

F̂ (s) =
fp − fn

s
+

kp

s2
. (3.27)

The first term in (3.27) represents the vertical step from lower to upper asymptote, and the

second term represents the sloped progress thereafter.

The steady-state error to this input can be determined using the final value theorem:

lim
x→+∞

E(x) = lim
s→0

s
E(s)

F̂ (s)
F̂ (s). (3.28)

The transfer function from coarse force estimate to filter error can be determined from

(3.26) and substituted into (3.28) along with the Laplace transform of the input, providing

lim
s→0

[

(s)

(

s

s + γ

)(

fp − fn

s
+

kp

s2

)]

= lim
s→0

[

s(fp − fn)

s + γ
+

kp

s + γ

]

= 0 +
kp

γ
(3.29)

The filter’s force output is thus seen to exhibit a steady-state error of kp/γ when tracking

the positive asymptote. It can also be shown that the filter has a steady-state error of

−kn/γ when approaching the negative asymptote, though the derivation is omitted here for

brevity. I correct for this effect by offsetting the asymptotes by the error amount via the g
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terms in (3.20) and (3.21), as follows:

gp = kp/γ (3.30)

and

gn = −kn/γ. (3.31)

As the k terms have units of force per distance and γ is in radians per distance, gp and gn

have units of force, as expected. The net effect of this compensation is to move the raw

force’s positive asymptote up and its negative asymptote down to ensure convergence to the

desired lines after spatial filtering. With the corrective g terms in place, the filtered force

gradually converges to fp+kpx when the derivative of deflection is positive, and it converges

to fn + knx when the deflection derivative is negative. To my knowledge, such a hysteresis

model has not before been developed, and it can be applied to compliant elements found in

many dynamic systems.

3.5.4 Full Model

A step-by-step account of the joystick identification process is provided above, and this

section presents an overview of the final model. The servo-loop timing was found to achieve

sub-micro-second accuracy, and the haptic interface’s linear current amplifier behaved al-

most ideally, giving F ′

f = Ff for full-scale current sinusoids at frequencies up to 1000 hertz.

The mechanical elements of the system are well-approximated by the nonlinear lumped-

parameter model shown in Figure 3.24.

Motor, drum, and handle movements are mapped to translation of the user’s hand by the

unitless motor-to-drum gear ratio, ρ = 15, and the distance from the drum axis to the handle

endpoint, h = 0.15 m. Both the motor and the drum exhibit significant Coulomb friction,

and the cables behave like a simple spring and damper. Modeling the spring force of the

joystick’s linkage, Fκl
, requires the nonlinear hysteretic description developed Section 3.5.3.

All of the model’s parameters are provided in Table 3.1, and its basic equations of motion

follow.
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Figure 3.24: Nonlinear lumped-parameter model of the user-master system using κ symbols
to signify nonlinear stiffness relationships.

Table 3.1: Identified joystick model parameters.

Parameter Value

ku 40 N/m
bu 23 Ns/m

mh 0.014 kg

klp 3900 N/m
kln 4000 N/m
flp 0.465 N
fln -0.445 N
γl 8500 rad/m
bl 0 Ns/m

Parameter Value

md 0.0075 kg
bd 0.02 Ns/m
cd 0.01 N

kc 39500 N/m
bc 3.6 Ns/m

mm 0.01075 kg
bm 0 Ns/m
cm 0.0144 N
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Figure 3.25: Two sample time responses for the real system and the model.
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mmẍm = bc(ẋd − ẋm) + kc(xd − xm) + Cm + Ff (3.32)

mdẍd = bc(ẋm − ẋd) + kc(xm − xd) − bdẋd − Fκl
+ Cd (3.33)

mhẍh = Fκl
− buẋh − kuxh (3.34)

Cm =















−cm if ẋm > 0

0 if ẋm = 0

+cm if ẋm < 0

Cd =















−cd if ẋd > 0

0 if ẋd = 0

+cd if ẋd < 0

(3.35)

With all of its parameters identified, the dynamic model’s ability to predict the master’s

time response during haptic interactions was tested. Several pre-recorded impact forces were

displayed to a user via open-loop output. During these tests, the user held the handle of the

haptic interface, moving it forward as though tapping on a remote or virtual environment.

The force profile was displayed when the user crossed a position threshold, and the resulting

master motion, xm, was recorded. The model was subjected to the same feedback force,

Ff , and its prediction of induced motor motion was recorded.

Two sample test results are shown in Figure 3.25 as experimentally measured, simulated,

and residual motor position traces. The entire set of open-loop testing, which was conducted

for a variety of transients, users, and incoming velocities, indicates that the full model

adeptly predicts system behavior, especially for the first fifty milliseconds after impact

before other effects such as the user’s hand motion and reflexes alter the response. The full,

physically based model can be used to estimate the behavior of the device during operation,

and it can also be used to predict the effect of changing various mechanical elements in the

system.

3.6 Summary

This chapter explored the internal dynamics of impedance-type haptic interfaces. The com-

bination of computer, device, and user forms a complex electro-mechanical-biomechanical

system that exhibits strongly frequency-dependent behavior. As such, simple second-order

models fail to capture important high-frequency effects, and more sophisticated model-

ing methods are needed. The two-step process presented in this chapter enables accurate

broad-spectrum characterization of a variety of systems. The multi-element transmission
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from motor to stylus makes it well-suited to comprehensive evaluation; this non-parametric

frequency-domain technique treats the system as a black box and seeks to identify input-

output relationships directly.

If comprehensive evaluation reveals significant nonlinearities or time varying behaviors,

successive isolation can be employed to obtain an accurate, high-order, nonlinear model of

these dynamics. Successive isolation of system components enables independent identifica-

tion of Coulomb and viscous friction, inertia, nonlinear and/or hysteretic stiffness, and user

impedance. Each of its steps may employ frequency- and/or time-domain testing; using

both in combination validates findings along the way and helps elucidate the many targeted

parameters.

The models that result from both characterization methods do a good job at capturing

the detailed high-frequency behavior of a haptic interface with a single degree of freedom.

These techniques can be extended to more complex systems by looking at each joint inde-

pendently, though the extent to which joint dynamics are coupled will need to be explored.

The models obtained in this work can be used to understand the dynamics of individual

axes of haptic interfaces and to develop ways to improve the control algorithms used in tele-

operation and virtual environments. The relationships from current command to handle

acceleration and current command to motor position are particularly interesting, as they

can be used to improve the feel of hard contact, as will be presented in the following two

chapters.
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Chapter 4

High-Frequency Acceleration

Matching

An ideal haptic interface would make remote and virtual interactions feel like direct manip-

ulation, portraying the dynamics of the environment with vivid, realistic haptic stimuli. As

discussed in Section 1.5, the primary shortcoming of present interfaces is the absence of high-

frequency haptic feedback, which is a direct limitation of closed-loop position-based control.

Sections 2.1.4 and 2.2.3 described methods that have been developed to add high-frequency

vibrations to remote and virtual interactions respectively, but none of these existing ap-

proaches has been widely adopted, perhaps because of their complexity and dependence on

hand tuning.

In real manipulation, vibrations above about 30 hertz are caused primarily by hard con-

tact between a hand-held tool and a stiff environment. These cues provide rich information

about material and surface properties and also help humans identify transitions between

task phases, such as the moment when the screwdriver has seated correctly in the head

of the screw. Haptic interfaces would feel significantly more realistic if imbued with these

important, information-laden, high-frequency vibrations, preferably achieved with standard

hardware and simple, extensible algorithms that do not require hand tuning.

Faced with this challenge, I invented the technique of high-frequency acceleration match-

ing, which I occasionally abbreviate as “HFAM.” Fundamental to this approach is the belief

that hard contact in remote and virtual haptic interactions will feel most realistic when it

creates fingertip accelerations that are identical to those produced during real interactions.

77
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Inspired by the prior efforts in vibration feedback that are explored in Section 4.1, I deter-

mined that the transmission dynamics of the haptic interface are the most important factor

in accurately generating high-frequency fingertip accelerations. These dynamics depend on

the behavior of the haptic interface’s current amplifier, its mechanical elements, and the

user’s hand, and they can be thoroughly characterized using the methods of Chapter 3.

The characterized relationship from current command to handle acceleration can gener-

ally be inverted, as explained in Section 4.2. This model inversion enables the controller to

compute the motor current command that is necessary to create a specified acceleration sig-

nal at the handle of the interface. Section 4.3 details the implementation of high-frequency

acceleration matching for teleoperation, and Section 4.4 specifies its application to virtual

environments. The user study described in Section 4.5 demonstrates the significant re-

alism improvements enabled by adding HFAM to a hard virtual surface, and Section 4.6

summarizes the primary themes of this research.

4.1 Prior Work in High-Frequency Haptic Feedback

As overviewed in Chapter 2, most teleoperative and virtual environment systems rely en-

tirely on closed-loop position feedback to connect the user to the remote or virtual en-

vironment, thereby restricting the haptic feedback to low-frequency signals. One notable

exception to this trend is an extended body of work on high-frequency haptic feedback that

was started by Robert D. Howe at Harvard University and Mark Cutkosky at Stanford

University. Through various collaborations and publications, this thread of research has

contributed two main paradigms to the literature, one for teleoperation and the other for

virtual environments.

4.1.1 Combined Force and Vibrotactile Feedback

In 1995 Kontarinis and Howe demonstrated that operators of a high-fidelity two-fingered

master-slave system [62] could perform a variety of tasks more efficiently and more effectively

when vibrotactile feedback was added to a standard position-force controller [76]. 1 As

illustrated in Figure 2.3, their remote robot’s fingertips included accelerometers embedded in

a soft rubber skin; detected accelerations were amplified and rendered via a high-frequency

1Although its title mentions virtual environments, the 1995 Kontarinis and Howe article develops a
vibrotactile feedback methodology for teleoperation only. With some modifications, the described methods
could also be used in virtual environments.
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vibration display on each finger of the haptic interface. These actuators were comprised

of small loudspeakers mounted “upside-down” so that the large base mass was free to

move, thereby imposing inertial reaction forces on the user’s finger. The authors delineated

and tested three types of tasks: those for which detecting high-frequency vibrations is the

primary goal, those in which vibrations can improve performance by signaling transitions

in task state, and those for which vibrations increase the realism of the interface but do not

augment operator performance.

As anticipated, subjects were able to identify a damaged bearing and puncture a thin

membrane more accurately when vibrations were added to the system’s low-frequency (less

than 30 hertz) force feedback. Although combined force and vibrotactile feedback did not

enable them to achieve faster completion times for a peg-in-hole task, users commented that

the vibrations improved the “feel” of the interface. Considering the significant performance

improvements their methods achieved, and the updated vibration actuator this group later

developed [30], it is somewhat surprising that other researchers have not added similar

vibrotactile feedback to their teleoperation systems, at least to my knowledge. Although the

phenomenon is complex, I hypothesize that there are four main reasons that this paradigm

has not yet been widely adopted.

1. Secondary Actuation: The first factor that may have contributed to the lack of adop-

tion of this technique is that it requires a secondary actuator. Input and output

channels are often limited on haptic interface systems, and researchers usually use ex-

isting hardware rather than building their own. Augmenting a haptic interface with

vibration actuators that are appropriately mounted and tuned requires time, money,

and expertise, any one of which may be in short supply for most projects.

2. Accelerometer Availability: Adding vibration feedback to a teleoperation system re-

quires a small, robust accelerometer on the end effector of the slave. Kontarinis and

Howe used a relatively expensive piezoelectric accelerometer [76], the cost of which

may have discouraged adoption. Other sensor types were available at the time [63],

but they were not widespread. The first surface micro-machined accelerometer was

introduced by Analog Devices, Inc. in 1991, and it was not available in volume pro-

duction until 1993 [155], approximately the time at which this research was being

conducted. The recent development of a wide variety of inexpensive MEMS-based

accelerometers has since removed this barrier.



CHAPTER 4. HIGH-FREQUENCY ACCELERATION MATCHING 80

3. Underlying Controller: This haptic feedback technique was demonstrated in combi-

nation with a high-fidelity position-force controller that had an innate force-feedback

bandwidth of 80 hertz. The authors low-pass filtered this feedback to deteriorate

its benefits, but the remaining 30 hertz bandwidth is higher than that typically at-

tained with the very common position-position controller. The paper consequently

shows only small user performance improvements with the addition of vibrotactile

feedback; these improvements would be more significant, applicable, and compelling

if the technique were instead showcased alongside position-position control. A similar

high-frequency vibration feedback channel was employed on an underwater manipu-

lation system with no other feedback in [30], but it did not include tests of human

subject performance with and without the vibrations.

4. Difficulty of Conveying “Feel”: The final possible limitation to the spread of this

technique is one endemic to haptic feedback research: readers of a paper cannot feel

the difference between various approaches, and so they may find it difficult to grasp

the relative importance of performance increases and user comments. Showing videos

or system demonstrations at conferences may help spread successful techniques, but

dissemination of such results is often slow.

The promising work performed by Kontarinis and Howe in 1995 is a primary motivator

for this research, which seeks overcome the above list of limitations. One element of this

previous work that I have also sought to explore further is the fidelity with which finger-

tip accelerations are rendered. The authors performed an acceleration throughput test by

moving the remote robot’s fingertip with a vibration test shaker and measuring the acceler-

ations produced at the haptic interface’s handle. They found that “the measured response

amplitude was flat to within 7 dB across the frequency range of interest.” No attempt was

made to compensate for these variations, which amount to a magnitude ratio (maximum /

minimum) of 2.24, nor to quantify variations in phase at different frequencies. Furthermore,

it is not clear from the text whether a user was holding on to the master during these tests;

if one was not, the results are less relevant to the performance achievable by the device

during use. I hypothesize that even more striking performance benefits could be achieved

by more carefully controlling the amplitude and phase of the rendered accelerations at the

user’s fingertips.
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4.1.2 Reality-Based Vibration Transients

The second branch of prior work upon which this research is founded also grew from Howe

and Cutkosky’s investigations, led by Allison M. Okamura in conjunction with several other

colleagues. This group worked to add high-frequency vibrations to hard virtual surfaces

through the use of reality-based transients. In 1995 Wellman and Howe first showed that the

force response of a stylus tapped on a rigid surface can be approximated as an exponentially

decaying sinusoid with a frequency that depends on material composition [152]. Initial

human-subject testing demonstrated that the addition of such transients via a secondary

voice-coil actuator improved the perception of virtual stiffness during tapping over position

feedback alone.

The vibration transient approach was then extended to standard haptic devices by

Okamura, Dennerlein, and Howe in 1998, as they superimposed position-based feedback

with short, contact-triggered transients via a haptic interface’s existing DC motors [114].

The accelerations caused by tapping on a variety of materials were recorded, parametrized,

and collected into a library. An arbitrary scale factor between recorded acceleration and

transient amplitude was determined by the experimenter and used in human subject tests

conducted with an Impulse Engine joystick. This purely algorithmic method was shown to

improve the perceived stiffness of virtual objects and to enable more accurate differentiation

between various virtual materials.

