
nm 
u Ottawa 

L'Umversite caiiadienne 
Canada's university 



nm 
FACULTE DES ETUDES SUPERIEURES 1 = 1 FACULTY OF GRADUATE AND 

ET POSTOCTORALES U Ottawa POSDOCTORAL STUDIES 
L'Unixersitc landdictme 

Canada's university 

Jilin Zhou 
AUfEUWDElXtHES"f/MWROTfHESTs 

Ph.D. (Electrical and Computer Engineering) 

School of Information Technology and Engineering 
FACULTOCOTE7D!PW^ 

Velocity and Acceleration Estimation and Uniform Hardness Perception in 6-DOF Haptic Rendering 

TITRE DE LA THESE / TITLE OF THESIS 

The Late Nicolas Georganas 
DIRECTEUR (DIRECTRICE) DE LA THESE / THESIS SUPERVISOR 

Emil Petriu 
CO-DIRECTEUR (CO-DIRECTRICE) DE LA THESE / THESIS CO-SUPERVISOR 

Dorina Petriu Shervin Shirmohammadi 

Daniela Constantinescu 
Jiying Zhao University of Victoria 

Gary W. Slater 
Le Doyen de la Faculte des etudes supeneures et postdoctorales / Dean of the Faculty of Graduate and Postdoctoral Studies 



Velocity and Acceleration Estimation and 
Uniform Hardness Perception in 6-DOF 

Haptic Rendering 

by 

Jilin Zhou 

A dissertation submitted to the 

Faculty of Graduate and Postdoctoral Studies 

in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 

in Electrical and Computer Engineering 

The Ottawa-Carleton Institute for Electrical and Computer Engineering 

School of Information Technology and Engineering 

Faculty of Engineering 

University of Ottawa 

© Jilin Zhou, Ottawa, Canada, 2010 



1*1 Library and Archives 
Canada 

Published Heritage 
Branch 

395 Wellington Street 
OttawaONK1A0N4 
Canada 

Bibliotheque et 
Archives Canada 

Direction du 
Patrimoine de I'edition 

395, rue Wellington 
OttawaONK1A0N4 
Canada 

Your file Votre reference 
ISBN: 978-0-494-73920-4 
Our file Notre reference 
ISBN: 978-0-494-73920-4 

NOTICE: AVIS: 

The author has granted a non­
exclusive license allowing Library and 
Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non­
commercial purposes, in microform, 
paper, electronic and/or any other 
formats. 

L'auteur a accorde une licence non exclusive 
permettant a la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par I'lnternet, prefer, 
distribuer et vendre des theses partout dans le 
monde, a des fins commerciales ou autres, sur 
support microforme, papier, electronique et/ou 
autres formats. 

The author retains copyright 
ownership and moral rights in this 
thesis. Neither the thesis nor 
substantial extracts from it may be 
printed or otherwise reproduced 
without the author's permission. 

L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these. Ni 
la these ni des extraits substantiels de celle-ci 
ne doivent etre imprimes ou autrement 
reproduits sans son autorisation. 

In compliance with the Canadian 
Privacy Act some supporting forms 
may have been removed from this 
thesis. 

Conformement a la loi canadienne sur la 
protection de la vie privee, quelques 
formulaires secondaires ont ete enleves de 
cette these. 

While these forms may be included 
in the document page count, their 
removal does not represent any loss 
of content from the thesis. 

Bien que ces formulaires aient inclus dans 
la pagination, il n'y aura aucun contenu 
manquant. 

• • • 

Canada 



Abstract 

With advances in human computer interface technologies, the sense of touch has been 

successfully brought into many virtual reality applications. Haptic devices are such kinds 

of interfaces which can generate programmable forces to its users, allowing for natural 

manipulations of objects inside virtual environments. In this thesis, we study two critical 

issues with haptic interfaces that have a tool-like end effector. 

The first issue is about velocity and acceleration estimation for haptic interfaces. 

Since most haptic devices are equipped with neither tachometers nor accelerometers, 

this information has to be derived from discrete position measurements. However, due 

to a limited sensor resolution and a fast update rate requirement of haptic simulations, 

getting accurate and robust estimates is challenging. In studies of human arm/hand 

trajectories, researchers observed that skilled movements are usually extremely smooth 

that is equivalent to minimizing an objective measure with a performance index of jerk. 

With the assumption of a constrained minimum-jerk model for human arm/hand tra­

jectories, an adaptive constrained 4-state Kalman filter is proposed for the velocity and 

acceleration estimation for haptic devices. 

The second issue is about the influences of a haptic interface's effective mass and 

viscous damping on users' perceived virtual stiffness in 6-DOF haptic rendering. In any 

haptic simulations, we always hope that the desired force can be delivered to the user 

faithfully. But the inherent dynamics of the device may have negative effects on the 

final perceived force. Through experiments, we have found that the induced forces from 

those physical parameters affect the perceived virtual stiffness non-uniformly: a surface 

that should feel uniformly stiff will feel softer or harder, depending on which part of the 

virtual tool it contacts. The scale of the non-uniform perception is also related to the 

user's holding point as well as its relative position to the contact points on the tool. 

Nevertheless, the goal of this study is not to increase the perceived hardness but to make 

users perceive a uniform hardness when tapping a virtual object. For that, we propose 

three different methods to compensate for the non-uniform hardness perception. The 

subjective evaluations show the effectiveness of all three methods. 

n 
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Chapter 1 

Introduction 

1.1 Introduction to Haptics 

Haptic, originally from the Greek verb ''haptesthai", pertains to the sense of touch. 

Haptic interfaces are such a kind of human computer interfaces which can generate 

programmable forces to stimulate human touch channels, so they allow a natural ma­

nipulation of virtual objects in a virtual reality (VR) application or remote physical 

objects with the help of a tele-robotic manipulator equipped with force/torque sensors 

[1] [2]. In the past two decades, the study of touch, referred to as haptics, has been a 

fast-growing research field for VR and tele-operation applications. This research can be 

broadly categorized into the following four sub-fields [3] [4]: 

• Human haptics: Human haptics are mostly conducted by professionals in Psy-

chophysics to study mechanisms of the underlying human touch modality and mo­

tor characteristics. It is well known that human haptic perception has two distinct 

sensing components: (i) tactile information from skin touch sensors which pro­

vide data about contact force, local geometric profile, texture, and temperature of 

the touched object-area, and (ii) kinesthetic information about the positions and 

velocities of the kinematic structure (bones and muscles) of the body [5] [6]. Un­

derstanding the related human factors is by far the most important thing for the 

design of those haptic interfaces and haptic-enabled applications, particularly when 

trade-offs have to be made due to the limitations of current hardware technologies. 

• Machine haptics: As its name implies, machine haptics refers to the design and the 

control of haptic interfaces. Corresponding to the two sensing components, there 

1 



Introduction 2 

(a) (b) 

Figure 1.1: Two commercial kinesthetic haptic interfaces: (a) PHANToM desktop from 

SensAble Technologies Inc.: and, (b) Freedom 6S hand controller from MPB Technologies 

Inc. 

are mainly two kinds of haptic interfaces for each of them. In this thesis, we only 

focus on the kinesthetic haptic interfaces such as PHANToM desktop devices and 

Freedom 6S hand controllers, as shown in Fig. 1.1. A kinesthetic haptic interface 

usually has a pen-like stylus (end effector) connected to its active end, which can 

be held by a user as a tool to manipulate the interacting objects. 

• Computer haptics: Computer haptics covers all research aspects in the develop­

ment of haptic enabled applications to replicate real-world interacting forces for a 

particular task. For example, to simulate a cut in a surgery simulation, we need to 

know when the virtual scalpel touches the skin, how to deform the skin after the 

touch, when the skin starts to break, how to model the interaction force during 

each stage of the cut, etc. At a higher level, trade-offs are often needed between 

the stability of the simulation and the haptic perception of the user. 

• Multimedia haptics: Multimedia haptics is relatively a new concept which considers 

haptic data such as users' movement and interaction force trajectories as a new 

medium type, same as its counterparts audio and video [4]. Multimedia haptics is 

of particular importance in networked haptic applications where the haptic data 
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Figure 1.2: A conceptual view of a multi-modality virtual reality application. 

have to be transmitted over some communication networks. At each peer site, the 

received haptic data along with other multimedia data from remote peers have to be 

reconstructed in a meaningful way. Accordingly, its format, storage, compression, 

transmission, and synchronization with other multimedia data need to be studied 

[7] [8]. 

1.2 Haptic Enabled Virtual Reality and Its Applica­

tions 

The term "virtual reality" was initially referred to "immersive virtual reality". In an 

immersive VR environment, the user is fully immersed in a three-dimensional world 

completely generated by computers. Webster's Dictionary defines virtual as "being in 

essence or effect, but not in fact" and reality as "the state or quality of being real". If 

we combine them together, it means "something virtually existing". Nonetheless, the 

most accepted definition of VR so far is "virtual reality is a way for humans to visualize, 

manipulate and interact with computers and extremely complex data" [9]. As shown in 

Fig. 1.2. the visualization here not only refers to the visual output of a virtual world 

but also to the computer generated auditory or some other sensual outputs such as force 

and tactile signals. We explicitly put "haptic-enabled" in front of the "virtual reality" to 

emphasize its fundamental difference from the visual and audio modality. For the haptic 

channel, there is a bi-directional information flow between the user and the interacting 
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Figure 1.3: System architecture of a haptic-enabled VR application, (adapted from [10]) 

virtual environment. This bi-directional information flow also involves physical energy 

exchanges between the user and the haptic interface. But for the visual or the audio 

modality, the information flow is in one way where the user is mostly a passive observer. 

Fig. 1.3 illustrates the system architecture of a typical haptic enabled VR application 

which consists mainly of four components. The first one is the simulator engine which 

controls the progress of the application along its life cycle and determines the behavior 

of the virtual environment in response to any internal or external events. The second 

component is responsible for the computing and the rendering of haptic and graphic 

responses from the virtual environment to the user. For a convincing haptic perception, 

haptic algorithms should be fine enough to capture our real-world touch experience in a 

form of force/torque feedback. The third component is the media synchronization unit 

which synchronizes the presentation of the haptic, audio, and video signals to the user. In 

contrast to the audio-video synchronization, haptic-audio, haptic-video, or haptic-audio-

video synchronization are much less studied and may have been overlooked. Research 

has shown that the inter-frame delay between the haptic and the visual signals has 

considerable influences on the perceived stiffness of the simulated virtual objects [11]. 

Furthermore, as more networked haptic applications are being developed, the importance 

of the media synchronization among the haptic, the audio, and the video parts is getting 

more obvious. To deal with a network with a limited bandwidth and impairments such 

as delay and packet losses, these media need to be tagged with different priorities and 

handled differently at the receiver side for a meaningful reconstruction. Some initial 

attempts can be found at [12] and [13] where new communication protocols are designed 

specifically for these networked haptic applications. The final component of a haptic 

enabled VR application contains all physical input/output interfaces which allow us to 

interact with virtual environments. 
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In the past two decades, haptic interfaces have been applied in many industries in­

cluding medicine, entertainment, education, the arts, and so on. Among all these ap­

plications, haptics in medicine has attracted the most attention. It is so natural to 

integrate haptic interfaces into surgical training simulators such that medical students or 

surgeons can get certain experiences on new skills or procedures before they practice on 

real patients [14] [15]. For minimally invasive surgeries, haptic feedback not only helps 

doctors to have a better control of the inserted surgical tools, but also allows them to 

palpate the internal organs which may be useful for locating abnormal regions [16] [17]. 

With advanced haptic interfaces and communication networks, doctors in big medical 

centers which are mostly located in metropolises can reach those patients living in the 

countryside with remote diagnosis, or even can teach the local doctors in a hand-by-

hand telementoring maimer [18] [19]. Haptic-enabled virtual reality also provides a new 

approach for post stroke rehabilitations [20] [21]. For educational purposes, haptic in­

terfaces have been used as an experimental tool for teaching university courses such as 

system dynamics and control, and structural molecular biology [22]. Haptic interfaces 

can also find their usefulness in industrial computer-aided design (CAD) modeling and 

fine arts, such as the SensAble FreeForm system for product design and the Clay Tools 

system for sculptural modeling. In the entertainment field, just look at the tremendous 

success of Nintendo Wii products; with some vibrators and accelerometers inside, how 

many sets have they been sold around the world? Think about having real key-press 

perception on screen-keyboards when you type a message to your friend using a stylish 

cell phone. Without mentioning the experimentally supported results of much less error 

prone typing by having force feedback, this is just plain "cool". 

1.3 Haptic Rendering 

Just like graphic rendering for computer graphics, which is the process of generating 

an image from a model through computer programming and monitors, haptic rendering 

is the process of generating a force from a user's interaction with a model through a 

haptic interface by means of programming. In [10], K. Salisbury et al. give a more 

formal definition for the rendering as "the process by which the desired sensory stimuli 

are imposed on the user to convey information about a virtual haptic object." 

As shown in Fig. 1.4, the haptic rendering can be broken down into three major 

modules: collision detection (CD) algorithms, force response algorithms, and control 

algorithms [10]. In each rendering loop, the CD module determines the collision status 
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Figure 1.4: Implementation modules of haptic rendering, (adapted from [10]) 

between a virtual representation of the tool and its neighboring virtual objects. The 

movement of the tool inside the VE is often directly coupled with the end effector of the 

device which is held by the user. Once the collision status is determined, a set of contact 

points or constraints S (depend on the actual haptic rendering algorithm) along with 

the position of the tool and its derivatives is sent to the force response module for the 

computation of the interacting force Fd. With Newton's third law, there is a pair of equal 

and opposite forces acting on the two interacting objects. Therefore, on one side of the 

force response module, Fd is fed to the simulator engine which may dynamically move 

the interacting object according to some physical laws. On the other side. Fd is sent to 

the control module so it can be rendered to the user through the installed motors on the 

device. The control algorithms regulate Fd to an actual rendering force Fr commanded 

to the device taking into account of the device's capabilities. For example, if the desired 

interaction force Fd is larger than the maximum output force of the device, it has to be 

clamped or interpolated. Or we may want to compensate the device's inherent friction 

to improve the transparency between the user and the interacting virtual environment 

[23]. 

It is generally agreed that the haptic rendering process should be maintained at 1 

KHz or even a higher update rate, in order to deliver a convincing force feedback, partic-
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ularly for the rendering of stiff objects. By contrast, it only requires 30 frames per second 

for a smooth graphic rendering. As a result, the CD module soon becomes a bottleneck 

of the process as the graphic model of the scene gets more complex. One workaround is 

to exploit the spatial coherence of the device's movement. Gregory et al. develop a CD 

library called H-Collide specifically for the haptic rendering in which the graphical model 

of the scene is constructed into a two-level hybrid hierarchy in pre-processing [24]. The 

graphical model is first partitioned on a uniform grid. Then, an oriented-bounding-box 

(OBB-tree) hierarchy for the triangles in each grid cell is constructed. The CD also 

takes two steps. The virtual tool is first traced against the grid cells to find out current 

colliding cell and its contained OBB-tree. After that, the collision to the triangles stored 

in that OBB-tree is tested. The high spatial and temporal coherences of the device's 

movement make the spatial partitioning an excellent culling tool. Glencross et al. fur­

ther exploit these coherences and propose a haptic caching technique in which only the 

objects in the locality of the haptic device are maintained for the CD [25]. Another 

workaround is to take the time consuming CD module out of the haptic control loop 

and run it in a slower pace [26] [27]. Once the current collision status is resolved, it is 

swapped into the haptic control loop. Most of time, a haptic control algorithm simply 

consists of a proportional-derivative (PD) controller with parameters optimized for a 

specific device and some safety check-up routines, so it can be well maintained at 1 KHz 

or a higher rate. In this case, the actual force commanded at each frame is then based 

on the interpolation between the current and the previous collision statuses. 

In the real world, we use different kinds of tools for different tasks. These tools are 

very diversified in their geometric shapes and sizes. Based on the virtual representation 

of a tool in the CD, haptic rendering can be classified into two types: point-based, and 

tool-based. With the point-based haptic rendering, the tool is modeled as a single point 

inside the CD. This virtual point follows the movement of the end point of device, so it 

is often referred to as haptic interface point (HIP). As the user moves the end effector, 

HIP could penetrate the virtual objects that are meant to be impenetrable. Therefore, 

the goal of the CD algorithms is to detect such penetrations and determine the position 

of a constraint point on the surface of the penetrating object that is closest to the HIP. 

If there is no penetration, the constraint point is directly set to the location of the HIP. 

In two most popular haptic rendering algorithms, this constraint point is called the god-

object and the proxy respectively [28] [29]. Once the location of the constraint point is 

figured out, the feedback force F £ R3 is then computed using Hooke's law 

F = kd. (1.1) 
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(a) (b) 

Figure 1.5: Graphical representation of a tool for point-based haptic rendering: (a) 

A typical graphical representation of the tool inside the virtual environment. The tip 

is disconnected from the handle to emphasize that the tip alone is subjected to force-

feedback: and, (b) The orientation of the tool has no effects on the feedback force in 

point-based haptic rendering [30]. 

where k G R denotes the stiffness of the virtual objects, and d G IR3 is the penetration 

vector from the HIP to the corresponding constraint point. It is obvious that the deeper 

the penetration, the larger is the feedback force. If there is no penetration (d = 0), 

the feedback force becomes zero. The point-based haptic rendering is sometimes called 

3-DOF haptic rendering because it only requires a 3-DOF haptic interface (no twisting 

force required on the end effector). It is important to note that the orientation of the 

end effector has no effects on the feedback force in the point-based haptic rendering, so 

it makes no difference to the user how the tool is actually held. As shown in Fig. 1.5b, 

both representations would result in the same feedback force at the end tip no matter 

the tool is "inside" or above the surface. 

Despite the fact that general tool object interactions can for some applications be ad­

equately captured using a one-point contact model where the 3-DOF point-based haptic 

rendering can be applied [31], in many real-world tasks the former approach would prove 

insufficient [32]. Essentially, the following four aspects should be kept in mind for more 

general tool-object interactions: 

• First, contact types between the tool and the interacting object are varied. For 

example, the peg-in-hole operation is the most frequent mechanical assembly task. 

As shown in Fig. 1.6, the collision status between the peg and the mating hole can 
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Chamfer crossing One point contact Two point contact 

Figure 1.6: Three stages in a peg-in-hole operation. 

be a one-point, a two-point, a surface-surface contact, or a combination of them 

during the operation [33] [34]. 

• Second, feasible trajectories of the tool are embedded in a 6-D space with both 

translational and rotational constraints. In contrast, it only can constrain the 

motion of a single point with the point-based haptic rendering. Therefore it is not 

suitable for these kinds of general tool-object simulations. 

• Third, the user's handling postures of the tool are time varying. In the real-world, 

the objectives of each task usually determine how the tool is held, the number of 

fingers involved, and the time-varying forces exerted by the different fingers [35]. 

• Last, torque generated by the contact force around the user's holding point provides 

important information about the interaction. In fact, for the peg-in-hole operation, 

the torque feedback is essential for a successful completion of the task [33]. 

These four aspects not only increase the complexity of the haptic modeling but also 

require the use of haptic interfaces capable of providing both force and torque (twist 

force) on the stylus. Consequently, it is often referred to as 6-DOF haptic rendering. 
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1.4 Motivations and Problem Statements 

In this thesis, we study two critical issues of those haptic interfaces having a stylus (end 

effector) attached to their active end to allow users to hold as a tool. The first issue 

is about velocity and acceleration estimation for haptic interfaces. More precisely, it is 

the linear velocity and acceleration of the haptic interface's end effector. Since most 

currently available haptic devices are not equipped with tachometers or accelerometers, 

this information has to be derived from discrete position measurements. The second 

issue we studied is about the influence of a haptic interface's effective mass and viscous 

damping at its active end on the perceived stiffness of the simulated virtual objects in 

6-DOF haptic rendering. The motivations and problem statements are described in the 

following. 

1.4.1 Velocity and acceleration estimation for haptic interfaces 

In haptic VR applications, the velocity and acceleration information of haptic interfaces 

is needed in many places. In many research aiming at increasing the perceptual hardness 

of virtual objects, the velocity and acceleration information is needed for the generation 

of transient high frequency signals which are overlaid on top of the classic penalty-based 

force [36] [37]. The velocity and acceleration information is also important to many con­

trol algorithms for bilateral teleoperation. In his well-known four-channel architecture 

for the bilateral teleoperation, Lawrence proves that the velocity and acceleration infor­

mation of both master and slave manipulators is needed for a full transparency between 

the user and the remote interacting environment [38]. For networked haptic applications, 

local haptic data are transmitted over some networks where the network delay, jitter, 

and packet loss potentially affect the overall system performance. The velocity and ac­

celeration information can be used to predict or compensate the delayed haptic data [39] 

[19]. To be network friendly, the velocity and acceleration information can be exploited 

for the compression of the haptic data to reduce the required bandwidth as well [40]. 

However, since most currently available haptic devices are not equipped with tachome­

ters or accelerometers, this information has to be derived from discrete position mea­

surements. Due to the limited sensor resolution, the high maneuverability of human 

arm/hand, and the high update rate requirement of haptic simulations, getting a precise 

and robust velocity and acceleration estimation is very challenging. To understand the 

nature of the problem, let us consider a joint encoder with a resolution of A = 0.003rad 

attached to a motor shaft. N denotes the number of counter increments during a sam-
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pling interval T = 0.001s. At time kT , the joint velocity estimated with the first-order 
difference method is 

_ 9(kT) - 9((k - 1)T) _ NA 

which gives a joint velocity resolution of A/T = Srad/s. For a lever with a length 

L = 100mm connected to the joint, the linear velocity resolution at the lever end becomes 

A/T = 300mm/s. (1.3) 

The higher the sampling rate, the worse is the velocity resolution. The acceleration 

estimation with the first-order difference method is even worse, which has a resolution of 

A/T = 300m/s2. (1.4) 

Apparently, the simple first-order difference method is doomed to fail because the high 

frequency noise components are amplified. 

Essentially, the basic criterion of the velocity and acceleration estimation from discrete 

position samples is to compress the high frequency noise at the low speed while capture 

the transient behavior of the primary signal (the measured position signal) at the high 

speed. Therefore, the filtering parameters should be relied on the trajectory itself. On 

the other hand, sophisticated filters often have so-called model-filter mismatch problems 

that their performance degrades significantly when the actual motion gets away from the 

assumed model. 

In studies of human arm/hand trajectory behaviors, researchers found that skilled 

movements are usually extremely smooth that mathematically equal to minimizing an 

objective measure with a performance index of jerk. Jerk is mathematically defined as the 

derivative of acceleration. For constrained movements, Daohang et al. studied reaching 

movements of human arm on a constraint semi-sphere surface in [41]. The experimental 

results are also consistent with the theoretical analysis of the minimum jerk reaching 

on the surface of a sphere. With the assumption of a constrained minimum-jerk model 

of human arm/hand trajectory planning, we propose an adaptive constrained 4-state 

Kalman filter to estimation the velocity and acceleration information for haptic devices. 

