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Abstract

Many manual tasks such as those in surgical applications require a high degree

of motor skills that can only be gained through extensive training. This thesis is

concerned with the design and control of collaborative training virtual environ-

ments with haptic feedback for skills training. The term ”collaborative training”

refers to a scheme in which the trainee and the trainer operate in a shared virtual

environment. They collaboratively carry out the intended tasks using a shared

”virtual tool”. In order to enhance the trainee’s motor skills, the conventional vi-

sual feedback will be augmented by force feedback providing the feel of the task

environment as well as active guidance by the expert trainer.

First, a set of psychophysics experiments are designed to investigate the useful-

ness of haptic-enabled collaborative virtual environments for motor skills training.

Eighteen volunteers randomly divided between two training and control groups

have participated in the experiments. The training group would undergo a num-

ber of collaborative training sessions with active help from the trainer whereas

the control group would try the task on their own to achieve a set of stated goals.

Each of the experiments is designed with specific performance objectives in mind,

including trajectory tracking and task completion time. The results of the psy-

chophysics experiments confirm that, when visual feedback is partially impaired,
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haptic-enabled collaborative training improves learning of a trajectory tracking

task. In all the experimental scenarios tested, the results showed improvements

in temporal response after receiving training.

The second part of the thesis is devoted to the development of a general control

framework for the coordination of the users in haptic-enabled collaborative virtual

environments. The haptic interface control design is separated from the virtual en-

vironment simulation in order to provide more versatility in control strategies for

both impedance and admittance-type virtual environments. Adaptive nonlinear

controllers are proposed that establish desired linear-time-invariant and/or non-

linear static mappings amongst the users and the virtual task environment po-

sitions and forces. These controllers account for the nonlinear model of haptic

devices and can handle uncertainties in the haptic devices, the users, and the vir-

tual environment dynamics. First, the tracking behavior of the system is shown

via a Lyapunov analysis. Then using a priori known bounds on user and envi-

ronment parameters, the robust stability of the system is analyzed by employing

the Nyquist envelops of interval plants and an off-axis circle criterion. The robust

stability analysis provides bounds on the parameter of the linear and nonlinear

mappings within which the stability of the system is guaranteed, for all possible

system parameters with their a priori given bounds.Experiments carried out with

two similar Quanser twin-pantograph haptic devices confirm the effectiveness of

the proposed controllers in achieving the performance and stability objectives.
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5.6 Nonlinear Luré feedback form. . . . . . . . . . . . . . . . . . . . . . . 61

5.7 Closed-loop control system for interaction with a impedance-type

environment transformed into nonlinear Luré form with kf (.) as the
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Chapter 1

Introduction

1.1 Motivation

Human operators are always seeking to gain dexterity in different manual skills.

These motor skills can range from developing fine surgical skills to learning sports

techniques. Therefore, the development of effective motor skills training methods

seems crucial. One of the training methods recently introduced is using virtual

reality simulation. Virtual reality simulation is an engine that enables interactions

with a computer-simulated virtual environment. A good example is the use of

virtual reality simulation for surgery training. The conventional surgery train-

ing method consists of attending a number of surgery sessions. Nowadays, using

virtual reality simulators for surgery training is an effective way for students to

master the surgical procedure virtually before actual trials on patients [2,3]. Using

virtual reality simulators for training has many advantages over the conventional

methods. Working on a virtual model helps avoid the risks and costs associated
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with performing the actual task. This approach is more flexible in terms of adjust-

ing the difficulty of the task and providing extra information and guidance. More-

over, different aspects of the trainee’s behavior such as the temporal response as

well as trajectory and force profiles in completing the task can be recorded dur-

ing the training. These recorded data enable detailed analysis of the human user

performance as they try different scenarios, and then you can use this data to find

the correlation among the task parameters and learning and perhaps to adjust the

training scenario accordingly.

In early virtual reality simulators, the human user was provided by a visual

display of the virtual environment through the computer screen or stereoscopic

display. These simulators enabled navigation in the virtual world, but the ability

to feel the virtual object was missing. Haptic displays were later introduced to

increase the realism in interactions with the virtual objects [4, 5]. With the aid of

haptic displays the human operator is able to feel the virtual environment through

kinesthetic and force feedback provided. A haptic system consists of a robotic

interface and a control and simulation engine to provide realistic interactions be-

tween the human operator and the virtual environment.

Haptics has been widely used for enhancing realism in virtual reality applica-

tions. If used in conjunction with an appropriate simulator representing the in-

tended task, haptic interfaces can be a powerful training tool. Force feedback pro-

vided through haptic interfaces can be used to augment the existing audio-visual

based training techniques and potentially increase their effectiveness. Haptic-

enabled virtual reality simulators can be used for displaying pre-recorded trajec-

tories, introducing virtual barriers [6] or providing the means to model real world

2
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skills training tasks [2].

Haptic-guidance using pre-recorded or computer generated data for training

has been studied before in the literature. However, replacing the training data

sets with an active intervention from an expert trainer may be more effective for

teaching motor skills for certain applications. This new paradigm will be referred

to as human-haptic guidance. In this thesis, the trainer can actively intervene and

guide the trainee throughout the simulated task.

While guidance may also be provided through active replay (i.e. using a haptic

display) of the task, interactive participation of the trainer in human-haptic guid-

ance systems provides greater flexibility in correcting the trainees errors in real-

time particularly in complex procedures. Using human-haptic guidance, novel

training techniques can be developed to allow surgeons to interactively work with

a trainee in a simulated surgery platform teaching fine manipulation skills. Us-

ing this training method can also improve the ergonomics of training by enabling

the trainee and the trainer to participate in the task from separate workstations.

Haptic-based tele-rehabilitation can improve the existing post-injury recovery tech-

niques. A therapist can remotely guide the patients in performing physical exer-

cises in a virtual environment and, therefore, obviate patient transportation and

facilitate the recovery process. There is need for evaluating the effectiveness of this

training paradigm in developing human motor skills. Moreover importantly, new

control methods must be developed for stable interaction of the users in human-

haptic guidance systems.

3
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Figure 1.1: The concept of collaborative training in human-haptic guidance

1.2 Problem Statement and Thesis Contributions

Figure 1.1 depicts a general overview of a human-haptic guidance system also

known as collaborative training method. Collaborative training involves linking

the trainer, trainee, and the virtual environment through a virtual tool. In this

framework, the users would feel each other’s motion and force as well as the re-

sponse to their action in the form of the environment force. This training concept

can be interpreted as a scenario in which the trainer is holding the trainee’s hand

guiding her through the process. In other words, the users cooperatively manipu-

late a virtual tool through which they come in contact with the environment and

feel its reaction force. Note that each of the users has her own haptic device and

the link is created through the control system.

This thesis is concerned with assessing the usefulness of collaborative haptic

4
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training and developing a general control framework enforcing this training plat-

form for stable interaction in human-haptic guidance systems. The contributions

of the thesis are summarized below.

1.2.1 Human Factor Studies

A series of psychophysics experiments are designed and conducted to test the

ability of collaborative haptic training method in motor skills learning. Differ-

ent experimental scenarios are attempted and an optimal experimental design is

proposed. Eighteen subjects are randomly distributed in two groups. Subjects in

the first group known as the control group try the experiment scenario on their

own, whereas the second group members can choose between receiving collab-

orative haptic training and trying the task themselves. The performance of the

two groups is compared with each other to capture the effectiveness of collabora-

tive haptic training. The parameters evaluating the performance include the time

spent to complete the task and the error in tracking the 3D trajectory introduced in

the experimental scenario.

In all of the experimental scenarios attempted, receiving the training reduces

the task completion time. However, it is in the latest experimental scenario that

the trajectory tracking accuracy noticeably improves. In these final experiments

the subjects are required to follow a 3D trajectory on the surface of a sphere. The

virtual sphere is displayed on a two-dimensional computer screen. In this scenario

the lack of the depth perception forces the subjects to follow the trainer attentively

as she guides them along the path. As a result, an obvious improvement is detected

in the trajectory tracking error for the training group.

5
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The results of the human factor studies show the effectiveness of the collabora-

tive haptic training in the proposed experimental scenarios. These results motivate

the development of a general control framework for human haptic guidance that

provides greater flexibility in how the trainer, trainee and the virtual environment

are linked to each other.

1.2.2 A General Control Framework for Human-haptic Guidance

The control objectives need to be defined to enable the desired link between the

trainee, the trainer and the virtual environment. The performance of the control

system in achieving the objective has to be assessed. Later, the stability of the

closed-loop system needs to be evaluated.

• Performance

In order to create a link between trainee, trainer and the environment, both

force and position should be taken into account. The development of simu-

lators for training purposes may also involve different mappings. In many

applications the users are interested in magnifying the workspace for more

accuracy. In systems involving more than one user controlling the same ob-

ject, an authority sharing between the users is necessary to define their rela-

tive dominance in the control. A general formulation of the desired control

objectives for force and position tracking allowing desired mappings is pre-

sented in (1.1) and (1.2) respectively.

αf1fh1 + αf2fh2 = ztxt + kf (αfefe) (1.1)

6
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αx1kp(x1) = αx2x2 = αxtxt (1.2)

Here fhi is the hand force of the ith user, zt is the impedance of the tool, and

α is an LTI filter applied to the element specified with the indices; kp and

kf represent static nonlinear monotonic position and force mappings accord-

ingly. As for the indices, i = 1 represents the trainer, i = 2 the trainee, and e

the virtual environment.