This project was refined and expanded to three-dimensional exploration in 2000 by

Okamura, Hage, Cutkosky, and Dennerlein [113, 115]. The accelerations recorded from

contact with many different materials were determined to be too high in frequency for

the selected haptic interface, an Immersion 3GM device. The authors concluded that it

was thus not viable to exactly replicate the recorded accelerations, and so they scaled

them linearly down in frequency to the renderable range of their device. Although they

recognized that one could compensate for the system’s high-frequency roll-off in software,

the researchers choose not to do so for unknown reasons that were most likely based on

hardware limitations. Instead of employing dynamic compensation, the authors employed

extensive psychophysical testing to determine which vibration parameters felt most realistic

for each target material. During this tuning phase, subjects used the haptic interface to

tap back and forth between the real surface and the virtual rendering to try to match their

respective haptic impressions as closely as possible. A follow-on performance test found

that subjects could adeptly distinguish between virtual objects with different parameters.
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Though some thought they felt “active” or “not exactly realistic,” most users preferred the

surfaces with vibrations to those without [113].

What can be learned from this second body of research is that high-frequency tran-

sients added at contact can significantly increase the realism of hard virtual objects. In

light of this finding, it is surprising that other researchers and companies have not added

such feedback to their interfaces, a phenomenon that I attribute primarily to the difficulty

of conveying “feel” through conference and journal publications. Unanswered questions on

this topic include how to create high-frequency handle accelerations that are beyond the

natural bandwidth of the interface, and how to select transient parameters without exten-

sive psychophysical tuning; these questions have strongly motivated and driven my own

investigations on this subject.

4.2 Compensating for Haptic Interface Dynamics

Other researchers have developed some methods for displaying high-frequency acceleration

transients during remote and virtual interactions, but none has been widely adopted, and

open questions about optimal implementation techniques still remain. In response, I have

developed the approach of high-frequency acceleration matching to continue this line of

research and advance haptic display toward the ever-present goal of portraying realistic

hard contact with impedance-type devices.

4.2.1 Primary Goals of HFAM

Building on prior work in this field, I have defined the following five main objectives for the

approach of high-frequency acceleration matching:

• During teleoperation, match the user’s high-frequency fingertip accelerations to those

experienced by the end effector of the slave robot without intermediate scaling or

other filtering. This design goal allows the user to feel exactly what the remote robot

is experiencing, creating the impression that the master handle is rigidly attached to

the slave tip and therefore linking the user more closely with the environment and the

task at hand.

• For virtual environments, match the user’s high-frequency fingertip accelerations to
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those that would be experienced during the real interaction being simulated; for exam-

ple, record contact accelerations from a wooden stylus tapping on the hood of a real

car in order to build a haptic simulation of this interaction. Aligning the acceleration

cues will make the two environments feel exceptionally similar.

• Use the haptic interface’s existing DC motors to create the desired high-frequency

vibrations, rather than adding a secondary actuator to the handle. This choice fa-

cilitates implementation on most existing hardware, avoids adding extra mass to the

device, and can potentially achieve identical results, assuming the device has a rela-

tively good connection from motor to handle and sufficient actuator power to render

the target interactions.

• Compensate for the motor-current-to-handle-acceleration transmission dynamics of

the user-device system through careful characterization and model inversion. These

analyses permit accurate generation of a wide range of acceleration transients. Once

the dynamics of a certain device are identified, its inverted model can be used to

make contact with almost any remote or virtual hard surface feel real. Although

inverting these internal dynamics cannot enable a system to create high-frequency

accelerations that are fundamentally beyond its capabilities, perhaps due to backlash

or excessively low bandwidth, this software-based method can significantly extend the

high-frequency range of most existing hardware.

• Evaluate the realism of various rendering algorithms by having users perform direct,

blind comparisons between virtual and real objects. If a haptic interface is to be used

to defuse bombs or train heart surgeons, it must be able to render interactions with

a fidelity that is currently unattainable; I believe that we will reach this goal only by

challenging ourselves to fool human users, which can be viewed as a Turing test for

haptic interaction. 2

2In 1950 Alan M. Turing wrote a seminal paper on artificial intelligence (AI) in which he examined
whether a computer could fool a human into believing that it was another human through written interaction
alone [148]. The test that I propose is similar in that it seeks to establish whether a haptic interface could
fool a human into believing it was a real environment through physical interaction alone. I hope that the
haptic Turing test may motivate haptics research in the same way that the original challenge spurred the
progress of AI, though this new challenge may prove to be even more difficult due to the remarkable human
sensitivity to haptic stimuli.
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4.2.2 Inverting a Haptic Interface’s Dynamic Model

The foremost engineering challenges for high-frequency acceleration matching are to obtain a

good model of the interface’s internal dynamics and to devise a reliable method for inverting

this model. The first of these two challenges can be addressed with the modeling methods

of Chapter 3, and this section presents an approach for inverting such models.

This task is most easily achievable when the user-device system behaves in a linear,

time-invariant manner. In this case comprehensive evaluation will yield an LTI model of

the relationship between commanded motor current and measured handle acceleration while

the device is being held by a user. The system’s handle acceleration transfer function is

defined by

Hha(s) =
Ah(s)

Im(s)
, (4.1)

with Ah(s) being the Laplace transform of the handle acceleration and Im(s) being the

Laplace transform of the motor current command; the transfer function for the correspond-

ing model is denoted Ĥha(s). A short constant time delay can be characterized via compre-

hensive evaluation and discarded during this inversion process, as human reaction time to

tactile stimuli is about 140 milliseconds [92], and delays less than this duration are not no-

ticeable to the operator [111]. As presented in Section 3.4.6, a dependence on grip force can

often be modeled by creating separate LTI models for different grip force levels, including

the zero grip force case of the device’s natural dynamics, and interpolating appropriately.

If the system does not behave in a linear, time-invariant manner, successive isolation

can be employed to isolate the nonlinear and/or time-varying elements. This analysis may

uncover amplifier cross-over distortion, a soft hysteretic compliance, backlash in a mechan-

ical joint, or large Coulomb friction. When possible, these components should be fixed or

replaced to enable the use of a linear model. If a strongly nonlinear model is necessary, it

can be linearized around a certain operating point, or nonlinear model inversion techniques

can be utilized. The remainder of this section will deal only with the case in which a linear

model has been obtained.

To facilitate real-time inversion, the LTI model should have a relative degree of zero,

i.e. it should have the same number of poles as zeros. Physical systems almost always

display low-pass behavior, so extra zeros will need to be added just above the frequency

range of interest to achieve this effect, adjusting the rest of the model to match the data

accordingly. For example, the Phantom model pictured in Figure 4.1 naturally has a relative
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Figure 4.1: Phantom handle acceleration ETFEs and model, Ĥha(s).

degree of two, so a pair of zeros at 800 hertz with a damping ratio of 0.5 were added, for

a total of 15 poles and 15 zeros. In the general case, the additional zeros should be placed

above the studied frequency range but should be significantly slower than the sampling

frequency to ensure adequate discretization. The locations and damping ratios of the other

high-frequency poles and zeros should be adjusted along with the placement of the extra

zeros to maintain agreement between experiment and simulation in the frequency domain

of interest. Having a relative degree of zero gives the forward model a finite gain at high

frequency, as seen in Figure 4.1.

Another way to view these added zeros is that they become a low-pass filter (high-

frequency poles) when the model is inverted. Selecting their placement in tandem with

the model, as suggested here, ensures that this filter does not change the treatment of

signals near the identified upper frequency limit of the system model. Selecting the filter’s

characteristics in light of its net effect on the model facilitates better model inversion than

performing these two steps separately.

Once it has an equivalent number of poles and zeros, the linear model for these system

dynamics is easily inverted:

Ĥha(s)
−1 =

1

Ĥha(s)
(4.2)
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The poles of the model become the zeros of the inverse model, and vice versa. With this

inverse model in hand, one can estimate the motor current necessary to create a desired

handle acceleration as

Îm(s) =
1

Ĥha(s)
Ah,des(s). (4.3)

Because the modified forward model has a finite gain at high frequency, so does the inverse

model; the forward transfer function’s added high-frequency zeros simplify the inversion

process and implicitly act as low-pass filters in the inverse to limit the amplification of

high-frequency noise in the acceleration signals being matched.

To further protect against noise amplification, the desired handle acceleration signal

(ah,des) should be smooth, whether it stems from a real-time slave-tip reading or pre-

recorded hand-held testing. Care should be taken to minimize electrical noise on the

accelerometer input lines by using a clean power source and shielded cables. After low-

pass filtering to prevent aliasing, the electrical signals should be buffered in analog circuitry

before the analog-to-digital conversion, and unused analog inputs should be tied to a stable

voltage.

If these measures do not result in an acceleration signal that is sufficiently clean, the

signal should be smoothed to remove content above the characterized frequency range of

the model before processing with its inverse. The technique of windowing works well for

this purpose, but it also incurs a short, constant time delay equal to half of the length of

the window. Window durations that are on the order of a few milliseconds can smooth a

ten kilohertz signal with a bandwidth in the hundreds of hertz; the high-frequency feedback

channel is thus slightly delayed from the closed-loop position loop. This delay does not

generally pose a problem because it is small and it naturally combines with the master’s

output delay upon display.

4.3 Implementing HFAM for Teleoperation

Seeking to provide the user with an authentic feel for the objects contacted by the slave,

this section develops a new paradigm for telerobotic feedback that accurately transmits the

fine vibratory details of contact. The approach of high-frequency acceleration matching

augments a standard bilateral position controller with a feedback channel from the slave

tip to the master handle, as illustrated in Figure 4.2. The high-frequency end-effector

accelerations that stem from contact with hard or textured objects are measured in real
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Figure 4.2: Illustration and single-axis lumped-parameter model of a telerobotic system
under position-position control augmented by high-frequency acceleration matching.

time and recreated at the user’s fingertips. While such an effect can be achieved by adding

a secondary actuator to the handle of the master mechanism [30, 76], the device’s main

motors serve this purpose beautifully if the dynamic connection from motor to handle is

taken into account, as first presented in [82]. This section explores the technical details of

the HFAM approach and demonstrates its ability to render hard and rough surfaces on a

standard master-slave system.

4.3.1 Algorithm Definition

High-frequency acceleration matching provides a new method for connecting the user to

the remote environment during teleoperation. The HFAM-augmented controller combines

a low-frequency power band with a high-frequency information band, divided at approx-

imately 20 hertz. This approach is inspired by the human’s asymmetric sensation and

actuation bandwidths and aligns well with Daniel and McAree’s frequency separation of

human manipulation [28]. As illustrated in Figure 4.2, the method of acceleration matching
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augments position-position control with a secondary feedback channel based on the slave tip

acceleration, creating a hybrid controller that is better suited to human sensing capabilities.

Although PD control alone cannot convey high-frequency accelerations to the user’s

fingertips, it adeptly handles quasi-static feedback. Typical hand motions such as tapping

and stroking are slower than 10 hertz and are communicated between the sites via bilateral

PD control using the motor position signals xmm and xsm. The high-frequency dynamic

response of the environment, which generally contains frequencies from several hundred

hertz to over one kilohertz, is measured via the acceleration of the slave tip, ast. When

humans interact with objects through a mechanical tool, accelerations such as these travel

along the structure of the tool to strongly stimulate the Pacinian corpuscles in the human

fingertips [12, 154], providing rich information about the object’s geometry, texture, and

material composition. HFAM for teleoperation applies an additional force, Fam, at the

master motor to attempt to match the high-frequency acceleration of the master’s handle,

ãmh, to that of the slave tip, such that

ãmh(t) = ãst(t), (4.4)

where the tilde signifies a high-pass-filtered signal.

Creating specific master handle accelerations by requesting motor current requires knowl-

edge of the dynamics of the user’s hand and the master itself, as discussed in Section 4.2.

With a well-identified linear model of the relationship between commanded motor current

and handle acceleration, Ĥha(s), the teleoperation controller can perform high-frequency

acceleration matching. The necessary signal processing architecture is shown in Figure 4.3

along with sample signals.
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Figure 4.3: Real-time signal processing of slave acceleration.
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Smoothing

As the inverse master model typically has large gain at high frequency, the slave acceler-

ation signal, ast, is first smoothed to rid it of any very high-frequency electrical noise or

other signals beyond the characterized range of the haptic interface. Smoothing must be

performed in real time using an appropriately sized window; as long as the short time delay

incurred by this smoothing is on the order of a few milliseconds, it will not affect the user’s

perception of the interaction, though it may affect the system’s stability. The experimental

system on which this approach has been developed uses a fifteen-point modified Bartlett-

Hanning window, which adds a fixed delay of seven time steps but preserves the important

shape of high-frequency transients.

High-Pass Filtering

As shown in Figure 4.3, the smoothed acceleration signal is next high-pass filtered to pre-

vent overlap with the low-frequency power band. The PD controller is responsible for

transmitting movement below the tracking bandwidth of the slave’s sub-system, and the

acceleration-matching channel should not interfere. Furthermore, the high-frequency feed-

back channel should not attempt to recreate free-space accelerations that stem from user

movement, so this high-pass filter should always be set above ten hertz. The experimental

system on which these techniques were developed uses a second-order linear filter with a

bandwidth of 22 hertz, well matched to the second-order low-pass behavior of the slave’s PD

controller and significantly above the range of human intention. The discrete-time equiv-

alent of this filter is applied in real-time to the system’s smooth slave acceleration signal,

producing the high-frequency version, ãst, that needs to be replicated on the master.

Model Inversion

To determine the necessary master motor current request, îmm, the smoothed, high-pass-

filtered version of the slave tip acceleration is then applied to the inverse of the identified

master model, via

Îmm(s) =
1

Ĥha(s)
Ãst(s). (4.5)

In order to perform this transformation in real time, the inverse model must be discretized

at the system’s servo rate, using a Tustin approximation to preserve stability. The frequency

response of the discretized model should be checked against the continuous-time model; if
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the two differ significantly, the sampling rate should be increased. The resulting model is

then included in the real-time controller, using double-precision floating point calculations

to avoid numerical instability. With such a process in place, a telerobotic controller can

determine the current command necessary to match the master handle’s high-frequency

accelerations to those of the slave tip.

4.3.2 Experimental Results

This section investigates the effect of matching high-frequency accelerations in real time,

showing results from tapping on a hard object and stroking a rough texture. The master-

slave system on which this research was conducted consists of a pair of early Phantom

robots by SensAble Technologies. As pictured in Figure 4.4, each device has three degrees

of freedom, incorporating high-fidelity Maxon motors, smooth cable drives, and relatively

stiff linkage elements. The orientation of the distal link of the master robot was reversed to

point upward and was rigidly extended with a pen-based stylus. Each joint was connected

to the corresponding joint on the other device via PD control.