1.4.2 Uniform hardness perception for 6-DOF haptic rendering 

In any haptic applications, we always hope that the desired force/torque from a sim­

ulation can be faithfully displayed to the user. However, different from our real world 
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Figure 1.7: Close control loop of a 1-DOF haptic interface, (adapted from [23]) 

experience, the desired force/torque here is generated by actuators installed on the de­

vice where both electrical characteristics of the motors and mechanical dynamics of the 

device have effects on the final force/torque perceived by the user. In this thesis, we 

always assume the actuators are ideal and only focus on the effects of the mechanical 

dynamics. 

Let us take a 1-DOF haptic interface with an impedance of Zm as an example to 

explain the effects of the physical parameters on the user perceived force [23]. The closed 

control loop is illustrated in Fig. 1.7 where Zh represents the user's impedance. The 

commanded force to the actuator fA is set to be the desired force fd from the simulation 

(H(-) = 1). The actuator force fA, combined with the interaction force / / between the 

user and the device, acts on the device. The resulting device motion x then moves the 

user's hand that, in turn, generates a feedback force fh to the user. This feedback force 

is further added to any voluntary forces fv that the user exerts on the device to form 

the interaction force / / felt by the user. The transfer function T0 , from fd to fA is then 

given by 
Zh/Zm _ Zh _ ^ r7_x 

Tn = = ZhZT ;i.5) 
1 + Zh/Zm Zh + Zn 

where ZT = Z/r + Zm. Apparently, if we want to have fA = / / , To has to be unity, in 

turn, that requires Zm being zero. But for a real haptic interface, Zm will never be zero 

because of both linear terms such as mass and viscous damping and non-linear terms 

such as Coulomb friction. Intuitively, the physical parameters are preferred to be small so 

as to get a good transparency between the user and the interacting virtual environment 

[42]. If not, active compensation will be needed [23] [43] [44]. 

The second issue we studied is about the influences of a haptic interface's effective 

mass and viscous damping at its active end on the perceived stiffness of the simulated 

virtual objects in 6-DOF haptic rendering. In this thesis, the 6-DOF haptic interfaces 
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under the study is assumed to be a serial linkage type. Unlike those studies on improving 

the perceived hardness of virtual objects [37] [45] [36] [46], our goal is to make users have 

a uniform stiffness perception when tapping a virtual object in 6-DOF tool-based haptic 

rendering. The effective (perceived) mass is the weight of the device perceived by the user 

as he/she holds the end effector. In this thesis, the Coulombic friction is not considered 

simply because it is very small for the haptic device we are using for the experiments. If 

the Coulombic friction is not negilible, it should be included in the compensation model. 

Indeed, to accurately measure the Coulombic friction for a 6-DOF haptic interface is not 

an easy task. 

As discussed, in the 3-DOF haptic rendering, the tool is modeled by a single point in 

the haptic model and this point is also at the fixed location on the tool. Consequently, 

the induced forces from these physical parameters have the same effects on the final 

perceived force by the user. But in 6-DOF haptic rendering, the tool is modeled by 

its real shape. The collision points between the tool and the virtual objects can also 

be anywhere on the tool. Specifically, we have found that the induced forces affect the 

perceived harness non-uniformly as users tap a virtual object with different parts of 

the tool. This non-uniform perception is also related to the position of users' holding 

point and its relative position to the collision points. The detailed problem statement is 

presented in Chapter 4. 

1.5 Contributions 

In this thesis, we claim the following three main contributions to the field of haptics: 

• A novel algorithm to estimate velocity and acceleration of haptic interfaces taking 

into account the behavior of the human arm/hand trajectory. 

• An interesting issue in 6-DOF haptic rendering is identified for serial linkage hap­

tic interfaces: a surface that should feel uniformly stiff will feel softer or harder, 

depending on which part of the virtual tool it contacts. 

• Three methods are proposed to compensate the effects of a haptic interface's ef­

fective mass and viscous damping on the uniform stiffness perception of virtual 

objects in 6-DOF tool-based haptic rendering. 
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1.7 Thesis Overview 

Wre start in Chapter 1 (current chapter) by introducing four active research fields in 

haptics: human haptics, machine haptic, computer haptics, and multimedia haptics, 

followed by a brief introduction about haptic enabled virtual reality and its applications. 

Haptic rendering is then introduced with an emphasis on the differences between the 

point-based and the too-based haptic rendering. After that, we describe the objectives 

and the contributions of this thesis. 

In Chapter 2, we present the related human factors for the design of haptic interfaces, 

physical elements of a typical haptic interface, and haptic rendering. Following that, we 

review the current approaches to increase the perceived hardness in haptic simulations. 

Chapter 3 contains our work on the velocity and acceleration estimation for haptic 

interfaces. We start with the explanation of optical shaft encoders used in most of haptic 

interfaces for the measurements of joint signals, followed by the theoretical modeling of 

the position resolution of a haptic interface. We then present some existing methods for 

the velocity and acceleration estimation from discrete position measurements. After that, 

human arm trajectory behaviours and their possible roles in the velocity and acceleration 

estimations for haptic interfaces are discussed. Following that, we present the proposed 

jerk constrained 4-state Kalman filter and the simulation results. 

Chapter 4 presents our work on the uniform hardness perception in 6-DOF haptic 

rendering. We bring out different roles of user's holding point and motor's control point 

in 3-DOF and 6-DOF haptic rendering using a stick-on-ball example. Following that, we 

describe the two situations in which the user will have different hardness perception as 
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he/she taps the virtual object. Three specialized approaches are then presented, followed 

by the experimental results and discussions. 

We conclude the thesis in Chapter 5 with possible future directions as well as closing 

notes. 



Chapter 2 

Background and Discussion 

2.1 Human Factors in Haptics 

2.1.1 Kinesthetic perception 

Kinesthetic perceptions include both proprioception and force perception, which orig­

inate primarily from two types of muscle afferents: Golgi tendon organs and muscle-

spindle afferents. These muscle afferents provide a relatively fast way for our central 

nervous system (CNS) to acquire information about the static length of muscles, the 

rate at which muscle length changes, and the force muscles generate. 

Proprioception is the perception of positions and movements of the body segments 

in relation to each other without the aid of the vision, or the touch [6], Human ability 

to detect a change, so called Just Noticeable Difference (JND), in the movements of a 

limb varies on several factors including the velocity, the particular joint moving, and the 

contractile state of the muscles controlling the moving joint [47]. In general, the JND 

during faster movements is smaller than that in slower movements [47]. It also decreases 

when the acting muscles of the joint are actively contracting rather than relaxed. For 

joints along the arm, our ability to detect a change decreases from the shoulder to more 

distal joints. For example, the shoulder joint can detect a difference of 0.8° whereas the 

wrist and the elbow can detect a change of 2°, and the finger joint only can detect a 

change of 2.5 — 6.8° [48] [49]. If we assume a 10 mm fingertip, the JND of the finger joint 

requires that haptic interfaces should have a position resolution of 10 x sin(2.5°) = 0.4mm 

for the finger tip, which is often exceeded by a factor of 4 in practice [50]. 

Force perception originates from afferent discharges from Golgi tendon organs sig­

naling intramuscular forces that, in turn, provide the CNS with information about the 

17 
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forces produced by muscles [47]. The force JND that a human can reliably discriminate 

follows Weber's law closely, in which the smallest perceived change in the intensity of a 

stimulus is proportional to the physical magnitudes of the original stimulus. For forces 

in the range of 0.5-200 N. the average JND is around 7-10% and increases to 15-27% for 

forces smaller than 0.5 [47]. This is to say that if a haptic simulation delivers forces at 

1 N level, the user should be able to detect a 0.1 iV force change. Should the inherent 

mechanical friction of a haptic interface be higher than this minimum noticeable force, 

the user would not distinguish the desired force from the non-desired friction component. 

On the other hand, a human being is capable of producing a controllable force as large 

as 100 N at the shoulder for a short time period [48]. Even the proximal-interphalangeal 

joint of the finger alone can produce around 16.5 N of force. In terms of the resolution, 

the force produced by muscles controlling the fingers can be reproduced reasonably accu­

rate. Srinivasan and Chen found that the average absolute error remains approximately 

constant at 0.039±0.006 Ar for force in the range of 0.25-1.5 N [51]. For mid-range force, 

the resolution has a mean value of 0.36 N with a standard deviation of 0.07 N [48]. 

2.1.2 Stiffness perception 

Basically, stiffness perception originates from sensory signals conveying both force and 

movement information. Compared with the force perception, the JNDs for the stiffness 

are much coarser. Jones and Hunter found that the JND for stiffness (23%) is about three 

times than that for force, position, and movements (6-8%) [52] [53]. Their experiments 

use two electromagnetic linear motors which mechanically are equivalent to linear springs. 

On each experimental trial, the stiffness of the reference motor connected to the right 

arm was randomly set at one of eight different amplitudes in the range of 0-6260 N/rn. 

Subjects were asked to adjust the motor connected to the left arm to match the stiffness 

felt by the right arm. In [54], Forrest et al. report that there are 2-3 perceptible levels 

between 0.2 and 0.5 N/mrn when palpating virtual surfaces with the fingertips. In [55], 

Tan et al. experimentally determine that the minimum stiffness required to simulate a 

rigid object without visual feedback is 24.2 N/mm. However, it is very challenging to 

design a haptic interface with such a capability. In fact, most of currently available haptic 

interfaces can only render a virtual surface less than 2 N/mm. In [56], the differential 

threshold in human stiffness perception is reported to be 0.08-0.12 for unrestricted active 

probing onto a virtual surface using a PHANToM desktop device. 
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2.1.3 Kinesthetic system bandwidth 

As aforementioned, the modality of touch includes both the cutaneous and kinesthetic 

sensory systems. The cutaneous sensory system receives stimuli from the mechanorecep-

tors embedded in the skin and has a perceptible frequency range of 100-1000 Hz, with 

peak sensitivities around 200-300 Hz [57]. But the kinesthetic sensory system only has 

a bandwidth up to 20-30 Hz. Furthermore, a human being has a much lower bandwidth 

for the kinesthetic control system. The control bandwidth here means the speed humans 

can respond to. In general, the maximum frequency of voluntary movements is limited 

by the muscle damping and the limb inertia. P. D. Nelson experimentally determines 

that the voluntary movements of the elbow have a maximum attainable frequency of 4-6 

Hz for freewheeling tests, and a frequency range of 0.1-2 Hz with a maximum power 

peak concentrated about 0.5 Hz for tracking tasks without visual feedback [58]. Vol­

untary movements involving the hand and the arm contain frequencies below 2 Hz for 

tactile exploratory tasks, but can have peak frequencies in between 4 and 8 Hz for man­

ual skills such as writing, tapping, and shading [59]. A slow performance range for the 

tactile exploratory tasks is due to the temporal requirements of the sequential sampling 

process from the mechanoreceptors. For a haptic application, the bandwidth of the hap­

tic interface and its controller must have a larger system bandwidth to meet the human 

input/output bandwidth. 

2.2 Haptic Interfaces 

As mentioned, a haptic interface is a kind of human computer interface which allows 

users to "feel" simulated virtual objects in virtual environments, or experience "hands-on 

feelings" while manipulating physical objects with the help of a tele-robotic manipulator. 

The commercial haptic interfaces usually provide two or more DOFs in the position 

tracking of the user's motion and apply feedback force in less or the same DOFs. For 

instance, the PHANToM desktop device (Fig. 1.1a) has six DOFs in the position sensing 

and three DOFs in the output force, while the Freedom6S hand controller (Fig. 1.1a) 

features six DOFs in both position sensing and output force on the end effector. 

One of the important performance measures for haptic interfaces is the maximum 

achievable stiffness, i.e., how rigid a virtual object can be simulated with the device? An 

ideal haptic interface should render both a rigid object (stiffness —> oo) and free space 

motions (stiffness —> 0) equally well. However, it is limited by many factors including 
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the motors' capabilities, the sensors' resolution, the joints' friction, the integrity of the 

arm structure, the update rate of the controller, etc. [60] [61]. Yet, there have been 

many research efforts devoted to improving the perceived hardness (rigidity) in haptic 

simulations. Later on in this chapter, we will review these studies in much detail. 

Two other important measures for haptic interfaces are the perceived (or effective) 

mass, and the Coulomb friction present at the active end of the device. These are 

preferred to be small so as to get good transparency between the user and the interacting 

environments [42]. If not, an active compensation is then needed. In [43], a hard-switched 

model-based friction compensator is presented for a tendon-driven haptic manipulator. 

When the relative motion between the motor and its driven joint is less than a pre­

determined threshold, a pre-sliding spring model is used. Otherwise, a regular Coulomb 

friction model is used. With a tele-operation setup, the experimental results show that 

the force-displacement at the operator's side is better matched to that of the touching 

object at the slave side with the compensation. Inertia compensation is also performed 

for the slave manipulator used in the experiments to cancel the effective mass of each 

joint [44]. In [23], a hybrid controller is proposed to compensate for the joint frictions of 

haptic interfaces. The controller consists of two simultaneously operating compensators: 

a model-based compensator for higher velocity motions and a variable gain force feedback 

compensator for lower velocity motions. Their experimental results with a 1-DOF haptic 

interface show that the free space rendering and the linearity of the applied joint were 

both improved. Friction compensations for haptic interfaces are also studied in [62], [63], 

and [64]. On the other hand, compensation for the effective mass or physical damping is 

less studied for haptic interfaces. 

Other important characteristics of haptic interfaces include maximum peak force 

that the actuators can exert, maximum continuous force, position resolution, workspace, 

etc. [65] [66]. Although haptic interfaces vary considerably in those parameters, the 

underlying physical design is generally the same. A haptic interface usually includes the 

following elements [67]: 

• Current amplifier: As its name implies, the current amplifier amplifies a low power 

command current signal to drive a motor. Most of haptic interfaces use either 

Pulse Width Modulation (PWM) amplifiers to regulate motors' current such as 

PHANToM series of desktop devices, or analog amplifiers such as Freedom 6S 

hand controllers. In comparison, the PWM amplifiers consume less power and are 

often cheaper for an equivalent power output but have a poorer performance due to 

high-frequency switching noises. It is also desirable that the electrical bandwidth 
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Figure 2.1: A Maxon brushed DC motor with gearhead and optical encoder 

(http://www.maxonmotorusa.com). 

be far higher than the mechanical response of the device [68]. 

• Motor: Desktop haptic interfaces often use small and brushed DC motors. The 

current from the amplifier flowing through the motor coils generates a torque on 

its shaft, to which a capstan is attached. The basic law describe the relationship 

between the mechanical output torque r and the flowing electric current / of a DC 

motor is 

r = KmxI, (2.1) 

where Km is the motor constant. The larger the flowing current, the larger is 

the output torque. However, the dissipation of heat coming from resistive losses 

in the motor coils is proportional to the current squared. If the motor becomes 

too hot, the insulation of the coils wires will melt or burn. Therefore, the motor 

temperature should be always monitored using a mathematical thermal model or a 

physical temperature sensor. For the selection of DC motors, there is also a trade­

off between the heat capacity and the mass of the motor [69]. For haptic interfaces, 

we want the manipulator arm to be as light as possible for a good transparency, 

but a lighter motor means a lower heat capacity. In addition, the bandwidth of 

motors is crucial for delivering a fine force feedback to the user. Fig. 2.1 shows a 

brushed DC motor from Maxon Precision Motors Inc. 

http://www.maxonmotorusa.com
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• Encoder: There are mainly two types of encoders used in haptic interfaces to 

measure the angle of each joint: optical shaft encoder and magneto-resistive po­

tentiometers. The optical shaft encoder will be discussed more in Chapter 3. 

• Drum: A drum is connected to the capstan of motor using different kinds of cables. 

The ratio between the drum's and the capstan's diameter is often called gear ratio. 

The drum's diameter is sometimes made to be larger than that of the capstan 

(n > 1) for two purposes: increasing the motor's torque by n times to have a 

stronger haptic feedback and amplifying the motor's motion also by n times to 

get a higher resolution in joint angle measurements. Unfortunately, the effective 

inertia of the motor and any friction present in the motor are increased by n2 times 

at the same time. For high performance haptic interfaces, these negative effects 

are significant and should be minimized (n = 1). 

• Linkage and Handle: The drum is attached to the endpoint of the device through a 

mechanical linkage. The torque produced by the motor on its shaft is transmitted 

to the user as he/she holds a handle or a thimble at the endpoint of the linkage. 

• Force/torque sensors: Some haptic interfaces may have force/torque sensors in­

stalled on their end effectors for the measurements of external forces from the user. 

• A/D converter and D/A converter: Due to the nature of digital control, a com­

puter reads the sampled angular signal of each joint from an A/D converter and 

the command electric current for each motor is sent to the corresponding current 

amplifier through a D/A converter. For high performance haptic interfaces, 16-bit 

A/D and D/A converters are preferred. 

After the description of a haptic interface's physical elements, let us discuss a bit 

more about the control of the device. In general, there are two paradigms in which a 

haptic interface can be controlled: impedance control and admittance control. 

2.2.1 Impedance control 

Fig. 2.2 gives a conceptual view of the impedance control of haptic interface. At the 

standpoint of the virtual environment, the impedance control can be described as "dis­

placement in - force out". As the user moves the device, the motion is sensed by position 

sensors (joint encoders). The device reacts with forces if needed. The actual rendering 
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Figure 2.2: A conceptual view of impedance control of haptic interfaces [70]. 

process for this kind of devices was discussed earlier when we introduced the haptic ren­

dering in Chapter 1. The impedance type haptic interfaces are commonly designed to be 

back-drivable, low friction and inertia, so they are natural for free space rendering, e.g.. 

the motor force is zero. However, they cannot provide very high feedback force. The 

PHANToM desktop and the FreedomGS hand controller mentioned above are two typical 

impedance type haptic interfaces. In the rest of thesis, if not explicitly mentioned, we 

always refer to the impedance type haptic interfaces. 

2.2.2 Admittance control 
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Figure 2.3: A conceptual view of admittance control of haptic interfaces [70]. 

In contrast to the impedance control, the admittance control is "force in - displace­

ment out". As illustrated in Fig. 2.3, the force exerted by the user is measured by the 

force sensors installed on the device, and the device reacts with motion if needed. Let 
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Table 2.1: :ison and admittance control haptic interfaces 

Fidelity 

Mas 

Inertia 

Output force 

Cost 

Force sensing 

Position sensing 

Impedance 

High 

Low 

Low 

Low 

Low 

No 

Yes 

Admittance 

Low 

High 

High 

High 

High 

Yes 

Yes 

us take a HapticMaster device from FCS Control Systems as an example to explain 

concept (Fig. 2.4). 

q 
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Figure 2.4: A FCS HapticMaster controller from FCS Control Systems. 

Assume we want to simulate a virtual mass moving in the free space. With the force 

exerted by the user, the acceleration of the virtual mass can be computed with Newton's 

second law, which in turn is numerically integrated into the desired velocity, and then 

once more into the desired position, altogether forming the trajectory of the mass along 

the time. After that, the current desired position, velocity and acceleration axe sent to 
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a servo control loop which makes the physical device closely follow the trajectory. All 

of this happens 2500 times per second on a hard real-time operating system, thus the 

physical device behaves almost exactly as the model, i.e., as a floating virtual mass or 

whatever inertia was set. To avoid instability caused by large instantaneous accelerations, 

there is a minimum allowable virtual mass. Practically, if the mass model is interacting 

with other virtual objects, the interaction forces have to be added to the forces from 

the force sensors dividing by the model mass, so they work all at the same time. In 

contrast to the impedance control, the admittance control is clearly more complex. The 

biggest advantages of the admittance type devices are much higher output force and more 

rigid virtual surfaces which can be simulated. The HapticMaster device can generate as 

high as 250 N output force and achieve a virtual stiffness of 50 N/mm while a classical 

PHANToM 3.0 can only provide a maximum force of 22 N (3 N continuous) and a 

virtual stiffness of 1-2 N/mm. A simple comparison chart between the impedance and 

the admittance control haptic interfaces is given in Table 2.1. 

2.3 Improving Hardness Perception in Haptic Ren­

dering 

The classic haptic rendering is to apply a feedback force proportional to the user's pen­

etration into the interacting virtual object with Hooke's law. Accordingly, one of the 

important performance measures for haptic interfaces is the maximum achievable virtual 

stiffness Kmax, «.e., how rigid a virtual object can be simulated with the device? There 

have been many research efforts devoted to improving the perceived hardness (rigidity) 

in haptic simulations. In these studies, the passivity theory has been often used as an 

analysis tool. For an n-port network system, if it is passive, the following condition is 

always satisfied: 

EA(t) = [ f(r) • v(r)dr + Estore(0) > 0 \ft > 0, (2.2) 
Jo 

where EA(t) denotes the available energy of the system at t, f and v are conjugate power 

variables flowing into the system, and Est0re (0) is the initial energy stored in the system 

at t = 0 [71]. There are two main advantages to use the passivity theory for the analysis 

of haptic enabled applications. First, a passive system is guaranteed to be stable. There 

is no need to know the internal behavior of the system, which is often very difficult to 

model. Consider a haptic application described using two-port network model as shown 
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Virtual 
Environment 

Figure 2.5: Two-port network representation for a typical haptic-enabled application. 

The star superscript indicates that the variable is discrete [72]. 

in Fig. 2.5. With classic control theories, the transfer function of the whole system 

has to be derived to find out the required stability criteria. However, the dynamics of 

each component are hard to model and usually not linear. With the digital control, 

the conversion between the digital and analog domains makes the analysis even harder. 

With the passivity theory, by only monitoring the power variables across the system's 

boundary, the stability of the system can be concluded. Second, interconnected passive 

systems are still passive. Therefore, we can determine the stability of the whole system 

by analyzing each subsystem independently. However, the passivity theory is a very 

conservative concept. A passive system is guaranteed to be stable but a stable system is 

not necessary to be passive. 

2.3.1 Maximum achievable virtual stiffness 

In [60], Colgate and Schenkel derive the maximum achievable stiffness for a 1-DOF haptic 

interface considering the effects of sampling and zero-order hold. The device was modeled 

as a rigid body m with some viscous friction b. For a unilateral constraint virtual wall 

modeled by a spring and a damper in parallel, the condition to achieve passivity is 

K < ^ , ,2.3) 

where K and B are the stiffness of the virtual spring and the coefficient of the virtual 

damper respectively. Eq. (2.3) states that some physical dissipation through viscous 

friction is necessary to achieve passivity. It also shows that, for a particular device 

with fixed physical and virtual damping, the higher the sampling rate, the higher is the 

maximum achievable virtual stiffness. In [61], Diolaiti et al. generalize the condition 

considering the device's Coulomb friction and the quantization step in the closed control 

loop. Without a virtual damper, the virtual wall is guaranteed to be passive if 

tf<min(^,|), (2.4) 

Vu 

Human 
Operator 

-O-
Fk + Haptic 

Interface F + 
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where c and A denote the Coulomb friction and the quantization step respectively. For 

fixed Coulomb friction, Eq. (2.4) shows that the smaller the quantization step, the higher 

is the maximum achievable stiffness. If we increase the physical viscous damping and 

Coulomb friction, the maximum achievable virtual stiffness will be accordingly increased. 