Satisfying the criteria presented ensures the connection of the operators through

a virtual tool with the mechanical impedance given by zt. In the most simple

case where kf and kp are linear coefficients and αf1 = αf2 = αfe = αx1 =

αx2 = αxt = 1, kf = kp = 1 the force and position transparency objectives

transform into

fh1 + fh2 − fe = ztxt (1.3)

.

x1 = x2 = xt (1.4)

According to ( 1.3)the net force is applied to the virtual tool with its dynamics

represented as zt. In this case the trainee and the trainer are perfectly follow-

ing each other according to ( 1.4), and the virtual tool position is set to be the

same as the position of the human operators.

The controller should be designed for each of impedance and admittance-

type virtual environments which will be introduced in the next chapter.

7
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An adaptive controller is proposed to compensate for the uncertain nonlin-

ear dynamics of the devices and the users. Using a Lyapunov analysis, it is

shown that the proposed adaptive control framework can establish the de-

sired mappings in the presence of nonlinear dynamics of the haptic devices,

and structured parametric uncertainty in the users, environment and device

dynamics.

• Robust Stability

The Lyapunov stability analysis ensures the performance of the system in

achieving the desired transparency objectives. However, the closed-loop sta-

bility of the system has to be investigated for different filter parameters. In

the presence of uncertainties in the form of user and environment parame-

ters. It should be noted that these parameter uncertainties are assumed to be

bounded by known values.

The regions of robust stability are investigated for different mapping param-

eters. The algorithm proposed in [7, 8]is modified for collaborative handling

of the virtual tool. Different mappings are included and closed-loop stabil-

ity in the presence of uncertainties is analyzed using the Nyquist envelop of

interval plants and an off-axis circle criterion.

1.3 Organization of the Thesis

The rest of this thesis is organized as follows. Relevant literature addressing haptic

interfaces, applications and previous human factor studies in this field is presented

in Chapter 2. In Chapter 3 the effectiveness of the proposed collaborative training

8
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framework is tested in a series of psychophysical experiments. The adaptive con-

trollers that enforces the the collaborative training regime and the force and posi-

tion tracking objectives are introduced in Chapter 4. The robust stability analysis

of the closed-loop system for linear time invariant (LTI) filters and static nonlinear

position and force mappings in the presence of user and environment uncertainties

is analyzed in Chapter 5. The experiments conducted to evaluate the performance

of the proposed controllers are presented in Chapter 6. The thesis is concluded in

Chapter 7 where some possibilities for future work are also discussed.

1.4 Related Publications

• S. Moghimi, S. Sirouspour, and P. Malysz, ”Haptic-enabled Collaborative

Training with Generalized Force and Position Mappings,” Symposium on

Haptic Interfaces for Virtual Environment and Teleoperator Systems, March

2008, Reno, NV, pp. 287-294.
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Chapter 2

Literature Review

This chapter focuses on reviewing the previous studies in haptics systems and its

applications. A general overview of a haptic system followed by the description

of each of its components is presented. Stability of haptic control systems has been

subject of extensive research and therefore, is also included in this review. Appli-

cations of haptics in different areas including in gaming, skills training and telere-

habilitation are discussed. Finally, previous human factor studies concerning the

haptic-guidance systems for skills training are reviewed.

10
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2.1 Haptic Simulation System

A general representation of a haptic display system is illustrated in Fig. 2.1 where

a human operator interacts with a virtual reality simulator and can receive kines-

thetic and force feedback from virtual objects. A brief description of the compo-

nents of the haptic simulation system follows next.

Figure 2.1: A generic block diagram representation of a haptic system and its com-
ponents

2.1.1 Human Operator

The operator is always part of the system and has to be incorporated in any per-

formance and stability analysis. Many studies have modeled the operator with a

second-order linear time invariant model(LTI) (see [8, 9]). In such approaches, the

user arm is modeled by a passive mass-spring-damper mechanical impedance in

series with a bounded exogenous force representing the user intentional force. The

user moves the haptic device and feels the force feedback resulted from interacting

with the virtual environment.

11
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2.1.2 Haptic Interface

The haptic interface is composed of a mechanical device and other hardware com-

ponents such as sensors for measuring the user position and/or force, and actua-

tors that would apply the calculated environment reaction force to the user. There

are many haptic devices currently available including joysticks, gloves [10], mag-

netically levitated wrists [11], and motion platforms with haptic display [12]. A

large class of haptic interfaces in this thesis are robotic manipulators which provide

kinesthetic and force feedback and in some cases tactile feedback to the user.

Robotic manipulators can be actuated in an open-chain kinematics structure

where there is only one sequence of joints and links (arms) connecting the base of

the manipulator to the end-effector (see Fig. 2.2). Another actuation mechanism is

based on a closed-chain structure in which a number of the links form a loop as in

the 3 DOF Pantograph by Quanser Fig. 2.4.b. The first structure usually provides a

larger workspace and has a less complicated direct kinematics calculation whereas

the second can yield a larger force output with relatively easier inverse kinematics

calculations.

Haptic devices can also be classified into impedance and admittance-types. The

admittance-type devices are usually controlled by admittance-type controllers and

have large inertia and high output forces. These haptic displays are highly geared

and therefore are non-backdrivable [13]. Hapticmaster [14] and the Cobotic

Hand Controller [13] Fig. 2.3 are examples of this category of haptic devices. The

admittance-type devices are often costly and are best suited for displaying rigid

constraints [13].

Examples of another haptic device category known as impedance-type haptic
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Figure 2.2: Open-chain robotic manipulator by CRS Robotics

devices are depicted in Fig. 2.4. Impedance-type device are suitable for simulations

of low-inertia virtual environments. Various types of these devices have been de-

veloped and are commercially available including Phantom (SensAble)Fig. 2.4.a

and the Twin Pantograph (Quanser, Markham, Ontario) Fig. 2.4.b. Impedance-

type haptic devices have low-inertia and high back-drivability, and are controlled

by impedance-type controllers. They perform the best in free motion and in con-

tact with soft environments.

2.1.3 Haptic Control System

The control system has to maintain a stable interaction between the haptic interface

and the virtual environment. The controller requires measurements in the form of
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Figure 2.3: The Admittance-type haptic display known as Cobotic hand controller.(
Picture from [1])

force and/or position depending on the haptic device type. The controller should

render a realistic feel from the virtual objects through kinesthetic and force feed-

back. There are two essential objectives in control design known as transparency

and stability. The transparency is a measure of the fidelity of the virtual envi-

ronment. In an ideal transparent haptic simulation the user should feel that she is

directly interacting with the objects in the environment [15]. Therefore, to optimize

the transparency, the interfering effect of the device dynamics has to be minimized

and highly rigid contacts must be stably rendered. The stability is concerned with

preventing unwanted oscillations which can degrade the performance of the sys-

tem, damage the system and cause harm to the user. A more detailed discussion

of different control strategies attempted in the literature will follow shortly.
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Figure 2.4: Examples of impedance-type haptic displays a) IHA developed by
Quanser b) Phantom by SensAable c) 3 DOF Pantograph by Quanser d) Haptic
Breadboard co-developed by McMaster and Quanser

2.1.4 Virtual Reality Simulator

The virtual reality simulator provides a visual display of the virtual environment

for the human operator to explore, and usually incorporates dynamic simulations

to calculate the motion and the forces resulting from the user interaction with

the virtual objects. Based on the control algorithm and the haptic device type,

the virtual environment can either respond to force or position of the user. An

impedance-type environment generates interaction force based on the physical

model and in response to the user motion. An admittance-type virtual environ-

ment calculates the motion of the haptic device based on the user input force [16].
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(Generic illustrations of virtual environments simulators are given in Fig. 2.5.).

Figure 2.5: The impedance and admittance type virtual environment. X denotes
the position and f is the force.

2.2 Stability and Control

A haptic system is consisted of both continuous and discrete-time components.

The human operator and the haptic device are continuous-time elements of the

system whereas the parts executing on the computer system including the con-

troller and the environemnt simulator run in discrete-time. Optical encoders are

often used to measure the position of haptic devices. The output of the optical

encoders are quantized which may cause limit cycles, and can lead to instabil-

ity of the system specially if its outputs are differentiated to access velocity [17].

Actuator dynamics and the fact that velocity is usually obtained from position

measurement filtering are other possible sources of performance degradation and

instability.

There has been a healthy body of research on analyzing the stability of the sys-

tem in haptic interfaces. These studies are discussed throughout the rest of this

section.
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2.2.1 Single-user Haptic Control Systems

Research on single-user haptics leads to numerous rendering and control algo-

rithms for force and kinesthetic feedback. In this framework, a single user comes

in contact with a virtual environment through a haptic interface. A lot of studies

in this field are focused on providing a reliable and stable connection between the

human operator and the virtual reality.

Different studies in the literature have used passivity as a means of ensuring

stability, and found different conditions for the passivity of the system [16–21]. A

system is known to be passive if the energy provided to the user is less that or equal

to the energy supplied by the user to the system. It should be noted that passivity

is only a sufficient condition for stability which could be overly conservative.

Colgate et. al [17] discussed that one important factor for evaluating the per-

formance of the haptic interface is the Z-Width. The Z-Width is the range of the

impedance that can be stably achieved. Using passivity analysis of a haptic inter-

face, the authors found a lower bound for the feasible damping of a virtual spring-

damper wall required for maintaining stability. This lower bound depended on

the physical damping of the system, the sampling rate, and the stiffness of the

virtual wall. Adams and Hannaford [16] investigated the stability and tried to

maximize the performance of the haptic system at the same time. using a two-port

model for both impedance and admittance type environments, they found that the

physical damping and the conductance of the virtual spring-damper wall had to

be non-zero and positive. They also discovered that for the impedance-type vir-

tual environment, increasing the damping of the device, increased the maximum

impedance that could be achieved.
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Different studies were conducted to add physical dissipation to the system for

improving stability. In [22] the use of inherent resistor-inductor of the motor in

a voltage drive analog circuit was proposed to increase the maximum achievable

stiffness. In [23], the authors proposed adding a programmable viscous damper

using a time-domain passivity control methodology.