This experimental work focused on adding high-frequency acceleration matching to the

vertical axis of the haptic interface, which runs along the length of the handle and bears

primary responsibility for tapping feedback. Acceleration matching could be added to the

other joints through replication of the current work. The shoulder and elbow joints of the

master mechanism were driven with high-bandwidth linear amplifiers taken from an Immer-

sion Impulse Engine 2000, and the system’s other four axes were driven by the Phantom’s

standard pulse-width modulation amplifiers. The linear amplifiers provide excellent high-

frequency response, producing full-scale sinusoidal current at up to one kilohertz with no

attenuation or phase lag. One drawback of these amplifiers, however, is their 1.4 amp maxi-

mum current; although the Phantom’s motors can sustain only 1.26 amps continuously, they

can tolerate much higher current for short durations, which would allow for even stronger

high-frequency haptic cues.

Master and slave accelerations were measured by rigidly attaching a MEMS accelerom-

eter to the endpoint of each device. As shown mounted on a custom printed circuit board

in the inset of Figure 4.4, the ADXL321 chip from Analog Devices provides a range of

±18 g, an adjustable bandwidth that was set at one kilohertz, and a footprint of just 16

square millimeters. The voltage outputs of the two accelerometers were measured using a

National Instruments PCI-1200 card, and the system was controlled at a five kilohertz servo
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Figure 4.4: Telerobotic testbed.
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rate by a desktop computer running RTAI Linux. This telerobotic system, with its pair

of accelerometers, served as an excellent testbed for the development of the high-frequency

acceleration-matching approach to haptic feedback in telerobotics.

High-frequency acceleration matching was added to the shoulder axis of the master-slave

system using the techniques described in Section 4.3.1. The tip of the slave is an aluminum

cylinder, so contact with hard objects generates very high frequency accelerations. Sample

master and slave accelerations for tapping on wood and stroking a rough texture under two

different control schemes are shown in Figure 4.5: the left plots show PD control alone,

and the right plots show PD control augmented with high-frequency acceleration matching.

Note that the intervening time delay of 2.2 milliseconds was removed from the master

handle signals to enable visual comparison with the slave tip. In sharp contrast to the poor

performance of PD control, the HFAM-enabled system successfully portrays the slave tip’s

high-frequency accelerations to the user, creating a haptic experience that is significantly

more rich than that created by PD feedback alone.

In the acceleration-matching approach, differences between slave and master accelera-

tions stem from smoothing, high-pass filtering, and inaccuracies in the master model. The

additional high-frequency noise that is visible on the master handle signals under PD con-

trol with HFAM stems from an originally unidentified system resonance near 1200 hertz.

This artifact does not significantly affect the feel of the interface, as the buzzing is beyond

the tactile sensory bandwidth of the user. It could be eliminated by extending the system

model to include this resonance so that model inversion would prevent its excitation during

playback.

Although the HFAM feedback algorithm for teleoperation has not yet been evaluated in

a formal user study, informal testing indicates that acceleration matching vastly improves

the user’s ability to determine the material or texture of the environment, as accomplished

by the similar strategy and secondary actuator of Kontarinis and Howe [76]. Anecdotally,

users have enjoyed the improved sense of telerobotic touch that high-frequency acceleration

matching provides, commenting that it makes the system feel more like a rigid tool. Adding

high-frequency acceleration matching to systems under bilateral PD control allows the user’s

fingertips to experience the same high-frequency accelerations as the slave’s end effector.

Rather than feeling like soft, smooth foam, hard remote objects feel crisp, and textured

objects feel rough. The user can take advantage of his or her vast experience with everyday

manipulations to interpret these signals and guide the interaction accordingly.
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Figure 4.6: High-frequency acceleration matching for virtual environments.

4.4 Implementing HFAM for Virtual Environments

Aiming to make firm virtual surfaces feel indistinguishable from their real counterparts, this

section develops a new paradigm for virtual environment feedback that accurately recreates

the high-frequency accelerations of hard contact. The approach of high-frequency accelera-

tion matching augments standard position feedback with short surface-specific transients at

contact, as illustrated in Figure 4.6. These transients are generated in advance from inter-

actions between a human hand and the object or surface being simulated. The algorithm

accounts for the dynamic connection between the haptic interface’s motor and handle to

accurately recreate the target accelerations at the user’s fingertips. This section presents

the technical details of this approach and demonstrates its ability to portray hard surfaces

on a typical impedance-type device.

4.4.1 Transient Generation

High-frequency acceleration matching provides a new method for generating transients for

use in event-based haptics, the virtual environment feedback architecture described in Sec-

tion 2.2.3. In the past, researchers have used parametric transients such as short-duration

pulses and decaying sinusoids, but signal features such as duration, frequency, and nominal

magnitude always needed to be hand-tuned for each device and target object, a process that

is more art than science. As discussed in Section 4.1.2, extensive psychophysical testing can
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Figure 4.7: HFAM transient library generation.

be used to identify preferred values, but there has not before been a deterministic method

for generating transients that feel realistic. Working from a desire to recreate the acceler-

ations caused by real contact, I developed an analytical method for generating a library of

current commands that can reproduce pre-recorded handle accelerations. 3

Recording Accelerations

As diagrammed in Figure 4.7, an instrumented stylus is used to record the contact accel-

eration transients that result from hand-held contact with the target object. The haptic

interface itself can be used for this testing, or another stylus can be used with any other

lightweight digitizing robotic arm or even a non-contact position tracking system. Regard-

less of the position measurement method, a small, high-bandwidth accelerometer should

be attached to the stylus. This work has focused on the accelerations that occur along

the length of the stylus, as these are most important during perpendicular tapping, but a

three-dimensional accelerometer could be used instead.

Impacts are recorded at a wide range of incoming velocities, seeking to adequately cover

expected values, as the dynamics of contact depend strongly on this variable; the magnitude

of the acceleration transient generally increases with velocity, and its shape often changes as

well. Contact accelerations are generally independent of grip force, except at very low levels

when the stylus begins slipping out of the human’s grasp, so it is not necessary to vary or

measure this parameter during the recording phase [38]. For each contact, 100 milliseconds

3I have chosen to split the HFAM algorithm into an offline portion, which processes the desired acceler-
ation transients and generates the current waveform library, and a real-time portion, which interpolates the
transient from the library based on incoming velocity and possibly grip force. With adequate computational
power, the recorded accelerations could be stored instead, and the signal processing could be done in real time.
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Figure 4.8: Recorded accelerations and current transient library for tapping on a sample of
wood on a foam substrate at different velocities using the Phantom.

of acceleration starting just before the impact should be recorded at a high data rate, such as

ten kilohertz, and tagged with the incoming velocity. The entire set of recorded acceleration

transients should then be plotted together, and a nicely spaced subset should be chosen.

Traces that have high incoming acceleration should be discarded, as should ones that appear

atypical. A sample set of chosen accelerations is shown in the top half of Figure 4.8; this

set can be viewed as the haptic impression of the target interaction.

Smoothing

The selected acceleration signals must be processed and applied to the haptic interface’s

inverse model to determine the current commands necessary to create them on the haptic

interface. Any very high-frequency noise in the acceleration transients will be amplified

by the inverse model, since it has finite rather than zero gain at infinite frequency. Each

transient is thus pre-padded with zeros and smoothed to remove high-frequency electrical

noise without altering phase. As with high-frequency acceleration matching in teleoperation,

a variety of window shapes can be used, and the bandwidth of this operation should be set

no higher than the one kilohertz bandwidth of human perception.
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Model Inversion

The smooth acceleration transients are then applied to the inverse of the system model,

producing a raw version of the required current transients. The equation governing this

transformation is

Îmm(s) =
1

Ĥha(s)
Ah,tr(s), (4.6)

where Îmm(s) is the Laplace transform of the estimated master motor current command

and Ah,tr(s) is the Laplace transform of the handle acceleration transient. In certain sit-

uations, the identified system model consists of a set of LTI models rather than a single

model; Figure 4.7 depicts this occurrence for grip-force compensation under comprehensive

evaluation, which was described in Section 3.4.6. In such cases, this transformation should

be performed independently for each model on each transient in order to determine the ar-

ray of current transients necessary to produce that acceleration for all characterized levels

of grip force.

High-Pass Filtering and Tapering

The presence of a human user prevents the inverse model for a haptic interface’s dynamics

from being accurate at low frequency. Humans can actively control the motion of their

hands below eight hertz, so the controller should not attempt to generate accelerations in

this frequency range. Additionally, the short duration of the transient cannot be used to

present such low-frequency feedback, so it should be eliminated from the current transients.

A second-order high-pass filter with a cut-off near ten hertz works well for this purpose.

The zero padding is subsequently removed and the tails of the signals are tapered to zero to

smoothly transfer feedback responsibility from the open-loop transient to the proportional

controller. For each system model, the result is a library of current transients like that

shown in the bottom plot of Figure 4.8. Note the non-linear variation of both acceleration

and current with velocity, which highlights the ability of a model-based approach to produce

realistic, non-parametric accelerations at impact.

Verification

When a library is created, the model inversion process should be verified by applying the

computed current transient to the forward model and by testing the transients on the
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actual hardware. The output from each trial is compared with the desired acceleration

transient for a variety of incoming velocities to ensure that the inversion process does

not distort the signals significantly. Close correspondence can be achieved with the above

methodology, supporting the viability of model inversion for matching virtual feedback to

real accelerations. Once this process has been established, transient libraries for a wide

variety of materials and objects can be created very quickly. The only hand-controlled step

is that of transient selection, which could be automated fairly easily.

In my experience, the above signal processing methods produce transients that feel

very realistic to most users when overlaid with a wide range of underlying proportional

feedback stiffnesses. Interestingly, though, a small percentage of users will report that

the HFAM surface feels slightly active. I hypothesize that these individuals present a

somewhat lower hand impedance than other test subjects, so the handle moves more and

creates fingertip accelerations that are larger than intended. People are very sensitive to

this over-stimulation, as it is not a sensation encountered during interactions with real

objects. This impression can be corrected by multiplying the library transients by a gain

of 0.8 or 0.9 for these users, rather than portraying them at their full magnitudes. A more

thorough approach is to re-characterize the dynamics of the interface for users with low

hand impedance and generate a separate library for their use.

4.4.2 Transient Overlay

Once the transient library for a target surface has been created, its high-frequency acceleration-

matched transients are added to the standard proportional feedback controller as shown in

Figure 4.9. The real-time controller loads the library as a two- or three- dimensional array:

the two axes of time (not shown) and incoming velocity will always be present, and a third

axis may be used on systems whose dynamics vary strongly with grip force or another pa-

rameter. The program also loads the geometry of the simulated environment and performs

collision detection between it and the user’s proxy. When the user enters a virtual object,

a threshold-crossing event occurs, and the controller computes the appropriate open-loop

signal from its transient library.

The real-time controller uses measurements of incoming velocity and grip force to con-

struct the appropriate transient from the library. The user’s incoming velocity is compared

to those of the library transients, and a linear combination of the closest signals is se-

lected. For example, if the incoming velocity was 0.07 m/s, our library’s 0.065 m/s and
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Figure 4.9: Algorithm for combining proportional feedback with grip-modulated high-
frequency acceleration-matched transients.

0.081 m/s traces in Figure 4.8 would bracket the current state, and the system would select

0.3125 times the lower transient plus 0.6875 times the upper transient. Linear interpolation

is motivated by the commonly observed linear relationship between transient acceleration

magnitude and incoming velocity, as demonstrated for example in [113]. If the contact

responses for a certain probe/material combination were found to increase nonlinearly with

velocity, the interpolation could instead be performed in a nonlinear manner. If grip force or

another time-varying parameter is also used as a library index, its present value is measured

at the start of contact, and the neighboring levels are again interpolated appropriately. The

final open-loop waveform is constructed as a weighted sum of the neighboring transients,

and it is added to the system’s proportional feedback for the first 100 milliseconds after

contact.

As depicted in Figure 4.9, separate current saturation levels can be used for steady-state

and transient feedback: DC motors can easily withstand higher current for short durations,

as are needed for event-based transients, provided that the temperature of the motor is ac-

curately estimated in real time and used to terminate or attenuate the simulation’s feedback

if necessary [38]. Exceeding the standard steady-state current limit increases the maximum

usable current magnitude and therefore the acceleration transient frequency that can be

rendered with a system. These high current levels are available in most haptic systems

but are not leveraged by traditional feedback algorithms, adding to the appeal of an event-

based approach with HFAM transients. During an interaction, the combined proportional
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and acceleration-matched feedback signals are summed and applied to the user together to

create the handle acceleration ah(t), which strongly resembles the target acceleration when

the model inversion process is performed well.

4.4.3 Experimental Results

This section shows representative results from the use of high-frequency acceleration-matched

transients in simulating contact with hard surfaces. Testing was performed in two phases.

The first took a simple approach and did not compensate for changes in user grip force;

this apparatus was based on a Phantom device and was used extensively in the human

subject study presented in Section 4.5. The second phase was conducted on a custom one-

degree-of-freedom haptic interface and included compensation for changes in user grip force.

Results from both of these projects are presented below. In both cases, the target interac-

tion was chosen to be tapping on wood, a familiar material whose characteristic transients

fall within the current creation capabilities of the utilized interfaces. The higher-frequency

signals caused by contact with stiffer substances such as metal require actuation power that

is beyond the capabilities of our present amplifiers, though the same methods can be applied

to their creation.

Phantom

The first haptic interface on which this work was conducted is the same early Phantom

device that was used as the master in the teleoperation system discussed in Section 4.3.2.

As pictured in Figure 4.10, this stiff mechanism uses a high-bandwidth linear amplifier

to allow transmission of high-frequency signals to the user’s hand. During interactions,

motion along the axis of the stylus was isolated using a proportional controller to keep the

stylus vertical. The motor on the shoulder joint was used to render all interaction forces,

and mechanical stops were added to the base joint to keep it centered. Software gravity

compensation allowed the stylus to maintain a constant position when the user was not

holding it.

Handle accelerations were measured via an Analog Devices ADXL150, which has a

bandwidth of one kilohertz and a range of ±50 g. The small package of this accelerometer

was attached to the Phantom’s distal link using double-sided tape, and its wires were

routed along the arm. The voltage output of the accelerometer was measured using a

National Instruments PCI-1200 card. A desktop computer running RTAI Linux sampled
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Figure 4.10: Phantom testbed for vertical tapping.

the accelerometer signal, as well as the Phantom’s encoders, at ten kilohertz, commanding

output from the current amplifier at the same rate. This high servo frequency was chosen to

allow the system to measure accelerations and output currents at many hundreds of hertz.

Grip force was not sensed, and users were asked to maintain a consistent, moderate hold

on the stylus during this informal testing and during the follow-on human-subject study,

which is described in Section 4.5.

Sample performance of the acceleration-matching approach to event-based transient

generation is shown in Figure 4.11. For the left-most plot, the proportional feedback gain

k was set to 680 newtons per meter, the highest value attainable on this system that does
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Figure 4.11: Handle acceleration transients at contact under an incoming velocity of 0.11
meters per second.
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not create noticeable vibrations at each encoder tick passing. The acceleration transient

created when tapping on this surface at an incoming velocity of 0.11 meters per second is

seen to be much smaller in magnitude and slower in frequency than the target acceleration.