But practically, it is not something we want to do. As the user holds the end effector of 

a haptic interface, a high physical damping and Coulomb friction will impede the user's 

motion. 

2.3.2 Rate-hardness 

In [45], Lawrence et al. divide haptic contacts with a virtual surface into two stages: 

a contact transition period (about first 10 ms after the initial contact) and a stable 

contact period (forces and penetrations are close to constant values). Fig. 2.6 plots 

the recorded interaction force and penetration profiles when subjects tapped on four 

different virtual walls. Normally, we would think that the perceptual hardness of a 

virtual surface is based on the quasistatic relationship between the penetration and the 

force. For example, Surface 4 (dotted line) is reported to be softer than Surface 1 (solid 

line) because the penetration of former is almost twice larger than the latter surface in 

the stable contact period. But how could subjects still discriminate among stiffer virtual 

surfaces (100-2000 N/m) where the differences in the penetration are at the very lower 

end of human kinesthetic position change detection of 0.4-0.5 mm [49]. 

The authors find that the penetration change rates are similar for all four surfaces 

but the rates of force change differ considerably during the contact transition period. 

They hypothesize that the discrimination among those stiff surfaces is based on the 

relationship between the rate of force change and that of the penetration change during 

the contact transition period instead of the quasistatic relationship mentioned above. 

This fast force change directly generates some fast vibratory stimulation on the skin. 

The hypothesis is backed up by a psychophysical fact that human sensory channels 

(Pacinian corpuscles) on the hand are receptive to high frequency vibratory stimulation 

up to 1000 Hz, with a peak sensitivity around 300 Hz [49] [73]. For that, the authors 

propose a new performance metric for haptic interfaces called rate-hardness HR which is 

defined as 
initial force rate of change(iV/s) 

HR = :—. . ; : : ; •j—r. (2-5) 

initial penetration velocity(m/s) 

Their experimental results support that the perceptual hardness of a virtual surface is 

more closely correlated with the surface rate-hardness HR than with the surface virtual 
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Figure 2.6: Plot of force and penetration profiles during haptically tapping on four 

different virtual walls [45]. 

stiffness K during the repeated taps on the virtual surface. This implies that the rate-

hardness can possibly substitute for the large stiffness required to simulate a hard wall 

in virtual environments. 

2.3.3 Reality-based modeling of vibrations 

In [36], Okamura et al. present a method called reality-based modeling of vibrations to 

enhance the haptic tapping of virtual objects. Intuitively, if we indirectly tap a hard 

surface using a solid tool, we will feel some vibrations during the initial contact period. 

The authors model the vibration signal as a decaying sinusoidal waveform 

Q(t) = A(v)e-Xtsm(ut), (2.6) 

where the amplitude A(v) is a function of impact velocity, A and to denote the decay 

and the frequency of the sinusoid. In the paper, the vibration signal actually means the 

acceleration signal during the initial contact period. The parameters of the model are 

experimentally determined by measuring the impact velocity and acceleration signals. 

Specifically, the amplitude A(v) is determined by the relationship between the measured 

acceleration and impact velocity, which is approximately linear. A least square fit is 

applied to the positive and negative peaks of the acceleration signal to get the decay 
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A. The frequency u> is computed with fast Fourier transform (FFT) on the acceleration 

signal. With the proposed method, the actual feedback force for the haptic rendering 

of a virtual object is the classic spring force superimposed by the vibration force. To 

improve the model, the parameters can be further adjusted with subjective perceptual 

experiments. The final experimental results support that the superimposed vibration 

enhance the realism of the haptic tapping. Similarly, Salcudean and Vlaar overlay a 

short duration rectangular pulse on the classic spring force to increase the perceived 

hardness of a virtual wall [74]. 

2.3.4 Event-based haptics 

In [37], Kuchenbecker et al. extend the idea of rate-hardness and reality-based modeling 

of vibration and present a paradigm called event-based haptics to improve the realism 

of haptic tapping by superimposing some pre-computed impact transients to the classic 

spring force during the initial contact period. Different from Okamura's method, the 

authors also consider the user's hand dynamics and the exerting grip force on the sty­

lus. Assuming second-order hand dynamics, they demonstrate an approximate linear 

relationship between the hand parameters and the measured grip force. With the ex­

perimental data with real objects, they also show that the interaction force during the 

tapping scales linearly with the incoming velocity, the incoming acceleration, and the 

user's grip force on the end effector. With these relationships, it is possible to create a 

look-up table so an appropriated additive transient force signal can be retrieved in real­

time. The experimental results with a 1-DOF haptic rendering are very encouraging. 

However, the process of estimating parameters for these pre-computed transient signals 

is very tedious. It involves the system identification of the haptic interface and the user's 

hand dynamics, which are not trivial tasks. Furthermore, to extend the method to a 

multi-DOF situation will be more challenging. To avoid such a tedious process, Han et 

al. propose a simpler way called "stiffness shifting" to improve the perceived hardness 

in [75]. The idea is to present a softer stiffness during the initial contact period and then 

switch to a higher stiffness. The switch timing is critical and is experimentally deter­

mined to be 20 ms. The authors claim that a virtual wall rendered with the stiffness 

shifting is perceived as hard as one rendered using the classic spring model with a 2.5 

times higher stiffness. 
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2.3.5 Impulsive forces modeling 

Unlike the above two methods where only one collision point is considered, Constanti-

nescu et al. propose a hybrid method using both impulsive and penalty forces for the 

haptic rendering of rigid contacts [46] [76] [77]. Since the virtual tool can be modeled as 

a rigid object or a manipulator linkage, multiple contacts are possible. At each simula­

tion step, the collision detection algorithm reports one of three possible states between 

the virtual tool and its neighboring virtual objects: free motion, colliding contact, and 

resting contact. The virtual tool is in the free motion if it has no contact with the neigh­

boring objects. It is in the colliding contact if there is at least one new contact with 

negative contact velocity within its contact group. This state can be considered as the 

contact transition period aforementioned. The virtual tool is in the resting contact if 

it is in neither the free motion nor the colliding state. During the resting contact, the 

feedback force to the user is the summation of the contact force at each collision point 

computed with the conventional penalty force (spring force) plus a damping term. These 

collision forces are also applied onto the proxy of the virtual tool, whose motion is then 

determined using Newton's second law in its configuration space. When the virtual tool 

is in the colliding contact state, the feedback force to the user is computed differently. 

Instead of computing the penalty force, the authors first apply Newton's law of restitu­

tion at each collision. Newton's law of restitution states that if two particles collide, the 

relationship between the velocity before and after the collision is given by 

vo = -evt, (2.7) 

where e G [0,1] denotes the restitution coefficient. By adjusting the restitution coefficient, 

we may get a collision from perfect plastic (e = 0) to perfect elastic (e — 1, infinite 

stiffness). With known pre- and post-collision velocity at each collision, the contact 

impulses p = [pi • • • p% • • • pc] (c is the total number of contacts) applied onto the proxy 

can then be solved together. The final impulsive force applied to the user's hand is 

calculated as 

where Jc is the combined Jacobian matrix computed at each contact, and At is the time 

step of the simulation. The resulting impulse forces generate a large acceleration on 

the hand so the user gets a rigid contact with the virtual objects. The post-collision 

kinetic energy of the system is proved to be smaller than or equal to the pre-collision 

one, so the passivity of the proposed collision resolution is guaranteed. The work has 
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been extended in [78] by explicitly setting the time duration for the colliding state to be 

less than 100 ms, so the user perceives a sequence of impulsive forces superimposed on 

the penalty force instead of only one instantaneous impulsive force upon contact with 

the neighboring virtual object. This is in fact equivalent to generate high frequency 

vibratory signals upon contact discussed above so as to increase the perceived rigidity of 

virtual objects. 

2.3.6 Visual modality substitution 

On the other hand, Srinivasan et al. demonstrate that the visual information of the pen­

etration between the tool and the interacting virtual object can be controlled to influence 

a user's perception of stiffness [79]. The authors conducted a series of psychophysical 

experiments on the stiffness discrimination of two virtual springs (equivalent to haptic 

rendering of two virtual walls with different stiffness coefficients). During the experi­

ments, the subjects not only feel the movements and forces through their hands, but 

also see the deformation of the springs graphically on a computer monitor. However, the 

relationship between the visually displayed deformation and the actual deformation of 

each spring is systematically controlled across experimental trials, from fully registered 

(the visual deformation equals to the actual deformation of each spring) to completely 

interchanged (the visual deformation for one spring equals to the actual deformation of 

the other spring). The subjects are blind to the relationship. The results demonstrate 

that the subjects' stiffness perception of a virtual spring mainly rely on their judgment 

on the relationship between the graphically displayed deformation and the interaction 

force sensed factually, instead of the relationship between the real hand position informa­

tion sensed kinesthetically and the interaction force. These results indicate such haptic 

illusions can be exploited to improve the limited achievable virtual stiffness of haptic 

interfaces. In [11], Knorlein et al. study the influences of inevitable visual or haptic 

delays in virtual environments on the perception of stiffness. They experimentally show 

that visual delays cause an increase in perceived stiffness while delays for haptic feedback 

results in a decreased perceived stiffness. They suggest that the same delay applied in 

both sensory channels could partially compensate the effects. 
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2.4 Summary 

In this chapter, we first introduced haptic related human factors with an emphasis on 

the kinesthetic perception. Following that, we introduced haptic interfaces and their 

physical elements. In the second part of the chapter, we explained the concept of max­

imum achievable virtual stiffness for a haptic interface. With the passivity theory, the 

theoretical analyses have shown that the physical damping and Coulombic friction of the 

device have positive effects on the maximum achievable virtual stiffness. However, the 

passivity theory is a conservative concept itself, i.e., a passive system is guaranteed to 

be stable but not vice versa. One less conservation bery very interesting way to disspate 

excessive energy is proposed by Gosline and Hayward in [80], in which an Eddy current 

brake is utilized as a programmable viscous damper for haptic interfaces. Practically, 

the easiest way to find out the maximum achievable virtual stiffness for a specific device 

is to test. Most of the time, the practical maximum achievable stiffness will be higher 

that the theoretical one because the user can absorb some excessive energy generated by 

the simulation. 

We also reviewed current studies on the improvement of the maximum achievable 

virtual stiffness in a haptic simulation. The popular approach is to superimpose a short 

duration transient force signal on the classic penalty force during the initial contact 

period. However, the ways to compute the transient signal are varied. 



Chapter 3 

Velocity and Acceleration 
Estimation for Haptic Interfaces 

3.1 Introduction 

As most haptic interfaces are not equipped with tachometers or accelerometers, the 

velocity and acceleration information about the movements has to be derived from the 

position measurements. In this chapter, we first discuss the position resolution of haptic 

interfaces in Sec. 3.2. With a high sampling rate, a small measurement error in the 

position may result in a large error in the estimated velocity and acceleration. Accurate 

position measurements are also important for haptic rendering of rigid objects. The 

difference between being just above a virtual surface and being just below may mean 

presenting a zero or a high force to the user. Consider human can distinguish forces as 

small as 0.1-0.2 N [51]. If we use a haptic interface with a position resolution of 0.1 mm 

for the rendering of a virtual wall with a stiffness of 1.5 N/mm, the output force would 

have a component of 0.15 N corresponding to the measurement error. After that, we give 

a thorough literature review on the velocity and acceleration estimation from discrete 

position measurements in Sec. 3.3, followed by the discussion on two characteristics 

of human arm/hand movements in Sec. 3.4. Sec. 3.5 describes our proposed jerk 

constrained 4-state Kalman filter. The simulation and experimental results are presented 

in Sec. 3.6. 

33 



Velocity and Acceleration Estimation for Haptic Interfaces 34 

Channel A 

Channel B 1 
• 

Counter 
input JAWUIMM^M^ 

Figure 3.1: A sample output signal from an optical encoder for a clockwise rotation. 

3.2 Position Resolution of Haptic Interfaces 

3.2.1 Incremental optical shaft encoder 

The movements of a haptic interface are often sensed by incremental optical encoders 

attached to its motor shafts. An incremental optical encoder usually has three basic 

components, including an encoder-line engraved disk, a light source, and a dual light 

detector unit. The encoder disk is mounted on the motor's shaft, while the light source 

and the detectors are mounted on a fixed frame. The two detectors are placed 1/4 of 

a line apart so their outputs are in quadrature phase (90 degrees out of phase). As the 

disk rotates with the motor's shaft, the detectors generate two quadrature signals which 

tell us the movement direction and the angle of the joint. Most of incremental encoders 

in use for haptic interfaces are digital encoders in which two detector outputs are first 

converted into two digital quadrature signals (channel A and channel B) as shown in 

Fig. 3.1 with a threshold circuit and then decoded with a decoder logic circuit. If all 

the transition edges of the two signals are counted, a resolution of 1/4 of line space on 

the disk can be achieved. For instance, if an encoder disk has 512 lines per revolution 

(equivalent to pulses per revolution), the resolution will be 
o / radius \ 

V revolu t ion ' 
A = 

512(- cycle 
* revolution > 

; ) x 4 ( transition 
) 

0.003068 ( 
radius 

transition 
)• (3.1) 

i evolution' V cycle 

These transition edges increment or decrement a digital counter which maintains an 

absolute number c0 corresponding to a predefined zero position. Following that, if the 

signal is sampled every T seconds, the joint angle at time kT is 

d(kT) = A(c(kT)-c0), (3.2) 

where c is the reading of the digital counter and k € N. It is worthwhile to note 

that the measurement error of an incremental shaft encoder is related to the direction 
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of the movement. If the output of channel A is ahead of the output of channel B 

for a counter-clockwise movement and the counter is increasing at the same time, the 

measurement error has a uniform distribution from 0 to A. On the other hand, for a 

clockwise movement, if the counter is decreasing, the measurement error is also a uniform 

distribution but from —A to 0. Therefore, if the direction of the movement is not known, 

the measurement error should be assumed to have a uniform distribution from —A to A. 

3.2.2 Theoretical modeling of position measurement resolution 

To be more general, let us consider a multi-joint haptic interface. If the joint angle signal 

8(t) is sampled at every T seconds, the measured joint angle at time kT is then 

em(k) = 0(k) + e(k). (3.3) 

where 6(k) and e(k) represent the true joint angle and the measurement error at time kT 

respectively. As discussed, for a shaft encoder without a known movement direction, e(A') 

can be modeled as a uniform distributed random variable, such that —A < e(k) < A 

with a variance of 

a2 = var(e(fc)) = ^ - . (3.4) 

With the forward kinematics of a specific device, the relative translational position of a 

tool frame defined on the end effector to a spatial home frame defined in the workspace 

can be formulated as 

x(t) = f1(9,{t)Mt)r-- A(t),--- Mt)), 

v{t) = f2(e1{t)Mt),'--A(t),-~.e„{t)), (3.5) 

z(t) = h(e1(t),e2(t),--- A{t),--- ,en(t)), 

where 0, denotes the angle of the ith joint, and n is the number of the joints. 

Let us take a SensAble PHANToM OMNI haptic device as a specific example in the 

following discussion. As illustrated in Fig. 3.2, the arm structure of an OMNI device is 

a four-bar linkage which is controlled by three motorized joints. The translational part 

of the forward kinematics for the OMNI device is given by 

xm = sin 9ml (Li cos 9m2 + L2 cos 0m3) 

ym = L2- L2 cos 9m:i + Lx sin 9m2 (3.6) 

zm = -Lx + COS0mi(Li cos0m2 + L2 cos0m3). 
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Figure 3.2: Zero configuration of a SensAble OMNI device, (adapted from [81]) 

where Lx and L2 are the length of the two rigid links [87]. The time variable t is dropped 

from Eq.(3.6) just for clarity. If the measurement errors of three joints are modeled by 

three independent random variables with a uniform distribution, qi5 q2, and q3, it yields 

xm - sin(0i + qx){Lx cos(02 + q2) + L2 cos(03 + q3)) 

ym = L2- L2 cos(03 + q3) + Lx sin(02 + q2) 

zm = -Lx + cos(0i + qi)(Lx cos(02 + q2) + L2 cos(03 + q3)). 

After considerable algebraic manipulations, the variances of xTO, ym , and zm are 

var(x„0 = £{xr
2

n} - (€{xm})2 

vav(yj = £{y2
m}-(£{ym})2 

var(z,„) = S{z2
m} - {£{zm})2 

where 

£{xm} = Lxa2bx + L2bxh 

£{x2
n} = L\c2dx + L?2dxd3 + 2LxL2dxa2b3 

£{ym} = L2- L2a3 + Lxb2 

£{yU = L%- 2L2a3 + L\c3 + 2LlL2b2 - 2LxL2a3b2 + L\d2 

£{zm} = -Lx + Lxa,xa2 + L2axb3 

£{z2
m) = L\ - 2L2

iala2 + L\cxc2 + 2LxL2cxa2b3 - 2LxL2axb3 + L2
2cxd3, 

(3.7) 

(3.8) 

(3.9) 



Velocity and Acceleration Estimation for Haptic Interfaces 37 

and 

a, = £{cos(9., + qt)} = -r cos(02) sin(A) 

bt = £{sin{9t + q,)} = — sin(0J sin(A) 

cx = £{cos2(0z + qt)} = i + — cos(20t) sin(2A) 

dt = £{sin2(9i + g,)} = - - ~ cos(20.) sin(2A). 

To calculate the covariances among xm , ym and zm with Eq. (3.8) directly, it will give 

us very lengthy expressions. Since A is very small for high precision shaft encoders, Eq. 

(3.7) can be linearized with the following approximations: 

sin<jt ~ qt, 

cosql ~ 1, 

Qtij - 0-

for i = 1,2,3 A i ^ j . We then form these three random variables xm, ym , and zm as 

affine transformations of qi,q2, and q3 at different joint angles. This relationship may 

be expressed in matrix form as 

X)7l 

Jm 

Zm 

= A 
qi 

<h 

.cb. 

+ 
x0 

Vo 

.z°. 
(3.10) 

where 

Li cos 0i cos 02 + L2 cos 0i sin 03 —Lisfn0i sin02 L2 sin 0i cos 03 

0 Lx cos 02 L2 sin 03 

— Lx sin 0i cos 02 — L2sin0i sin03 — Lx cos0i sin02 L2 cos 0i cos 03 

(3.11) 

and 

x0 

yo 
Zo 

sin 0i (Lx cos 0i + L2 cos 03) 

L2 — L2 cos 03 + Lx sin 02 

•Lx + cos 0i(Lx cos 0i + L2 cos 03) 

Using the linearity between two sets of random variables, we have 

— A A A T 

(3.12) 

(3.13) 
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Table 3.1: Joint measurement resolution of SensAble OMNI haptic device. 

Joint Resolution (rad./tran.) 

01 

02 

03 

4.1120e-4 
4.0806e-4 

4.0749e-4 

where A, qiq2°i3 is the covariance matrix of qi,q2, and q3 given by 

" • l i l a c s 

o--
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P2
q2 
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Vll 
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0 

Al/3 
0 

0 

0 

AI/3 
(3.14) 

The workspace of an OMNI haptic device is symmetric about 0i = 0, so are the 

covariances of the measurement errors. The device uses optical shaft encoders with a 

total of 512 pulses per revolution. As given by Eq. (3.1), the encoders have a resolution 

of 0.00307 radius per transition. However, to find out the resolution for each joint, we 

still need to know their respective gear ratios which are difficult to be measured. For 

that reason, we simply divide the joint angle of each joint and the corresponding encoder 

value retrieved from the device's API. The results are listed in Table 3.1. 

To estimate the covariance among xm , ym, and zm, we can uniformly sample the 

device's workspace. Using Eq. (3.8) and (3.9), the results show that cov(xm,ym) , 

cov(xm, zm), and cov(ym,zm) are all close to zero, which indicate that the measurement 

errors along x, y, and z directions of the device are uncorrelated. Eq. (3.14) also 

gives the approximated var(xm), var(y„J, and var(zm) which are actually close to the 

precise results given by Eq. (3.8). Anyhow, we should keep in mind that var(xm), 

var(ym), and var(zm) are functions of on the current joint angles, so they vary across the 

workspace. These statistics define the properties of the measurement errors when the 

device is at different configurations; namely, ex(kT), ey(kT), and ez(kT). At the center 

of the workspace, the standard deviations along x, y, and z directions are listed in Table 

3.2. The haptic device has the least standard deviation of 0.0314 mm along y direction 

because it only relates to Joint 2 and Joint 3. 
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Table 3.2: Standard deviation of position measurement error. 

Axis Standard Deviation (mm) 

x 

y 
z 

0.0376 

0.0314 

0.0341 

3.3 Related Work 

3.3.1 Friedland's criterion 

In [82], Friedland uses a Kalman filtering technique to analyze the achievable position and 

velocity accuracy in a system which measures position at a uniform sampling interval of 

T. The signal dynamics are modeled with the assumption of a zero mean, uncorrelated 

piecewise-constant acceleration. Let px, p2, Px and p2 denote the mean-square error 

of position and velocity estimate before and after a measurement, A be the inherent 

sensor resolution, and aa be the standard deviation of the acceleration respectively. The 

analytical solutions of the error covariance are given by 

£ = ^ ( V T T 2 F + l ) ' (3.16) 

P2 1 - = -(y/T+&+l) (3.16) 
a2

aT
2 2 

% = ̂ (VTTTr-l)2 (3.17) 

P2 1 = - ( V
/ T T 2 ? - l ) , (3.18) 

a'2T2 2 

where 
4A 

r = ^ - (3.19) 
Vol2 

The ratio r can be taken as a measure of noise-to-signal ratio. To get an insight of the 

relationship between the sampling rate and the achievable position error, the ratios pi/A2 

and pi /A2 are plotted in Fig. 3.3. Eq. (3.19) shows that it is possible to estimate the 

position with a greater accuracy than the inherent sensor resolution if the ratio r > 16.66. 