Abdossalami and Sirouspour [24] proposed novel adaptive control techniques

for stable interaction with impedance and admittance-type virtual environments.

The adaptation routine replaced the dynamics of the haptic interface that of an

adjustable mass-damper. The method used both force and position measurements

and proved to be highly effective in achieving stability for virtual environments

with much higher stiffness than previous studies.

2.2.2 Multi-user Systems

In many haptic applications such as network-based gaming, training, and tele-

rehabilitation it is required for multiple users to work cooperatively. Another ap-

plication is in teleoperation (control of a slave robot remotely by moving a master

haptic device)where cooperative handling of the task might be necessary. Nudehi

et. al [25] introduced a shared control approach to haptic interfaces for train-

ing purposes in minimal invasive surgery over long distances. In their approach,

the surgeon and the trainee collaboratively controlled a surgical robot. Using H∞

robust control stability analysis [26] and dynamic compensation, they created a

shared control regime, and found conditions for ensuring stability.

Sirouspour [27] proposed an architecture for multiple users (masters) control-

ling multiple robots (slaves) cooperatively using robust control analysis. Other
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studies of multi-master multi-slave architectures include [28] where adaptive con-

trol was used for dynamic compensation.

Multiple users can also be working cooperatively in virtual environments. There

has been several studies on network-based cooperative handling of virtual envi-

ronments. In [29], the authors proposed the use of state prediction to compensate

for the negative effects of the network delay. An optimization problem was formu-

lated to calculate the control gains to improve the performance while maintaining

the stability. In [30] the use of a multi-rate control strategy was proposed in which

the local feedback loop was executed at a higher rate than the data packet trans-

mission enabling high-fidelity haptic rendering.

Khademian and Hashtrudi-Zaad [31] proposed a collaborative haptic training

algorithm where the instructor and the trainee would try to complete a task in

the virtual environment while interacting with each other. To analyze the stability

issues in their design, the authors followed their work with a robust shared control

analysis in [32].

2.3 Applications

Haptics has a wide range of applications for entertainment purposes. In many

modern computer games, the consoles can provide the users with kinesthetic and

force feedback. Some of the most common examples of rudimentary haptic feed-

back are the steering wheels providing a sense of the road as the player accelerates

and maneuvers around in the race, Sony’s Dualshock and the Nintendo Wii.

Training in virtual environment can be used for teaching skills in various fields

of science. Once the intended workspace is modeled in virtual reality, the users can
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test various scenarios which may be risky or costly if tried in real world. One of

the fields in which haptic training has been used is in non-invasive surgery where

avoiding all risks to the patients is vital. Kuhnapfel et. al [2] developed a haptic

interface system called HapticIO for Minimally-Invasive Surgery (MIS) training in

virtual reality. Webster et. al [3] designed a haptic suturing simulator for wound

closure where soft tissue modeling and recording of the user motion for later anal-

ysis was provided. Gunn et. al [33, 34] developed a surgical training method

which allowed interaction between the experts and the trainee in the virtual envi-

ronment. The users received kinesthetic and force feedback from the organ which

they could also observe on a screen.

Jung Kim et. al [35] performed a study of collaborative haptics interactions

over large distances. They conducted the experiments between the Touch Lab

at MIT, USA and Virtual Environments and Computer Graphics lab at Univer-

sity College London, UK. The authors used questioners for evaluating the perfor-

mance of the system and found that the copresence of the users was improved

when kinesthetic feedback was provided.

Haptic-guidance has also been used for calligraphy teaching. Henmi et. al [36]

used haptic training for calligraphy lessons in Japanese. A record and replay of

the expert hand motion was used in this study. Yokokohji et. al [37] focused

on developing a visual/haptic training system to improve hand-eye coordination.

They investigated the sliding of a virtual cube on a rigid table as a benchmark for

skills training. The display was called WYSIWYF (What You See Is What You Feel).

Recording and replaying the teacher’s hand motion was used in their approach.
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Carignan and Olsson [38] proposed the use of haptic guidance for rehabilita-

tion over the internet. Their scheme enabled patients to participate in therapy ses-

sions remotely which made the rehabilitation process much more accessible and

convenient for them.

2.4 Psychophysical Evaluation of Haptic Guidance

To evaluate the effectiveness of haptic guidance in teaching skills, different psy-

chophysical experiments have been performed, and have resulted in interesting

findings. A comprehensive review of the experiments conducted evaluating the

use of robotics for skills training can be found in [39]. In this review different

methods have been discussed in which the task dynamics were altered to improve

conventional training.

Feygin et al. conducted a series of human factor studies comparing perfor-

mance in experiments providing sheer haptic, visual or combined haptic and vi-

sual feedback to different test groups [40]. A 3D desired trajectory was generated

by combining sine waves fluctuating along different position axes with various fre-

quencies. In this study the subjects with visual feedback could observe the haptic

device as it moved along the desired trajectory, and virtual environment display

was not provided. The use of a combined version of haptic and visual displays

was eventually concluded to perform the best.

Liu et al. performed a set of human factor studies for rehabilitation purposes [41].

Taking up a similar approach as that in [40] with less complicated desired trajec-

tories, they concluded that vision alone would perform slightly better than the

combined visual and haptic training.
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Other relevant studies include evaluation of force pattern [42] and calligra-

phy training [35] which both confirmed the effectiveness of the use of haptics in

teaching motor skills.
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Chapter 3

Human Factor Studies

A series of human factor studies are conducted to evaluate the effectiveness of

human-haptic guidance in skills training. In order to assess the ability of the collab-

orative training to teach the intended task, the subjects are randomly distributed

in two groups, namely training and control. Members of the training group re-

ceive haptic-guided training whereas the subjects in the control group try the task

on their own only using visual feedback. Various experimental scenarios are at-

tempted to compare the performance of these two subject groups which will be

discussed throughout this chapter.

The first part of this chapter focuses on the design of the experiments. In the

second part, the results and the methods used for comparing the performance of

the subjects is discussed. Finally, a comparison between the two groups of subjects

is performed, and other relevant findings are reported.
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3.1 Psychophysical Experiments

In order to achieve the optimal experimental design for the psychophysical experi-

ments capturing different features of an actual training session, different scenarios

are tested. A brief description of each of these primitive training scenarios fol-

lowed by the resulting final design is presented below.

The subjects are divided in two groups: the training and the control group.

Subjects in the training group undergo a number of training sessions with active

help from the trainer whereas those in the control group receive no active training

in completing the assigned tasks. In an actual training session, the trainer should

have a higher level of expertise due to her experience and understanding of the

specific training task. However, our studies are to test the method in a general

training situation focusing on specific aspects of learning. Therefore, the trainer

and the trainee share the same level of acquaintance with the task. In order to

ensure that the trainer will master the task, she is provided with artificial privileges

such as virtual fixtures [43] and more details in the virtual environment display.

This will be discussed in details later in the following sections.

Two separate displays of the virtual environment are developed and are pre-

sented to the trainer and the trainee during training sessions. The subjects are

advised to follow the motion on the monitor, but their view over the haptic device

is unobstructed.

Throughout this chapter we are investigating the effect of collaborative haptic

training in:

• Reducing the task completion time
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• Reducing the error in the trajectory tracking task.

3.1.1 Tumor Removal

In this task, the trainee is asked to remove a set of four balls from a big encircled

area. The workspace is chosen to be a two dimensional planar representation.

Fig. 3.1.1 and 3.1.2 illustrate the virtual reality displayed to the trainer and the

trainee. The task involves penetrating the big circle representing an organ, and

reaching out for each of the four smaller circles representing tumors in a specific

order. In order to penetrate the organ the user has to exceed a minimum threshold

force, and to drag the tumors out she has to apply enough force for the ball to be

attached to the tip of the device. Once the tumor is attached to the tool, the trainee

can drag it out of the organ for it to disappear which signals her success. Two of

the tumors are stationary whereas the remaining two are moving on a predefined

path. The users are asked to follow a certain trajectory to get to the static tumors,

whereas, for removing the tumors, they are instructed to minimize the time and

the distance traveled inside the organ to reduce tissue damage.

To make the task more challenging on the trainee side, the motion of the trainee

is implemented in a non-intuitive form. Such non-intuitive eye-hand coordina-

tion problems can be experienced during manipulation tasks such as Laparoscopic

surgery. In this configuration, the trainee’s hand motion will result in the move-

ment of the tool tip in the reverse direction along x and y.

Trajectory Comparison:

To compare different trajectories the time index has to be removed and the

recordings has to be resampled so all have the same dimensions. In order to get
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the same number of samples for all users, the sampling is carried out based on the

normalized length of the trajectory. The length of the traveled distance is first ex-

tracted by point to point integration. The new samples are then drawn with a step

size ∆ = D
N

where N is the target number of samples and is the same for all users

to make comparison feasible. The resampling process starts from the first element

in the data set. The second sample will be on a line resulting from interpolation

between the first point and the next point in the data set and is ∆ step away from

the previous resampled point. If the next point is represented by (xe, ye) and the

previous resampled one by (xo, yo), the desired point (x, y) needs to satisfy

(y − yo)(xe − xo) = (x− xo)(ye − yo) (3.1)

∆2 = (y − yo)
2 + (x− xo)

2

Following the same procedure for each user results in N samples of x and y.

The difference between the original and resampled data is barely noticeable with

a sufficiently large value for N.