The pre-recorded acceleration transient stemmed from interactions with a piece of wood

on a foam substrate, the target interaction for the library shown in Figure 4.8. When the

high-frequency acceleration-matched transient is added to the proportional feedback, the

user experiences contact accelerations like those shown in the rightmost plot of Figure 4.11:

the transient strongly resembles the pre-recorded acceleration, showing large magnitude,

high-frequency, and a similar decay rate. Testing like this was conducted on the Phantom

for several individuals at a range of incoming velocities with similarly good results, pro-

viding initial verification for the performance of high-frequency acceleration matching and

indicating its readiness for a formal user study.

Custom One-DOF Interface

A second set of experiments was conducted on a different haptic interface to explore the

dynamic effect of user grip force during tapping interactions with HFAM. The chosen sys-

tem is a custom one-degree-of-freedom (one-dof) testbed, as depicted in Figure 4.12. This

mechanism has a single DC motor and permits vertical stylus motion only. This platform

incorporates a Maxon RE025 motor with an optical encoder and provides approximately the

Figure 4.12: Custom one-dof interface for virtual tapping.
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same motor-torque-to-stylus-force ratio as a Phantom. The stylus was instrumented with

an Analog Devices ADXL321 ±18g accelerometer mounted to a custom circuit board, used

for both transient recording and validation. In addition, a FlexiForce A201-1 force-sensitive

resistor (FSR) [40] was mounted on the stylus to measure grip force in a two-finger grasp

configuration. A National Instruments PCI-1200 card provided analog-to-digital capture

resolutions of 0.0175 g and 0.009 newtons for the accelerometer and grip force sensor re-

spectively. The system was controlled by a ten kilohertz servo loop on a desktop computer

running RTAI Linux [127].

The low-pass characteristics of this system’s PWM current amplifier were characterized

and counteracted through the use of a high-pass current-command pre-filter [38]. The

remaining dynamics were characterized at discrete grip force levels through comprehensive

evaluation, yielding the models shown in Figure 3.12. A transient library was constructed

for the wood on foam sample using the methods presented in Section 4.4.1, and it was tested

for a range of grip forces and incoming velocities with a single user.

Figure 4.13 shows twelve acceleration transients for virtual taps using grip-modulated

acceleration-matched haptic feedback, along with the motor current transients used to cre-

ate each of them. The black dashed traces in the three left-hand columns are the measured

accelerations from real taps that were used to create the transient library. The correspon-

dence between the rendered and desired signals and the uniformity across grip force for each

incoming velocity demonstrate that the changing user/stylus dynamics are accurately ac-

counted for by the system. For comparison, if the system were to blindly apply the medium

grip current transient regardless of grip force, the acceleration would be too large for softer

grips and too weak for firmer grip forces.

Closer examination of Figure 4.13 reveals extraneous high-frequency vibrations for the

firm grip force at 30 and 40 cm/s velocity, as well as for the medium grip force at 40

cm/s. At these higher grip forces and higher incoming velocities, the transient current

command reached the saturation value of four amps, as can be seen in the right-hand

column of the figure. Truncating the transient in this manner distorts the experience of

contact and can excite higher-frequency modes in the system in the same way that a step

command can. A higher saturation limit could have been used to avoid this effect, though

motor thermal limits would have more severely limited the number of strong taps that

could be conducted in a short period of time. As with the Phantom interface, the one-dof

system achieved good acceleration matching between pre-recorded transients and transients
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Figure 4.13: Contact accelerations and corresponding current transients for a range of
incoming velocities and grip forces.

generated during virtual tapping when saturation was not encountered. The effect these

accelerations have on the user’s perception of the interaction is explored and discussed in

the following section.

4.5 User Evaluation

Realism of virtual contact is inherently difficult to quantify and can be accurately assessed

only by conducting perceptual user tests; consequently, the method of high-frequency ac-

celeration matching for virtual environments was evaluated in two carefully controlled user

studies. The first investigation performed a preliminary examination of user perception

of realism during contact with real and virtual wood, and the results were reported by

Kuchenbecker, Fiene, and Niemeyer in 2005 [78]. The experimental methods of this study
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Figure 4.14: Phantom, instrumented test-sample platform, real samples, and virtual sample
placeholders.

were refined, the revised experiment was performed with a new set of human subjects, and

the results were published by the same set of authors in 2006 [79]. This section presents the

methods and findings of the second study, showing that event-based transients, including

those designed through high-frequency acceleration matching, can portray hard contact with

significantly higher realism than the traditional haptic feedback architecture of proportional

control.

4.5.1 Experimental Setup

User testing was performed on the hardware described in Section 4.4.3 with motion of the

stylus constrained to one degree of freedom to isolate tapping motions. Tapping on wood

was chosen as the target interaction, as most people are familiar with this material from

daily interactions. Real samples and virtual sample placeholders were positioned on a rigid

stand beneath the center of the stylus, as shown in Figure 4.14. An ATI Mini-40 force

sensor allowed the system to measure contact forces at one kilohertz during interactions

with real samples, providing a force resolution of about 0.0013 newtons . Interactions with

virtual surfaces were portrayed with the Phantom’s shoulder motor.



CHAPTER 4. HIGH-FREQUENCY ACCELERATION MATCHING 105

Figure 4.15: Twelve test samples.

Table 4.1: Test sample parameters.

Wood K ≈ 70,000 N/m
Wood on Foam K ≈ 350 N/m

Foam K ≈ 220 N/m

Very Firm Proportional K = 1020 N/m
Firm Proportional K = 680 N/m
Soft Proportional K = 340 N/m

Fixed-Width Pulse A = 4.55 Ns/m, d = 0.020 s
Decaying Sinusoid A = 15.9 Ns/m, d = 0.055 s, f = 55 Hz

4.5.2 Test Samples

The feel of the high-frequency acceleration-matched (HFAM) transients developed in Sec-

tion 4.4 was evaluated in a user study via comparison with three real objects and several

other virtual rendering techniques. As depicted in the left-hand column of Figure 4.15, the

three real samples were a piece of foam, a piece of wood on top of a foam substrate, and

a piece of solid wood. Each material is mounted on an aluminum base to make the top

surface a consistent height and to facilitate keyed placement on the stand. The approximate

linear stiffness of each of these real samples was measured using the Phantom and the force

sensor, as listed in Table 4.1.
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The first three virtual samples were designed to represent traditional position-based

feedback, as illustrated in the second column of Figure 4.15; the highest proportional gain

(very firm) was chosen near the limit of the device’s capabilities, at which point encoder

discretization causes significant buzzing. The mid-level gain (firm) was tuned to provide

strong feedback without encoder buzzing, and the lower gain (soft) was set to half this level.

The remaining six virtual samples represent the event-based rendering approach, combining

a contact transient with either the firm or soft proportional controller. Overlaying transients

on the very firm proportional feedback requires short-duration force output that is beyond

the system’s capabilities and was thus not included in user testing.

The steady-state stiffness of wood is approximately seventy times greater than the high-

est proportional gain achievable on the Phantom (see Table 4.1), but only the firm and

soft position gains could be used to underlie the event-based feedback. To create contact

accelerations that are consistent with this lower underlying stiffness, all of the transients

were tuned to duplicate the feel of wood on a foam substrate rather than solid wood. In

personal experimentation and informal testing, I have found that this new tuning technique

produces virtual feedback that feels qualitatively more real than transients matched to the

response of solid materials. Very high-frequency transients feel discordant when overlaid

with the relatively soft proportional feedback achievable with today’s impedance-type de-

vices, and the lower frequencies generated by hard materials mounted on a soft substrate

feel well matched. This phenomenon may explain why Okamura et al. were able to produce

realistic-feeling virtual surfaces by scaling down the frequencies of their decaying sinusoid

transients, as discussed in Section 4.1.2. Transient generation strategies for velocity-scaled

pulses, decaying sinusoids, and acceleration-matched signals are discussed below.

Fixed-Width Pulse

The first investigated transient is the pulse, a simple signal that requires little computa-

tion during generation. While some previous work investigated fixed-magnitude, varying-

duration pulses [64], this experiment used a pulse of fixed duration d and varying magnitude,

scaling the nominal amplitude A by incoming velocity:

Fpulse = A |vin| for 0 < t ≤ d (4.7)
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This strategy keeps the frequency content of the transient approximately constant over all

incoming velocities, as is observed during contact with real objects. The pulse’s width and

nominal magnitude were tuned by hand while tapping repeatedly on the sample of wood

on foam and the virtual surface. The amplitude was further adjusted after some subjects

in the preliminary study reported that the pulses felt too active [78]. These and all other

chosen transient parameters are given in Table 4.1.

Decaying Sinusoid

The use of decaying sinusoids was also investigated, following the observation that transient

accelerations often resemble exponentially decaying sine waves. The nominal magnitude A

of this transient is also scaled by incoming velocity:

Fsine = A |vin| e
ln(0.01)t/d sin(2πft) for 0 < t ≤ d (4.8)

The frequency f and duration d were selected to match accelerations recorded from tapping

on the wood-on-foam sample, picking duration to be an even multiple of the sinusoid’s half

period for smooth overlay. The nominal magnitude was tuned by hand via comparisons

with the specimen of wood on foam.

High-Frequency Acceleration Matching

The final investigated transient type was the high-frequency acceleration-matching ap-

proach, which is described in detail in Section 4.4. This method characterizes the complex

dynamic relationship between motor current and handle acceleration; the inverse of this

model is then used to transform desired acceleration profiles, which may be intricate and

difficult to parametrize, into transient current commands. By recording accelerations for

contact with the same object under a variety of conditions, a force transient library can

be assembled without extensive parameter tuning. Each signal is characteristic of the real

situation that produced it, including incoming velocity, hand impedance, and object contact

location; for this work, we focused on the dominant effect of incoming velocity, vin, which

increases the magnitude and smoothly changes the shape of the transient.
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Figure 4.16: Setup for blind tapping on real and virtual wood.

4.5.3 Experimental Procedure

At the beginning of each experiment, the experimenter collected information on the subject’s

age, gender, handedness, and prior experience with haptic devices. The experimenter then

outlined the three phases of the study: familiarization with the wood sample, demonstration

of the twelve test samples, and repeated rating of sample realism. Users were told that they

would be presented with a number of different renderings of a hard, wooden surface. They

were asked to rate, on an scale from one to seven, how well each sample represented the

experience of tapping on the real piece of wood. Subjects were asked to repeat the definition

of this realism metric before starting the experiment to ensure comprehension.

To isolate the user’s sense of touch, extraneous stimuli were removed from the experi-

mental setting, as illustrated in Figure 4.16. Sitting at a computer terminal, the user passed

his or her right arm through an opening in a tall barrier that prevented visual observation of

the device and samples. The user rested his or her elbow on a padded armrest to counteract

muscle fatigue. The user was instructed to hold the stylus with a consistent grasp and to

avoid touching the table with his or her left hand to prevent inadvertent transmission of

contact vibrations. The user wore headphones playing white noise at a high volume to

mask the sounds caused by tapping on the different samples. Simple text commands were
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presented on the computer monitor to guide the user through the three phases of the exper-

iment. The operator sat behind the barrier at another computer, monitoring the progress

of the experiment and placing samples beneath the stylus.

During the first phase of the experiment, the user was able to tap repeatedly on the real

wooden sample to become familiar with its response. The interaction was monitored with

the force sensor, and forces known to exceed the amplifier’s current limit (had the controller

been in use) were detected and indicated to the user by auditory feedback. During virtual

tests, the same low tone was provided whenever the commanded force actually exceeded the

amplifier’s current limit. Throughout the experiment, all trials that evoked this auditory

cue were repeated to prevent the system’s force limit from biasing the data.

When the user was done interacting with the wooden sample, the system transitioned

into the demonstration phase, in which each of the twelve samples, both real and virtual,

were presented to the user once in random order. This phase was included to allow the user

to learn the experimental procedure, which was replicated in the following testing phase,

and to explore the range of samples before beginning to rate their realism. Before each

tap, the system would move the stylus to a home position above the sample, giving the

operator space to place the next object. Two virtual placeholder blocks were used so that

the operator removed and placed an item on the stand every trial, regardless of whether

the sample was real or virtual. When the sample was ready, the user was instructed to tap,

both by a text command on the monitor and by a recorded voice in the headphones.

The user would then move the stylus down to tap on the surface of the object, which

was always at the same height. From the time of first impact, they were given five seconds

to tap repeatedly on the surface. After five seconds, the device moved the user’s hand back

to the home position, and the user was instructed to rate the realism of the sample on

a scale from one to seven using the keyboard. The test was repeated if the contact force

exceeded the device’s capabilities at any time during the tapping, or if the user overpowered

the homing force and tapped on the object after the five seconds had expired. Finally, the

user could reject a trial by typing an ‘x’ instead of a digit, indicating that a mistake had

occurred such as letting go of the stylus.

Following completion of the demonstration phase, the user proceeded to the testing

phase, wherein each sample was presented three times in random order, for a total of 36

trials, plus any repeats for excessive force or rejection. The testing procedure was identical

to that of the demonstration phase, and the entire experiment lasted about ten minutes.
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Figure 4.17: Realism ratings of the twelve test samples: bars and circles indicate the mean
and median across all tests, and capped lines show the standard error of the sixteen-subject
sample.

A short debriefing session followed the completion of the testing, wherein subjects were

asked to state the criteria they had used to evaluate sample realism and comment on the

experimental procedure.

4.5.4 Results

The user study included sixteen subjects, none of whom had participated in the preliminary

version of this study described in [78]. Individuals ranged in age from 19 to 33 and included

four females and twelve males. Three of the subjects were left-handed, though all completed

the experiment with the right hand. Seven of the subjects had never used a haptic device

before. Seven had used such systems a few times, and two reported using haptic interfaces

on a regular basis. During the familiarization phase, subjects tapped on the real sample

between four and twenty-two times. For each subsequent trial, the system recorded the

sample, saturation, rejection, and the set of incoming tap velocities and penetration depths.

The system also stored the user’s rating for each trial, indicating the degree to which

the user believed the sample felt like real wood. Each of the twelve samples was rated three

times by each of the sixteen subjects. Each sample’s average realism rating for valid tests,
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pooled across users, is shown in Figure 4.17, with higher values indicating higher perceived

realism.

Users exceeded the system’s force capability an average of six times during the testing

phase, with a standard deviation of 8.5. Saturations occurred most frequently for the

real wood and the event-based virtual samples. As described above, all such tests were

returned to the sample pool to be randomly drawn again and thus are not included in the

presented results. The average incoming velocity, pooled across subjects and non-saturated

test-phase taps, was 0.10 m/s, with a standard deviation of 0.042 m/s. Within each sample,

no significant correlation was found between incoming velocity and realism rating.