Friedland formulates this design guideline as 

T < 0 . 4 9 A / — , (3.20) 
V <ra 
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Figure 3.3: Position error ratio before and after measurements. 

which states that the maximum position error is bounded by the inherent sensor error 

by use of a sufficiently high sampling rate. But for the velocity estimation, it is always 

greater than the unity. The higher the product of aaT, the worse is the estimated velocity 

3.3.2 Singer's optimal Kalman filter model 

Back in 1970, Singer derived a well-known optimal Kalman filter to estimate states of 

maneuvering targets, such as aircrafts, ships, and submarines, where data samples are 

received from radars [83]. The dynamic equation of target motion is constructed with the 

assumption that the target normally moves at a constant velocity and all the maneuvering 

actions are viewed as perturbations. The maneuvering is quantified by two parameters: 

the variance of the acceleration am and the duration of the maneuvering Tm. Singer 

exploits an important fact that if a target is accelerating at time t, it is likely to be 

accelerating also at time t + T for a sufficiently small r. With the standard discretization 

procedure, the discrete time target equation of motion has a form 

x{k + 1) = ^(T.a)x(k) + u(k). (3.21) 

where T is the sampling interval, a is the reciprocal of Tm, and <£>(T, a) is the state 

transition matrix 
~1 T ^(-l + aT + eraT^ 

$(T,a) = 0 1 ±(l-eraT) . (3.22) 

0 0 " ~~aT 
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When aT is small (wO), 

reduce to 

$ = 

$ ( 7 » a n d 

"l T T2/2 

0 1 T 

0 0 1 

0), <fr(T, a) and the process covariance matrix Q(k) = E{u(k)u(k) } 
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nn'2 

T 

(3.23) 

where g> = 2aa2
v Back to our haptic interfaces, they are actually a kind of man maneu­

vering targets. For haptic simulations where T is usually around 1 ms, these reduced 

matrices are computationally attractive but should be used with caution, i.e.. a small T 

does not imply small aT. For skilful human hand movements, a is usually large. 

3.3.3 Belanger multiple integrator model 

In [84] and [85], Belanger et al. study the asymptotic behavior of the Kalman filtering 

for the robotic joint velocity and acceleration estimation as T tends to zero. The joint 

angle signals are assumed to be generated by passing a white noise through a linear and 

all-pole filter. As T goes to zero, this all-pole filter can be simplified to a multi-integrator 

system. The resulting system of equations in state space is described as 

x{t) = Fx{t) + Gu(t) 

y(k) = Hx(k) + e(k) 
(3.24) 

where 

position 
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G= 0 0 ••• 

H= 1 0 0 ••• 0 

w(t) = white Gaussian process noise with covariance q 

e(k) = measurement noise with covariance o\ 

Q(k) = E[io(k)uT(k)} 

QlJ(k) = 
(n - i)\(n - j)\(2n 3 + 1) 

_rp2n—x—j+1 

If both velocity and acceleration estimates are needed, at least a triple-integrator model 

is needed. Considering a triple-integrator model and assuming zero-order hold for the 

input, we will get the following discret model 

$ = 

0 

0 

0 

T T2/2 

1 T 

0 1 

, and Q(k) -= q 

r5/20 r4/8 r3/6' 
T 4/8 r3/3 r2/2 

T3 /6 T2 /2 T 

(3.25) 

Surprisingly, they share the same mathematical form as the simplified Singer's model 

discussed above. However, the conditions to get these reduced forms are different: T —> 0 

for the Belanger triple integrator, and aT —» 0 for the Singer's model respectively. The 

process noise variance q for the Singer's model also has an explicit physical meaning which 

can be determined intelligently instead of the trial-and-error method for the Belanger's 

model. Nevertheless, we may conclude that the Belanger triple-integrator model takes 

the special form of the Singer's model. 

To compare the performance of these methods, we simulate a single robot joint under 

PD control modeled by 

(3.26) y_ 
Vd s2 + 6s + 100 

The same example is used by Belanger in [84]. The desired acceleration trajectory a,d(t) 

and the theoretical output signals are reproduced in Fig. 3.4. It is assumed that the 

shaft encoder has a 9m = 0.003° resolution and the sampling frequency is 100 Hz. Two 

acceleration amplitudes, A = 10 and 1 °/.s2, are tested, corresponding to a slow and fast 

trajectory respectively. 

The simulation results are consistent with the criterion derived by Friedland in [82]. 

However, for a shaft encoder with a high inherent resolution, once the sampling fre­

quency satisfies the Friedland's criterion, the further increase of the sampling frequency 
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Figure 3.4: Angle, velocity and acceleration signals, A — 10 

will not further improve the accuracy. Compared with the first-order finite difference 

method, the triple-integrator model is 2-4 times better in terms of the standard devia­

tion of the velocity estimation, and there is an order of magnitude improvement in the 

acceleration estimation. For a 10 ms sampling interval, the first-order finite difference 

method does give an acceptable velocity estimation, but the acceleration estimation has 

an unacceptable standard deviation of 21.6 °/s2. Compared with the double-integrator, 

the triple-integrator model gives slightly better results. However, this does not imply 

that the higher the filter's order, the better the estimation results. It really depends on 

the dynamics of the motion itself. Table 3.3 summarizes the statistics of the estimation 

errors with these different methods. 
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Table 3.3: Statistics of estimation errors with different estimation methods. 

method 

Finite Diff. 

q 

-

angle (°) 

mean std 

1.47e-3 8.76e-4 

vel. (°/.s) 

mean std 

3.50e-4 1.24e-l 

accel. (°/s2) 

mean std 

1.68e-2 2.16e+l 

1000 -1.46e-3 6.89e-4 -2.40e-5 5.94e-2 2.20e-3 1.35 

Triple Integ. 200 -1.46e-3 6.95e-4 1.71e-4 5.60e-2 7.06e-3 1.19 

20 -1.44e-3 1.12e-2 9.15e-4 7.38e-2 1.82e-2 1.75 

1000 -1.46e-3 8.72e-4 -3.43e-4 1.78e-l 

Double Integ. 200 -1.46e-3 8.60e-4 -3.50e-4 1.56e-l 

20 -1.46e-3 8.10e-4 -3.33e-4 9.33e-2 

2 -1.46e-3 9.07e-4 -3.42e-4 7.21e-2 

Singer Model 110 -1.46e-3 7.37e-4 1.52e-4 5.41e-2 3.80e-3 1.29 

To understand the effects of the process noise covariance q in the triple-integrator 

model, we sweep q from 20 to 1000 and the results are presented in Fig. 3.5. Clearly, 

there is an optimal selection range for q. For example, the standard deviation of the angle 

error is 0.122° at q = 20, which is almost 4 times larger than the inherent resolution of 

0.003°. There is also a trade-off between the mean error and the standard deviation. A 

smaller q will give smoother estimation results but a larger mean error. It implies that q 

should be adaptive. The same system is also simulated with a double integrator model. 

The results show that the double integrator model is less sensitive to the choice of q. 

To get accurate estimation at both low and high velocity, Belanger et al. also proposed 

a method which swatches between a time-varying Kalman filter for faster motions and a 

constant-time Kalman filtering at slower motions [91]. For fast motions, the pulse from 

the encoder triggers the filtering process using the time-varying Kalman filter so as to 

have more updates. On the other hand, if the time since the last pulse is greater than a 

preset time and still no new pulse comes in, the estimator will actively read the encoder 

value and update with the constant-time Kalman filter. Their experimental setup is a 

DC motor under the velocity control through a PD controller and the results show the 

improvements on the acceleration estimation at the high velocity. But for a multi-joint 
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Figure 3.5: Angle, velocity and acceleration estimation mean errors and their standard 

deviations with a triple integrator Kalman filter as the variance of the process noise q 

changes from 20 to 1000. 

haptic interface, the implementation of the approach is more demanding. First, the low 

level access of the encoder signal is needed. Second, in the case that one joint has a low-

velocity while another joint may have a high velocity, synchronization of the estimates 

from different joints becomes an issue. 
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Figure 3.6: Adaptive window method for velocity estimation. The dots represent the 

data samples at different sampling instant 

3.3.4 Janabi-Sharifi's adaptive windowing method 

In [87], Janabi-Sharifi et al. proposes a first-order adaptive windowing method which 

minimizes the error variance of velocity estimates for haptic interfaces. They assume 

that the position trajectory of the device's end effector has a piecewise continuous and 

bounded derivative and a uniformly distributed (|| ek \\oo= d) measurement noise. The 

method is to find a maximum window size M e {2, 3, • • • } such that 

m- Vk-t\<d. V ie {0,1,2.. .- , M - 1 } , (3.27) 

where yk-L is the position measurement at (k — i)T, yfc-* = yk — iTvk. and vk = ^ / ^ f f i 1 • 

Since only the start and the end measurements in the window are used, the velocity profile 

will have overshoots if M is too small. To provide additional smoothing, all the samples 

in the window are used in the velocity estimation with the least-square method. In this 

case, the estimated velocity at kT can be written as 

vk = (3.28) 
T M ( A / - 1 ) ( M + 1 ) ' 

The detailed derivation of Eq. (3.28) is given in Appendix A. 

In Fig. 3.6a, a position trajectory which has a constant velocity during time interval 

((k — 8)T, kT) is plotted. With the adaptive window method, the window size M for each 
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sampling point starting from k — 6 to k will be {2, 2, 3,3,4, 2,4}. As shown in Fig. 3.6b, 

the resulting velocity is quite spiky since the least-square fitting has no much use for too 

small window sizes. To get an insight of how often the window size being two happens, 

we simulate a constant position trajectory with 10000 sample points corrupted with a 

uniform distributed noise using Matlab. With a total of 100 runs, the average occurrences 

of window size being two are 2498. It means that about of the velocity estimation uses 

first-order finite difference method which is doomed to fail for high sampling rate. For 

non-constant position trajectory such as human hand movements, will surely happen 

quite often. Therefore, a minimum window size has to be determined to compress the 

noise. With this minimum window size, the least-square fitting does smooth the resulted 

velocity estimation. On the other hand, if the window size becomes too large, it induces 

too much time delay and affects the stability margin of the system. Nevertheless, the 

idea behind the method is very important, which is to compress the measurement noise 

while capture the transient behavior. In [88], Liu proposes a similar method to find the 

window size based on the required relative velocity accuracy. 

3.3.5 Newton predictor enhanced Kalman filtering 

In [89], Han et al. estimate the angular acceleration of a manipulator joint by firstly 

passing the signal through a triple-integrator Kalman filter to get raw acceleration esti­

mates and then feed these raw estimates to a Newton predictor to get the final smoothed 

estimates. The assumption to use a Newton predictor is that the acceleration signal can 

be expressed as a polynomial [90]. An acceleration feedback control for one joint of a 

2-DOF mechatronic system is presented to compare the proposed Newton predictor en­

hanced Kalman filtering (NPEKF) method against the separated Kalman filtering (KF) 

method and Newton predictor (NP) method. The results show that the phase lag of the 

angular acceleration estimated by NPEKF is 1/8 that estimated by NP and 1/3 by KF 

for a 10 Hz sine torque input. Moreover, the NPEKF is able to suppress the noise within 

the frequency range of 2-10 Hz for the acceleration signal. But the Newton predictor 

has very large gains at the higher frequencies and consequently the noise gets amplified. 

Since the acceleration of a human arm/hand trajectory is in the range of 20-30 Hz, NP 

does not serve our objective. 

In summary, the basic criterion of the velocity and acceleration estimation from dis­

crete position samples is to compress the high frequency noise at the low speed while keep 

the transient behavior of the primary signal at the high speed. Therefore, the filtering 
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parameters should be relied on the trajectory itself. On the other hand, sophisticated 

filters often have the model-filter mismatch problems that their performance degrades 

significantly when the actual motion gets away from the assumed model. Theoretical 

analysis shows that a second-order model with parameters varying with muscle acti­

vation and elbow angle was unable to reproduce the experimental observations of the 

human arm trajectory. The least complex competent characterization of human arm 

movement requires a fourth-order model [91]. To get a suitable model to describe the 

motion of the human manipulated haptic interfaces, some known human arm trajectory 

characteristics may be exploited. 

3.4 Human Arm/Hand Trajectory Behavior 

3.4.1 Constrained minimum-jerk movement 

The human arm trajectory formation refers to the planning and control of the kinematic 

aspects of arm movements [92]. The trajectory here includes both the configuration of 

the arm in space and the higher derivatives of the movements. Skilled human arm/hand 

movements are usually smooth and developed through training and practice. Nelson 

suggests that in addition to meet the task oriented objectives, many of these skilled 

movements appear to satisfy more general physical principles under different constraints 

[93]. The objective measures which have been considered include time, force, impulse, 

energy, and jerk. Among them, the jerk, mathematically defined as the time derivative 

of acceleration, gets the most attention. Hogan studies the smooth trajectories under 

the constraints of minimum-jerk for the single-joint forearm movements in [94]. Flash 

and Hogan then generalize this principle to the multi-joint motions in [95]. It states that 

in moving from an initial to a final position in a given time duration from fo to tf. the 

cost function to be minimized is 

where (x(t).y(t),z(t)) is the coordinate of the hand. The authors solve the optimized 

trajectory with calculus of variations. The solutions have a zero sixth derivative: 

T(6) = 0< ^(6) = Q i J6) = Q ( 3 _ 3 0 ) 

Their general expression is apparently a 5th order polynomial. The polynomial coeffi­

cients can be solved with the two boundary conditions and the time duration. 
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The minimum-jerk model can be considered as a special form of a more generalized 

hypothesis which is the minimization of the time integral of the squared nth-derivative 

of the coordinates of the hand. For each order n G (l,oo), it corresponds to a different 

member of the family. Flash and Hogan report that the mean value of the peak-to-

average velocity rate is close to 1.8 with a standard deviation of around 10 % based on 

30 movement measurements which is close to the minimum-jerk cost function. The peak-

to-average ratio increases as n increases and finally goes to infinity [95]. Therefore, the 

high-order velocity profiles are incompatible with the experiments. By calculating the 

predicted velocity profiles for different order of n, it is shown that only the minimum-jerk 

is compatible with the experimental data. Daohang et al. study reaching movements 

of human arm on a constraint semi-sphere surface in [41]. The subjects are asked to 

move from one point to another point on a virtual semi-sphere surface by holding a 

SensAble Phantom 3.0 haptic device. The experimental results are also consistent with 

the theoretical analysis of minimum-jerk reaching on the surface of a sphere. 

3.4.2 The two-third power law 

Since 1980s, there has been much research on the study of handwriting and drawing 

motions. In [96], Viviani and Terzuolo first found the relationship between the angular 

velocity u and the instantaneous curvature k of the trajectory during the movement, 

widely referred to as the two-thirds power law. The relationship is formalized as: 

u = ck1-8. (3.31) 

where ft is approximately 1/3 and the gain factor c is set by the tempo of the movement. 

If it is expressed in terms of tangential velocity v. it is 

v = ckH\ (3.32) 

Many experimental results from tracing and drawing different figures support the formu­

lation [97] [98]. The law is then generalized to include the segmentation characteristics 

of the trajectory for extended shapes and free scribbling: 

v ~ ch( ^) '3 for each segment 7, (3.33) 
1 + ctR 

where a = 0.05 and R = l/k. In [99], subjects are asked to trace increasingly large 

ellipses with their fingers and the result shows that the larger the ellipse, the clearer the 
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segmentation in the velocity profile. The authors note that the motions of the arm joints 

which have clear segmentations of endpoints in Cartesian space are purely oscillatory. 

This is due to the nonlinearities in the forward kinematics of the human arm. For the 

velocity or acceleration estimation, this implies that the dynamic model which fits well 

in the joint space maybe not fit in the Cartesian space. 

3.5 Proposed Approaches 

3.5.1 Estimation in Cartesian space 

In haptic simulations, when the user holds the device's end effector and manipulates the 

virtual objects, the endpoint trajectory can be described in either joint space or Cartesian 

space. There are two ways to get the linear velocity in the Cartesian space. The first 

one is to estimate the joint velocity first and then convert it into the linear velocity 

with the device's Jacobian matrix (indirect approach). The second one is to compute 

the relative position of the end effector in Cartesian space first and estimate the linear 

velocity from these position measurements directly (direct approach). Theoretically, two 

methods should give the same results. But it is not the actual case because the estimation 

needs a model to describe the signal itself. For a low speed trajectory, they usually give 

very close results since Jacobian transformation can be well approximated by a linearized 

model. But for a high speed signal, the differences cannot be ignored. We recorded a 

motion trajectory using the OMNI haptic device and estimated the velocity with a triple-

integrator Kalman filter. The resulting velocity profiles with these two approaches are 

plotted in Fig. 3.7. For this specific example, there are two main reasons for these large 

differences: motion in the joint space cannot be modeled by the triple-integrator model 

well, and the kinematic transformation between the joint space and the Cartesian space 

is nonlinear. 

From the perspective of human arm trajectory formation, some researchers have 

argued that human arm/hand trajectories are planned in the joint variables of the arm 

while others state they are planned in Cartesian space; joint rotations are then tailored to 

produce these desired hand movements [100]. The second view has gained more support 

from the studies of planar, unconstrained human movements [92], The simple experiment 

of asking subjects to move between two targets shows that the subjects generally tended 

to generate roughly straight trajectories with a single-peak, bell-shaped speed profile no 

matter where these two targets are located in the reachable space of the human arm. 
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Figure 3.7: 

approach 

Comparison of the linear velocity estimation between the direct and indirect 

These invariant features of movements are a strong indication that planning takes place 

in Cartesian space rather than joint rotations. Furthermore, as aforementioned, it is the 

user that moves the device in the Cartesian space inducing the rotations of the device's 

joints in the joint space. Therefore, a direct estimation in the Cartesian space is preferred. 

3.5.2 Jerk constrained 4-State Kalman filter 

As aforementioned, human arm/hand movement for a smooth trajectory has at least 5 

non-zero derivatives. An accurate model of the motion should include all these deriva­

tives. But a large number of derivatives make a model difficult to implement in real-time. 
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For example, a typical haptic servo loop runs around 1 KHz for a continuous force feed­

back. Therefore, commonly used models have less derivatives. The model considering 

the second derivative of the position is called acceleration model, while the model con­

sidering the rate of the acceleration is referred as to jerk model. In [101]. Mehrotra et 

al. derive a full 4-state Kalman filter equation for highly maneuvering target tracking 

in which the third derivative of the target position, the jerk, is included. Since human 

arm/hand movement has at least 5 non-zero derivatives, it will be fair to expect the jerk 

filter to provide a higher accuracy than the acceleration filter. 

Following Singer's model, the correlation function r(r) associated with the jerk is 

r(T) = E\j(t)j(t + r)} = (r
2e-"l r |. a >0, (3.34) 

where a2 is the variance of the target jerk and a is the reciprocal of the maneuver time 

constant. Through Wiener-Kolmogorov whitening procedure, the jerk j(t) is represented 

as a function driven by a white noise w(t). The differential equation results from the 

whitening procedure is 

j{t) = -aj{t)+iv{t). (3.35) 

Then a full 4-state jerk model Kalman filter tracking equation for human arm movement 

in continuous time can be expressed as 

d 
dt 

X 
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X 
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0 0 1 
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.1. 

w{t), (3.36) 

where x, x, x. 'x denote the position, velocity, acceleration, and jerk of the target re­

spectively. The derivation of the discrete model and the initialization parameters for 

Kalman filtering are detailed in [101]. For the special case that aT is small, the state 

transition matrix $(T, a), the covariance matrix Q(k) for the process noise, and the 

initial covariance matrix of error P reduces to 

lim $(T,a) 
tt'i'->0 

1 T T2/2 T3/6" 

0 1 T T2/2 

0 0 1 T 

0 0 0 1 

(3.37) 
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(3.39) 

where a2^ is the measurement noise variance. The filter assumes the jerk to be constant 

during the sampling interval T as aT is sufficiently small. 

Considering the constrained minimum-jerk characteristic of the human arm/hand 

trajectory, we make o~j adaptive within [a"m\ a1™*}. The estimation starts with the 

minimum value. After each update, the estimated position x(k) is compared with the 

measured position x(k). If their absolute difference is larger than a predefined threshold 

At. it means that the current jerk variance is too small to capture the transient behavior 

of the trajectory. ad is then increased by Ar On the other hand, if the absolute difference 

is smaller than the threshold, it is decreased by Aj to honor the minimum-jerk movement. 

Fig. 3.8 illustrates the architecture and the updating procedure of aj. Currently, the 

threshold At is set to the position resolution of the device. If the human arm movement 

is consistent with the constrained minimum-jerk, the model will give a decent velocity 

and acceleration estimation at each sampling instant. At the same time, the position 

estimation is within the bound of the resolution A t. The 4-state Kalman filter in the Fig. 

3.8 can be replaced with a 3-state Kalman filter which represents an adaptive constrained 

minimum-acceleration model. 

3.5.3 Implementation of a Kalman filter 

Essentially, Kalman filtering estimates a process by using a form of feedback control: 

the filter estimates the state of a dynamic system and then obtains feedback from mea­

surements. As such, mathematical equations for the Kalman filtering fall in two groups: 

temporal update equations and measurement observational update equations. 

The temporal propagation equations project the current state and error covariance 

estimates to obtain priori estimates for the next time step. Mathematically, the temporal 

propagation can be described by 
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Figure 3.8: Jerk constrained 4-state Kalman filtering. 

• One-step ahead state estimate prediction: 

x(k + l\k) = $x(k\k) + Gu(k), (3.40) 

where $ is the state transition matrix, x(k\k) is the a posterior estimate of the 

state at kT. and x(k + l\k) is the a priori estimation of the state at (k + 1)T. 

• One-step ahead state estimate covariance prediction: 

P(k + l\k) = $P(k\k)$T + Q(k), (3.41) 

where Q(k) is the covariance matrix of the process noise, P(k\k) is the a posterior 

estimate of the error covariance matrix at kT, and P(k + l\k) is the a priori 

estimation of the error covariance matrix at (k + l)T. 

The observational update equations are responsible for the feedback, i.e., incorporat­

ing a new measurement into a priori estimate to obtain an improved a posteriori estimate. 

The mathematical equations for the observation update include 

• Kalman gain K(k): 

K(k) = P(k\k - l)HT[HP{k\k - l)HT + R(k)}-\ (3.42) 

where H is the measurement matrix, and R(k) is the covariance matrix of the 

measurement noise. 

• A posteriori estimate of the state: 

x(k\k) = x(k\k - 1) + K(k)[y(k) - Hx(k\k - 1)], (3.43) 

where y(k) is the measurement at kT. 
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Figure 3.9: An ongoing discrete Kalman filter cycle. The temporal update projects the 

current state estimate ahead in time. The observational update adjusts the projected 

estimate by an actual measurement at that time. 

• Estimation error covariance matrix P(k\k): 

P{k\k) = P(k\k - 1) - K(k)HP(k\k - 1). (3.44) 

The whole Kalman filtering resembles that of a predictor-corrector cycle as shown in Fig. 

3.9. 

Theoretically, the performance of Kalman filtering is characterized by the covariance 

matrix of estimation uncertainty. Soon after this conventional Kalman filter was imple­

mented on digital computers, it was found that the observed mean-square estimation 

errors were often much larger than the value predicted by the covariance matrix. The 

variances of the filter estimation errors diverge from their theoretical values, i.e., the 

solutions obtained for Eq. (3.44) have negative variances which are theoretically im­

possible. The problem was eventually determined to be caused by computer round-offs. 