Grid-on:

At this stage, the desired trajectory to grab the stationary tumors is in the form

of squares marked in a two dimensional plane. A view over the virtual environ-

ment on both trainer and trainee side is provided in Fig. 3.1.1. The path is visible

to the trainer, but the trainee will just see grids paving the workspace. The grid

will help the trainee remember the approximate path.

The training group are guided through the aforementioned collaborative train-

ing algorithm during five trials, and the control group has sheer visual feedback
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in five trials where they can observe the trainers path on their screen visually. In

order to provide a fair set of experimental conditions, the subjects in the control

group are allowed to try the task five times on their own. Without any help from

the trainer, they will try to fulfil the task and remove the tumors as discussed.

No significant difference between the two groups is noticed in following the

trajectories. This is due to the fact that the display grids provided in this set-up give

an advantage to the subjects in the control group for they have the opportunity to

visually memorize the path before the actual trials. Therefore, in a revised version

of the experiment, the grids are removed and a curvy path is chosen to reduce the

possibility of path memorization by the control group.

Curvy path:

During these trials the view over the workspace is provided to the trainee, but

the viewpoint overlooking the scene is twisted by 45o with respect to the base

frame of the target training area for the trainee. Fig. 3.1.2 depicts both trainee

and trainer displays in one of the training sessions. The differences in the visual

display provided to the users in order to provide artificial advantages to the trainer

can be followed in this figure. In these experiments, the results from the training

group do not reveal any major improvement in trajectory tracking. To make the

task more challenging, the dimension of the display on the trainee side is reduced

and the task scenario is modified in the next approach.

3.1.2 Dimension Reduction in the Display

In this configuration seven balls are distributed in a two dimensional plane as tar-

gets. The targets appear in blue and red, and based on the colors the users are
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instructed to come in contact with the front or the back of the object. Follow-

ing this procedure will eventually lead to moving in a certain path. The trainee’s

viewpoint, however, is in the same plane as the targets resulting in the loss of

depth perception. This will render visual feedback insufficient in the training task.

Therefore, the users are forced to use the force feedback guiding them to compen-

sate for the lack of a perfect visual feedback. Fig. 3.1.3 depicts the environment

displayed to each of the users.

The non-intuitive motion is deactivated at this stage to make it easier for the

subjects to focus on the depth of the space. However, the users in both groups

tend to ignore the motion economy, and deviate from the target path. The users

also use motion in x direction to figure out if the target is to the front or the back

of the current position of the tool. Although this technique helps both trained and

non-trained subjects fulfill the task, it degrads their performance in following the

trajectory. Since the trained users are also focused on using the visual feedback to

find the right path they unintendedly ignore their haptic trainings. Therefore, no

significant difference in the performance of the trained and non-trained users is

observed in trajectory tracking accuracy.

To encourage the subjects to take trajectory tracking into consideration, the re-

duced dimension display is combined with motions on curvy paths between sub-

sequent targets.

3.1.3 Combination of a Curvy Path and Dimension Reduction

The users are asked to move on a curve which is part of a circle as shown in

Fig. 3.1.4. The number of the targets is reduced from seven to three to make it
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easier for the subjects to remember the path and to focus on the quality of the task

completion rather than the quantity of the remaining targets. The results of this

experimental design fail to show any significant improvement in following the de-

sired trajectory.

None of the experiments discussed so far reveal any noticeable difference be-

tween the two test groups. The 2D planar format of the experiments is believed

to have degraded the results. Therefore, motion in a 3D space is considered.

Nonetheless lessons learned from these experiments lead to the design of the fi-

nal training scenario which later is proved to be successful in capturing the effect

of haptic training.

3.1.4 Three Dimensional Curvy Path

Since the use of two dimensional trajectories failed to capture the effect of training

for previously discussed reasons, a 3D dimensional virtual training task is consid-

ered instead. The new experiments are also using a curve as the desired trajectory.

inspired by the work in [40] a new scheme is designed. Since the three dimensional

workspace is presented on a two dimensional display, the user will not still have a

perfect visual feedback and will be encouraged to pay attention to the trainings.

Based on the results of prior experiments, keeping the training group engaged

in the experiments is found to be critical. People subject to sheer training are found

to be disengaged and passive resulting in a degraded performance. Therefore, a

mixed trial and training strategy is employed during which the subjects can choose

if they want to receive a training session or try the task by themselves. The com-

bined number of trials and trainings is limited to the same number of trials allowed
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for the control group.

The effect of vision and haptic displays on improving trajectory tracking has

been studied before in [40]. In this study, when providing visual feedback to the

user, the subject has a complete view over the haptic device and the workspace. As

a result, the visual feedback overshadowes the unconventional training through

haptics. In many tasks including endoscopic surgery the view over the workspace

is provided through a 2D display. Presenting a 3D workspace through a 2D display

provides a defective visual feedback lacking depth perception. In such applica-

tions, the lack of sufficient information in vision cues forces the the subjects to use

other sensing modalities such as kinesthetic and force feedback. Haptic guidance

can potentially play an important role in training of such tasks. This motivates the

redesign of the training scenario to study tracking of a 3D trajectory displayed on

a 2D display.

The desired 3D trajectory is consisted of two curves on the surface of a sphere

connecting three target points located on the surface as well. The subjects are in-

structed to travel the minimum distance between target points which is essentially

an arc formed by the intersection of a plane passing through the center of sphere

and the target points, and the sphere, i.e. see Fig. 3.3. In order to provide the trainer

with the ability to master the task, she is equipped with haptic feedback from the

virtual sphere and the two intersecting planes representing the curves. This fea-

ture works as a virtual fixture [43] giving her the advantage to feel the surface of

the sphere and the planes marking the trajectory. Moving along the intersection

of the plane and the sphere, she can lead the motion of the trainee to the desired

path. The trainer can also see the planes in her display. Fig. 3.2 is a screen shot of
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the view of the trainer and the trainee from the virtual task. The deficient 2D pre-

sentation is the same for both training and control group. However, the subjects in

the control group are provided with an off-line 3D display of the path traveled and

the desired path. The subjects can explore these trajectories from different viewing

angles upon request. Fig. 3.3 shows this off-line display of the trajectories for one

of the subjects in the control group.

Procedure:

The test group consists of 18 healthy volunteers aged between 23 to 28, six of

which were female. All the subjects are graduate students at MacMaster Univer-

sity. The trainer is a female student in charge of conducting the experiments. The

best performance is promised to be compensated with a gift as a motivation.

Each subject can try the experiment ten consecutive times. The users in the

training group can choose if they wanted to receive training or try the experiment

on their own before starting each test. The total number of trial or training is lim-

ited to ten for both groups. The data is recorded immediately after the tenth trial

where the users try the task on their own.

Data Analysis:

Finding the deviation from the 3D desired path requires development of a spe-

cific graphical analysis. The recorded data has different number of samples. The

difference in the size and the speed of motion makes a direct sample by sample

error calculation impossible. In order to develop an error measurement algorithm,

a local search based on the graphical properties of the experiment is developed.

The desired trajectory is first recorded from the trainer side after she moved the

device along the target path. The path recorded consists of a certain number of
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data samples. The goal is to find the error between each of these samples and the

closest point recorded from the subject. As mentioned before, each segment of the

path is the result of passing a plane Xi (i = 1, 2 for the first and second segment

respectively) from the center of the sphere and the two targets specifying the be-

ginning and the end of this segment. To find the error at each sample for the ith

segment, a plane Y is formed passing through that sample point and the center of

the sphere and is chosen to be perpendicular to plane Xi. Then, the recorded data

is searched to find a point a with minimum distance from the plane Y . The error at

the previously chosen sample point of the desired trajectory can then be found by

calculating the distance between point a and the sample point under investigation.

Since the aforementioned method of finding the error may be rewarding to

users who choose to have a fidgety motion around the desired path, the length

of the path the user traveled is also calculated using integration. This length is

compared to the length of the desired trajectory to avoid encouraging long paths

and unnecessary loops along the way.

3.2 Experimental Setup

The experimental set-up used in this paper is shown in Fig. 3.4. On the trainer side

a 6DOF Phantom device from Sensable, and for the trainee a 3DOF IHA haptic

interface by Quanser is used. The IHA robot can apply forces up to 100 N, and is

suitable for providing the desired authority sharing without going to saturation as

a result of large forces possibly applied to oppose the trainee’s guidance. Both of

these haptic devices have a large workspace suitable for the range of human hand

motion in skills training experiments.
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The control loop runs at a rate of 1000 Hz, and the data is recorded at 30 Hz. The

authority of the trainer over the trainee is higher than the authority of the trainee.

This is provided by assigning a higher DC gain for Hfh1 in (1.1). Giving more

authority to the trainer will reduce the fatigue on her side making the teaching

process easier.

3.3 Results

The performance measures used consist of the sample-by-sample error, the dis-

tance traveled and the completion time. Tables 3.1 and 3.2 list the root mean square

error for subjects in both groups for the first and second segments of the path (see

Fig. 3.2). The data is recorded immediately after the tenth trial for both training and

control group. As previously mentioned, the subjects under training can choose to

receive the training or go through a trial alone. The number of trails and training

differs for each subject, however, on average they have more trials than training (

an average of 6 trials compared to 4 trainings). This confirms their active partici-

pation in the process.

Using the method proposed in the data analysis section, the error for each sam-

ple of the desired trajectory averaged over subjects is shown in Fig. 3.5 for both the

training and control groups. The training group shows a much better performance

specially in the first segment of the path.

According to the results presented in Tables 3.2and 3.5, a major improvement

in the temporal behavior of the subjects in the training group is noticed compared

to that of those in the control group . On average the overall performance in the

trajectory following is better by 5 millimeters in the first and 3 millimeters in the
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Table 3.1: The Experimental Results for the training group. L is the length traveled,
t1 is the completion time for the first segment of the path and t2 is the traveling time
of the second segment of the path.