4.5.5 Discussion

Both quantitative and qualitative data on the realism of high-frequency acceleration match-

ing was collected during the study. This section analyzes each of these classes of results in

turn.

Realism Ratings

Statistically significant differences were found among the ratings given to the twelve samples

shown in Figure 4.17, indicating that some samples felt very similar to wood and others were

poor imitations. Not surprisingly, the most highly rated sample was real wood, indicating

that users maintained a good sense for the response of this common material throughout the

testing. Wood was followed interestingly by the wood on foam and the six transient-overlaid

virtual surfaces, with acceleration matching rated most highly, though not significantly so.

The ratings given to the three proportional controllers were comparable to those assigned

to foam, significantly lower than those given to the event-based samples.

To evaluate the significance of these ratings, paired t-tests were conducted on average

user ratings for each sample combination. These tests were performed for the entire user

group as well as for the subset of non-novice users, the results of which are shown graphically

in Figure 4.18. The experienced user subgroup was chosen to isolate the effects of first-time

users, whose ratings varied substantially between trials, as will be discussed below.

While the majority of sample rating pairs showed little correlation for either group, there

were some noticeable exceptions. For the event-based samples, we see that the strength of

the underlying proportional controller did not significantly affect realism ratings, with p-

values ranging from 0.21 to 0.82. This trend can be seen by the clustered elements near
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Figure 4.18: P-values from t-tests on the average realism rating given by each subject for
all sample pairs: the shade of each square shows the probability that the ratings given to
the two intersecting samples stem from indistinguishable populations.

the diagonal in both charts of Figure 4.18. Such a finding highlights the salient role that

high-frequency transients play in haptic perception of contacts.

In comparing the results of the entire group with the subset of experienced users, we

see that the experienced group ratings for the event-based samples and the wood-on-foam

sample are statistically very similar (p-values ranging from 0.20 for the soft sinusoid to 0.47

for the firm acceleration matching). These results echo closely those found in our preliminary

study, which included a higher percentage of expert users [78]. This finding is particularly

interesting because all of the event-based virtual samples were constructed to match the

experience of tapping on the wood-on-foam sample (see Section 4.5.2), demonstrating the

efficacy of the event-based paradigm for mimicking real contact transients.

While many factors likely contributed to the different ratings provided by the experi-

enced group and the novice users, the testing experience may have been somewhat over-

whelming to the novices. Many first-time users appeared to have difficulty identifying the

subtleties of the various samples, and a few admitted that their ratings were arbitrary

at times. In contrast, those with some level of experience seemed to be more capable of

identifying the differences and gave qualitative feedback that was much more consistent.
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Alternative hypotheses include speculation that näıve users are more attuned to the char-

acteristics of real interactions, as well as a conjecture that experienced users might be more

accepting of virtual rendering methods due to their familiarity.

Rating Criteria

When asked to name their rating criteria, subjects listed several salient metrics. First

among these was whether the stylus came to a sudden stop after contact. In our preliminary

study [78], we hypothesized that the foam and the simple proportional controllers were rated

most poorly because they cannot quickly cancel the user’s incoming momentum. This study

tracked penetration depth during every tapping event to test this hypothesis. Figure 4.19

shows the mean penetration depth for each sample, plotted against the sample’s average

realism rating. While the wood and wood-on-foam sample penetration depths were less

than 0.25 millimeters, the foam and soft proportional controller allowed penetrations of over

2 millimeters. Interestingly, we discovered that the average penetration depth for the firm

and very firm proportional samples were actually less than many of the event-based samples,

but their ratings were consistently much lower. This finding alone demonstrates that there

is clearly more to impacts than can be represented with simple position-based control.
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Figure 4.20: Typical accelerations for contact with samples at an incoming velocity of 0.11
meters per second.

The second most commonly mentioned criterion was the presence of a high-frequency

transient at the moment of contact. Re-examining the results shown in Figure 4.19, we see

that all of the event-based samples were rated more highly than the proportional samples,

a result also seen clearly in Figure 4.17. Directly comparing the penetration depths for the

event-based samples and their underlying proportional controllers, we see that the inclusion

of the transient roughly decreases the penetration depth by a factor of two. The transient

cancels a significant portion of the user’s incoming momentum, decreasing penetration and

improving the realism of the virtual surface.

We can also examine the accelerations produced by tapping on the real and virtual

surfaces, as shown in Figure 4.20. Firm and soft underlying proportional control produce

nearly identical acceleration histories and realism ratings, so only the firm samples are

illustrated. The three event-based virtual samples produce high-frequency accelerations

that are similar to those seen for the wood on foam and wood objects. Of these three,

the decaying sinusoid and acceleration-matched transients most closely resemble the real

signals, which we hypothesize contributes to their high realism ratings.

As additional criteria, users commented that they gave lower ratings to samples that

felt unnatural. Two subjects noticed a high-frequency buzzing that detracted from sample

realism. I believe this sensation stems from encoder discretization in the proportional

controller that holds the stylus vertical during all tests, but it may also be a result of
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encoder discretization in the firm and very firm virtual objects. Also, a few users reported

feeling an occasional double impact, which can occur when the stylus is held very loosely.

I believe that measuring and compensating for changing hand impedance could further

improve the realism of event-based transient display, avoiding excessive force application

and double event triggering.

These human subject evaluations confirm that high-frequency transients are vital to

achieving realism, proving substantially more important than penetration distance or ob-

ject stiffness. Outputting either manually tuned decaying sinusoids or analytically computed

acceleration-matched signals provides the highest level of realism; I believe that these meth-

ods succeed because they create high-frequency stylus accelerations that closely match those

experienced during real contact. The HFAM transients are generated automatically and can

be applied to any surface interaction encountered, adding to the versatility of this approach.

Experienced haptic users cannot distinguish such virtual event-based renditions from a piece

of wood mounted on a similarly soft substrate. Users also judge classic proportional feed-

back to be equivalent to real foam, reiterating the softness of traditional haptic displays.

4.6 Summary

Humans rely on information-laden high-frequency accelerations in addition to quasi-static

forces when interacting with objects via a handheld tool. Telerobotic and virtual envi-

ronment systems have traditionally struggled to portray such contact transients due to

closed-loop bandwidth and stability limitations, leaving remote objects feeling soft and un-

defined. High-frequency acceleration matching builds on prior efforts in vibration feedback

to enable a haptic interface’s standard motors to create fingertip contact accelerations that

feel like real interactions.

The fundamental insight to the HFAM approach is that the internal dynamics of the

user-interface system color any high-frequency feedback displayed with the motors. These

dynamics can be characterized offline via the methods of Chapter 3, estimating the re-

lationship between commanded motor current and handle acceleration while a user holds

the device. The resulting model can then be inverted to allow computation of the current

command necessary to cause a certain high-frequency acceleration at the handle of the in-

terface. The technique of acceleration matching can be applied to haptic interaction with

both remote and virtual environments.
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In teleoperation, a high-bandwidth sensor measures accelerations at the slave’s tip, and

the real-time controller recreates these important signals at the master handle in combi-

nation with position-error-based feedback of quasi-static forces. This hybrid signal closely

corresponds to the asymmetry of human sensing capabilities, instilling telerobotics with a

more realistic sense of remote touch. One interesting feature of this algorithm may arise

when it is extended to systems in which the master and slave have substantially different

masses. With a large slave, the accelerations caused by environmental contact will be lower

in frequency than those expected by the user. With a small slave, such as a micro-electro

mechanical system, contact accelerations will contain very high frequencies that may be

beyond the user’s one kilohertz sensory bandwidth. In these cases, the recorded slave accel-

eration may need to be frequency-shifted or otherwise adjusted before playback to achieve

a natural feel for the user.

In virtual environments, high-frequency acceleration matching pre-computes impact

transients from recorded contact acceleration traces, yielding a library of event-based feed-

back. Standard position feedback is then augmented by displaying these transients open-

loop when a contact event is triggered. The current command transients account for the in-

ternal electrical, mechanical, and biomechanical dynamics of the haptic interface via model

inversion. These techniques enable a haptic interface designer to output specified high-

frequency accelerations at contact: such tools may prove useful for understanding the rela-

tionship between high-frequency fingertip acceleration and the haptic impression of contact.

For example, I have found in both teleoperation and virtual environments that care should

be taken to maintain feedback levels that do not overwhelm the user’s incoming momentum;

scaling the magnitude of virtual transients down by ten to 20 percent keeps the surface feel-

ing passive and natural without sacrificing a great deal of realism. The relationship between

portrayed acceleration and perceived sensation deserves further investigation.

This research found that adding high-frequency accelerations to simulated haptic inter-

actions makes them feel far more real than the contacts portrayed by traditional feedback

methodologies. The realism of the HFAM approach to virtual tapping feedback was eval-

uated by a group of users in a blind study. Users gave the acceleration-matched virtual

samples a median rating of about 5.5 out of 7.0, compared with 2.0 for proportional feed-

back and 6.0 for the sample of real wood on foam. Encouraged by the results of this work, I

firmly believe the paradigm of high-frequency acceleration matching has the potential to sig-

nificantly improve haptic display. This approach particularly improves the rendering of hard
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contact, which is an important challenge in haptic simulation, and it may provide valuable

extensions in the domain of texture as well. Just as finite element methods and extensive

off-line computation have improved the haptic fidelity of deformable objects, high-frequency

acceleration matching enables accurate rendering of the dynamics that characterize rigid

contact.
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Chapter 5

Canceling Induced Master Motion

Teleoperation systems have persistently struggled to provide users with realistic force feed-

back; high-frequency contact transients convey important information about the remote

environment but must typically be attenuated to avoid the contact instability they incite.

This undesirable behavior can be traced to induced master motion, movement of the master

device that is caused by haptic feedback rather than user intention, as defined in Section 5.2.

Such motion is interpreted as a position command to the slave, closing an internal control

loop that is unstable under high gain. The resulting behavior of contact instability is an-

alyzed from a momentum transfer standpoint in Section 5.3. Instabilities of this type can

occur in any teleoperation control architecture that uses the master device to apply large,

high-frequency haptic feedback while measuring its position for the slave command: the

classic example is a position-force controller, which is formally described in Section 5.1,

and HFAM-augmented position-position control may engender similar behaviors on some

systems. This phenomenon may also become relevant to virtual environments as their hap-

tic feedback algorithms incorporate stronger event-based transients like those afforded by

high-frequency acceleration matching.

After prior efforts to stabilize high-frequency haptic feedback are discussed in Section 5.4,

Section 5.5 presents a new approach for achieving stable, high-gain force reflection via

model-based cancellation. I call this strategy canceling induced master motion or CIMM;

it was first proposed in [80], and it is fully detailed in [83]. This chapter focuses on ap-

plying cancellation to position-force teleoperation, but its methods could also be applied

to haptic interfaces used in other types of teleoperation or in virtual environment sim-

ulations. Requirements for the model of the induced motion dynamics are described in

119
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position

force

Figure 5.1: Position-force control for teleoperation.

Section 5.6, building on the characterization tools developed in Chapter 3. Cancellation

control is tested in Section 5.7 on a one-degree-of-freedom teleoperation system, using a

sixth-order nonlinear model of the user-master dynamics. As summarized in Section 5.8,

canceling high-frequency induced master motion during teleoperation improves the stability

of impacts, allowing significantly higher force reflection levels and a more authentic user

experience.

5.1 Position-Force Control

Among the many controllers used in telerobotics, the position-force architecture seeks to

provide accurate feedback by explicitly measuring the force of contact between the slave

and the environment. As illustrated in Figure 5.1, the slave is commanded to follow the

measured position of the master mechanism. Forces sensed at the slave’s end effector are

simultaneously displayed via the master’s motors, transmitted to the user’s hand via the

structure of the device. One fascinating aspect of this architecture is as follows: throughout

an interaction, the master mechanism must perform the dual tasks of position measurement

and force display. The dynamics of the master device couple these two functions together,

allowing the controller’s force output to affect its position input.

Like a sound system whose microphone is too close to the speakers, telerobotic systems

let high-frequency force feedback induce motion of the master device that is then treated

as a position command. During environment contact, this induced motion can drive the

entire system unstable with high-frequency vibrations, similar to the screeching of a badly

configured sound system. As with speaker volume, the force feedback gain must usually be

lowered to achieve stability, reducing haptic cues to the user and leaving interactions feeling
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soft and ill-defined. This interesting, undesirable behavior can be understood by examining

the dynamics of the system more carefully.

5.1.1 Architecture Definition

The position-force architecture is drawn as a block diagram in Figure 5.2, showing user,

master, controller, slave, and environment. During teleoperation, the user holds the handle

of the master mechanism and moves it around. Assuming a causality for this interface is

not required for this work, so the interaction is depicted with two double-headed arrows.

The system monitors the position of the master mechanism’s motors, xm, and commands

the slave robot to move accordingly via xc. The slave controller attempts to make the

slave track this motion command, typically via proportional, integral, and/or derivative

control. We draw the interaction between the tip of the slave arm and the environment as

bidirectional in position and force, again to avoid an unnecessary assumption of causality.

As the slave moves, the system captures the effects of environmental contact by measuring

the force exerted by the tip, Ft. A scaled version of this tip force is continuously displayed

via the motors on the master device as Ff to allow the user to feel the interaction.

5.1.2 Gain Selection

The forward position scaling ratio, µ, and the force feedback gain, −λ, can be used to adjust

the interaction between the two sites [22], following the naming convention of Daniel and

McAree [28]. Typically, µ is chosen to scale comfortable human hand movements to the

workspace of the slave robot, allowing the user to perform the chosen task as though it
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were a familiar manual manipulation. Common values of µ include 0.004 for nanomanipu-

lation [138], about 0.33 for minimally invasive surgery [125], and 1.0 for nuclear decommis-

sioning [28].

Once µ is selected, an appropriate value for λ must be found. In the same way that

human motion is scaled to match the task, contact forces should be scaled up or down to

match human sensory capabilities [49]. Human users want to comfortably feel the slave’s

interaction with the environment. Unfortunately, stability concerns usually limit the force

reflection ratio to values below this desired level [88]. In practice, researchers begin by

setting λ = 0 to verify that the slave can make stable contact with the environment in the

absence of force feedback. To haptically augment the user’s experience, λ is then gradually

increased until the slave begins to exhibit unnatural vibrations when touching hard objects.

At this relatively low value of λ, soft objects are generally difficult for the user to detect, and

hard objects feel like foam or rubber rather than wood or metal. Systems that can support

higher values of λ for a given µ will provide stronger haptic cues to the user, allowing more

natural interactions and greater sensitivity during delicate operations such as microsurgery.