Since that, many alternative implementation methods have been proposed to tackle the 

problem. The most successful approaches often represent the error covariance matrix 

P with symmetric products of triangular factors. One of them is a pair of algorithms, 

including the Bierman algorithm for the observational update of the modified Cholesky 

factors U and D of the error covariance matrix 

P = UDUT. (3.45) 

and the corresponding Thornton algorithm for the temporal update U of D and for the 

covariance matrix [102] [103]. Bierman's algorithm is one of the most stable implementa­

tions of the Kalman filter observational update . The UD factorization of the covariance 

matrix for the temporal update in the discrete Riccati equation is proposed by Catherine 

Temporal Update 
("Predict") 
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Thornton. We adopt these two algorithms for the implementation of our proposed adap­

tive Kalman filter and the experimental results have shown that they are very stable. 

For interesting readers, the C source code is provided in Appendix B. A comprehensive 

but very practical coverage on Kalman filter can be found in [104]. 

3.6 Simulation and Experimental Results 

3.6.1 Simulation results 

Fig. 3.10a plots a 2-D minimum-jerk trajectory with two via-points. The trajectory is 

sampled at 1 KHz and lasts one second. A uniform distributed noise [—0.03,0.03] mm 

is added to the original trajectory. The position, velocity and acceleration signals of the 

trajectory are shown in Fig. 3.10b. Two estimation methods are compared: adaptive 

4-state Kalman filter and adaptive 3-state Kalman filter. Least-square method with a 

window size of 30 is taken as a reference since it gives a smoothed and delayed estimation. 

As shown in Fig. 3.10c and 3.10d, the proposed constrained minimum-jerk method 

outperforms both least-square and constrained minimum-acceleration method. For the 

velocity estimation, the proposed adaptive 4-state Kalman filter has a 0.047 mm/s mean 

error while the adaptive 3-state Kalman filter and least square method has a mean 

error of 0.194 mm/s and 1.535 mm/s respectively. For the acceleration estimation, 

the adaptive 4-state Kalman filtering gives a 3.648 mm/s2 mean error which is a order 

better than the other two methods, a mean error of 32.811 mm/s2 for the adaptive 3-state 

Kalman filtering and 58.503 mm/s'2 for least square method. In terms of the standard 

deviation, the proposed method also outperforms the other two methods. Table 3.4 lists 

the respective mean errors and the standard deviations. Interestingly, if the maneuvering 

acceleration variance tends to zero, the adaptive minimum-acceleration Kalman filtering 

will converge to the least square method. 

3.6.2 Time delay compensation for haptic-enabled telementor­

ing 

In the section, we apply the proposed 4-state Kalman filter as a predictor to compen­

sate network latencies in haptic-enabled telementoring. Telehaptics is the concept of 

networked haptics and occurs when a communications network links haptic devices at 

remote locations [105]. Haptic-enabled telementoring is a special form of bilateral tele-
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Figure 3 10. Comparison of different velocity and acceleration estimation method for an 

exemplary minimum jerk trajectory: (a) 2-D minimum jerk trajectory; (b) the original 

trajectory; velocity and acceleration; (c) adaptive constrained minimum-jerk method, 

and, (d) adaptive constrained minimum-acceleration method 

haptics in which one person takes on the role of a mentor while the other acts as a trainee. 

As Fig. 3 11 shows, a mentor aids a trainee in accomplishing the task and acquiring the 

essential skills 

In the real-world, there are two correlated trajectories in a force sensorimotor skill, 

the movement and the force trajectory. These two information flows form a closed-loop 

system with the interacting environment and the user. The movement is caused by 
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Table 3.4: Estimation errors for an exemplary minimum-jerk trajectory. 

method adaptive range velocity (mm/s) acceleration (mm/s2) 

mean std mean std 

4-state KF 0.5~2.0 m/s2 0.047 1.153 3.648 1.315e2 

3-state KF 40-50 m/sA 0.194 1.580 32.811 2.510e2 

least square M=30 1.535 17.086 58.503 3.984e2 

Figure 3.11: A conceptual view of haptic-enabled telementoring. 

the muscle forces while the sensory inputs in turn modify the muscle forces with the 

user's intentions. The sensory inputs can be the visual cues, haptic cues, or combined 

hapto-visual cues from the interacting environment. Some experimental studies have 

shown that the spatio-temporal and force/torque profiles of expert users are significantly 

different from those of naive users [15]. Then what are the natural ways to teach these 

force sensorimotor skills in the real-world? They are usually taught in the following three 

steps: 

1. The mentor performs the task and the trainee learns by visual observations. Let us 

take the English alphabets writing as an example. The teacher writes the characters 

on the blackboard so that the student can learn the sequence of each stroke. Verbal 

explanations usually accompany the teaching. 

2. The mentor holds the trainee's hand which in turn holds the tool and performs the 

task. After the first step, the teacher lets the student try it himself/herself and 

verifies the result. If the teacher sees the outcome, he/she will hold the trainee's 
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hand and write the character again in a hand-holding manner. We call this hand-

holding teaching in the thesis ''haptic-enabled mentoring". Verbal explanations 

also usually accompany the teaching. 

3. The trainee practices the skill by himself/herself. At the end of the class, the 

teacher asks the student to write the characters ten times as homework and hand 

it the next morning for verification. 

If we take a look of the current haptic-enabled simulations, most of them just pro­

vide environments for the users so that they can practice the skills on their own which 

corresponds to Step 3. Step 1 is usually presented through video clips. But the second 

step is a very effective and natural paradigm for the teaching of some force sensorimotor 

skills, in which there is a direct contact between the mentor and the trainee. With this 

paradigm, the mentor may actively perform the task while the trainee is just passively 

guided. In this case, the trainee feels directly from the interacting objects and gets to 

know what should feel under the correct movements. On the other hand, the trainee 

can be active while the mentor is just passively holding the trainee's hand. In this 

case, the mentor feels a filtered force feedback from the interacting objects through the 

trainee's hand. Once the mentor notices the incorrect movements or feels the incorrectly 

exerted force pattern, he/she intervenes and brings the trainee back to the correct path. 

There have been some studies on the application of haptic feedback in the learning of 

spatio-temporal trajectories [106] [107] [108]. For interested readers, a more detailed dis­

cussion about these studies and the system architecture for the proposed haptic-enabled 

telementoring can be found in Appendix C. 

For the purpose of providing this natural and effective teaching paradigm over the 

Internet for the training of sensorimotor skills, we combine the concepts of telementor­

ing and haptic simulations together and term it "haptic-enabled telementoring". The 

advantages of the haptic-enabled telementoring are as follows: 

1. It improves on the current haptic training system and provides a natural way to 

teach the sensormotor skills. 

2. With haptic-enabled telementoring, both the mentor and the trainee hold the tool 

in a natural way instead of one of them feeling filtered dynamics of the interacting 

environment. The indirect perception of the environment might affect the proce­

dures. 

3. It extends the hand-holding teaching paradigm over the fast developing Internet. 
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Table 3.5: Legend for a haptic-enabled telementoring structure. 
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Figure 3.12: Haptic-enabled telementoring implementation diagram. 

The detailed structure for the haptic-enabled telementoring is presented in Fig. 3.12 

and its legends are listed in Table 3.5. During the telementoring, the mentor indirectly 

grabs the trainee's hand through the coupling of two devices, dragging the hand through 

a series of motions. This design reinforces the apprenticeship model, while allowing the 

mentor to have more active role in guiding the trainee. Ideally, the forces sent to the 

haptic device at mentor and trainee sites, respectively, are as follows: 

F = F 4- F 
M m x mc i •* me 

F = F 4- F - F , 
± s •*• sc. i ± se 1 sh 

(3.46) 
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Fmc and Fsc are the guiding forces for the tracking of two haptic devices held by the 

mentor and the trainee respectively. It is often implemented with a PD controller as 

±mc J*-mp\Xcs Xm) + f\-md\Xcs Xm) 

" sc l*-sp\Xcm Xs) + r*-sd\Xcm Xs). 

where Knip and Ksp denote the adjustable proportional gains, and Kmd and Ksd denote 

the derivative gains at two sites. One reason for an adjustable gain is to keep the stability 

under the effects of time delay. Fsh is the active force the trainee exerting on the device. 

If Fsh is measurable, it can be balanced out to make the trainee totally passive to the 

system. Since there is a closed-loop between two sites, any changes in Fsc will affect Fmc 

that, in turn, affect the mentor's feeling. For example, if the trainee does not follow the 

movement well, the guiding force will be large at both sites and the mentor may feel 

difficult to proceed to the task. 

Transparency and stability are two critical issues in designing telehaptics or teleoper-

ations. We propose an adaptive prediction solution to compensate for network latencies. 

Nonetheless, we take neither the stability nor the transparency into account from the 

perspective of control theories so far. Our idea is to predict the delayed haptic data to 

moderate the negative effects of the network latencies present to the upper layer appli­

cations. A more detailed discussion about the time delay effects and the design of the 

system can be found in Appendix C.3. Simply put, the solution consists of two stages: 

• At the sender side, besides propagating current states to the receiver, the sender 

estimates velocity, acceleration, and jerk on the basis of its motion profile. All this 

information is sent to the receiver so it can predict the sender's future motion. 

• At the receiver side, the receiver predicts the sender's state using the received 

information that is based on 4-state Kalman filter. The receiver then uses the 

predicted information in the simulation rather than waiting for the update, which 

could be delayed due to end-to-end latencies. 

To predict the spatial update of a remote haptic device, we need an accurate dynamic 

motion model to describe the haptic state. As discussed previously, human arm/hand 

movement is better described as a constrained minimum-jerk model, so the proposed 

4-state Kalman filter used for velocity and acceleration estimation is used for prediction 

as well. However, in cases where haptic devices move at a high speed, the prediction 

results give considerably high overshooting rates, especially at the turning points. The 
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predicted signal with the Kalman filter is comparable with the original and the delayed 

trajectories. Even the standard deviation of the predicted signal is acceptable, but the 

maximum deviation will cause a stability problem. Generally, when the trajectory is 

slowly varying over time, the prediction of over 100 ms will give acceptable results by 

using the Kalman solution. As the speed goes up, it becomes more challenging, especially 

at the trajectory's turning point as shown in Fig. 3.13d. To alleviate the overshooting 

effects at the turning point of a high-speed trajectory (a sharp turn), let us consider 

human arm/hand movement characteristics again. 

Objects usually slow before turning around. This phenomenon occurs when we drive, 

run, or write. If a human arm trajectory starts with a high speed and slows down 

quickly, the likelihood of it changing direction is high. This is consistent with the two-

third law discussed previously. During the turning, the curvature gets larger and the 

velocity becomes lower. Based on this observation, we divide the prediction into two 

states: normal state and adaptive state. In the normal state, the Kalman filter is used 

for the prediction. Therefore, we have 

x(n + N) = A(NTs)x{n) (3.48) 

where x(n) = \p(n)v(n)a(n)j(n)]' describes the estimated position, velocity, acceleration 

and jerk at time nTs, and A(NTS denotes the state transition matrix of the Kalman filter-

over N — T™ax/Ts steps. The transition of the state happens when the velocity is high 

and starts to slow. We can simply formulate this condition as a(n)v(n) < 0. Let s denote 

the state, and we can describe the state transition as 

{adaptive, if 500mm/s < \v\ A a(n)v(n) < 0; , 

normal, otherwise. 
During the adaptive state, we predict the position using 

p(n + 1) = p(p) + aTsv{n), (3.50) 

where 0.5 < a < 1.0 is a gain factor to smooth the transition and v(n) is computed using 

the least square method. Similarly, when the predictor switches back to the normal state, 

there is a gain factor to smooth the transition. The threshold value of 500 mm/s was 

chosed based on the experimental results. 

Fig. 3.14 plots the prediction results for the same experimental trajectory using three 

different methods: the first-order velocity prediction, the 4-state Kalman filter prediction, 
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and the adaptive 4-state Kalman filter with the overshoot compensation. We present the 

results as a root mean square error (RMSE) in each movement direction (x, y, and z) 

to measure the accuracy in predicting the haptic trajectory under different delays. The 

position RMSE in each direction is calculated with the following formula: 

RMSE 
\ 

M 

We notice that if we consider a combined RMSE in three directions together, the results 

may be misleading because the amplitude and velocity of the trajectory varies signifi­

cantly in different directions. Fig. 3.14d shows the RMSEs for time delays in between 10 

and 100 ms. In terms of the RMSE, the 4-state Kalman Filter performs the best if the 

time delay is under 70 ms while the adaptive 4-state Kalman Filter with the overshoot 

compensation performs the best if the delay is higher that 70 ms. However, the first-

order velocity prediction performs better than the adaptive 4-State Kalman filter when 

the delay is under 40 ms. This is due to the transition period between the normal state 

and the adaptive state. These results suggest a real-time switching of the prediction 

method based on the current network latency. 

3.7 Summary 

In this chapter, we first explained the working principle of incremental rotary encoders 

used in most haptic interfaces, followed by the discussion about their resolutions. Then, 

we described a way to model the position resolution of a haptic interface using the de­

vice's forward kinematics. After that, we presented our studies on the current velocity 

and acceleration estimation methods. These studies suggest that good estimation fil­

ters should be adaptive to the characteristics of the trajectory. Since it is the user that 

manipulates the device's end effector, we then discussed two primary characteristics of 

human ami/hand trajectory: constrained minimum-jerk movement and two-third power 

law. The constrained minimum-jerk behaviour reflects the fact that skilful human arm/-

hand trajectories are often smooth while the two-third power law simply states that the 

velocity of human arm/hand trajectory usually slows clown at turning points. 

Based on the constrained minimum-jerk behaviour, we proposed a jerk constrained 

4-state Kalman filter to estimate the velocity and acceleration for haptic interfaces. The 

simulation results showed that the proposed Kalman filter model outperforms the 3-

state Kalman filter, particularly for the acceleration signal. We also modified the jerk 
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constrained 4-state Kalman filter into a predictor to compensate for network latencies 

in a haptic-enabled telementoring scenario. In case of experiencing a high network time 

delay and a high speed trajectory, the predictor is switched in between the 4-state Kalman 

filter and a regular velocity prediction filter to avoid a large prediction overshoot. The 

experimental results showed that the online switching prediction performs much better 

than using the velocity information only. 



Chapter 4 

Uniform Hardness Perception in 
6-DOF Haptic Rendering 

4.1 Introduction 

In Chapter 2, we reviewed the research works aiming at improving the perceived hardness 

in haptic rendering. In this chapter, we study something related but not the same. Our 

goal is to make users have a uniform hardness perception in 6-DOF haptic rendering. 

Through experiments, we have found that the induced forces from a haptic interface's 

effective mass and viscous damping at its active end affect the perceived hardness non-

uniformly as users tap the virtual objects with different parts of the tool. As discussed 

in Chapter 1, collision points between a virtual tool and its interacting virtual objects 

can be time-varying in 6-DOF haptic rendering. This non-uniform hardness perception 

is also related to the positions of the user's holding point and the motor control point of 

the device. Based on the experimental results and theoretical analysis, we propose three 

compensation methods in this work and evaluate their performances with a stick-on-ball 

simulation. A total of six stiffness intensities in the range of 0.1-0.6 N/mm at a step of 

0.1 N/mm were randomly presented to a total of 10 test subjects. Experimental results 

show both the need for compensation and the effectiveness of the proposed methods. 

In the rest of chapter, we first discuss the role of the user's holding point and the 

motor's control point in 6-DOF haptic rendering in Sec. 4.2. The maximum linear 

stiffness at the collision point on the stylus is also described. Sec. 4.3 details the effects of 

the induced forces from the effective mass and viscous damping on the perceived hardness 

in two steps: theoretical analysis, and identification of these physical parameters for a 6-

67 
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(a) 

Figure 4 1: Primary holding point affects force/torque feedback in 6-DOF haptic ren­

dering. The user taps a stationary rigid ball with a stick. Solid line represents the end 

effector (device tool) and stippled line represents the simulated stick (virtual tool): (a) 

direct rendering; and, (b) simulation-based rendering. 

DOF haptic interface. Following that. Sec. 4 4 presents the three proposed compensation 

methods. The subjective evaluation experiments and results are discussed in Sec. 4 5. 

4.2 Three Different Points in 6-DOF Haptic Render­

ing 

4.2.1 Primary holding point 

Currently, there are two main methods to compute interaction force/toique for 6-DOF 

haptic lendering- direct rendering and simulation-based rendering [109]. Let us take a 

stick-on-ball example to explain the role of a user's primary holding point in these two 

methods. The example is described in Fig. 4.1. where the user taps a stationary rigid 
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ball with a stick. 

With the direct rendering as illustrated in Fig. 4.1a, the virtual stick (virtual tool) 

follows the motion of the stylus (device tool) in the free space, but is constrained on the 

surface of the virtual object during the collision. When the stick touches the ball, the 

collision point on the surface of the stick with the deepest penetration and its correspond­

ing contact point on the surface of the ball are first determined. As aforementioned, a 

feedback force / G R3 is calculated using the linear Hooke's law 

f = kd, (4.1) 

where d € R3 is the penetration vector between the two points, and k is the stiffness 

constant. The larger the stiffness constant, the harder the user feels the ball. Meanwhile, 

the force will generate a torque r around a pre-defined holding point on the virtual tool. 

This force/torque pair F = [f r ] T G M6 tries to push the stick out of the ball so the 

user perceives the collision and the hardness of the ball. Here, different holding points 

will result in different feedback torque components. 

With the simulation-based rendering as illustrated in Fig. 4.1b, the feedback force/-

torque is computed by applying a rigid-body simulation on the virtual tool. At the 

beginning of each rendering cycle, the current motion of the stylus (device tool) is con­

verted to a force/torque pair acting on the virtual stick (computed in the previous cycle) 

by setting a viscoelastic coupling in between. This coupling force/torque is added to the 

collision force/torque between the virtual stick (computed in the previous cycle) and the 

virtual ball. The resultant force/toque is then applied on the virtual stick and Newton's 

second law determines the resulting linear and rotational motions of the virtual stick. 

The final feedback force/torque to the user is re-calculated as the viscoelastic coupling 

between the updated virtual stick and the current end effector (device tool). Basically, 

the final force/torque pair with the simulation-based haptic rendering is to align two 

coordinate systems together: one attached to the device tool, and the other attached to 

the virtual tool. Here, the location of the primary holding point affects both feedback 

force and torque. 

4.2.2 Motor control point for force/torque rendering 

With the feedback force/torque ready, it is time to render it onto the end effector of the 

device. In this chapter, a Freedom6S hand controller from MPB Technologies Inc. is used 

for all the discussions and experiments. At its active end, the device can generate both 
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Figure 4 2 (a) A MPB FreedomGS Hand Controller from MPB Technologies Inc and 

(b) A conceptual view of the serial links and six joints 
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translational force and rotational torque (twist force). As depicted in Fig. 4.2, the device 

has a pen-like stylus with one end connected to its active end. During the initialization 

stage, programmers can specify a tool frame on the stylus which is co-located with a fixed 

spatial frame (home frame) in the workspace. The forward kinematics retrieved from the 

device driver describes the relative configuration of this moving tool frame to the fixed 

spatial frame. Let Ft = [ft rt]
T G R6 denotes the feedback force/torque written in the 

tool frame. The required joint torques to render Ft onto the end effector are given by 

Tj = (Jb(9))TFt, (4.2) 

where 9 G R" denotes the current joint angles, and Jb(9) G R6x" is the current body 

Jacobian matrix (n = 6 for the Freedom6S hand controller). The origin of the tool frame 

is referred to as the motor control point, since the Jacobian matrix is written with respect 

to it. Expanding Eq. (4.2) for the Freedom6S controller, it gives 

0 0 0 " 

-/icos(05)sin(04) 0 hcos(94) 

£{ CI & -hcos(95)cos(94) 0 -hsm(94) 

sin(05) 1 0 ' ' 

cos(05) cos(94) 0 sin(#4) 

cos(#s)sin(#4) 0 cos(#4) 

where h is the distance from the active end to the control point (Fig. 4.2b). Each column 

of Jb(9) corresponds to a joint twist written with respect to the tool frame in the current 

configuration [110]. £Q> £I> £2 a r e n ° t shown here because of their lengthy expressions. 

From Eq. (4.2), we may see that the correct joint torques can be derived only if the 

holding point conforms to the control point. Should an unmatched Jb (9) be applied, 

the user would perceive a distorted Ft = ((Jb)T)~1 (Jb )TFi at the holding point rather 

than the desired Ff. We can roughly estimate the largest tolerable discrepancy between 

these two points based on the human just noticeable difference (JND) in torque, which 

is around 12.7% when the reference signal is in the range of 60-90 mNm for a pinch 

grasp [111]. With the same stick-on-ball application, if the holding point is 70 mm away 

from the collision point, a l i V contact force will generate a 70 mNm torque around the 

holding point. If it is 60 mm away, a 60 mNm torque will be generated. In this case, 

the allowed mismatch between the holding point and the control point is approximately 

10 mm. 

However, to derive a single holding point from a user's handling postures on a tool 

is difficult, particularly for those involving multi-fingers and time-varying finger forces. 

J\9) = 
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Motorized 
joint 6 

Figure 4.3: Relationship between angular stiffness and linear stiffness. 

In fact, we can avoid this problem by fixing a control point on the stylus and always 

write Ft with respect to it. In turn, no matter how the tool is handled, the actual 

force/torque perceived by the user will be naturally induced from Ft. The only tradeoff 

is that application developers have to compute Ft for the fixed control point instead of 

the actual holding point, which may not be intuitive. In the rest of the chapter, the 

control point is fixed at the center of the distal stage (h = 0). Now the device Jacobian 

matrix becomes 

Jb(9) = SO SI S2 

0 
0 

0 

sin(05) 

cos(05) cos(04) 

0 
0 

0 

1 

0 

0 
0 

0 

0 

sin (04) 

cos(05) sin(04) 0 cos(6>4) 

(4.4) 

4.2.3 Maximum linear stiffness at collision point 

Through experiments, we have noticed that users can feel vibrations and hear uncomfort­

able squeaking sounds as the collision point (the point of force application) moves away 

from the center of the distal stage. Here, we explain it with the relationship between the 

achievable linear stiffness at the collision point and the corresponding angular stiffness. 