Subject t1 t2 RMS1(m) RMS2(m) L(m)
1 10.71 2.88 0.013749 0.005847 0.344
2 10.56 4.38 0.035209 0.008297 0.349
3 18.00 5.43 0.016482 0.005625 0.359
4 8.52 2.91 0.022225 0.006570 0.311
5 18.39 5.97 0.017197 0.005530 0.412
6 20.40 5.67 0.016121 0.007544 0.359
7 16.05 5.28 0.018696 0.008110 0.341
8 15.06 4.65 0.054746 0.007084 0.391
9 12.24 2.67 0.023966 0.012175 0.416

mean 14.45 4.43 0.024265 0.007420 0.365

Table 3.2: The Experimental Results for the Control group. L is the length traveled,
t1 is the completion time for the first segment of the path and t2 is the traveling
time of the second segment of the path.

Subject t1 t2 RMS1(m) RMS2(m) L(m)
1 14.70 3.78 0.027374 0.012252 0.375
2 25.77 10.95 0.024308 0.011228 0.350
3 12.45 16.35 0.048380 0.017104 0.374
4 14.34 4.02 0.027633 0.012746 0.371
5 39.27 10.11 0.036091 0.008942 0.395
6 17.43 4.77 0.021872 0.008321 0.350
7 30.12 9.42 0.036968 0.010471 0.375
8 42.09 11.04 0.025687 0.005545 0.330
9 13.14 5.01 0.020187 0.011382 0.323

mean 23.26 8.38 0.029833 0.010887 0.360
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second segment of the path for those who received the training. In Fig. 3.6, the

number of users in different tracking error ranges are shown according to which

the number of trained users in lower error ranges is more than untrained subjects

which further confirms the effectiveness of the training. Therefore, collaborative

haptic training improves both trajectory following and the task completion time,

with the effect on the latter being more pronounced. According to the data in Ta-

bles 3.1 and 3.2 no significant difference is observed in the average length traveled

between the two groups where the desired path length is 0.310m.

An inspection of Fig. 3.2 shows that the second segment of the task is easier to

follow visually because a big part of it is on the surface facing the users. The sub-

jects could monitor the penetration of the device into the sphere by slight wobbling

on the surface. Due to the dominance of the visual feedback in this portion of the

path, the effect of haptic training is less noticeable. Based on the results in Fig. 3.5,

haptic-guidance is more effective in the first segment of the path where vision is

less reliable, and the users have no choice but to rely on other sensing modalities

to acquire information about the task.

3.3.1 Discussion

All the experimental scenarios prior to the final experimental design confirm the

effectiveness of human-haptic guidance in improving the temporal response by

reducing the task completion time. However, these experiments fail to capture

any significant improvement in trajectory tracking accuracy of the subjects who
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received haptic-guided training. The final experimental design , i.e. three dimen-

sional curvy path, is the only scenario in which the training group performed bet-

ter in following the desired trajectory. This improvement in trajectory tracking is

most significant in the first segment of the path where vision is most defective.

In the other prior experiment designs vision overshadows force and kinesthetic

feedback, but in the last experiment the depth perception is missing which en-

courages the trainees to pay attention to the trainer’s guidance. This shows that

human-haptic guidance helps improve the training process by compensating for

imperfections in the visual display of the 3D path.

Another interesting finding in the final experimental design is the effect of en-

gaging the trainee in the training process. In this experiment at each stage of train-

ing, the trainee can choose whether she wants to receive the haptic training or to

try the task herself. As a result, the trainee can benefit from the training as well

as learning from her mistakes during the trials. This provides the trainee with

the chance to be more attentive to the trainer’s guide instead of being passively

dragged around, and confirms the importance of active participation of the trainee

in human-haptic training.

36



M.A.Sc. Thesis - S. Moghimi McMaster - Electrical Engineering

Figure 3.1: The virtual reality model displayed on trainee and trainer sides. 1.
tumor removal grid-on, 2. tumor removal curvy path, 3. dimension reduction in
the display, 4. combination of curvy path and dimension reduction.
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Figure 3.2: A) Virtual reality display on the trainer side, B) Virtual reality display
on the trainee side. The red ball marks the user position and the green balls rep-
resent three targets distributed on the purple sphere. The users were instructed to
move from left to right.
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Figure 3.3: The desired and the actual path presented to one of the users after the
trial. (The balls mark the targets.)

Figure 3.4: The experimental set-up.
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Figure 3.5: The mean error versus samples in the desired trajectory (The recorded
desired trajectory consists of 273 samples. The first half of the path is marked with
1 and the second with 2).
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Figure 3.6: Number of users versus different error ranges in meters.
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Chapter 4

Adaptive Controllers

Motivated by the results of the human factor studies in the previous chapter, a con-

trol framework is designed for realizing collaborative haptic training. This general

control framework incorporates different force and position mappings which can

be used to achieve different training goals such as workspace magnification and

authority sharing between the users. Throughout this chapter the overall dynam-

ics of the system are presented and the controller design for both impedance and

admittance-type virtual environments is discussed in details. The design involves

developing a trilateral control scheme for the realization of collaborative haptic

training. The performance of the system in parameter approximation, and its abil-

ity to provide the requirements of a collaborative training framework is evaluated

using a Lyapunov analysis .
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4.1 System Dynamics

The dynamics of the haptic devices used by the trainer (i = 1), and the trainee

(i = 2) are given by

Dmi(xmi, t)ẍmi + Cmi(xmi, ẋmi, t)ẋmi + Gmi(xmi, t) = Fmi − Fext,mi (4.1)

where xmi denotes the device position in workspace coordinates, Dmi(xmi) rep-

resents the mass matrix, Cmi(xmi, ẋmi) embodies Coriolis and centrifugal effects,

Gmi(xmi) captures position-dependent forces such as gravity, Fmi is the device con-

trol force, and finally Fext,mi denotes external forces applied to the device end-

effector. The following properties hold for the matrices introduced in (4.1) [44].

Dmi(xmi) > 0, is positive definite and symmetric (4.2)

Ḋmi(y)− 2Cmi(y, z) is skew symmetric

It should be noted that the second property is only valid when Cristoffel symbols

are used. Otherwise, xT (Ḋmi(y) − 2Cmi(y, z))x = 0 is satisfied just for x = z. The

dynamics of user arms and environment are assumed to be second-order LTI mod-

els to avoid complicated modeling and analysis (4.3). This type of modeling has

proven to provide satisfactory results in previous studies, e.g. see [9].

Fext,mi = −Fhi = Mhiẍmi + Bhiẋmi + khi(xmi − xmi0)− F ∗
hi (4.3)

where F ∗
hi is a bounded exogenous force for user i. This model assumes the hand

mass (Mhi) in conjunction with spring (khi) and damper (Bhi) effects for the human
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operator. The overall dynamics of both human and haptic device can be lumped

together in the following form

Mmiẍmi + Cmiẋmi + Gmi = Fcmi + F ∗
hi (4.4)

Mmi = Dmi(xmi) + Mhi

Cmi = Cmi(ẋmi, xmi) + Bmi

Gmi = Gmi(xmi) + Khi[xmi − xmi0]

where Fcmi is the control force applied to the user specified by mi. It can be easily

shown that in general yT
(
Ṁmi − 2Cmi

)
y ≤ 0. In order to apply a monotonic non-

linear function kp(.), the first user’s position can be mapped into new coordinates

kp(xm1) resulting in the following dynamics

M ′
m1q̈m1 + C ′q̇m1 + G′

m1 = J−T Fm1 (4.5)

M ′
m1 = J−T Mm1J

−1

C ′
m1 = J−T [Cm1 −Mm1J

−1J̇ ]J−1

G′
m1 = J−T Gm1

where J is the Jacobian matrix, and

qm1 = kp(xm1) (4.6)

q̇m1 = k̇p(xm1) = Jẋm1

q̈m1 = k̈p(xm1) = Jẍm1 + J̇ ẋm1
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It can be shown that yT (Ṁ ′
m1 − 2C ′

m1)y ≤ 0 still holds for non-singular Jacobian

matrices.

4.2 Control Design

The general form of the control laws for interaction with both impedance and

admittance-type virtual environments is given by

Fcmi = Ymi(ρ̇mi + ẍmi, ẋmi, ρmi + ẋmi, xmi)Θ̂mi + kmiρmi − αhisgn(ρmi) (4.7)

where αhi is an upper bound on |F ∗
hi|, Θ̂mi is an estimation of the vector of un-

known user and haptic device parameters Θmi with the estimation error defined

as Θ̃mi = Θ̂mi−Θmi, and ρmi will be later defined for each environment type. More-

over, Ymi is a known regressor matrix in the linear-in-parameter formulation of the

combined user/device dynamics. For the admittance-type environment, and for

the second(i=2) user in the impedance-type environment configuration, YmiΘmi

has the following form

YmiΘmi = Mmi(xmi)
d

dt
(ρmi + ẋmi) + Cmi(xmi, ẋmi)(ρmi + ẋmi) + Gmi(xmi) (4.8)

whereas for the first (i=1)user in impedance-type environment, (4.8) is modified as

follows to account for the nonlinear mapping kp(·)
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Ym1Θm1 = M ′
m1(kp(xm1))

d

dt
(ρm1 + k̇p(xm1))

+ C ′
m1(kp(xm1), k̇p(xm1))(ρm1 + k̇p(xm1)) + G′

m1(kp(xm1)) (4.9)

The following adaptation laws are proposed for parameter estimation as in [9].