5.2 Induced Master Motion Pathway

High-gain position-force teleoperation is plagued by instability; designers commonly en-

counter a maximum force feedback gain, λ, above which their system cannot make stable

contact with hard objects in the environment. This instability occurs because a teleoper-

ator is a closed-loop control system whose internal dynamics change with the gains µ and

λ, as well as with the natural responses of the user, master, slave, and environment. The

signal loop in question can be seen in Figure 5.2, passing from master motor position to

commanded position, slave tip force, feedback force, and back to master motor position

through a series of connecting elements. The first three elements of this loop are required

for teleoperation: µ conveys the user’s intended motion, the slave interacts with the envi-

ronment to accomplish the task, and −λ reflects the contact force to the master for the user

to feel. The element that closes this potentially unstable loop is the user-master system,

a connection that is commonly acknowledged but to date has not been highlighted during

analyses of closed-loop performance.
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Figure 5.3: Display of a scaled, pre-recorded force profile to a user executing a constant
motion with a one-dof master.

5.2.1 Voluntary and Induced Master Movement

The master mechanism plays an important bidirectional role in a teleoperation system, con-

necting the user to the controller via the series of dynamic elements illustrated in Figure 3.1.

The user’s hand acts on the master at the handle while the controller applies the feedback

force, Ff , at the motor. These two interfaces jointly determine the movement of the device

and thus the position of the master motor, xm. In the absence of force feedback, the human

is the only active influence on the master mechanism, and xm is a good measurement of his

or her smooth, low-frequency hand motion. When the controller applies additional forces

at the motor for the user to feel, these forces interact with the dynamics of the user-master

system and cause movement that the human does not intend.

To illustrate this phenomenon, Figure 5.3 shows the first fifty milliseconds of measured

motor motion during open-loop force display on a one-dof master. The user moved the

handle of the device at a constant velocity, and a scaled, pre-recorded force profile was

displayed when the motor crossed a position threshold. The dynamic coupling between

force feedback and motor position is visible as sudden deviations from the user’s smooth,

λ = 0 path, happening far faster than the human’s cognitive reaction to the applied force,
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which takes approximately 140 milliseconds [92]. Higher levels of force reflection provide

stronger haptic cues to the user but also cause more significant divergence from the user’s

smooth, intended path. I call these deviations induced master motion because they stem

from the force feedback signal rather than the user’s volition.

5.2.2 Superposition Assumption

These dual sources of master movement carry through to teleoperation, where the measured

position of the master, xm, is determined both by the user’s active influence on the handle

and by the system’s passive response to the feedback forces applied at the motor [28, 39].

Following this observation, I can redraw the standard position-force teleoperator as shown

in Figure 5.4, separating voluntary and induced master motion into parallel pathways and

also lumping the slave and environment into a single entity. I approximate the master

motion signal via superposition as

xm(t) = xmv(t) + xmi(t), (5.1)

where xmv is the user’s voluntary contribution, xmi is the component induced by force

feedback, and t is time. Furthermore, I define the connection from force feedback to unin-

tentional motor movement as

xmi(t) = Gi (Ff (t)) , (5.2)

where Gi represents the induced motion dynamics of the user-master system and may

be nonlinear and/or time varying. This function depends on electrical and mechanical

characteristics of the device and on the instantaneous biomechanical properties of the user’s
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hand and arm; as such, it can be modeled using specialized system identification techniques

like those developed in Chapter 3.

In the parallel pathway, the function Gv represents the user’s voluntary (active) response

to a wide array of received stimuli, including auditory, visual, and haptic feedback. I do

not attempt to model this highly cognitive process and instead treat xmv as an exogenous

input, noting the human ability to stably interact with and even stabilize typical dynamic

systems [61].

The underlying assumption of superposition between voluntary and induced master

motion is reasonable because the two signals differ in magnitude and frequency content. The

user’s voluntary hand movements are on the order of centimeters and consist of frequencies

below five hertz, which are well transmitted from the handle to the motor by the impedance-

type devices with which I am concerned. On the other hand, the induced master motion

in these stiff systems is typically on the order of millimeters and contains a broad range

of frequencies which cannot naturally appear in xmv. I thus treat xmi as a disturbance

to the user’s voluntary path and investigate its implications for system performance. It

is worthwhile to note that this partitioning is consistent with the commonly employed

user-master model of a mass, spring, and damper connected to the user’s slowly changing

desired position [28], though more detailed models are required to accurately capture the

broad-frequency behavior of induced master motion.

5.3 Contact Instability

During teleoperation, the pathway of induced master motion interacts with slave and envi-

ronment dynamics to form an internal controller loop that includes both µ and λ, as can be

seen in Figure 5.4. From this diagram, I can write out the equation for the master position,

xm, proceeding once around the loop:

xm(t) = xmv(t) + Gi (−λGse (µxm(t))) . (5.3)

The physical interpretation of this signal loop is that the natural dynamics of the user-

master system, Gi, allow the controller’s force feedback signal to induce motion of the

master motor that is not intended by the human. This induced motion is interpreted as

a slave movement command, which causes tip motion and additional force feedback from

the environment. Ideally, the slave’s motion command would depend only on the user’s
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voluntary motion, xmv, and not on the system’s closed-loop dynamics, which can distort or

destabilize the interaction.

If we assume that Gi and Gse are linear time-invariant (LTI) systems, we can formulate

the system transfer function from (5.3) as follows:

xm(s)

xmv(s)
=

1

1 + µλGi(s)Gse(s)
, (5.4)

where s is the Laplace operator. Although they are not valid for most real systems, and

especially not for a slave that is making and breaking contact with the environment, these

assumptions are widely applied in the literature and can provide useful insights on the

behavior of the system. Specifically, the denominator of (5.4) is the system’s characteristic

equation, the roots of which are the closed-loop poles of the teleoperator. For the system

to be stable, all of the poles must be in the left half of the s-plane, a criterion that depends

on µ, λ, Gi(s), and Gse(s). For a position-force controlled system with a given Gi(s) and

Gse(s), stability is determined by the product of µ and λ. Once the position scale is chosen,

there generally exists a force feedback gain above which the slave cannot maintain stable

contact with stiff objects.

5.3.1 Simple Stability Limit

Daniel and McAree analyze this limit intuitively through conservation of momentum as well

as mathematically via root-locus techniques [28]. They model both master and slave as pure

masses, eliminating the distinction between master handle and motor as well as between

slave motor and tip. They begin by considering a situation in which the two devices are

tracking perfectly, with the slave moving at a constant velocity vs = v and the master

moving at vm = v/µ. An impact with the environment will change the slave’s momentum

by ∆P . If this impulse is reflected perfectly with a force-feedback gain of λ, the master’s

momentum will change by λ∆P . Letting mm and ms stand for the effective masses of the

master and the slave, and letting δvm and δvs represent the respective changes in velocity

that result from contact, I can write

∆P = msδvs =
mmδvm

λ
. (5.5)
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In my architecture, δvm is the master motion induced by the contact and can be written as

δvm = λ
ms

mm
δvs. (5.6)

Even in this simplified treatment of system dynamics, induced master motion can be seen

to increase with higher force feedback gains and to depend strongly on the dynamics of the

user-master system, which are represented here by mm.

After such an impact, the slave will be able to maintain contact with the environment

only if its command does not pull it away from the contacted object at a rate faster than its

natural rebound. This relationship requires the following inequality between post-impact

slave and command velocities:

v′s < v′c

v + δvs < µ(v/µ + δvm), (5.7)

taking v to be positive and δvs and δvm to be negative. By subtracting v from both sides

of (5.7), substituting (5.6), and dividing by the negative value δvs, we obtain the following

requirement for contact stability on an otherwise uncompensated system:

µλ <
mm

ms
. (5.8)

Though it presents a significantly simplified view of contact dynamics, this näıve analysis

supports my identification of induced master motion as the culprit of contact instability

during teleoperation, as well as the stabilizing effect of decreasing the force feedback gain.

Daniel and McAree derive a more detailed criterion for their simple system model via root

locus methods, again finding an upper limit for µλ that depends on the dynamics of the

teleoperator.

5.3.2 Master Dynamics and System Stability

Although a detailed derivation is beyond the scope of this dissertation, I assert that the

threshold of stability in the general case is determined by the dynamic interaction between

the induced master motion pathway, Gi, and the slave-environment system, Gse. Widely

observed in practice, the slave enters a limit cycle at high values of λ, repeatedly making

and breaking contact with the environment. In addition, moderate values of λ for a given µ
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prolong the contact transient, distorting the natural response of the environment. Lowering

the force reflection ratio re-establishes functional operation but limits the user’s ability to

discern environment properties. Ideally, user preference and task requirements would guide

selection of λ, rather than closed-loop stability.

Little research acknowledges the pivotal role that the passive dynamics of the user-

master system play in this limitation. As discussed in Section 3.2.2, most analyses model

the master as a pure mass and the user as a spring and damper even though these dynamics

are truly more complex, especially at high frequency. Identifying the actual relationship

between Ff and xmi can contribute to an understanding of overall system behavior, including

a derivation of a system’s actual stability threshold. Master devices can be evaluated

according to the Gi they provide, as devices that permit less induced master motion will

support the higher force feedback levels that are commonly desired. Furthermore, the

electrical and mechanical components of existing master systems can be modified to adjust

Gi and increase the force-feedback gain that they will stably support. In summary, induced

master motion compromises the stability of a telerobot by allowing the force feedback

signal to influence the slave’s commanded position, creating an internal control loop that is

unstable under high gain.

5.4 Prior Work in Stabilizing Haptic Feedback

Recognizing that teleoperative contact instability occurs when the force-feedback gain λ

is too large for a given position scale µ, many researchers have proposed strategies for

handling this trade-off. As mentioned above, the simplest approach lowers the force feedback

gain until contact with the stiffest environment elements becomes stable. Such a choice

reduces the intensity of the user’s force cues and often leaves lightly damped oscillations

that can distract from the interaction. Contact forces can be portrayed via auditory or

visual feedback instead, but such an arrangement sacrifices the natural connection between

hand forces and hand motions.

Another basic tactic requires the user to hold the master mechanism with a firmer grasp

or even with two hands. Increasing the user’s impedance in such a way attenuates handle

motion and generally decreases induced motor motion, lowering the magnitude of Gi. Al-

though this adjustment can be voluntary, the movement that results is still termed induced

master motion because the user cannot prevent it from occurring. A firmer user grasp
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can quell some marginally unstable oscillations, but it is not a solution to the underlying

problem.

More sophisticated methods are required to overcome the instability generated by po-

sition-force control. Many proposed strategies aim to accomplish this goal by shaping the

signals of the system’s internal feedback loop. Three standard stabilization approaches

are illustrated in Figure 5.5, including local derivative feedback on the master, a position-

command filter, and a feedback-force filter. These modifications can be used alone or in

tandem to adjust the behavior of a troublesome system, as discussed below.

5.4.1 Master Damping

The first illustrated approach for suppressing induced master movement is to add damping

to the master manipulator via local feedback [13, 55]. Augmenting the block diagram with

negative derivative feedback from xm to Ff changes the system’s loop relationship to

xm(t) = xmv(t) + Gi (−b ẋm(t) − λ Gse (µ xm(t))) . (5.9)

The added term punishes high motor velocities via an opposing control force, which is added

to the force feedback signal before being applied to the motor. Although it can stabilize

contact, this additional damping is also apparent to the user and makes the system feel

slow and unresponsive, even when the slave is moving in free space [28]. Furthermore, this

strategy requires a clean, accurate measurement of velocity, which is seldom available in

systems that rely on numerical differentiation of discrete position signals.
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5.4.2 Position Command Filter

Other researchers have explored the possibility of putting a compensator in the slave’s

commanded position via Kµ [28, 39]. The loop equation then becomes

xm(t) = xmv(t) + Gi (−λ Gse (Kµ(µ xm(t)))) . (5.10)

When Kµ is a low-pass or notch filter, it attenuates the position command’s destabilizing

frequency content, but it can also prevent the slave from tracking quick movements by the

user. In the general case, the compensator must be carefully selected to avoid adding too

much lag at the crossover frequency, which would compromise the system’s stability margins.

5.4.3 Force Feedback Filter

The third main stabilization strategy involves low-pass or notch filtering the force feed-

back signal via Kλ, removing mid- to high-frequency content before display on the master

mechanism [28,54]. This compensator yields

xm(t) = xmv(t) + Gi (Kλ (−λ Gse (µ xm(t)))) . (5.11)

Filtering the force feedback can stabilize a system, but it also prevents the user from feeling

high-frequency signals, resulting in interactions that feel soft and undefined. Such a choice

enables stability under higher force reflection ratios, but it compromises the information

content of the feedback signal, especially when initiating contact with a stiff environment.

5.4.4 Vibrotactile Feedback

The feel of a system with filtered force feedback can be improved by using a separate

actuator to display the signals removed by Kλ, a technique often described as combined

vibrotactile and force feedback [76]. This frequency-domain separation increases the infor-

mation available to the user while maintaining system stability. It should be noted that the

vibrations from the additional actuator must be carefully isolated from the forward posi-

tion command so that they do not enter the closed loop and incite contact instability. This

strategy of combining actuators effectively bypasses the pathway of high-frequency induced

master motion, staving off instability while allowing the user to feel a fuller spectrum of

environment feedback.



CHAPTER 5. CANCELING INDUCED MASTER MOTION 131

5.4.5 Alternative Methods

Beyond these four standard approaches, some unique alternatives have also been considered.

The controller described by McAree and Daniel [102] anticipates collisions between the

slave and the environment using external optical sensors. When contact is imminent, the

controller actively reduces the slave’s velocity to minimize the forces generated, effectively

adjusting Gs(s) in real time. This approach requires less force-feedback filtering than an

uncompensated system does, allowing the user to feel more mid-frequency signals; however,

this adjusted slave behavior can be disorienting to some users [102].

Another strategy involves continually predicting the user’s intended position command

via a model of the human rather than using the presently measured master position. Ex-

plored options range from polynomial and spline extrapolation [122] to a full human arm

model with measured neural inputs [121]. Most such efforts have difficulty achieving high-

bandwidth position tracking, which is imperative for transparency, but the focus on human

intention rather than measured master position is intriguing. Clearly, the dynamic interac-

tion between human, master, slave, and environment merits further exploration.

5.5 Cancellation Approach

As an alternative to standard loop-shaping strategies and additional actuators, we can

use the perspective of induced master motion to break the internal loop of the controller

via model-based high-frequency cancellation. First proposed in [80] and developed further

in [83], the cancellation approach centers on understanding the passive response of the

user-master system during a telerobotic interaction to improve high-gain system stability.

Here, we will examine cancellation through simple momentum-based arguments, the more

general architecture of parallel master motion pathways, and the commonly used four-

channel architecture for teleoperation.

Although new in telerobotics, canceling induced master motion bears a resemblance to

several existing model-based control strategies. Some researchers attempt to hide the dy-

namics of the master from the user to make it feel like a weightless bar rather than a physical

device [91,156]. Typically modeling the master as a simple mass with viscous damping, they

apply additional feedback forces to cancel the inertial and frictional forces estimated from

position measurements. Cancellation also bears a resemblance to command input shaping,

which has been applied to the control of contact transitions in robot manipulators [65],
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among other applications: the system’s input is convolved with its response to suppress

easily excited oscillations at contact events, a process that is somewhat analogous to my

approach of removing the master’s response to force feedback from the slave’s position com-

mand. Another application of model-based cancellation is biodynamic feed-through, where

accelerations of a mobile vehicle apply forces to the body of the operator and therefore to

the on-board control joystick. With a simple, second-order model of these dynamics, one

can avoid instability by applying equal and opposite torques to the joystick [44, 137]. I

extend these force-canceling ideas to cancellation of induced master motion, where I want

the operator to feel the applied feedback without allowing the forces to affect the slave’s

position command.