Let us look at a 1-DOF example as shown in Fig. 4.3, where a collision happens at 

the end of a lever with a penetration depth of d. Since the motorized joint (the rotation 

axis) is a distance / away, the angular motion 9 is approximately d/l. If we simulate a 

linear stiffness of k at the collision point, a feedback force / = kd is then required. This 

implies that a joint torque of r = / / is needed to generate / at the collision point. In 

turn, the required angular stiffness Kg at the motorized joint is given by 

Kg = T/9 = I2 • K. (4.5) 

Eq. (4.5) states that as the collision point moves away from the rotational axis, the 

scaling factor I2 makes the achievable linear stiffness decrease sharply. As in 6-DOF 
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haptic rendering the collision point can be anywhere on the tool, it is important to know 

the maximum achievable linear stiffness kmax at the collision point to guarantee the 

stability of the simulation. The Freedom6S controller has a linear stiffness around 1000 

N/m at the center of distal stage while the maximum angular stiffness on the stylus are 

4.0, 0.2, and 2.5 Nm/rad for pitch, roll, and yaw respectively. Referring to Fig. 4.3, the 

maximum achievable linear stiffness kmax at the center of the distal stage is determined 

by the angular stiffness of the first three joints (Joint 0, 1. and 2) where the motors are 

more powerful and directly drive the respective joint, i.e.. the gear ratio is one. But 

for the pitch, roll, and yaw of the end effector, they are driven by the respective motor 

indirectly through some tendons. For instance, if the collision point is 0.1 m away from 

the center of the distal stage on the stylus, then 

A;max = min(1000. i ^ . ^ , ~) = 400 N/m. (4.6) 

For another popular haptic interface, PHANToM 3.0, the angular stiffness for pitch, roll, 

and yaw are not given in the specification sheet. Nonetheless, this is a generic problem 

for such kinds of 6-DOF haptic interfaces. 

4.3 Problem Statements 

4.3.1 Theoretical analysis 

As shown in Fig. 4.2, one end of the stylus is connected to the device at the center of 

distal stage while the other end has nothing connected to it. As the user manipulates 

the stylus, he/she will feel being dragged by the end which connects to the device. This 

kind of impedance can be described by the equivalent physical parameters at the active 

end, such as the effective mass, viscous damping, and Coulomb friction. In this section, 

we discuss the effects of these physical parameters on the hardness perception of the 

simulated virtual objects with two exemplary cases. For simplicity, we assume a pinch 

grasp hand posture on the stylus, in which a single holding point can be easily identified. 

Let us again take the stick-on-ball as an example. As shown in Fig. 4.4, a contact 

force / acts on the stick when the stick touches the ball. The equivalent wrenches of / 

at the active end and the holding point are 

Fc=[fc rc]
T=[f lxf}T (4.7) 

Fh=[fh rh}
T = [f hxff. (4.8) 
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Figure 4.4: Two cases where users feel different hardness: (a) the collision point is 

between the holding point and the free end of the stylus; and, (b) the collision point is 

between the active end of the device and the holding point. 

Let us assume that Fc can be faithfully rendered through the motors. If the stick is at 

rest, the user will perceive Fh around the holding point. But during the contact transition 

period, things are different. 

Case I: The collision point is between the holding point and the free end of the stylus 

as shown in Fig. 4.4a. Let us assume that the stick moves toward the ball with an 

incoming velocity v and acceleration a. During the contact transition period, the actual 

force/torque perceived at the user holding point is 

Fh = fh 

f — (ma + bv) rc — (I — h) x (/ — (ma 

f — (ma + bv) h x f + (I — h) x (ma + bv) 

bv)) 
T 

(4.9) 

where m and b denotes the effective mass and the viscous damping of the device at 

the center of the distal stage. Comparing Eq. (4.8) with Eq. (4.9), we can see that 

the translational force at the holding point fh is different from fh by the induced force 
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— (ma+bv), while the torque around the holding point rh is different from 77, by an induced 

torque (I — h) x (ma + bv). However, fh and rh always vary in the opposite direction, 

i.e., one is increasing while the other is decreasing. For example, if / • (ma + bv) < 0 

(clot product), the user will feel a smaller force but a larger torque. The unmatched 

force/torque pair generates a fast clockwise rotation around the holding point which 

makes the user feel a stiffer virtual object than it should be. 

Case II: The collision point is now between the holding point and the active end of the 

device as shown in Fig. 4.4b. Now, the equivalent wrenches for at the center of the distal 

stage and the holding point become 

Fc=[fc rc}
T=[f lxf\r 

Fh = [h Th]T=[f -hxff 

(4.10) 

(4.11) 

During the contact transition period, the actual force/torque felt at the holding point is 

Fh = Jh Th 

f - (ma + bv) rc - (I + h) x (f - (ma + bv)) 

f - (ma + bv) -h x f + (/ + h) x (ma + bv) 

(4.12) 

Comparing Eq. (4.11) and Eq. (4.12), fh is also different from fh by —(ma + bv) 

and r'h is different from rh by (I + h) x (ma + fa)). Different from Case I, they always 

change in the same direction, i.e., one is increasing and the other is also increasing. 

Now, if / • (ma + bv) < 0 , the user still feels a smaller translational force but also a 

smaller torque. Under the same situation, we would expect a counterclockwise rotation 

around the holding point in the real-world. But due to the counterbalance from the 

induced torque term, the user will not perceive such rotational movements. For that, the 

unmatched force/torque pair makes the user feel a softer virtual object than it should 

be. 

In summary, the distinct hardness perception of the simulated object in these two 

cases is due to the discrepancy of the holding point and the active end of the device. No 

matter where the collision point (the point of force application) is on the virtual tool, 

the force/toque perceived at the holding point is delivered by the equivalent foree/torque 

generated at the active end of the device. However, the effective mass and viscous 

damping induced force at the active end generates an additional torque term around the 

user's holding point, which causes the distinct hardness perception as the collision point 
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is at different sides of the holding point. In comparison, this problem does not exist in 

3-DOF haptic rendering because there is only one single interaction point on the virtual 

tool and the user's holding point has no effects on the feedback force. In that case, if the 

induced forces from those physical parameters at the active end are not too large, the 

user will adapt to it in a short time. 

4.3.2 Measurements of effective mass and viscous damping 

As illustrated in Fig. 4.2b,the movements of the upper arm and forearm of the Freedom6S 

are controlled by Joint 0, 1 and 2. As users manipulate the stylus, the angular positions 

of these three joints determine the translational position of the center of the distal stage 

in the workspace. We first experimentally evaluate the dynamic parameters for Joint 

0, 1 and 2, and then convert these joint space parameters to the equivalent Cartesian 

space ones at the center of the distal stage. However, to fully characterize these dynamic 

parameters across the whole workspace is not an easy task for haptic interfaces [112]. 

Here, we limit our estimation when the center of the distal stage is co-located with the 

center of the workspace. 

In robotics, a motor-driven mechanical joint is often modeled as 

J9(t) + Br9(t) + arsgn(9(t)) = T(t). (4.13) 

where J is the joint inertia, Br is the rotational damping coefficient, ar is the rotational 

Coulomb friction, T is the driving torque, and t is the time variable. But this model 

often needs to be modified for a specific device. Through experiments, we found that the 

dynamics of Joint 0 for the Freedom6S is dominated by the gravity of the upper arm, 

the forearm, and the stylus altogether. We change the dynamic model for Joint 0 as 

r„(t) = Gosin(0o(t)). (4.14) 

To quantify the gravity effect for later compensation, we adopted an approach proposed 

by Ma and Hollerbach in [113] by rotating the joint in step for its full range and fitting 

the result data of joint angle and the corresponding driving torque to Eq. (4.14). The 

parameter Go was then extracted using the regular least square method to be 0.3855 

Nm. The comparison between the experimental and the simulated results is shown in 

Fig. 4.5. 

For Joint 1 and 2. their dynamics are much more complex. We have noticed that if 

there is no external force acting on the two joints, they will return to their equilibrium 
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Figure 4.5: The dynamics of Joint 0 is dominated by the gravity of the upper arm, the 

forearm, and the stylus. The figure plots the relationship between the gravity and the 

driving torque. 

position. This is mainly due to the elasticity of the tendons passed through the pulleys 

and the self balance design of the whole arm structure around the center of the distal 

stage. Therefore, we include an additional spring term in Eq. (4.13). which gives 

J9(t) + Br9(t) + Kr9(t) + ar sgn(0(i)) = T(t). (4.15) 

where Kr is the rotational stiffness of the joint. To make the estimation of the parameters 

easier, we decide to linearize Eq. (4.15) first. Let us assume an input 9(t) = Asm(ut). 

Substituting it into Eq. (4.15), we get 

T(t) = -JAuj2sin(out) + BrAucos(ut)+ 

KrA sin(utf) + ar sgn(Au cos(u;£)). 

Following the same simplification method used in [61], we approximate the nonlinear 

Coulomb term by neglecting its higher order harmonics 

(4.16) 

sg\\(Au) cos(u;£)) & —cos(ut). 
IT 

Now the output T(t) becomes 

4(7r, 
T(t) = A[(- Ju2 + Kr) sin(wt) + (B,.u + —J-) cos(urf)] 

•KA' 

Msm(ut + (j)). 

(4.17) 

(4.18) 
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We can further write this input-output relation using the concept of describing function 

which is defined as the complex ratio of the fundamental component of the nonlinear 

element by the input sinusoid [71]. It yields 

N(A,u) = 
Me3{0Ji+4,) M 

Afjut = A e 
3<P 

4(xr 
(4.19) 

= = ( _ j ^ + tfr)+t7-(Bru, + —M. 
IT A' 

We may rewrite (4.18) in a matrix form as 

"f cos(0)" 
fsin(c>)_ 

~-u2 

0 

1 0 

0 u 
o" 
4 

TTA_ 

J 

Kr 

Br 

(4.20) 

Here the whole model is treated as a lumped nonlinear element. As explained in [71]. 

with a describing function, the nonlinear element can be considered as if it were a linear 

element with a frequency response function N(A,ui) in the presence of sinusoidal input. 

Unlike the frequency response of a linear system, describing function of a nonlinear 

element depends on the input magnitude A. With the describing function in the hand, 

the parameters for each joint can be experimentally determined. First, a set of excitation 

sinusoidal signals 

T(t) = Msin(ut) (4.21) 

with different M and u are sent to each joint and the resulting joint angular motions 

are recorded. From each recorded angular signal, its amplitude A and the phase lag cj> 

to its excitation signal can be determined. Finally, the least square method is applied 

to estimate ,/, Kr, Br. and ar using Eq. (4.20). An excellent discussion about this 

technique and the experimental procedures is presented in [114]. 
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Figure 4 6: A pair of excitation and response signals for Joint 2 of Freedom 6S hand 

controller at M = 0.08Am and / = 2Hz : (a) a full view of 20 seconds experimental 

data, and (b) a zoomed view of 2 seconds experimental data. 

In our identification for the dynamics of Joint 1 and Joint 2 of the Freedom6S hand 

controller, we only focused on the low frequency below 10 Hz. Considering that human 

arm/hand trajectories are mainly within this frequency range, such an approximation 

will provide useful information about the device's dynamics as the user manipulates the 
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Table 4.1: Combinations of testing amplitudes and frequencies for FreedomGS hand 

controller's Joint 1 and Joint 2. 

Amplitude M 

10 

20 

30 

40 

50 

60 

80 

100 

120 

140 

160 

180 

200 

220 

240 

260 

280 

300 

(mNm) 
1 

X 

X 

X 

X 

X 

X 

2 

X 

X 

X 

X 

X 

X 

X 

3 

X 

X 

X 

X 
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X 
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X 
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Frequency / (Hz) 
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10 
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X 
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X 

X 

stylus. To examine the linearity of the joints, we send the sinusoidal excitation signals 

with different amplitudes at each testing frequency. A typical input driving torque signal 

and the resulting joint angular signal are plotted in Fig. 4.6. Table 4.1 lists all the testing 

combinations of the amplitude and the frequency for Joint 1 and Joint 2. Every single 

experiment lasts 20 seconds so there is enough time to let the transient response die 

out. At the beginning of every single experiment, the device is always at its equilibrium 

position. When one joint is under the testing, all other joints of the device are physically 

locked. We conducted the same experiments on two identical Freedom6S hand controllers. 

The experimental results generally agreed in terms of the input/output gain, the phase 

lag, and the frequency of the zero crossing point. 
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Figure 4.7: (a) Amplitude dependence of N(A, ou) at 2 Hz: point samples are the exper­

imental data and the solid line on the top sub-figure is the linear fit between the input 

and output amplitude, and (b) Frequency dependence of \/N(A,UJ) 

Fig. 4.7a shows the system as a function of the input amplitude at 2 Hz. The gain 

of N(A,co) for both Joint 1 and 2 can be well fitted with a straight line but there is a 

very small shift from the origin due to the uncertainty of the measurements. Meanwhile, 

the phase lag 4> increases with the input amplitude. This nonlinearity phenomenon 
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Table 4.2: Estimated rotational parameters for Joint 1 and 2. 

Joint 

1 

2 

J 

(kg • m2) 

0.0103 

0.0073 

Br 

(kg • rri2/s) 

0.0102 

0.0076 

o> 

(N • m) 

0.0008 

0.0014 

Kr 

(N • rn/rad) 

0.3395 

0.2847 

Table 4.3: Estimated translational parameters at the center of workspace. 

Direction 

Vw 

&W 

m 

(kg) 

0.1825 

0.2575 

b 

(kg/s) 

0.190 

0.255 

a 

(N) 

0.035 

0.02 

h 
(N/mm) 

0.0085 

0.0072 

disappears as the frequency is higher than 5 Hz. The frequency dependence of the 

system is plotted in Fig. 4.7b where the gain and the corresponding phase lag at each 

testing frequency are the linear fit and the average of the results at the testing frequency 

respectively. 

Table 4.2 lists the estimated parameters for Joint 1 and 2 using Eq. (4.20). Generally 

speaking, their values are small, particularly the Coulomb frictions. As mentioned, the 

movements of Joint 0, 1 and 2 of the Freedom6S controller decide the translational 

position of the center of the distal stage in the workspace. Therefore, we may convert 

these joint parameters to their translational counterparts at the center of the distal stage 

by dividing a square factor of the distance from the center of the distal stage to the 

respective joint axis. When the device is at its equilibrium position (all joints are at 

zero positions), this distance is 0.2 m for both Joint 1 and 2. Table 4.3 lists the resulted 

translational parameters of effective mass (or tip inertia) m, viscous damping b , stiffness 

kt . and Coulomb friction a along yw (up and down from Joint 2) and xw (left and 

right from Joint 1) directions respectively. The effective mass along the xw direction is 

smaller because the upper arm is not involved in Joint 2's motion. To further validate the 

estimated values, we disassemble the arm of the device. The forearm and the end effector 

weight about 0.150 Kg in total which is very close to our estimation of the effective mass 
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along the yw direction. 

After these physical parameters are estimated, their induced forces can be evaluated. 

For example, if the center of the distal stage moves along the +xw direction with accelera­

tion of 1.0 m/s2 and velocity of 0.2 m/s. the effective mass and viscous damping induced 

forces will be 0.2575 N and 0.1275 N respectively. In comparison, the Coulomb friction 

force, being 0.035 N, is quite small. We also neglect the force induced by the inherent 

stiffness kf because it is very small at the center of the workspace. Please note that Kr 

and kt are different from Kg and k. The former two variables describe the dynamics of 

the joint while the latter two denote the gain of the controller for the joint. 

4.4 Proposed Methods 

Three methods are proposed to compensate for the effective mass and viscous damping 

induced forces. We start with the direct compensation using the estimated physical 

parameters at the center of workspace. The second method focuses on the rotational 

perception by directly moving the point of application of force. In the third method, the 

stiffness adaptively changes based on the relative position between the collision point and 

the holding point. All three methods need the real-time measurements of the holding 

pivot point on the stylus. 

4.4.1 Direct compensation 

With this method, the compensation force is added to the feedback force/torque Ft from 

the haptic model directly. The total requested force/torque F't is given by 

IV; =Ft + (ma + bv)l{vc-n} 

where a G E3 and v G M3 denote the linear acceleration and velocity at the center of 

the distal stage, m = [mx 0 mz] ,b = [bx 0 bz] , vc G E3 and n G E3 are the velocity and 

the normal of the collision point respectively, and I{,s} is an indicator function which 

enables the compensation only when the penetration depth is increasing. However, the 

Coulomb friction is not considered for two main reasons. The first one is that we are 

working on the haptic perception of tapping a virtual object where the incoming velocity 

and acceleration is usually high. Compared with the Coulomb friction, the inertia and 
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viscous force dominates at high velocity and acceleration. The second one is that the 

device we are using for the experiments has a very small Coulomb friction of 0.035 N. 

After the required joint torque to render Ft is computed through the Jacobian matrix, 

an independent gravity compensation for Joint 0 is added. In Sec. 4.3, the compensa­

tion torque for Joint 0 was measured to be 0.3855 sin(0o). But this torque always tries 

to keep Joint 0 at its current position and it gives the user some sluggish feelings as 

he/she manipulates the stylus. After some trials, we lowered the compensation torque to 

0.35sin(#o) which gave a good balance between the compensation and the sluggish feel­

ings for Joint 0. Since the device is not equipped with accelerometers, the acceleration 

information is derived from the position measurements. The adaptive 4-state Kalman 

filter discussed in Chapter 3 is used to estimate the acceleration where human arm/hand 

trajectory behavior is considered. 

4.4.2 Fixed rotation origin compensation 

To avoid the tedious estimation process of the physical parameters, we propose the 

following two methods which directly work on the non-uniform hardness perception. As 

discussed above, the control point on the stylus is fixed while the force/torque perceived 

at the user's holding point will be naturally induced. In Case II (Fig. 4.4b), as the user 

taps the ball, he/she expects a counterclockwise rotation about the holding point, but 

the actual motor torque for this rotation (Joint 3) will be clockwise due to its relative 

position around the control point. Ideally, the expected counterclockwise rotational 

perception will be generated by the translational force fc. But this rotation perception is 

not strong enough to counterbalance the torque component rc plus the additional term 

of (I + h) x (ma + bv). 

To let the users clearly perceive the expected rotational movements around the hold­

ing point in Case II, we directly set the desired force/torque Fhat the control point. This 

gives f'c = f and r'c = —h x f. Now, the induced force/torque around the holding point 

becomes 

fh = f — ma 
Jh, J (4.23) 
rh = -(2h + 1) x f + (h + l) x (ma + bv). 

Referring to Fig. 4.4b, this is equivalent to moving the collision point away from the 

center of the distal stage by h. Now, the torque from Joint 3 will generate a counter­

clockwise rotation around the holding point as expected. With this method, we do not 
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Figure 4.8: Variable stiffness compensation scheme. 

modify Fc for Case I. Now users will have a stiffer perception of the virtual object in 

both cases. 

4.4.3 Variable stiffness compensation 

In Case I, the user has a harder perception of the simulated object. The further the 

collision point away from the holding point, the stiffer the perception is. In the third 

method, instead of assigning a uniform stiffness to the virtual object, we adaptively 

change the contact linear stiffness based on the locations of the holding point and the 

collision point as illustrated by Fig. 4.8. Once the collision point is on the other side 

of the holding point, a uniform stiffness is assigned. The mathematical model for the 

adaptive stiffness is given by 

Kr = 
Ka 

K„ 

(Ku 
ftmin 12 ) X ^ Xh, xh 

X •> Xh, 

(4.24) 

where A'mdX and A'min are predefined maximum and minimum stiffness. The ratio between 

A',„ax and A'mm is experimentally determined at each stiffness level to have the best 

results. For the stiffness levels of 0.1, 0.2 and 0.3 N/m. Kmax/Kmin = 2.0 while for 0.4, 

0.5, and 0.6 N/m, Kmax/Kmm = 2.25. This is different from the last method where the 

direction of the motor joint torque is changed. With this method, the expected rotation 

is generated through a large translational force at the center of the distal stage. 
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Figure 4.9: Experiment setup for the subjective evaluation. 

4.5 Experimental Results and Discussion 

4»5„1 Experimental setup and procedure 

The experimental setup consisted of a Freedom6S hand controller interfaced with a PC 

running MS Windows XP. The PC was equipped with an Intel(R) Xeon 1700 MHz 

processor and 2 GB of RAM. Two 17-inch LCD monitors, sitting side-by-side with the 

device in between, were configured in a dual-mode as shown in Fig. 4.9. A membrane 

potentiometer is glued on the end effector of the device. By pressing down on the 

various parts of the potentiometer, its resistance changes linearly which allows us to 

accurately measure the position of the holding point. The activation force of the chosen 

potentiometer is in the range of 0.5-1.8 N, so it can be easily actuated with human fingers 

without causing distractions from the application itself. 

During the experiments, the subject and the operator sat in front of the left and 

right monitors respectively. The application GUI was spanned into two monitors. Test 

subjects could only see the graphic rendering of the simulation but not the control panel. 

Accordingly, they were never informed of the current testing stiffness level or the current 

compensation method. The control panel of the application, intended for the operator, 

was displayed on the right monitor. Through the control panel, the operator could 

modify the testing stiffness, switch among the proposed compensation methods, enable 
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or disable the real-time measurement of the holding point, etc. Subjects were instructed 

to hold the stylus using the thumb and the index fingers, forming a pinch grasp on the 

end effector. The measured holding point was displayed as three-orthogonal axes in the 

simulation, so each test subject knew the relative position between the collision point and 

his/her holding point. To protect the motors, subjects were asked to leave the collision 

state in case of abnormal vibrations. 

Altogether, six stiffness levels ranging from 0.1 to 0.6 N/mm at a step of 0.1 N/mm 

were tested. The upper limit of the testing stiffness was set such that there are no 

apparent vibrations as the collision point is far away from the center of the distal stage 

as discussed in Sec. 4.2. The presentation order of the six stiffness levels to each subject 

was randomized. At each level, the three proposed compensation methods and the non­

compensated one were also randomly presented. Therefore, there are total 4 x 6 = 24 

tests for each subject. Referring to Fig. 4.4, subjects tapped the stationary ball in two 

ways: the collision point is between the holding point and the free end of the stylus 

(Case I), and the collision point is between the holding point and the center of the distal 

stage (Case II). They were also told to tap the ball with different incoming velocities 

and accelerations which were recorded for each trial. There is no strict time limit for 

each test. The subjects were allowed to ask the operator to switch back to the previous 

method. The velocity and acceleration profiles at the collision point and the center of 

the distal stage were recorded for each contact transition. At the end of each test, the 

subjects were asked to select one from the following five options: 

A - Case II feels clearly harder than Case I 

B - Case II feels slightly harder than Case I 

C - Case II feels the same as Case I 

D - Case II feels slightly softer than Case I 

E - Case II feels clearly softer than Case I 

The subjects were also free to add any comments for each trial, such as comparison to 

the last test, stability, etc. 

4.5.2 Results and discussion 

A total of 10 subjects, all right-handed with no known sensorimotor impairments with 

their hand or arm, participated in the user study. Three of the subjects use a haptic 

interface on a regular basis but only one of them had used the FreedomGS. The remaining 
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Table 4.4: Evaluation results with 10 subjects. 