˙̂
Θmip =





0, Θ̂mip ≤ Θ−
mip and Y T

mipρmi ≤ 0

0, Θ̂mip ≥ Θ+
mip and Y T

mipρmi ≥ 0

Γ−1
mipY

T
mipρmi, otherwise

(4.10)

where the index p refers to the pth parameter for either m1 or m2, Θ−
mip and Θ+

mip

denote the minimum and maximum values of the parameters, and Γmip is a ma-

trix chosen to be strictly positive(Γmip > 0). The definitions of ρm1 and ρm2 for

impedance and admittance-type environments will be presented later on.

Throughout the rest of this chapter where time domain quantities are implied,

Hindu = L−1{Hind(s)L{u(t)}} for notational cleanliness, where Hind is a transfer

function, u denotes a time domain quantity and L is the Laplace operator. In ad-

dition, if R is one of the following {xmi, ẋmi, kp(xm1), k̇p(xm1)}, i = 1, 2, then the

notation R̃ represents the following filtered quantity and its derivative

Ł{R̃} =
C

s + C
L{R} (4.11)

˙̃R = CR− CR̃ (4.12)
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4.2.1 Impedance-type Virtual Environments

The definitions of control variables ρm1 and ρm2 for impedance-type environments

are inspired by some earlier work on adaptive bilateral teleoperation control for

single-operator systems in [8, 9]. The block diagram of the proposed control sys-

tem is displayed in Fig. 4.1. Impedance-type virtual environments generate the

environment reaction force based on the position of a virtual tool, which is often

the measured position of the haptic device. In cooperative haptics, however, the

trainer and trainee jointly hold the virtual tool and therefore, a mapped combina-

tion of the two haptic devices positions can be used as the tool position, i.e.

xe = Hx1xm1 + Hx2xm2 (4.13)

where Hx1 and Hx2 are strictly proper LTI filters. The environment reaction force

is then given by:

fe = ke(xe) (4.14)

To enable cooperative haptics, the error signals ρmi in (4.7) are defined as follows:

ρm1 = νm1d −H ′
xm1k̇p(xm1) + AHfh1f

1
h (4.15)

ρm2 = νm2d −H ′
xm2ẋm2 + AHfh2f

2
h (4.16)

where

νm1d = H ′
xm2

˙̃xm2 + Λ(H ′
xm2x̃m2 −H ′

xm1kp(xm1)) (4.17)

+AHfh2f
2
h − Akf (Hfefe)
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and

νm2d = H ′
xm1

˙̃kp(xm1) + Λ(H ′
xm1k̃p(xm1)−H ′

xm2xm2) (4.18)

+AHfh1f
1
h − Akf (Hfefe)

In(4.15)-(4.18), kp(·) and kf (·) are static nonlinear position and force mappings, re-

spectively, H ′
xmi = 1 + Hxmi, i = 1, 2; Hxmi, Hfh1, Hfh2, and Hfe are strictly proper

LTI filters, and Λ and A are constant gains.

Figure 4.1: Cooperative haptics control with impedance-type virtual environment.

4.2.2 Admittance-type Virtual Environments

The block diagram of the proposed control system for admittance-type virtual en-

vironments is shown in Fig. 4.2. In admittance-type virtual environments, the

displacement of the virtual environment is generated based on the user exerted

force on the haptic device. In cooperative haptics, however, the trainer and trainee

jointly hold the virtual tool and therefore, a mapped combination of the two users

forces can be passed to the virtual environment simulator. An intervening mass-

damper type tool is introduced to render the system well-defined in free motion
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where the admittance of the environment is ill-defined.

fe = H−1
fe k−1

f (Hfh1fh1 + Hfh2ffh2 −Hztxe) (4.19)

where

Hzt =
s2 + Λs

A(s + C)
(4.20)

In this case, the tracking errors ρmi in (4.7) are defined as follows:

ρm1 = k̇−1
p (

xe

H ′
xm1

)− ẋm1 + Λ(k−1
p (

xe

H ′
xm1

)− xm1) (4.21)

ρm2 =
ẋe

H ′
xm2

− ẋm2 + Λ(
xe

H ′
xm2

− xm2) (4.22)

Figure 4.2: Cooperative haptics control with admittance-type virtual environment.
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4.2.3 Performance analysis

To demonstrate how the proposed controllers coordinate the users and the virtual

environment, the following candidate Lyapunov function is defined

Vm =
∑
i=1,2

1

2
ρT

miMmiρmi + Θ̂T
miΓmiΘ̃mi (4.23)

where Mmi is defined in (4.4) and Γmi > 0. Substituting the control force in (4.7)

into the system dynamics in (4.4) yields

−YmiΘ̃mi = Mmiρ̇mi + Cmiρmi + kmiρmi + F ∗
hi − αhisign(ρmi) (4.24)

Taking the derivative of (4.23) along the closed-loop dynamics in (4.4) and us-

ing the adaptation law (4.10) result in

V̇m ≤
∑
i=1,2

−ρT
mikmiρmi (4.25)

Using (4.23) and (4.25) it can be concluded that

ρmi ∈ L2 ∩ L∞, i = 1, 2 (4.26)

It can also be shown that ρmi converges to zero as in [9, 24]. Later in this chapter,

the aforementioned properties of ρmi will be used for achieving the transparency

objectives.
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Impedance-type virtual environments

Subtracting (4.16) from (4.15) and substituting from (4.17) and (4.18) yield

ρm1 − ρm2 = H ′
xm2

˙̃xm2 −H ′
xm1k̇p(xm1)−H ′

xm1
˙̃kp(xm1)

+ H ′
xm2ẋm2 + Λ(H ′

xm2x̃m2 −H ′
xm1kp(xm1)−H ′

xm1k̃p(xm1) + H ′
xm2xm2) (4.27)

It can be seen that (4.27) is in the form of u = ẏ + cy and therefore Lemma 1

from [9] can be applied to obtain

ρe = H ′
xm2xm2 −H ′

xm1kp(xm1) ∈ L2 ∩ L∞ (4.28)

ρp = H ′
xm2ẋm2 −H ′

xm1k̇p(xm1) ∈ L2 ∩ L∞ (4.29)

Adding (4.15) and (4.16) results in

ρm1 + ρm2 = 2A(Hfh1f
1
h + Hfh2f

2
h − kf (Hfefe))

− C−1[H ′
xm2

¨̃xm2 + H ′
xm1

¨̃kp(xm1)

+ Λ(H ′
xm2

˙̃xm2 + H ′
xm1

˙̃kp(xm1))] (4.30)

which can be written in the form of

Hfh1f
1
h + Hfh2f

2
h − kf (Hfefe)− ρ̄ =

s2 + Λ

CA
x̃m2H

′
xm2 = HztH

′
xm2xm2 (4.31)
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where

ρ̄ =
1

2A
[ρm1 + ρm2 − C−1(s + Λ)ρ̃p] ∈ L2 ∩ L∞ (4.32)

Note that (4.28) and (4.29) show the establishment of a generalized position

tracking between the two users characterized by the LTI filters H ′
xm1 and H ′

xm2 and

the static nonlinear mapping kp(·). Moreover, (4.31) demonstrates a generalized

mixed linear/nonlinear mapping enforced between the users and environment

forces which is characterized by Hf1, Hf2, Hfe, and kf (.). An adjustable interven-

ing impedance in the form of Hzt also appears in (4.31). The intervening tool mass

and damping can be tuned through changes in C, A and Λ. The block diagram of

the resulting closed-loop system is shown in Fig. 4.3 where f ∗hi denotes the human

exogenous force for user i.

Figure 4.3: Closed-loop system for impedance-type environments.
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Admittance-type virtual environments

In this case of an admittance-type virtual environment, a generalized position

tracking in the form of (4.28) directly follows from (4.21) and (4.22). In particu-

lar by defining ρe1 = k−1
p ( xe

H′
xm1

) − xm1, ρe2 = xe

H′
xm2

− xm2 and ρpi = ρ̇ei, it can be

shown that ρei, ρmi ∈ L2 ∩ L∞. The generalized force tracking behavior can be

deducted from (4.19) by replacing xe from (4.22). Fig. 4.4 features the block dia-

gram of the closed-loop system with the controller for an admittance-type virtual

environment.

Figure 4.4: Closed-loop system for admittance-type environments.
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Chapter 5

Robust Control Analysis

The proposed adaptive controllers ensure that the desired generalized force and

position tracking in the collaborative haptic training framework are achieved. How-

ever, there are still uncertainties in the resulting closed-loop control system in the

form of uncertainty in the users and environment parameters that affect the sta-

bility of the overall system. This chapter focuses on investigating the stability of

the closed-loop system in the presence of user and environment uncertainties. A

robust stability analysis for different filter parameters is carried out. First the case

of sheer LTI filters is addressed for a family of transfer functions resulting from

boundary conditions on the uncertainties. Next, the stability of the system is eval-

uated in the presence of nonlinear position or force mappings.

The analysis in this chapter is based on the closed-loop representation of the

system for impedance and admittance environment types developed in the previ-

ous section. The block diagram of the system developed is shown in Figs. 5.1 and

5.2.
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Figure 5.1: Closed-loop system for impedance-type environments.

5.1 Linear Mapping

The first set of mappings considered here are LTI filters and constant kp and kf

gains. In this case, the closed-loop stability can be determined from the character-

istic equation which can be written in the following general form:

c(s) = ansn + an−1s
n−1 + ... + a1s + a0 (5.1)

where each coefficient ai(q1, q2, .., qp) is a function of the uncertain parameters

denoted as qi. For guaranteed robust stability, the poles of c(s) must all remain on

the left hand side of the imaginary axis for all admissible sets of system parameters.