5.5.1 Simple Stability

If we return to the näıve stability analysis of Section 5.3.1 and look again at (5.7), we see

that the velocity of the slave command after impact, v′c, is affected by δvm, the natural

response of the master mechanism to the feedback force. When the slave command is

formed directly from the master position, as is typical, the master’s induced movement sets

the stability limitation derived in (5.8). With knowledge of the master’s dynamics, however,

we can estimate the master movement that will result from the impact, δ̂vm, and remove

it from the slave command, as

v′c = v + µ δvm − µ δ̂vm ≈ v. (5.12)

Accurately anticipating and canceling induced master movement provides a post-impact

slave command that depends only on v, the pre-impact slave velocity, which embodies the

user’s voluntary movement. The inequality necessary for stability,

v′s < v′c

v + δvs < v, (5.13)

then always holds, as v is positive and δvs is negative, and the system is theoretically stable

for all gains.
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5.5.2 Induced Motion Pathway

Cancellation is illustrated for our more general architecture in Fig. 5.6; as described in

Sec. 5.2, force feedback induces deviations from the user’s intended path through the ele-

ment Gi. Deviations that are within the user’s motion control bandwidth of eight hertz,

such as the deflection of the device and hand under a constant contact force, are naturally

compensated for by the user via changes in xmv. But the user cannot actively compensate

for induced master motion above about eight hertz, leaving the system vulnerable to in-

stability. In this new control method, I model the high-frequency relationship between Ff

and xmi as Ĝi,hf and use it to cancel induced master motion via real-time simulation. The

model’s response, x̂mi,hf , is subtracted from the measured master position, xm, to provide

an estimate of the user’s intended path, x̂mv. This estimate is multiplied by µ to become the

slave’s position command, xc, providing a signal that is ideally free from both low-frequency

and high-frequency feedback artifacts.

With cancellation in place, the system’s loop relationship becomes

x̂mv(t) = xmv(t) + Gi (−λ Gse (µ x̂mv(t)))

− Ĝi,hf (−λ Gse (µ x̂mv(t))) , (5.14)

with a transfer function of

x̂mv(s)

xmv(s)
=

1

1 + µλGi(s)Gse(s) − µλĜi,hf (s)Gse(s)
(5.15)

under LTI assumptions. If the Ĝi,hf model perfectly captures the high-frequency dynamics
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of induced master motion, the system’s characteristic equation will be unity, indicating the

absence of closed-loop dynamics. The connection from feedback force to slave motion com-

mand will be severed, and the system will no longer exhibit contact instability. Although

perfect cancellation is unattainable, this control methodology can achieve substantial per-

formance gains in real systems when the model accurately captures the high-frequency

dynamics in question.

The key step to this approach is obtaining a good model, Ĝi,hf , which will be the subject

of Section 5.6. The model must capture the high-frequency response of the master motor to

force feedback as a user holds the device’s handle. The more closely the model approximates

real system behavior, the more attenuated the connection from Ff to xc becomes, stabilizing

the system for higher force-feedback gains. A decent approximation of the system’s high-

frequency response under the conditions that incite instability will reduce the controller’s

loop gain and stabilize contact for moderate values of λ. The user will be able to feel strong

feedback forces, and the slave command will closely track xmv, the path that the master

motor would have taken in the absence of force feedback.

5.5.3 Four-Channel Architecture

Cancellation of induced master motion can also be understood by formulating it in teleoper-

ation’s four-channel architecture, which was first presented by Lawrence [88] and expanded

by Hashtrudi-Zaad and Salcudean [57]. Such formulation requires three assumptions be-

yond those already in place. First, linear models are used for the human, master, slave, and

environment. Second, an impedance causality is assigned to both the human and environ-

ment. And lastly, human forces and motor forces are collocated, acting on the master with

the same transfer function. Nevertheless, this architecture provides a useful perspective on

the cancellation approach.

A position-force controller with cancellation is illustrated in Figure 5.7 using the common

nomenclature for the various subsystem blocks. Elements that are not typically used in

position-force control are not illustrated, i.e. C3 = C4 = C6 = Cm = 0. The values for the
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remaining elements are

C1 = µ(bs + ks/s) (5.16)

C2 = λ (5.17)

Cs = bs + ks/s (5.18)

C5 = −λµ
(bs + ks/s)

Ẑm + Ẑh

(5.19)

where bs and ks are slave controller gains and s is the Laplace operator. Cancellation

of induced master motion is embodied in the C5 element, which is usually regarded as a

local force control loop on the slave. It works to prevent the environmental contact force,

here Fe, from contributing to the slave’s control force through the passive dynamics of

the master and user. If the master and human models (Ẑm and Ẑh) are accurate, the

net force applied to the slave via C1, Cs, and C5 will represent only the user’s voluntary

influence on the master, F ∗

h . The slave command will be free from any feedback artifacts,

and the system’s troublesome closed loop will be broken. Theoretically, such a system would

support arbitrary gain choices, though in practice model fidelity becomes the limiting factor

to performance.
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5.6 Modeling Induced Master Motion

To achieve the benefits of the cancellation approach, one must obtain a good model of the

relationship between force feedback and high-frequency induced motor movement; denoted

Ĝi,hf , this model of the user-master system need not be linear or time-invariant. As illus-

trated in Fig. 3.1, the target system extends from the master’s amplifier and motor through

its cables, drum, linkage, and handle to the user’s hand and arm. The common model for

these dynamics is a single mass connected to the user’s desired position by a linear spring

and damper; although second-order models perform well in other applications, the relevant

dynamics of this complex system and the performance requirements for cancellation control

must be closely examined before selecting an induced motion model.

5.6.1 Model Requirements

A cancellation controller will use the model Ĝi,hf for real-time simulation during telerobotic

interactions. A particular model should thus be evaluated by its ability to capture motor

movement under force feedback as a user attempts to hold the handle stationary, follow-

ing the superposition assumption from Sec. 5.2. The model should be tested using force

transients recorded from contact between the system’s slave and environment. These sig-

nals contain frequencies from DC up to several hundred hertz, depending on the materials

involved and the combined bandwidth of the tip-mounted force sensor and the feedback

filter Kλ, if used. Model fidelity should be analyzed for a wide range of λ values, applying

forces up to the maximum level that the master motor can generate. The importance of the

system’s response to these large-magnitude, high-frequency transients emphasizes the need

to consider higher-order models, as internal master dynamics can create high-frequency

resonances that strongly affect the induced motion response.

5.6.2 User Influence

While device dynamics are considered constant, the user’s influence on the system varies

over time. Each user’s hand dynamics are unique, and the connection between hand and

handle will naturally change with grip force and arm muscle co-contraction. To account for

these biodynamics in the model, a time-varying compliant element can be placed between

ground and the mass of the handle. Many researchers use spring-damper models to describe

passive biodynamics [58,61,73], and my previous investigations have supported the efficacy
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Figure 5.8: Single-axis position-force telerobotic testbed.

of such a user model in haptic interactions [80,84]. The element’s properties can be linked

to an indication of the user’s effective impedance such as a grip force measurement [15,124]

or an EMG reading [50, 118]. Most likely, the relationship between the sensed quantity

and the hand’s dynamic behavior will need to be calibrated for each user [84]. A general

time-invariant model can be used only if variations in the user’s dynamics are relatively

small, such as if the human is required to maintain a constant grip on the handle.

In addition to his or her passive biodynamic influence on the master system, the user

can actively respond to low-frequency feedback signals. At low frequency, the entire master

moves as one object, pushing back against the user’s hand when the slave sustains contact

with an obstacle. The user’s arm and the master’s structure naturally deflect under such

loads, but these deflections do not affect the user’s ability to control the slave position under

visual feedback. The user effectively removes low-frequency induced motion from the slave

command via active compensation, applying additional hand forces and adjusting hand

position at frequencies from steady state to about eight hertz. To avoid interfering with

this normal, stable process, the model used in a cancellation controller must significantly

underestimate low-frequency induced motion while preserving accurate behavior at high

frequency. As seen in (5.14), overestimating the total response of the user-master system

creates positive feedback, which can destabilize the control loop and should be avoided.

5.7 Experimental Evaluation

The modeling and control techniques presented in this chapter were developed through

implementation on a one-dof telerobotic testbed. The system’s master and slave are a
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pair of Impulse Engine 2000’s, high-quality force-feedback joysticks produced by Immersion

Corporation. As shown in Figure 5.8, the forward-backward axis of each device includes

a DC motor connected to the handle via a cable drive, drum, and mechanical linkage.

The rectangular joystick bases contain the motors and their respective current amplifiers.

An ATI Mini40 force sensor is located beneath the front transmission element of the slave

joystick so that the contact force between it and the slave can be measured throughout

an interaction. The hardware is controlled by a desktop computer running RTAI Linux, a

hard-real-time open-source operating system, and all device control software was written in

C. A five kilohertz servo loop reads the sensors, computes control forces, and outputs current

commands to the amplifiers. This section presents experimental results from modeling and

canceling this system’s induced master motion.

5.7.1 Modeling Induced Master Motion

The dynamics of the master’s induced motion pathway were identified via successive iso-

lation, as described in Section 3.5.2. This process yielded the sixth-order nonlinear model

described in Section 3.5.4, including hysteretic linkage stiffness and Coulomb friction at the

motor and drum. During initial investigation, a linear stiffness model was found to ade-

quately describe the user’s behavior in the tested high-frequency range for moderate grip

force values. Following the arguments of Section 5.6.2, the model’s large deflections at DC

were limited by adopting a combined linear and quintic user stiffness model. The user’s

quintic stiffness, qu, was tuned to allow only two millimeters of deflection at maximum

feedback force, giving qu = 3.125 ∗ 1013 N/m5. This updated user model thereby avoids

overestimation of induced master motion at steady state, enabling the full model to capture

the high-frequency, low-magnitude resonance that destabilizes teleoperation. Although this

model did not incorporate variations in the user’s hand impedance during an interaction,

it could easily be extended to do so in future work.

With all of its parameters identified, tests were performed on the dynamic model’s

ability to predict the master’s time response during haptic interactions. Several pre-recorded

impact forces were displayed to a user via open-loop output. During these tests, the user

held the handle of the master device, moving it forward as though tapping on a remote

environment. The force profile was displayed when the user crossed a position threshold,

and the resulting master motion, xm, was recorded. The model was subjected to the same

feedback force, Ff , and its prediction of high-frequency induced master motion, x̂mi,hf , was
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recorded. The cancellation approach’s estimate of intended user motion was formulated for

each of the tests as

x̂mv = xm − x̂mi,hf . (5.20)

Open-loop testing indicates that the model adeptly captures the system’s transient

response to force feedback; results from a sample test are shown in Figure 5.9. The induced

motion prediction matches the shape and magnitude of the haptic interface’s observed

deviations for a range of force profiles, feedback gains, and incoming velocities. The resulting

estimates of intended motion are smooth, nearly devoid of evidence of the applied force

transient, supporting our assumption of superposition. The model’s ability to estimate

induced master motion during open-loop force display bodes well for its use in a closed-loop

controller.

5.7.2 Canceling Induced Master Motion

The one-degree-of-freedom telerobotic system in Figure 5.8 was used to test the cancellation

approach with the identified model. Position-force control was implemented on the system,

using proportional and derivative feedback on the slave. The full nonlinear master model
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was simulated in real time using forward Euler integration with a time step of 40 µs. The

performance of this simple teleoperator was tested with and without cancellation, setting

the force-feedback gain, λ, to various values, and keeping the position scale, µ, at unity. In

these tests, the user tapped repeatedly on the environment, as though trying to explore its

surface.

Figure 5.10 shows a single representative contact for each of the eight testing conditions,

illustrating the saturated force feedback signal, Ff , and commanded slave position, xc. The

bottom row of figures, which include cancellation, also show the measured master position,

xm, and the model’s estimate of high-frequency induced master motion, x̂mi,hf . As seen

in the first column of Figure 5.10, contact with the environment at λ = 1 produces nearly

identical behavior with and without cancellation. The force transients decay in about

50 ms, inducing only a small amount of high-frequency master motion. Although stable,

this configuration does not provide the user with significant force cues.

When the feedback gain in increased to λ = 3, as shown in the second column of

Figure 5.10, the two controllers behave very differently. Without cancellation, the master

experiences significant induced motion and the contact transient is prolonged to over 100 ms.

The user experiences this effect as a slight buzzing on impact, which is completely removed



CHAPTER 5. CANCELING INDUCED MASTER MOTION 141

by cancellation. The compensated system accurately predicts the induced master motion

and prevents it from contaminating the slave’s position command. By λ = 6, contact

without cancellation creates highly oscillatory force feedback, as the slave makes and breaks

contact with the environment several times. Adding cancellation provides a smooth estimate

of the user’s intended path for the slave, enabling stable contact under amplified force

feedback. Increasing the gain even further, to λ = 10, brings about contact instability in

the uncompensated system. The violent shaking of the master mechanism is prevented by

including cancellation in the controller, keeping the force’s settling time at approximately

fifty milliseconds. As hoped, cancellation enables the user to receive amplified environment

force feedback that is not distorted by the dynamics of the telerobotic system’s internal

control loop. The higher λ values achievable with the CIMM approach give the user more

choice in how to configure the system for different tasks; increasing the force reflection ratio

creates stronger high-frequency accelerations at the master handle, which may give the user

a more vivid impression of the remote environment’s response to contact.

The strategy of canceling induced master motion was also examined through a series of

blind user tests. An individual used an earlier version of the joystick teleoperation system

to tap repeatedly on the hard surface of the force sensor. The forward position gain, µ,

was set to one, and the force feedback gain, λ, was varied inversely with incoming velocity

to keep the total magnitude of the haptic feedback within the device’s limits. The system

randomly assigned whether each trial included cancellation, and the user was not aware of

these controller modifications. The force contact transient was recorded for each tap, and

its settling time was determined via post-processing that was again blind to the controller

type.

Figure 5.11 plots the measured settling times for all trials, including rough fit lines for

those without cancellation and those with cancellation. For low force reflection ratios, both

controllers are stable, but cancellation keeps the settling time of the transient to a lower

value, closer to that of the slave’s natural impact. Without cancellation, the system cannot

sustain a force reflection ratio above about 2.5, while cancellation enables stable contact up

to a gain of 4.5. The lower settling times afforded by cancellation indicate a more stable

loop and less feedback distortion for the user. The λ values at which instability occurred

differ somewhat from those shown in Figure 5.10 because the transmissions of both master

and slave contained significant backlash that had not yet been corrected. Additionally,

the tests shown in Figure 5.11 were performed with a simpler, less-accurate model of the
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Figure 5.11: Settling time of the slave’s contact force transient without and with cancellation
of high-frequency induced master motion.

human-master dynamics. Despite these limitations, the CIMM approach was sufficient to

enable over a two-fold increase in the stable force reflection gain, and the feel of the interface

was significantly improved.