Rating 

A 

B 

C 

D 

E 

None 

0 

0 

3 

9 

48 

Method 

1 

0 

2 

30 

24 

4 

Method 

2 

0 

2 

20 

19 

19 

Method 

3 

0 

0 

28 

25 

7 

seven subjects had no prior experience wath haptic devices. Based on the recorded 

velocity and acceleration profiles, 95% of the incoming velocities and accelerations were 

in the range of 0.1-0.45 m/s and 0.5-5.4 m/s2 (absolute value) respectively. Occasionally, 

the contact transition had a high velocity but a small acceleration, or vice versa. 

Table 4.4 lists the number of the test subjects rated for each compensation method in 

all six stiffness levels. Since there were a total of 10 subjects and six stiffness levels, each 

column adds up to 60 (6 level x 10 subjects). In general, all three proposed methods 

perform better than the non-compensated rendering. None of the subjects found Case II 

to be harder than that in Case I in any trial. For the non-compensated rendering, there 

were 48 out of 60 who reported Case I to be clearly harder than Case II. This non-uniform 

hardness perception is even clearer with higher incoming velocities and accelerations. In 

comparison, only four subjects rated Case I to be clearly harder than Case II with the 

first method, and seven with the third method. Considering that the subjects had no 

knowledge of the method being tested, these evaluation results showed again the need for 

compensation. At the level of 0.1 N/mm,. three subjects reported no obvious perceptual 

differences between Case I and Case II for the non-compensated rendering. This is a sign 

of increased JND as the assigned stiffness gets lower. When the collision point was more 

than 75 mm, away from the center of the distal stage and the testing stiffness was over 0.4 

N/mm, some motor vibrations could be detected. It is possible that part of the stiffer 

perception for Case I comes from these vibration signals [36] [115]. WTith the second 

method, there were still 19 times that the subjects reported clearly different hardness 

perception in two cases. Thus, the first and third compensation methods perform better 

than the second one. 

To further investigate the results, two-factor analysis of variance (ANOVA) tests were 
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Figure 4.10: Mean values of rating as a function of stiffness levels and compensation 

methods 

applied to the performance of the three proposed methods at all six stiffness levels. We 

assigned A = E = 1 (worst), B = D — 2 (acceptable), and C = 3 (best). Fig. 4.10 shows 

the mean values of rating for the different methods at six stiffness levels. It is evident 

that the non-compensated rendering performed worse than the proposed methods at 

all six stiffness levels. The ANOVA test confirms that there are significant differences 

among the none-compensated and the three compensation methods (F(3,216) = 41.6, 

p = 0). If we choose 0.05 as the significant p-value to reject the null hypothesis, the 

effect of the stiffness level is also significant (F(5,216) = 2.26, p = 0.0499), which 

indicates that the rating decreases a bit as the stiffness level increases. This seems 

untrue for the fixed origin method where the mean value increases as the stiffness level 

increases. The significant interaction between the stiffness level and the compensation 

method (F(15,216) = 1.95, p = 0.0197) indicates that the effect of the stiffness level 

differs depending on the method of compensation. Specifically, it means that increasing 

the stiffness degrades the performance on some methods and improves performance on 

other methods. We believe it is also caused by the fixed origin method. To prove this, 

we did another two-factor ANOVA test but not including the results from the fixed 

origin method this time. Indeed, the interaction between the two factors is no longer 

significant (F(10,162) = 1.76, p = 0.0728) and the effect of stiffness level also becomes 
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much more significant (F(5,162) = 6.07, p — 0). In addition, the fixed origin method 

gets the largest variance of 0.678 as compared to 0.292, 0.385, and 0.468 for the none-

compensated method, the direct method, and the variable stiffness method respectively. 

We used separate t-tests between different pairs of compensation methods. A right-

tailed t-test shows a significant difference between the direct method and the fixed origin 

method (£(118) = 3.255, p = 7.395e-4). This confirms the mean value of the direct 

method is significantly higher than that of the fixed origin method. However, a two-

tailed t-test does not show a significant difference between the direct method and the 

variable stiffness method (£(118) = 0.699, p = 0.486). In the range of 0.1-0.4 N/mm, the 

direct method performed quite well in terms of the mean and standard deviation, but it 

degraded a bit at 0.5 and 0.6 N/mm, which implies that the induced forces were under­

compensated. Two separate two-tailed t-tests at 0.5 and 0.6 N/mm show no significant 

difference between the direct method and the fixed origin method (£(18) = 1.238, p — 

0.232 for 0.5 N/mm, and £(18) = 1.387, p = 0.182 for 0.6 N/mm). We believe that the 

main cause for this was the inaccuracy of the estimated parameters. We estimated the 

effective mass and viscous damping at low frequencies (< 10 Hz) while collisions with 

stiffer objects could contain signals with higher frequencies. In addition, since there were 

no accelerometers installed on the device, the acceleration information had to be derived 

from the position measurements, which is very challenging as itself. For the first method, 

all subjects also reported a crisper hard contact perception. This was indeed as expected 

due to the active compensation of the effective mass and viscous damping during the 

initial contact period. In [37], Kuchenbecker et al. have shown that the contact realism 

can be improved by exploiting the incoming velocity and acceleration. 

For the fixed rotation origin method, the original idea was to enhance the rotational 

feedback around the holding point for Case II where subjects felt softer contact. However, 

the method did not perform well at 0.1 N/mm. which was almost the same as the non­

compensated one. This is confirmed by a separate two-tailed t-test at 0.1 N/mm between 

the two methods (£(18) = 0.490, p = 0.63). At other stiffness levels, both median and 

mean values indicate Case II is felt slightly softer than Case I, yet the standard deviations 

are still high. Two subjects totally disfavored this method by rating E at all six testing 

levels. When resting the stick on the ball or tapping the ball gently, eight subjects 

reported vibrations in Case II. The vibrations were caused by the mismatch between 

the force component and the modified torque component as described by Eq. (4.23). 

There was also a glitch due to the jump in the requested torque as the collision point 

passes from one side of the holding point to the other. On the other hand, the method 
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performed better as testing stiffness increased. At 0.6 N/mm, it performs as well as 

the other two compensation methods, confirmed by two separate two-tailed t-tests in 

between (£(18) = 1.387, p = 0.182 with the direct method, and £(18) = 0.896, p = 0.382 

with the variable stiffness method). 

For the variable stiffness method, a right-tailed t-test shows that its mean is signif­

icantly higher than that of the fixed origin method (£(118) = 2.532, p = 0.006), which 

indicates a better performance. As aforementioned, there is no significant difference be­

tween the variable stiffness method and the direct method. But for the same testing 

stiffness level, the ball was felt to be softer when compared with the first method. This 

was also as expected, because the contact linear stiffness decreased as the collision point 

moved away from the center of the distal stage. Referring to Fig. 4.8, since the stiffness 

was smoothly changed, there was no glitch felt as the collision point passed the holding 

point. 

4.6 Summary 

In this chapter, we studied the influence of a haptic interface's effective mass and viscous 

damping on the hardness perception of the virtual object in 6-DOF haptic rendering. 

The device used for the experiments has a pen-like stylus with one end connected to the 

active end of the device while the other end has nothing to connect to. It was found 

that distinct hardness can be perceived as a user taps the virtual object with different 

parts of the tool. Theoretical analysis showed that perceived hardness is related to the 

locations of the collision point, the user's holding point, and the control point of the 

haptic interface in 6-DOF haptic rendering. 

Assuming a pinch grasp handling posture, we have glued a potentiometer on the sty­

lus of a FreedomGS controller to measure a user's holding point. Three software methods 

were proposed to compensate for the non-uniform hardness perception. The user study 

included 10 subjects at six different stiffness levels in the range of 0.1-0.6 N/mm. In 

general, the first method and the third method perform better than the second one. The 

first method directly compensates the effective mass and viscous damping induced forces 

at the active end of the device. It not only improves uniform hardness perception of the 

contact but also give users a crisp perception during the contact transition period. One 

drawback of the method is the tedious estimation procedures for those physical param­

eters. With the second method, the point of the force application is explicitly moved so 

the rotation around the user's holding point can be clearly perceived. However, there is 
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a clear glitch because of the non-continuity of the requested torque as the collision point 

moves from one side of the holding point to the other side. With the third method, the 

simulation stiffness at the collision point varies adaptively based on its relative position 

to the holding point. Its performance is between the first and the second method. 



Chapter 5 

Conclusion and Future Work 

5.1 Conclusion 

In this thesis, we studied two issues in haptics: velocity and acceleration estimation for 

haptic interfaces, and uniform stiffness perception in 6-DOF tool-based haptic render­

ing. In Chapter 3, we presented a detailed literature review and discussion about the 

velocity and acceleration estimation from discrete position measurements. These studies 

showed that to get robust estimates with a high accuracy the filter should be adapted 

to the characteristics of the trajectory. For that, we reviewed the research results from 

psychophysical studies on the behaviors of human arm/hand trajectory. These research 

results show that the human arm/hand trajectory follows a constrained minimum-jerk 

movement. Hence, we applied this plausible result back to the real engineering problem 

and proposed a jerk constrained 4-state Kalman filter for the velocity and the acceleration 

estimation of haptic interfaces. The four states include position, velocity, acceleration, 

and jerk of the trajectory to be estimated. To honor the characteristic of constrained 

minimum-jerk movement, the jerk component is set to be varying in a predefine range. If 

the current distance between the estimated and the measured ones is less than the resolu­

tion of the device, the jerk component will be decreased by a predefined step. Otherwise, 

the jerk component will be increased by a predefine step to catch the transient behavior 

of the trajectory. In addition, since it is the user that holds the end effector of the de­

vice in haptic application, we suggested that the linear velocity and acceleration of the 

end effector should be estimated in Cartesian space directly instead of converting from 

the joint space using the device's Jacobian matrix. We also modified the proposed jerk 

constrained 4-State Kalman filter into a prediction filter to compensate for the network 
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latencies for haptic-enabled telementoring applications. 

In the thesis, we discussed the differences between the point-based 3-DOF and the 

tool-based 6-DOF haptic rendering. We have identified a new problem in 6-DOF haptic 

rendering: a surface that should feel uniformly stiff will feel softer or harder, depending 

on which part of the virtual tool it contacts. Essentially, it is caused by the induced forces 

from the physical parameters of the device such as inertia, viscous damping. Coulomb 

friction, etc. Interestingly, the point-based haptic rendering is not subject to this non­

uniform stiffness perception problem. There, the collision point (point of force applica­

tion) is fixed and the induced force has the same effects, hence the user still gets uniform 

stiffness perception. However, in the tool-based 6-DOF haptic rendering, the virtual tool 

takes its real geometric shape in the haptic model and collision points can be anywhere 

on the tool. In this case, the induced force has different effects on the perceived stiffness 

which depends on the location of the collision point and its relative location to the user's 

holding point. We proposed three compensation methods for the problem. The first 

method directly compensates the effective mass and viscous damping induced forces at 

the active end of the device. It not only improves uniform hardness perception of the 

contact but also gives users a crisp perception during the contact transition period. With 

the second method, the point of the force application is moved so the rotation around 

the user's holding point can be explicitly perceived. With the third method, the simu­

lation stiffness at the collision point varies adaptively based on its relative position to 

the holding point. The subjective evaluation results show that the direct compensation 

method performs the best, following by the third and the second method. Nevertheless, 

one drawback of the direct compensation method is the tedious estimation procedures 

for those physical parameters. 

5.2 Future Work 

With current pervasive communication networks, more and more networked haptic VR 

applications are being developed. For distributed VR applications, a main challenge is 

the synchronization of graphical models among the participants due to network delay, 

latency, packet loss, etc. If the haptic is introduced, it becomes even harder because 

of the additional stability requirements at each participating peer [116]. Research on 

these networked haptic applications has been conducted in three directions. First, some 

researches are focusing on the design of new communication protocols in which haptic 

data are treated as a new medium type and its time critical requirements and relation-
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ships with other media are emphasized [13] [117]. Second, some researchers explicitly 

include users in the design loop at the application level. For example, the current net­

work latency level is visually presented by changing the colors of the interacting virtual 

objects so the users can adjust their actions accordingly, e.g., slow clown the movements 

in case of a high network delay [118]. The third direction is to apply research results 

from bilateral teleoperations where the network latencies and packet losses are critical 

for the performance of the whole system [119] [120] [121]. For these networked haptic 

applications, our human arm/hand trajectory behavior based velocity and acceleration 

estimation method can be used for the prediction of the remote user's haptic data which 

may moderate the effects of the network delays. In the DISCOVER Lab, we have de­

veloped a software framework for collaborative hapto-visual applications [19] [105]. This 

framework has also been used for the evaluation of different haptic data reduction al­

gorithms for haptc-enabled telementoring applications [40] [122]. In the future, we will 

experimentally evaluate our proposed velocity and acceleration estimation method in 

such application scenarios. 

As pointed out in the chapter, the non-uniform hardness perception can be understood 

as been caused by the discrepancy between the user's holding point and the active end of 

the device. Ideally, if we have a 6-DOF haptic interface with such capability, the induced 

forces from the physical parameters at the active end would go through the holding point 

and generate no additional torque. But practically it is difficult to do so since the user's 

handling postures can be diversified and time varying. One possible solution is to design 

a haptic interface such that both ends of the end effector are actuated such as Quanser 

5-DOF haptic wand from Quanser Consulting Inc. As a result, the effects of induced 

forces from the active ends are symmetrical to the holding point. During the evaluation 

of the proposed compensation methods, we have also noticed that the visual display of 

the holding point on the virtual tool provides useful information about the expected 

rotational movement of the tool. In addition, the visual information of the penetration 

depth between the tool and the interacting object can also be controlled to change the 

user's hardness perception as learned by other researchers [79] [123]. More investigations 

on these topics are left as future work. 



Appendix A 

Velocity Est imation with Least 

Square Method 

In [87], Janabi-Sharif et al. proposes a adaptive window method to estimation the velocity 

of haptic interfaces using least square method. Here is the derivation for the analytical 

formula given in the paper. 

Let us assume the velocity is constant in a very short period. We then want to find 

the equation of a straight line y = at + (3 which passes through all samples measured 

during this period, a is exactly the velocity to solve. Let's put it in a matrix form: 

Ax = b, 

where x = [a p] is the unknowns and b = [yk 

samples. Data matrix A is formed as 
• Vk- Uk-nl 

(A.l) 

is the measured 

/ 

V 

0 
-T 

-iT 

-nT 

1\ 
1 

1 

V 

(A.2) 

where T is the sampling interval and n is the number of previous samples used for the 

current estimation. The estimated solution of x in the least square sense is 

x = ( A T A ) - 1 ( A r b ) . (A.3) 
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where E and F are not computed since they do not contribute to the final velocity 

estimate. And 
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\ not useful here 

Let n = M — 1, where M is the filter window length, the estimated velocity in least 

scmare sense can then be computed as 

a — TM(M-1)(M + 1) ' 
(A.9) 



Appendix B 

C Source Code for a 4-state Kalman 
Filtering 

A 
* Name: Thornton-U D-propayation 

* The detailed explanation and its Matlab code can be found in [104[-

* 

* Note: C is the output matrix with a form [10 0 0] 

* 

* INPUT: X-update state estimate X(k\k) 

* U-update Upper unit triangular matrix with D(i) stored on 

* the diagonals, this corresponds to the a priori 

* covariance P(k\k) 

* A state transition matrix 

* Q process noise covariance matrix 

* OUTPUT: X_a_pnori Predicted state estimate X(k + l\k) 

* U-U-priori Predicted upper unit triangular matrix with 

* D(i) stored on the diagonals : this corresponds 

* to the a priori covariance P(k+l\k) 
* .—.—* / 

void T h o r n r o n . U D . p r o p a g a r i o n ( f l o a t X .upda t c [4] . f l o a t U .upda tc [4] [4] , 

f l o a t A [ 4 ] [ 4 ] , f l o a t Q[4] [4] . 

f l o a t X _ a _ p r i o r i [4] , f l oa t U . a . p r i o r i [4] [4]) 

{ 
in t o r d e r = 4: 

f l o a t u [ 4 ] [ 4 ] = {{l .Of , 0 . 0 f , 0 . 0 f , 0 . 0 f } . {0.0 f , 1.0 f . 0 . 0 f ,0 .0 f} . 

{ 0 . 0 f . 0 . 0 f , 1 . 0 f . 0 . 0 f } , { 0 . 0 f , 0 . 0 f , 0 . 0 f . l . 0 f } } ; 

f l o a t G [ 4 ] [ 4 ] = {{0.0f , 0 .0 f . 0 . 0 f , 0 . 0 f } . {0.0 f ,0 .0 f .0 . 0 f ,0 O f } , 

{ 0 . 0 f . 0 . 0 f , 0 . 0 f , 0 . 0 f } , { 0 . 0 f , 0 . 0 f . 0 . 0 f , 1 . 0 f } } : 
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f l o a t D_in[4] = {0.0 f ,0 . 0 f . 0 . 0 f ,0 . 0 f } ; 

f l o a t D . o u t [ 4 ] = { 1 . 0 f . 0 . 0 f , 0 . 0 f . 0 . 0 f } ; 

f l o a t s igma ; 

i n t i , j ,k ; 

D . i n [ 0 ] = U . u p d a t e [ 0 ] [ 0 ] : 

D . i n [ l ] = U .upda te [1] [1] ; 

D . i n [ 2 ] = U .upda t c [2] [2] ; 

D_in[3] = U .upda tc [3] [3] ; 

U . u p d a t c [ 0 ] [ 0 ] = 1.0f; 

U . u p d a t c [ 1 ] [ 1 ] = 1.0f: 

U .upda t c [2] [2] = 1.0 f; 

U .upda t c [3] [3] = 1.0 f; 

/ / x propagation X-U-priori = a * x^update 

for ( i = 0; i < o r d e r ; i++) 

{ 
X . a . p r i o r i [ i ] = X .upda te [ i ] ; 

for ( j = i + 1 ; j < o r d e r : j + + ) 

X . a . p r i o r i [ i ] + = A [ i ] [ j ] * X . u p d a t e [ j ] ; 

} 

u [ 0 ] [ l ] 

u [ 0 ] [ 2 ] 

u [ 0 ] [ 3 ] 

u [ l ] [ 2 ] 

u [ l ] [ 3 ] 

u [ 2 ] [ 3 ] 

for ( i 

{ 
sigma = 0; 

for ( j = 0; j < o r d e r ; j + + ) 

{ 
sigma = sigma + u [ i ] [ j ] * D. in [ j ] * u [ i ] [ j ] ; 

} 
for ( j = 0; j < o r d e r ; j + + ) 

{ 
sigma = sigma + G[ i ] [ j ]*Q[ j ] [ j ]*G[ i ] [ j ] : 

} 
D.out [ i ] = sigma ; 

= U . u p d a t c [ 0 ] [ 1 ] + A [ 0 ] [ 1 ] ; 

= U .upda tc [0] [2] + A [ 0 ] [ 2 ] + A[0] [ 1 ]* U .upda tc [ 1 ] [2] ; 

= U .upda tc [0] [3] + A [ 0 ] [ l ] * U _ u p d a t e [ l ] [3] + 

A[0] [ 2 ] * U .upda t c [2] [3] + A[0] [3] ; 

= U . u p d a t c [ 1 ] [ 2 ] + A [ l ] [ 2 ] ; 

= U .upda tc [1] [3] + A [ l ] [ 2 ] * U .upda t c [2] [3] + A [ 1 ] [ 3 ] ; 

= U .upda tc [2] [3] + A[2] [3] ; 

= order—1; i >= 0; i — ) 
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for ( j = 0; j <= i - 1 ; j + + ) 

{ 
sigma = 0: 

for (k = 0: k < o r d e r : k++) 

sigma = sigma + u [ i ] [ k ] * D.in [k]*u [ j ] [k] : 

for (k = 0: k < o r d e r : k++) 

sigma = sigma + G[ i ] [k ]*Q[k] [k] *G[ j ] [ k ] ; 

U . a . p r i o r i [j ][ i ] = s i g m a / D . o u t [ i ] ; 

for (k = 0: k < o r d e r ; k++) 

u [ j ] [ k ] = u [ j ] [ k ] - U _ a _ p r i o r i [ j ] [ i ] * u [ i ] [ k ; 

for (k = 0; k < o r d e r ; k++) 

G [ j ] [ k ] = G [ j ] [ k ] - U _ a _ p r i o r i [ j ] [ i ] * G [ i ] [ k ; 

} 

U . a . p r i o r i [0] [0] 

U . a . p r i o r i [1] [1] 

U . a . p r i o r i [2] [2; 

U . a . p r i o r i [3] [3 ; 

= D.out [0] 

= D.out [1] 

= D.out [2] 

= D.out [3] 
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A-
* 
* 

* 
* 
* 

* 
* 

* 
* 

* 
* 

Name: Bierman-UD-update 

The detailed explanation and its Matlab code can be found in [104]. 