For polynomials with bounded uncertainties in which the coefficients are linearly

independent of each other, checking the stability of four fundamental members of

the function family known as Kharionov polynomials is sufficient [45]. Kharitonov
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Figure 5.2: Closed-loop system for admittance-type environments.

polynomials result from the boundary condition on the uncertainties. As the set

of polynomial roots change continuously, the stability is guaranteed only when

c(jδ, q) 6= 0. This requires that the origin of the complex plane be excluded from

the convex hull formed by the extremal polynomials [45]

For polynomials with linearly dependent coefficients, a more general form of

analysis is required. According to Barmish [46], at a fixed frequency the extremal

points of the family of the polynomials define a convex hull representing the image

set formed by changing the unknown coefficients within their bounds. The roots

of all polynomial family members are on the left hand side of imaginary axis if and

only if the resulting polygon does not include the origin [46, 47]. As proposed in

[7], zero exclusion property can be checked by a process based on maximum phase

difference. If each of the edge polynomials forming the vertex of the polygon is

denoted by CEi
(jw) and any other edge by CE∗(jw), the following process rotates
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the convex hull to intersect the real axis. Defining

ΦCEi
= phase(ΦCEi

(jw))− phase(ΦCE∗ (jw)) + 2kπ (5.2)

where

k =





−1, phase(CEi
(jw))− phase(CE∗(jw)) < −π

1, phase(CEi
(jw))− phase(CE∗(jw)) > π

0, otherwise

(5.3)

yields

−π ≤ ΦCEi
(w) ≤ π (5.4)

The origin is excluded from the convex hull if

supw∈R+ [maxiΦCEi
(w)−miniΦCEi

(w)] < π (5.5)

In the stability analysis, users hand dynamics are modeled as mass-spring-

damper impedances. Impedance-type environments are only modeled as spring-

dampers since modeling mass would require the acceleration measurement of the

haptic devices. The admittance-type environments, however, can involve all three

parameters, i.e. mass, damping, and stiffness. An arbitrary set of parameter ranges

given in Table 5.1 was chosen to perform the stability analysis for a number of dif-

ferent cases.

For the impedance-type environment control, the block diagram depicted in

Fig. 5.1 can be transformed into Fig. 5.3 where u is formulated as

u = Hfh2f
2∗
h + Hfh1f

1∗
h − ρ +

ρe

kpH ′
xm1

[zh1Hfh1 + Hx1zekfHfe] (5.6)
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Table 5.1: Parameter Boundaries

Environment User1 User2
mass(m) 0.676-0.866 0-0.3 0-0.3
damper(b) 5-50 0-100 0-100
spring(k) 10-1000 20-1000 20-1000

The resulting characteristic function would then be in the form of

C(s) = A(s + C)(kpH
′
xm1Hfh2zh2 + H ′

xm2(Hfh1zh1 + kfHfezeHx1) (5.7)

+kfHfeHx2zekpH
′
xm1) + (s2 + sΛ)H ′

xm2H
′
xm1kp

Figure 5.3: Closed-loop system for impedance-type environments when all filters
are LTI.

For the admittance-type environment control presented in Fig. 5.2, the block

diagram can be transformed into Fig. 5.4 where u is formulated as ( 5.8).

u = f 1
hHfh1 + f 2

hHfh2 (5.8)

Using the block diagram in Fig.( 5.4) results in the following characteristic func-

tion

58



M.A.Sc. Thesis - S. Moghimi McMaster - Electrical Engineering

c(s) = A(s + C)(kfHfekpH
′
xm1H

′
xm2ze + H ′

xm2Hfh1zh1 (5.9)

+kpH
′
xm1Hfh2zh2) + kpH

′
xm1H

′
xm2(s

2 + sΛ)

Figure 5.4: Closed-loop system for admittance-type environments when all filters
are LTI.

5.1.1 Case 1: Hfhe

Hfhi

According to the general force mapping equation in (4.31), the feel of the user from

the virtual environment can be modified using the ratio Hfhe

Hfhi
. For instance, it might

be desirable to increase this ratio at higher frequencies for the trainee so that high-

frequency environment forces are better perceived. The following choices of filters

would provide this effect when τ2 > τ1 (trainee is denoted with index i = 2) :

Hxm1 = Hxm2 = 1, Hfh1 = Hfe =
c

s + c
(5.10)

Hfh2 =
c(τ1s + 1)

(s + c)(τ2s + 1)
, kf = kp = 1
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Figure 5.5: Stability regions with respect to τ1 and τ2: (a) Impedance-type environ-
ment in Case 1; (b) Admittance-type environment in Case 1; (c) Impedance-type
environment in Case 2; (d) Admittance-type environment in Case 2.

Using these filters, the coefficients of the characteristic equation of the closed-

loop system for both virtual environments in Fig. 5.1 and Fig. 5.2 can be easily

calculated.

Figs. 5.5.a, and 5.5.b depict the stability regions with respect to τ1 and τ2 and for

different values of virtual tool damping bt, for the impedance and admittance-type

environments, respectively. The results were obtained by means of the zero exclu-

sion test introduced earlier. It is worth noticing that decreasing the tool damping

would clearly reduce the guaranteed stability region.
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5.1.2 Case 2: Hfh1

Hfh2

The frequency depended ratio Hfh1

Hfh2
can be chosen such that the relative authority

of the trainer (m = 1) is increased at low frequencies where most of hand voluntary

motion occurs. This may be achieved through the following mapping filters when

choosing τ2 > τ1:

Hxm1 = Hxm2 = 1, Hfh1 = Hfe =
c

s + c
(5.11)

Hfh2 =
c(s + τ1)

(s + c)(s + τ2)
, kf = kp = 1

The coefficients of the closed-loop characteristic equation for the system can be

obtained similarly. Figs. 5.5.c and 5.5.d show the region of guaranteed stability for

the impedance and admittance-type virtual environment with respect to τ1 and τ2

for different values of virtual tool damping.

Figure 5.6: Nonlinear Luré feedback form.

5.2 Nonlinear Mapping

In order to analyze the stability including nonlinear mappings, the system block di-

agram can be transformed into a standard Luré feedback form depicted in Fig. 5.6

where Ψ is a nonlinear element and G(s) is a linear rational transfer function [48].

There are a number of sufficient stability tests for such systems in the literature.
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Among these is an off-axis circle criteria proposed in [49]. In this paper, the au-

thors argue that for incrementally monotonic nonlinearities Ψ(·) satisfying

K1 ≤ Ψ(x1)−Ψ(x2)

x1 − x2

≤ K2 (5.12)

if G(jω) is completely outside a circle passing through (− 1
K2

+ δ, 0), and (− 1
K1
−

δ, 0),(δ > 0) and it does not encircle it, then the system is asymptotically stable.

As proposed in [8] using a bilinear transformation, this geometrical test can be

replaced by the following equivalent condition

H(s) =
G(s) + 1

2
( 1

K1
+ 1

K2
)− dj − r

G(s) + 1
2
( 1

K1
+ 1

K2
)− dj + r

(5.13)

r =

√
d2 +

1

4
(

1

K1

− 1

K2

)2

infw∈R+Re(H(jw)) > 0 (5.14)

where d is the center of the circle (d ∈ R). To determine stability, it suffices to show

the validity of (5.14) for at least one arbitrary d. For d = 0 the test reduces to the

conventional on-axis circle criteria which evidently may fail to identify some stable

regions due to its conservatism.

The stability analysis in this case should also take into account the uncertain-

ties present in the users and environment dynamics resulting in an uncertain lin-

ear plant G(s). Hollot [50] argues that for all Hurwitz stable transfer functions

G(s) in the form of N(s,q)
D(s,q)

with the coefficients of numerator and denominator be-

ing independent of each other and having independent coefficients themselves,

the Nyquist envelop of the plants is contained in the envelop of corresponding
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Kharitonov plants. The term Kharitonov plants refers to any set of plants in the

form Nm(s,q)
Dn(s,q)

with Nm(s, q) and Dn(s, q) as Kharitonov polynomials. If (5.1) has

bounded real coefficients as γ
i
≤ ai ≤ γi , the four Kharitonov polynomials are

defined as [51]

κ1
F (s) = γ

0
+ γ

1
s + γ2s

2 + γ3s
3 + ... (5.15)

κ2
F (s) = γ

0
+ γ1s + γ2s

2 + γ
3
s3 + ...

κ3
F (s) = γ0 + γ

1
s + γ

2
s2 + γ3s

3 + ...

κ4
F (s) = γ0 + γ1s + γ

2
s2 + γ

3
s3 + ...

The original closed-loop systems can be transformed into their equivalent Luré

feedback form shown in Fig. 5.6 for both impedance and admittance-type virtual

environments so that the input u is in L∞. The nonlinear element Ψ is kf (.) and

k−1
f (.) for the impedance and admittance-type environments, respectively. The

transformations also result in

Gimp(s) =
Hfeze(kpH

′
xm1Hxm2 + Hxm1H

′
xm2)

HztkpH ′
xm1 + Hfh2zh2kpH ′

xm1 + zh1Hfh1H ′
xm2

(5.16)

and

Gadm(s) =

(
Hfh1zh1

kpH ′
xm1

+
Hfh2zh2

H ′
xm2

+ Hzt

)
YeH

−1
fe (5.17)

open-loop transfer functions for both environment types. Figs. 5.7 and 5.8 de-

pict the general block diagrams of the system transformed into the Luré form for

impedance and admittance-type environments respectively.
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Figure 5.7: Closed-loop control system for interaction with a impedance-type envi-
ronment transformed into nonlinear Luré form with kf (.) as the nonlinear element.
u = f 2∗

h Hfh2 + f 1∗
h Hfh1 − ρ + ρe(1−Hx2)

H′
xm2

(Hzt + Hfh2zh2)

Figure 5.8: Closed-loop control system for interaction with an admittance-type
environment transformed into nonlinear Luré form with kf (.) as the nonlinear el-
ement. u =

f1
hHfh1+f2

hHfh2

(
Hfh1zh1

kpH′xm1
+

Hfh2zh2

H′xm2
+Hzt)Ye
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It should be noted that only one nonlinear mapping element can be considered

at a time. Here the results for a nonlinear force mapping kf (·) and a constant gain

position mapping kp are given. Similar analysis can be carried out for constant

gain force mapping kf and a nonlinear position mapping kp(·). In this case the

open-loop transfer function can be formulated as follows

Gimp(s) =
H ′xm2

H ′xm1(Hzt + Hfh2zh2 + ze)
(5.18)

and

Gadm(s) =
zh1Hfh1HfeYe

H ′
xm1(1 + HfeYe(

Hfh2zh2

H′
xm2

+ Hzt))
(5.19)

for impedance and admittance-type virtual environments. Figs. 5.9 and 5.10 de-

pict the general block diagrams of the system transformed into the Luré form for

impedance and admittance-type environments respectively with kp(.) as the non-

linear mapping.