5.8 Summary

Force-reflecting teleoperation has historically been plagued by contact instability, preventing

the use of high feedback gains and leaving the user with faint haptic cues. This phenomenon

can be traced to the dynamics of the master device, which must simultaneously measure

the user’s position command and apply haptic feedback. The position-force architecture

inadvertently creates an internal controller loop, as force feedback induces motion of the

master mechanism that is not intended as a position command. Large forward and feedback

gains allow high-frequency oscillations to resonate in this internal controller loop, prolonging

contact transients and ultimately causing system instability.

The controller’s destabilizing inner loop can be severed by removing induced master

motion from the slave’s position command. The relationship between feedback force and
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master motion can be characterized by careful examination of device dynamics. The re-

sulting model is simulated in real time during telerobotic interactions, and its output is

subtracted from the measured master position to provide an estimate of user intention.

This strategy was demonstrated on a one-dof master, using a nonlinear sixth-order model

that successfully captures the transient response of the system as held by a user.

Model-based cancellation was found to stabilize contact on the one-dof telerobotic

testbed, preventing the violent oscillations that typically occur at high force reflection gains.

The CIMM approach attenuates the control loop’s induced motion pathway and allows the

system to provide stronger, more authentic force feedback to the user. With a carefully

derived model, the joystick system enabled stable tapping up to a feedback gain of 15 with

approximately constant transient decay time. Further work is necessary to determine the

relationship between model fidelity and system performance, as well as the robustness of

this approach to model uncertainty.

The perspective of induced master motion also informs the process of master mecha-

nism design. All impedance-type devices will allow some level of induced motion, so care

should be taken to consider these dynamics. Generally, minimizing compliance in the device

transmission will limit the induced motor motion pathway and provide better performance;

suggestions from [146] may prove useful in this process. Because it relies on accurate

modeling of the haptic interface’s dynamics, canceling induced master motion may provide

more significant performance benefits on systems that contain a relatively soft connecting

element, like the joystick’s linkage. Having a soft connection between handle and motor

reduces the influence of the user’s time-varying properties on the dynamics that govern in-

duced master motion, making them easier to estimate with an LTI model. I hope that the

methods of modeling and canceling induced master motion will add to the field’s existing

set of control techniques and enable future teleoperators to portray haptic interactions more

authentically, allowing users to telerobotically feel the full spectrum of haptic feedback that

is available during real interactions.
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Chapter 6

Conclusion

Haptic interfaces perform the marvelous feat of allowing humans to touch objects that

are far away or that exist only as computerized models. Present telerobotic systems enable

surgeons to repair the human heart through tiny incisions [129] and let astronauts maneuver

hefty payloads from inside the International Space Station [95]. Current haptic interfaces

also let artists sculpt virtual clay [97] and give veterinarians-in-training the opportunity to

practice palpating a digital simulation of the bovine reproductive tract [7]. Despite the great

advances these technologies have seen, one major factor that still limits their usefulness is

the remarkably poor feel of contact with hard or textured objects.

Soft, indistinct haptic feedback can be traced to the control methodologies commonly

employed on such systems, as they fail to create appropriate high-frequency accelerations

at the user’s fingertips. A closed-loop position-based algorithm can make an autonomous

robot arm adeptly track a programmed trajectory, but it cannot enable an impedance-type

haptic device to portray impacts with stiff surfaces, regardless of whether the position signal

stems from a remote robot’s movement or a virtual environment’s geometry. Event-based

feedback can improve the crispness of virtual surfaces, but previous efforts have required

extensive tuning of transient parameters by feel rather than by deterministic guidelines.

For teleoperation, the position-force architecture captures the vibratory details of remote

contact, but its feedback force must almost always be attenuated to avoid contact instability.

This thesis confronts the limitations of present haptic feedback algorithms by focusing

on the high-frequency internal dynamics of the haptic interface, the system that connects

the user to the controller. Most researchers assume that these devices provide an ideal rigid

connection between the user’s hand and the system’s sensors and actuators, but real systems
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exhibit significant structural compliance, bearing friction, other nonlinear behaviors, and

variations over time. Only by understanding the influence of its electrical, mechanical,

and biomechanical elements can a haptic interface designer hope to accurately portray the

nuanced experience of touching real objects. The earlier chapters of this dissertation aimed

to provide a technical basis for characterizing and controlling the high-frequency dynamics

of haptic interfaces to improve the feel of hard and textured objects; the chief contributions

of this work are listed below in Section 6.1, and Section 6.2 provides relevant guidelines

for improving the performance of existing haptic interfaces. The discussion concludes in

Section 6.3 with suggestions for future research on this topic.

6.1 Contributions

The primary contributions of this thesis are the following:

• An efficient approach for characterizing the high-frequency (10 to 1000 hertz) dynam-

ics of haptic interfaces using empirical transfer function estimates: comprehensive

evaluation facilitates a frequency-domain understanding of the relationship between

motor current command and handle acceleration or motor movement while a hap-

tic interface is held by a user, and it can be extended to capture the influence of

time-varying parameters like user grip force.

• A thorough procedure for obtaining a physically-based lumped-parameter model of a

haptic interface: successive isolation combines a variety of time- and frequency-domain

identification techniques to estimate inertial, compliant, and dissipative parameters,

working through each element of the dynamic chain in turn, from the computer to

the user’s hand.

• A method for modeling rate-independent hysteresis in compliant dynamic elements:

close alignment between simulation and observation can be achieved by switching

the element’s force output between two offset stiffness lines based on the sign of its

deflection change and smoothing this signal with a tunable spatial filter.

• A teleoperation feedback architecture that allows the user to feel the precise details

of the slave robot’s contact with rough and stiff objects in the remote environment:

high-frequency acceleration matching uses an accelerometer on the slave’s end effector
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to record contact vibrations and recreates these accelerations at the user’s hand in

real time by inverting a model of the haptic interface’s dynamics and overlaying this

high-frequency feedback channel with traditional position-position control.

• A deterministic method for making virtual objects of various materials feel realisti-

cally hard: high-frequency acceleration matching enables the event-based portrayal of

appropriate fingertip accelerations during contact with virtual objects by conditioning

a set of pre-recorded acceleration transients with the inverse of a model of the haptic

interface’s dynamics.

• A control technique that stabilizes strong high-frequency haptic feedback like the

signals available in position-force teleoperation: canceling induced master motion uses

a model of the haptic interface’s dynamics to estimate the motor motion that will

result from applied feedback commands and remove it from the system’s estimation

of the user’s intended hand motion.

The developed modeling techniques can be used on their own to better understand the

behavior of existing haptic interfaces. High-frequency acceleration matching and/or can-

cellation of induced master motion can then be added to a system’s controller to improve

the feel of contact with hard and textured objects. These high-frequency feedback methods

methods can be combined with the many previously developed strategies for improving the

performance and stability of haptic interfaces, thereby achieving new levels of realism and

broadening the applicability of such systems.

6.2 Implications

This research delved deep into the inner workings of several impedance-type haptic inter-

faces, each of which was a unique combination of computational, electrical, and mechanical

elements. Over the course of these investigations, I have formulated a set of guidelines

for achieving top performance from such systems, especially in the area of high-frequency

haptic feedback. These practical implications may aid those who seek to build on this work

in the future.

The computer coordinates and controls the behavior of the haptic interface. In order

to run the servo loop at rates far above the human perception bandwidth of one kilohertz,
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the computer system needs to be able to perform tasks such as encoder reads and digital-

to-analog writes in a very short amount of time. For this reason, control cards that operate

on the computer’s PCI bus are far preferred to those that utilize the slower ISA bus or

those that use serial communications protocols such as USB. The accuracy with which the

computer executes these tasks must be very high as well, so that the program knows the

amount of time elapsed since the prior step; this knowledge is crucial for computing signal

derivatives such as velocity and also for running a discretized dynamic model in real time.

A hard real-time operating system such as RTAI Linux adeptly provides these important

computational features.

The electrical connections between the computer and the haptic mechanism should also

be carefully configured to ensure high performance. Though utilized in most commercial

haptic interfaces, PWM current amplifiers are not necessarily the best choice for generating

high-frequency haptic feedback. They are often conservatively tuned to have low bandwidth,

and their cut-off frequency depends on the inductance of the motor. Their fast switching

excessively heats the motor and injects high-frequency electrical noise into neighboring

sensor signals. Finally, they commonly exhibit non linearities such as cross-over distortion,

which are hard to model and invert. High-performance PWM amplifiers can overcome

these disadvantages, but linear current amplifiers are often more appropriate for use with

haptic interfaces, as they can provide clean, high-bandwidth output. Analog input lines

like those from accelerometers should be shielded nonetheless, and the corresponding sensor

power lines should be heavily low-pass filtered to remove ambient electrical noise. Finally,

power for optical encoders may need to be secured from an external source rather than

the computer’s motherboard in order to ensure accurate reads during the very fast motor

motion that can occur at resonant peaks during frequency-domain identification.

A haptic interface’s mechanical components are the last class of elements that strongly

influence its high-frequency behavior. All physical joints and connections should be checked

for backlash, and this play should be removed by remachining, shimming, or the application

of additional fasteners. Cable tension should be checked and adjusted regularly, and worn

cables should be replaced. Bearing friction should be evaluated, and faulty components

should be replaced. Soft mechanical elements in the chain should be stiffened as much as

possible to facilitate the transmission of high-frequency signals from the motor to the user’s

hand and to minimize the interface’s induced master motion. If a lumped-parameter model

of the interface has been derived through successive isolation, the effects of component
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changes can be simulated, and the design can be fine-tuned accordingly. Generally, it is

desirable for a magnitude response not to contain very high peaks or very deep valleys, as

such behaviors can change significantly with small parameter variations, which makes it

difficult to compensate for them.

Incorporating all of these suggestions will yield a haptic interface that is well equipped

for the high-frequency modeling and control methods presented in this research. It will

not behave ideally, as most researchers assume, but it will perform well. A good model

of its dynamics should be obtained through the steps outlined in Chapter 3, including

characterization of the influence of user grip force. Such a model allows the designer to

consider the full span of possible dynamic behaviors for the haptic interface, ranging from

its independent mass-like response to the more complex behavior it exhibits when held by a

user. Once a good dynamic model has been generated, the feel of hard and textured contact

can be improved through high-frequency acceleration matching, as described in Chapter 4.

If contact with hard remote or virtual objects is unstable or vibratory, Chapter 5’s method

of cancellation of induced master motion can be added to the system.

6.3 Future Work

This dissertation establishes the feasibility and value of high-frequency acceleration match-

ing and cancellation of high-frequency induced master motion, both of which are enabled by

careful characterization of the internal dynamics of haptic interfaces. As demonstrated on

several one-degree-of-freedom systems, these measures improve the feel of hard or textured

contacts over position-based feedback, and they provide greater stability than that afforded

by high-magnitude position-force control. With initial development and testing complete,

more research will be needed to facilitate widespread application of these ideas, and further

investigations will be inspired by the current and future findings.

The first natural extension of the present research is to apply it to a three-dimensional

system. A good model would need to be obtained for each axis of a haptic interface; initial

investigations revealed that the base and elbow of the studied Phantom exhibit similar,

though not identical, dynamics to those of the fully characterized shoulder. The dynamic

relationships between the axes would also need to be investigated to determine whether a

fully decoupled assumption is appropriate. It is likely that motor position response of the

base would be found to be independent from that of the shoulder and the elbow, but the
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shoulder and elbow’s position responses might exhibit some coupling, as they are driven

by the same cable. Lower-frequency handle accelerations would probably be determined to

be independent, but the three axes of high-frequency handle accelerations would probably

be somewhat coupled. Determining an appropriate method for inverting these coupled

dynamics is an interesting, important challenge.

Another exciting effort in this realm would be to obtain dynamic models for all widely

available haptic interfaces. The models could be shared and compared between researchers

via a central database to determine the suitability of different devices for various applica-

tions. Ideally, each manufacturer would create the dynamic models for their systems and

share these with the user community, in the same way that geometric models are presently

disseminated. In support of this effort, the characterization process would surely need to

be streamlined. Development of an automatic fitting method of LTI models to ETFE data

would be very useful, and it could help determine an appropriate metric for quantifying

the fit of frequency-domain models. The best models for this purpose would the physically-

based lumped-parameter ones that are obtained through successive isolation; manufacturers

are in a unique position to help create these models, as they know the specifications and

geometry of every element in the device. Hopefully, an attentiveness to high-frequency

performance will inspire the next generation of haptic interfaces to be designed with such

objectives in mind. Over time, we will also discover the level of detail required from dy-

namic models of haptic interfaces; the methods presented here yield very precise predictions

at the expense of complexity, and simpler models may eventually be found to work well in

certain situations.

Another exciting area for future work is to help develop a greater understanding of the

human sense of touch. High-frequency acceleration matching allows the haptic interface

designer to create a wide range of fingertip accelerations, including ones that are based

on physical interactions and ones that are generated artificially. With the power to vary

magnitude, frequency, shape, and duration, a psychophysicist can begin to determine which

aspects of a contact transient are most salient to users. These findings can be used to

guide the design of high-frequency feedback in haptic interfaces and may also shed light

on the functionality of the human tactile sensory system. For example, such investigations

could be used to explore the user’s perception of the rendered slave tip acceleration during

teleoperation with HFAM; perhaps filtering or frequency-shifting this signal would improve

the realism of the interaction over the straight matching that I have presently proposed.



CHAPTER 6. CONCLUSION 151

Another interesting effort in this area would be to map out the range of virtual hard

contacts that can be portrayed with a typical haptic interface and study the connection

between distortion of the acceleration transient and the haptic impression that the user

forms of the contact.

Finally, this work constitutes the foundation of a long-ranging research approach that

I call haptography: improving the authenticity of remote and virtual touch by carefully

matching haptic feedback to the real experiences being emulated. Despite its ubiquitous

importance in human life, we have relatively little practical knowledge about the sense of

touch, and we lack a formal method for describing haptic experiences. In contrast, consider

the human mastery of visual stimuli; to create a lifelike image of an observed scene, we no

longer need to start with a blank canvas, painting each element by hand. Instead, we use

a sophisticated measuring system (a camera lens) to control the desired light pattern and

project it onto a sensitive medium (either film or a digital image sensor). The latent image

is then converted to a storable, portable record (a negative or an image file) using chemical

or signal processing. Finally, we create realistic copies of the original stimulus by printing

the picture on paper or displaying it on an imaging screen. My future research will seek to

understand and control haptic interactions to this same level of excellence, building on this

base of knowledge in high-frequency haptic feedback for hard and textured contacts.
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