Note: C is the output matrix with a form [10 0 0] 

INPUT: X-a-prion A priori state estimate X(k\k — 1) 

U-U-priori Upper unit triangular matrix with D(i) stored on 

the diagonals ; this corresponds to the a priori 

covariance P(k\k—1) 

y the observation y(k) (the new position measurement J 

r the observation error variance 

OUTPUT: X.update 

U -update 

K 

Updated state estimate X(k\k) 

Updated upper unit triangular matrix with D(i) 

stored on the diagonals; this corresponds to 

the a priori covariance P(k\k) 

Kalman gain K(k) 

* / 

void Bierman_UD_update( f l o a t X . a . p r i o r i [4] , f l o a t U . a . p r i o r i [4] [4] 

f l o a t y . f l o a t r , 
f l o a t X _ u p d a t c [ 4 ] , f l o a t U .upda t c [4] [4] , f l o a t K[4 ] ) 

{ 
in t o r d e r = 4; 

f l o a t dz ; 
f l o a t a [4] , b [4] , a l p h a , b e t a , lambda, gamma, d z s ; 

int i , j ; 

f l o a t D [ 4 ] . / / diagonal elements 

D[0] = U . a . p r i o r i [0] [0] 

D [ l ] = U . a . p r i o r i [1] [1] 

D[2] = U . a . p r i o r i [2] [2] 

D[3] = U . a . p r i o r i [3] [3] 

U . a . p r i o r i [0] [0] = l .Of : 

U . a . p r i o i i [1] [1] = l.Of; 

U . a . p r i o r i [2] [2] = l .Of: 

U . a . p r i o r i [3] [3] = l .Of; 

memcpy( U .upda tc , U . a . p r i o r i , 16* s i z e o f ( f l o a t ) ) 

a [0 ] = U . a . p r i o r i [0] [0] 
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a [ l ] = U . a . p r i o r i [0] [1] ; 

a [ 2 ] = U . a . p r i o r i [0] [2] ; 

a [ 3 ] = U . a . p r i o r i [0] [3] ; 

b [0] = D [ 0 ] * a [ 0 ] ; / / 6 = D-U-priori* U_a.priori '*H' 

b [ l ] = D [ l ] * a [ l ] : 

b [2 ] = D [ 2 ] * a [ 2 ] ; 

b [3] = D [ 3 ] * a [ 3 ] ; 

dz = y — X . a . p r i o r i [ 0 ] ; 

a lpha = r ; // alpha(-l) = r; 

gamma = 1 / a l p h a ; 

for ( j = 0; j < o r d e r ; j-H-) 

{ 

be t a = a l p h a ; // alpha- (j — 1) 

a lpha = alpha. + a [ j ] * b [ j ] ; //ulpha(j) 

lambda = —a [ j ] * gamma; //lambda — — a( j ) /alpha (j — 1 

gamma = 1 / a l p h a ; 

//D-updatc. = D-a-priori* alpha (j — 1)/alpha ( j) 

D [ j ] = beta*gamma*D[ j ] ; 

for ( i = 0; i <= j - 1 ; i++) 

{ 
be t a = U .upda tc [ i ] [ j ] ; 

U .upda t c [ i ][ j ] = be t a + b [ i ]* lambda ; 

b [ i ] = b [ i ] + b [ j ] * b e t a ; 

} 
} 
dzs = gamma* dz : 

for ( i = 0; i < o r d e r ; i++) 

X .upda te [ i ] = X . a . p r i o r i [ i ] + b [ i ] * d z s ; 

U .upda t c [0 ] [0 ] = D [ 0 ] : 

U .upda t c [1 ] [1 ] = D [ l ] ; 

U .upda t c [2] [2] = D [ 2 ] : 

U .upda tc [3] [3] = D [ 3 ] ; 

} 
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A 
* Name: A-update 

* Function: This function computes the new matrix A for the new T 

[4] , f loat T) 
" / 

void A.update 

{ 
A.current 
A.current 
A.current 
A.current 
A.current 
A.cur rent 
A.current 
A.current 
A.current 
A.current 
A.current 
A.current 
A.current 
A.current 
A.current 
A.current 

( f loat 

0] 

0] 

0] 

0] 

1] 

1] 

1] 

1] 

2] 
2] 

2] 

2] 

3] 
3] 
3] 

3] 

[0 

[1 

[2 

[3 

[0 

[1 
[2 

[3 

[0 
[1 

[2 

[3 

[0 

[1 

[2 

[3 

= 

= 
= 

= 
= 

= 

= 
= 

= 

= 

= 

= 

= 

= 
= 

= 

A.current [4 

1.0; 
T: 

T*T/2.0f ; 
T*T*T/6.0f 
0.0; 
1.0; 

T; 

T*T/2.0f ; 
0.0; 
0.0; 
1.0: 

T; 
0.0 

0.0 

0.0 

1.0 

A 
* Name: Q-update 

* Function: This function computes the, new matrix Q for the new T 
* 

void Q.update( float Q.current [4] [4] , f loat T, float q) 

{ 

* / 

Q.current 
Q.current 
Q.current 
Q.current 
Q.current 
Q.current 
Q.current 
Q.current 
Q.current 
Q.current 

;o] 
;o] 
0] 
0] 

; i ] 
; i ] 
i ] 
i ] 

;2] 
[2] 

[0 

[1 

[2 

[3 

[0 

[1 
[2 

[3 

[0 

[1 

= 

= 

= 

= 

= 

= 
= 

= 

= 
= 

q*T*T*T*T*T*T*T/252.0 f 
0.0: 
0.0; 
0.0; 
0.0; 
q*T*T*T*T*T/20.0f: 
q*T*T*T*T/8.0f; 
q*T*T*T/6.0f; 
0.0; 
Q.current [1 ] [2 ] ; 
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Q . c u r r e n t [2] [2] = q*T*T*T/3.0 f ; 

Q . c u r r e n t [2] [3] = q*T*T/2 .0f ; 

Q . c u r r e n t [3 ] [0 ] = 0 .0 ; 

Q . c u r r e n t [3] [1] = Q . c u r r e n t [ 1 ] [3 ; 

Q . c u r r e n t [3] [2] = Q . c u r r e n t [ 2 ] [3 ; 

Q . c u r r e n t [3] [3] = q*T: 

/* 
* Name: UD -factorization 

* INPUT: P a definite positive m,atrix 

* OUTPUT: U an upper unit triangular matrix with D(i) stored on the, 

* diagonals 

* Function: P=U* diag (D( 1) , . . . , D(n))*U' 
* * / 

vo id U D _ f a c t o r i z a t i o n _ 4 ( f l o a t P [ 4 ] [ 4 ] , f l o a t U [ 4 ] [ 4 ] ) 

{ 
int o rde r = 4; 

in t i , j ,k ; 

f l o a t a lpha , b e t a ; 

mcmset(U. 0 , 1 6 * s i z e o f ( f l o a t ) ) ; 

for ( i = o rde r—1; i > 0; — i ) 

{ 
U [ i ] [ i ] = P [ i ] [ i ] : // D[i] =P[i][i] 
a lpha = 1 / U [ i ] [ i ] : 

f o r ( j = 0 ; j < i ; j + + ) 

{ 
b e t a = P [ j ] [ i ] ; 
U [ j ] [ i ] = a lpha * b e t a ; / / U[j][i] = P[j][ i]/D[i] 

for (k = 0; k < j + l ; k++) 

{ 
/ / P[k][j] = P[k][j] - U[k][i[*U[j[[i]*D[i] 

P [ k ] [ j ] - = be ta * U [ k ] [ i ] ; 

} 

} 

} 

U [ 0 ] [ 0 ] = P [ 0 ] [ 0 ] ; 

} 
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A 
* Name: Kalman-Filtering-computation 
* 
* Function: update of Kalman filtering at each time step 
* * / 

void Kalman.Fi l ter ing.computa t ion ( float X . a . p r i o r i [4] , 
float U . a . p r i o r i [4] [4] , float y, float r, 
float X.updatc [4] , f loat U.update [4] [4] , float Gain [4 ] , 
float T, float q, f loat A [ 4 ] [ 4 ] , float Q[4][4]) 

{ 
Bierman_UD_updatc( X .a .p r io r i , U . a . p r i o r i . y, r , X.updatc, 

U.updatc , Gain ); 
Q.update(Q. T, q ) ; 
A_updato(A, T) ; 
Thornton.UD.propagation (X.updatc , U.updatc, A, Q, X . a . p r i o r i , 

U . a . p r i o r i ); 

} 



Appendix C 

Haptic-Enabled Telementoring 

C.l Benefits of Haptics in Learning of Spatio-temporal 

Trajectories 

There have been some studies on the application of haptic feedback in the learning of 

spatio-temporal trajectories. Feygin et al. call the approach "haptic guidance" [106]. For 

example, an experienced surgeon's handling trajectory of a scalpel for a cataract surgery 

can be pre-recorded. Then in the training system, the haptic device can be programmed 

to playback this pre-recorded trajectory while trainees are able to follow and feel the 

experienced surgeon's movements by holding the device end effector. 

In [107], Gillespie et al. design a "virtual teacher" for the purpose of facilitating 

the acquisition of a manual skill. The design is based on three common paradigms to 

teach manual skills in real-world as illustrated in Fig. C.l. These three paradigms are 

distinguished by the arrangements of mechanical contacts between the mentor's hand, 

the trainee's hand, and the tool. 

In the first paradigm, the mentor and the trainee grasp at different locations on the 

tool. Since there is no direct contact between the mentor and the trainee, the motion 

of the mentor is felt by the trainee indirectly through the tool. The mentor also feels 

the combined dynamics of the trainee and the tool. In the second paradigm, the mentor 

grasps the trainee's hand which in turn grasps the tool. This is a common way to teach 

the manual skills in the real-world, such as teaching kids how to write English alphabets. 

Since the trainee experiences two distinct contacts: one with the tool and the other with 

the mentor, the trainee not only feels the dynamics of the environment through the tool 

but also follows the correct path due to the guiding force from the mentor. In the third 

107 
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(a) (b) (c) 

Figure C.l: Three teaching paradigms, distinguished by the arrangement of mechanical 

contact between mentor's hand, trainee's hand, and tool: (a) Indirect Contact Style; (b) 

Double Contact Style; and, (c) Single Contact Style [107]. 

paradigm, the trainee grasps the mentor's hand which in turn grasps the tool. Since the 

trainee indirectly grasps the tool, he/she is able to monitors the motions of the mentor 

but only can feel the mentor-filtered dynamics between the tool and the environment. 

In the case of comparable mechanical impedances between the environment and the 

mentor's hand, the trainee will probably not have correct perception of the contact 

impedance. However, it is most natural for the mentor to manipulate the tool. The pilot 

study presented in the paper is designed to test the hypothesis that a virtual teacher 

could teach a human operator the optimal strategy to perform a crane-moving task. The 

experimental results show that the virtual teacher is able to effectively demonstrate and 

encourage the optimal strategy to the trainees although the average task completion time 

does not improve much. Some subjects report that the virtual teacher has an advantage 

over the human teacher because of its accuracy and consistency. 

In [108], Williams et al. evaluate the usefulness of a haptic playback system in the 

learning of palpation diagnosis. The studied system includes two working modes. In 

the first mode, the trainee holds the device's stylus passively and is guided by a PD 

controller which plays back a pre-recorded trajectory. In the second mode, the feedback 

forces from the virtual environment are enabled and the trainee is instructed to follow 

the visually displayed pre-recorded trajectory. If the current position error to the pre-
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recorded trajectory is larger than a predefined threshold, a spring force will pull the 

trainee back to the correct path. The experimental results suggest that the passive haptic 

playback is helpful for the learning of some specific movements, but it is not so obvious 

that the force motor skill can be effectively learned in this manner. They also conclude 

that the performance with the second mode is enhanced when preceded by the first mode. 

In other words, the active learning is more effective than the passive learning. Similarly. 

Basdogan et al. program a haptic device to provide controlled forces to trainees along 

a pre-recorded trajectory tunnel for motor skills' training [124]. Within this tunnel, the 

trainees should feel the same feedback forces from the virtual environment as the expert 

feels. As the trainees move out of the tunnel, a correcting force will bring them back. 

There are two modes in their haptic guidance system as well: time-dependent and time-

independent. In the time-dependent mode, a graphical guiding tool is displayed on the 

screen and moves along the same path and speed as the pre-recorded trajectory. The 

controlled force will bring the trainee back to the correct trajectory in case of either path 

or instantaneous speed mismatch. In the time-independent mode, there is no need for 

the trainees to match the velocity profile of the trajectory, so they can more concentrate 

on the instantaneous force feedback and the path shape. Indeed, this is very important 

for the learning of manual skills in the real-world. We do not expect babies to run 

before they can even walk. Although it is not explicitly mentioned, the experiments 

were designed with the active learning in mind. 

In [15], Morris et al. design a haptic training system with particular emphasis on the 

role of haptic guidance in the learning of a sequence of one-dimensional forces along a 

position trajectory. The system has three training modes: haptic training only, visual 

training only, and combined hapto-visual training. The performance measure is the ac­

curacy of the actual recalled force against the pre-recorded force trajectory. As expected, 

the experimental results show that the hapto-visual training mode significantly outper­

forms the visual only mode or the haptic alone mode. However, the haptic training alone 

is significant less effective to visual training alone. 

In [125], Corno et al. study two closely correlated trajectories accomplishing a force 

motor skill: movement and accompanying user's exerting force trajectory. Indeed, these 

two flows form a closed-loop system between the interacting environment and the user 

in the real-world. The movement trajectory is produced by muscle forces while the 

interacting forces in turn modify the muscle forces with the user's intention. The authors 

claim that the most effective way to teach force motor skills is to display both the 

movement and the force trajectories simultaneously. 
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Figure C.2: C-HAVE system architecture. 

In summary, in a haptic guidance learning system, trainees are either actively or pas­

sively guided through the expert's trajectories by holding the stylus of a haptic interface. 

This gives the trainees a kinesthetic understanding of what is required for a specific force 

motor skill. From all these studies on the haptic guidance/playback learning, it supports 

a possible role for haptics in the training of perceptual force motor skills within virtual 

environments. We may summarize the results from these studies as follows: 

1. Haptic guidance helps in the learning of force sensorimotor skills. 

2. Temporal aspects of both position and force trajectories are more effectively mas­

tered through haptic guidance. 

3. Visual guidance is essential for the learning of sensorimotor skills, particularly 

important for the teaching of position trajectory shape. 

4. Active haptic learning is more effective than passive haptic learning in terms of 

making errors and developing strategies to accomplish the task. 

5. Performance is usually measured by position, shape, and temporal accuracy. 
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C.2 Haptic-Enabled Telementoring System Architec­

ture 

A minimum haptic-enabled telementoring system at least needs the following compo­

nents: two computers running VE applications at two sites, two haptic interfaces to 

control the virtual tool inside the VE application at both sites, and some communication 

networks linking the two workstations. 

Shen et al. proposed a generic system architecture for Collaborative Hapto-Audio-

Visual Visual Environments (C-H AVE) in [105]. As illustrated in Fig. C.2, a haptic 

node within C-H AVE comprises three components: a haptic device, a Haptic Real Time 

Controller (HRTC), and a Virtual Environment (VE) station. The HRTC controls the 

local haptic device through a device driver. A local HRTC is linked with remote HRTC(s) 

through a haptic channel and communicates with its local VE station through a local 

channel. The VE stations are interconnected over HLA/RTI for updates of all shared 

graphical objects for graphic synchronization or audio/video communications among the 

distributed users. Since haptic-enabled telementoring is a special application scenario 

of C-HAVE, we implemented all the functionalities required for the telementoring inside 

the HRTC so that the same system architecture is still suitable. 

In the whole architecture, the HRTC is the key component. Ideally, it should rely 

on a real-time underlying operating system such as Windows-CE or RT-Linux to have a 

high resolution timer and scheduling mechanism. The main functionalities of a HRTC 

are listed in the following: 

1. A haptic servo loop thread to read measurements from the local device and set com­

manded forces to the device. The thread may also include the interpolation method 

for successive forces from the local VE station or the telementoring controller if the 

update rate does not match. 

2. A communication thread to transmit/receive haptic data to/from the remote HRTC. 

For such kind of real-time data, User Datagram Protocol (UDP) is the popular 

choice of transport layer protocols. The thread also includes time delay compen­

sation for the inherent network latency so as to provide synchronized haptic data 

to the local VE stations or the telementoring controller. 

3. A communication thread to transmit/receive data to/from the local VE station. 

This communication channel is implemented with TCP for reliable data transmis­

sion. 
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4. A process to monitor current network latency and synchronize the timers of dis­

tributed HRTCs in every certain amount of time. 

5. A module for haptic-enabled telementoring controller. 

C.3 Time Delay Effects 

In haptic-enabled telementoring, haptic data describing the trajectory, cutaneous or 

kinesthetics information are packetized and sent over the network at a certain transmis­

sion rate. The controllers at both sites keep the two distributed haptic devices following 

each other in terms of position and velocity. Due to network impairments such as latency 

and packet loss, the received signal is quite different from the original signal. To show 

this, let xm and xs denote the measured position at the mentor and the trainee side, Xdm 

and Xds be the delayed position, and the data is transmitted at every Ts seconds. At the 

receiver, the application actively reads the input buffer every Ts seconds. The received 

signals become 

xdm(tk) = xm(t,k - LkTs)I{Vs(tk) > 0} 

x^ (tk) = xs (tk-MkTs)I{Vs(tk)>0}. 

where / is an indicator function defined by 

{1, if the statement is true; 
(C.2) 

0, otherwise. 

and V(tk) denotes the number of packets coming in during time interval [tk-i,tk). As 

shown in Fig. C.3, for the same original signal, V(tk/) = 3, while V(tko) = V(tkl) = 

V(tk2) = 0, etc. 

The proportional and derivative gains for the controller are determined according 

to the device and the test results. To maintain the stability of the closed-loop control, 

both gains should adapt to the measured network latency. Without compensation, the 

instant position error used is proportionally increased with the network latency, so we 

have to decrease Kp to improve the stability phase margin. Intuitively, it is to prevent 

the output forces from exceeding the motor's limit or exciting the oscillation. The direct 

effect of network latency is the sluggishness felt by the users. The consequences of this 

sluggish response are twofold. On the one hand, it explicitly gives mentor the current 

network latency information and he/she can adjust the movement accordingly. On the 
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Figure C.3: A distorted haptic signal due to network delays. 
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Figure C.4: Time delay effects on the tele-mentoring controller gain: (a) constant time 

delay effects and (b) jitter effects. 

other hand, this feeling impedes the freedom of the mentor's movement and tires the 

mentor after a very short time. 

Fig. C.4a shows the experimental results of telementoring under constant time delays. 

To avoid the effect of time synchronization, we connect both haptic devices to the same 

computer and insert the delay artificially. The experiments assume the trainee acting 

passively. Fig. C.4b shows the experimental results of a 50 ms mean delay with a 10 ms 

jitter. The same PD controller gains are applied for the experiments with and without 

jitter. It is obvious that the output forces with constant delay are much smoother than 

that of variable delay. The high frequency components in the output of variable delay 

cause annoying whine noise because of the limited bandwidth of the motor. If the same 



Haptic-Enabled Telementoring 114 

-^ >• time 

»• time 

hold 

Figure C 5- Timing of events in transmission, processing and prediction, (adapted from 

[39]) 

controller gains are applied for a 20 ms jitter, the system will start vibrate and lose the 

stability. 

C.4 Implementation of Time Delay Compensation 

In the audio/video streaming, one way to deal with the network latency is to provide a 

playout buffer at the receiver side Once the buffer depth reaches a predefined playout 

start threshold, the receiver begins pop the data from the buffer to the user The idea 

behind this is to convert variable delays into constant delays. However, this playout 

buffer mechanism introduces additional time delay. For haptic-enabled telementoring, 

this additional delay may drive the system into unstable region and limit it to very slow 

motions with sluggish feelings One feasible solution is to convert the variable delay 

jitter into constant delay with a jitter buffer first and then predict the states of remote 

device based on the previous received data and the current time delay. If the dynamics 

of the motion is known or easy to predict, this approach will solve the problem of both 

inherent network latency and the artificial delay caused by the buffering mechanism. Let 

us assume samples are sent every Ts seconds and T™ax = NTS be maximum time delay 

between two HRTCs as described in the system architecture. This maximum delay T™az 

can be preset or determined by on-line measurements. At each transmission instant, a 

packet containing the motion (position, velocity, acceleration, and jerk for both directions 

of motion) and the timestamp information is sent between two HRTCs. As studied by 

Caradima in [39], one of the following situations may occur: 

Case I The transmission delay is smaller than 7™ax. At the standpoint of the HRTC 

HRTC 1 i-

— - — * - * — • 

transmit 
predict 

HRTC 2 
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2, once a sample from the HRTC 1 is arrived, the state information will be fed into the 

predictor to predict the states of device at HRTC 1 at time t[ + T™ax. The predicted 

state will be then held in a playout buffer until the T^** has elapsed. At t\ + T£iax, the 

predicted state of HRTC 1 will be fed into the controller of HRTC 2 as reference for 

position tracking. The processing sequence is shown in Fig. C.5 

Case II: It is possible that due to temporary congestion traffic or communication black­

out, the transmission delay is larger than T™**. A counter m with a maximum value M 

is preset in the software to control how many time steps without new measurements are 

tolerated. Let V be the time delay. If V < MTS 4- Tpx, the last available data will 

be either used directly or predicted over another m steps. Once T' < M x Ts + T™ax 

happens, the HRTC notifies the user about the interruption in communication, cleans 

all the buffers, and stops the tele-mentoring. 

Case III: Occasionally, the packet may get lost since UDP does not guarantee a reliable 

transmission. For example, there are gaps inside the playout buffer. The same mechanism 

used in case 2 with a preset value m can solve the problem. For consecutive packets, if 

they are received before their scheduled playout time, the out-of-order is recovered by 

the holing buffer. If they are received after the scheduled playout time, they are simply 

discarded. 



Appendix D 

Subjective Evaluation Results for 
Uniform Hardness Perception 

D.l ANOVA Test Results 

Table D.l: Two-way ANOVA table with non-compensation results included. 

Source 

Stiffness 

Method 

Interaction 

Error 

Total 

SS 

4.733 

52.35 

12.3 

90.6 

159.983 

Df 

5 

3 

15 

216 

239 

MS 

0.9467 

17.45 

0.82 

0.4194 

F 

2.26 

41.6 

1.95 

Prob. >F 

0.0499 

0 

0.0197 

116 
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Table D.2: Two-way ANOVA table without none-compensation results. 

Source 

Stiffness 

Method 

Interaction 

Error 

Total 

SS 

9.778 

52.344 

5.656 

52.2 

119.978 

Df 

5 

2 

10 

162 

179 

MS 

1.9556 

26.1722 

0.5656 

0.3222 

F 

6.07 

81.22 

1.76 

Prob. >F 

0 

0 

0.0728 

Table D.3: One-way ANOVA tests with non-compensation results included. 

Stiffness (N/mm) 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

F(3,36) 

5.935 

12.261 

11.914 

10.966 

6.698 

5.639 

P 

0.002 

1.118e-5 

1.439e-5 

2.925e-5 

0.001 

0.003 

Table D.4: One-way ANOVA tests without non-compensation results. 

Stiffness (N/mm) 

0.1 

0.2 

0.3 

0.4 

0.5 

F(2,27) 

5.561 

5.912 

1.8 

3.949 

1.762 

P 

0.009 

0.007 

0.18 

0.03 

0.191 

0.6 1.089 0.351 
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D.2 Subjective Evaluation Results with 10 Subjects 

Table D.5: Subjective evaluation results with 10 subjects. 

, , Stiffness (N/mm) Stiffness (N/mm) 
Method _ . Method _ . 

0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6 

c 
D 

C 

D 

C 

C 
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C 

C 

c 
c 
c 
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C 

c 
D 

C 

C 

C 

D 

C 

C 

D 

C 

D 

C 

C 

c 
c 
D 

D 

C 

D 

D 

D 

C 

C 

C 

D 

C 

C 

D 

C 

C 

D 

D 

D 
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D 
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Acronym 

ANOVA 

API 

CD 

CNS 

DOF 

FFT 

HCI 

HIP 

HRTC 

JND 

KF 

NP 

NPEKF 

OBB 

RMS 

ANalysis Of Variance 

Application Programming Interface 

Collision Detection 

Central Nervous System 

Degree-Of-Freedom 

Fast Fourier Transform 

Human Computer Interface 

Haptic Interface Point 

Haptic Real-Time Controller 

Just Noticeable Difference 

Kalman Filtering 

Newton Predictor 

Newton Predictor Enhanced Kalman Filtering 

Oriented-Bounding-Box 

Root Mean Square 

119 
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UDP User Datagram Protocol 

VR Virtual Reality 

VE Virtual Environment 
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