Figure 5.9: Closed-loop control system for interaction with an impedance-type en-
vironment transformed into nonlinear Luré form with kp(.) as the nonlinear ele-
ment. u = 1

Hfh1zh1+Hx1ze
(f 2∗

h Hfh2 + f 1∗
h Hfh1 − ρ + ρe

H′
xm1

(Hx1ze + Hfh1zh1))

The results of robust stability analysis using the envelop and 16 kharitonov

plants is presented in Figs.5.11 and 5.12. It should be noted that the choices of

the filters in the analysis has rendered the coefficients of Nm(s, q) and Dn(s, q) all
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Figure 5.10: Closed-loop control system for interaction with an admittance-type
environment transformed into nonlinear Luré form with kp(.) as the nonlinear ele-
ment. u =

f1
h

zh1
+

f2
hHfh2

zh1Hfh1

independent. However, in the case where Nm(s, q) and Dn(s, q) are independent

but any of them have dependent coefficients within their polynomials the same

approach can be used. The only difference emerges in finding the boundaries of

the Nyquist envelope where instead of Kharitonov plants extremal plants [47] ap-

plying edge theorem [52] is required [7].
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Figure 5.11: The result of stability analysis for impedance-type for various tool
damping values with nonlinear mapping sectors.

Figure 5.12: The result of stability analysis for admittance-type for various tool
damping values with nonlinear mapping sectors.
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Chapter 6

Experimental results

The ability of the proposed control framework to realize collaborative haptic train-

ing successfully needs to be tested. In this chapter experiments investigating the

performance of the proposed system to initiate and maintain a stable collaborative

control method are conducted using a virtual wall benchmark as the environment.

The experimental setup is first explained in details. The experimental results are

next presented for impedance and admittance environment types.
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Table 6.1: Control Parameters

C A Λ Γ1 = Γ2 km1 = km2

150 0.01 15 [50 350 500] 50

6.1 Experimental Setup

The experimental setup shown in Fig. 6.1 consists of two similar Quanser twin-

pantograph haptic devices each with two degrees of freedom along x and y axes.

The devices are actuated by direct drive DC motors and the motor shaft angles are

measured by optical encoders with 20, 000 counts per revolution. The users inter-

action forces are directly measured by ATI Industrial Automation Mini40 force/torque

sensors whereas the velocities are obtained by filtering the position signals. Mat-

lab RTW/Tornado RTOS with a sampling rate of 1024Hz is employed to implement

the controller.

The virtual environment in both impedance and admittance-type simulations

is a spring-damper wall with which the users can make contact. To avoid chat-

tering in the control signal due to the switching sign(·) element in the control ac-

tion in (4.7), the user exogenous force F ∗
hi is treated as one of the parameters to

be estimated by the adaptation routine. This would provide satisfactory results in

practice as the rate of change in F ∗
hi is much slower than the adaptation speed. The

control parameters for both environment types are presented in Table 6.1.
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Figure 6.1: Experimental Setup

6.2 Impedance-type Environment

Figs. 6.2 and 6.3 present experimental results using the filters and gains listed in

Table 6.2. In the nonlinear case, the force mapping kf (fe) = sgn(Fe)
f2

e

8
is substi-

tuted for the kf = 1 used in the linear case. This nonlinear force mapping satisfies

the condition given in [7] for improved environment stiffness perception.

For the impedance-type virtual environment, the wall has a stiffness of 2000 N
M

,

and a damping of 10 N.s
m

. The proposed controller establishes a rigid link between
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Table 6.2: Assigned Filters

Hfh1 Hfh2 Hfe Kp Hx1 = Hx2

Impedance− type C
s+C

C
s+C

C
s+C

1 0.5
Admittance− type 0.25 0.75 1 1 0.5

the users through which they can interact with each other and the virtual wall. As

shown in Figs. 6.2 and 6.3, the users are successfully following each other in both

free motion and in contact with the wall. The adaptation routine is also providing

satisfactory results. The third diagram in each of the figures confirms the ability of

the system to provide force tracking (4.31). The difference between Hfh1f
1
h +Hfh2f

2
h

and Hfefe is due to the intervening tool dynamics.

6.3 Admittance-type Environment

The filters are again assigned according to Table 6.2. The virtual wall has a damp-

ing of 60 N.s
m

, and a stiffness of 6000 N
M

. Fig. 6.4 depicts the experimental results for

the linear case where kf = 1.

Next the proposed controller was tested with the monotonic nonlinear force

mapping k−1
f (f) = f

(
1− 0.2 tanh((f

8
)2

)
depicted in Fig. 6.5. The argument f was

Hfh1f
1
h + Hfh2f

2
h −Hztxe. This choice of f−1

f (f) satisfies the conditions provided in

[7] for enhanced stiffness discrimination. In either free motion or contact with the

wall at xwall = 0.03, the ability to track the other user and the environment position

is evident in both Figs.6.4 and 6.5. The force tracking objective (4.19) has also been

attained as can be seen in the last diagram of each figure. The virtual tool mass for

the admittance-type was set to 0.35 kg.
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Figure 6.2: Impedance-type with linear filters (a)Positions. (b) Estimated parame-
ters. (c) Hfh1F

1
h + Hfh2F

2
h ,HfeFe,Hfh1F

1
h , and Hfh2F

2
h .
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Figure 6.3: Impedance-type with a nonlinear mapping as kf (a) Positions.
(b)Estimated Parameters. (c) Hfh1F

1
h + Hfh2F

2
h ,HfeFe,Hfh1F

1
h , and Hfh2F

2
h .
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Figure 6.4: Admittance-type with linear filters (a)Positions. (b)Estimated parame-
ters. (c) Hfh1F

1
h + Hfh2F

2
h ,Hztxe, Hfh1F

1
h , and Hfh2F

2
h .
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Figure 6.5: Admittance-type with a nonlinear mapping as kf (a)Positions. (b) Esti-
mated parameters. (c) Hfh1F

1
h + Hfh2F

2
h ,Hztxe,Hfh1F

1
h , and Hfh2F

2
h .
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Chapter 7

Conclusions and Future Work

This thesis was concerned about control design and psychophysics evaluation of a

haptic-enable collaborative virtual environments for skills training. Using virtual

reality for skills training purposes are an emerging field of research. In these algo-

rithms, after the workspace is modeled in a virtual reality simulator, the subjects

can learn and practice the real world tasks. The use of haptics (providing kines-

thetic and force feedback from virtual tasks) in conjunction with virtual reality

can improve the realism of the human operator experience when dealing with the

virtual task and is used in a wide range of applications. The collaborative haptic

training using virtual reality simulators is an example of these applications. This

framework can potentially improve the conventional teaching schemes by link-

ing the trainer and trainee and the virtual environment. A similar attempt in real

world training session will lead to awkward tool manipulation and will degrade

the ergonomics of learning. However, in the method known as collaborative train-

ing or haptic-guidance the connection is made through the control system and the

instructor and the student will be working with two separate haptic devices and
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in the mean time will feel each other.

The contributions of this thesis can be summarized as:

• A set of psychophysical experiments were designed to explore the use of col-

laborative haptic training. The subjects were divided to two groups: the ones

that received training and the ones who did not. The results of these ex-

periments confirmed the effectiveness of collaborative training in improving

users temporal response in the experimental scenario. Based on the results

the trained group also showed a better performance in trajectory tracking

with less overall error.

• Active participation of the trainee was found to be an important factor in the

effectiveness of human-haptic training. In addition, human-haptic guidance

was shown to be most effective in improving trajectory tracking accuracy in

the experiment where the visual feedback was most defective.

• The results of the human factor studies motivated the design of a framework

for collaborative haptic training using adaptive control. In this framework,

two users were linked through a virtual tool using which they could prac-

tice different tasks cooperatively in a virtual reality model. The design al-

lowed for various linear time invariant filters and nonlinear mappings for

impedance and admittance environment types.

• Through a Lyapunov analysis, it was shown that the proposed controller can

achieve the generalized position tracking and impedance shaping objectives.

• To ensure closed-loop stability of the system in the presence of the uncer-

tainties in the user and environment dynamics, a robust control analysis was
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performed. Robust stability regions were investigated for different mapping

parameters using the Nyquist envelop of interval plants and an off-axis circle

criterion..

In future, we hope to develop application specific training platforms and use

more general force and position mappings in the control structure [53] to improve

the performance of the system at different stages of the task such as contact and

stiffness perception. Other human factor studies can be designed to achieve dif-

ferent helpful force and position mappings. The ability of the users to recall their

trainings after a longer time period can also be investigated through psychophysics

studies, thus, enabling the evaluation of the training method in long term skills

training.
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