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Abstract

The overall kinesthetic immersiveexperiencein a haptic interactive virtual
environmentis the synthesis of theuman userthe haptic user interface (HUJ)and
virtual environmeni{VE) i all of which playing critical rolesOur focus will be on the
development obdvanced HUIdor providing the users with sophisticated tactile or force
feedback during interaction with virtual environments with innovative features including
active and passive manipulation assifiesirable features for higberformance HUIs
include human matched forceapabilities sizeable workspacé&w inertia, high stiffness,
low friction, backdrivability, nearzero backlashandgravitational countéalancing
Parallelarchitecture haptic devices offer significant advantages over -serial
architecture counterparta iapplications requiring high stiffness and high accuracy. To
this end, many haptic devices have been created and deployed by modularly piecing
togethermultiple seriatchain arms to form an 4iparallel system. Furthermore, recent
haptic device designsduc as t he Sensabl ebds Phantom Prem
Quansero6s Hi gh Def i rfiransfenthe distal pctuation tdteevbase e ( H
via a parallelogram/fourbar linkage in order to reduce the moving inertia in the system.
However, such esign choices can affect the overall system performance which
now depends both on the nature of the individual arms as well as the interattiens.
multiple closeekinematic chains constrains effective degoédreedom and require

careful selection of tye, numberlocation and actuation of the individual articulations



(within the chaif completes the determination thie workspace, mobility, controllability,
and overall performance of the system.

In this work, we build on the rich theoretical backgroumd constrained
articulated mechanical systems to provide a systematic framework for formulation of
systemlevel performance from individual moduleharacteristics. Specifically, we
discuss: (i) development of pertinent symbolic equations; (ii) generahzet arbitrary
architectures; and (iiperformcombined symbolic/numeric analyses, focusingsalent
zeroth order Workspacg first order (manipulability, and second order stiffnesg
kinematicsperformanceneasuresWe demonstrated our studies gsiBensable Phantom
Premium |ine of haptic devices and?lQuanser
particular, we highlight the effect of the added parallelogramsystem to the overall
systemlevel manipulability and stiffness measure.

Finally, we note that taditional performance analysis on haptic devices focuses
solely on the device. However, haptic devices are typically employed in close coupling
with a human user creating a need to include their characteristics in the design and
analysis. We tbrefore examined the use of a musculoskeletal analysis framework to
study the performance of haptic devices, extracted biomechanically relevant performance
measures from the human user, and use this to tailor the ergonomics and regimen within a

rehabilitaton program
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1 Introduction

Haptic Immersive Virtual Environmesi{HIVE) hold considerable promise for
ability to expand, assist, train and monitor human sensorimotor capapifiies
improving physical strengthiedirectingundesirablemotions and forcegugmenting the

manual precisionand improving overaliexterity.
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fidelity of computed virtual environment responses

The overall kinesthetic immersive experience a haptic interactive virtual
environmentis the synthesis of theuman userthe haptic user interface (HUJ)and
virtual environmentVE) 1 all of which playing critical roles. Theirtual environment
refers to the computdrased model, capable of interactively generating cues for

immersion of multiple senses of the user. While early VEs were restricted to generation



of visual and auditory cues, contemporary VEs have been extendedg(usin hapt i c
model so0) to encompass t he H#&lnieto denateotime o f k
computercontrolled electrane c hani c al system (Ahaptic dev
| aws (fihaptic contr ol | awso) , as Dl | as
conditioning electronics) that help interface the motions and forces between the human
operator and the virtual environmenthe effectiveness of the interfacé in
communicatinghumanuser intent tothe virtual environment and renderig results
back to theuses - can be judged using performance benchmarks such as the fidelity,
transparency, stability, accuracy, and {t&ake interactivity. The differences from the
traditional paradigm of humatomputer interaction arise due to: (i) the fagher
bandwidthof kinesthetic and tactile perception (over 1000kzthe 30Hz for visual
perception) and (ii) thebi-directional exchange of information and ene@pcurring at
the kinesthetic user interface. 83erequiremerg come at significant computatial cost
and oftenconflict with therequirement fomaintaining realtime interactivityandoverall
system stability Critical tradeoffs,in terms of bandwidth, fidelity and accuracyre
required for development ofisui t abl e h farpgenemtingrespdnsds 200
dynamic user interactions with the virtual world asveed A sui t abl e tohapt i c
render the resulting computation without attenuation or interference.

It is noteworthy that despite the obvious beneéitel availability of several
commercial snulators, this approackas yet to become mainstream. The limited
capability for sensori motor Areal i smo of

implementation of simulatiehbased learningSignificant technical challenges, in terms



of limits on quality, immersivity, intuitiveness, and realism of visual and haptic

simul ation need t o blaptictypea scso neh e elf op.tei a ofTal

1.1 Fundamental Issuesat Core of Haptic Realism

In order to realize the full set of benefits, et basic research is required in the
areas ofoptimal designs and advanced control algorithms for (i) advanced haptic user
interfaces; (ii) algorithm and architectures for physics based high performance distributed
computation of the graphic and haptindering; and (iii) assessment of simulator
validity, suitable user interface design and automatedawsduation methods as shown
in Figure4. Among these our focus will be on the developmeriafancedHaptic User
Interfaces.

Haptic User Interface (HUIdevices offer potential for providing the users with
sophisticated tactile or force feedback during interaction with virtual environments with
innovative features including active and passive manipulation assist. Howevemgealiz
these benefits requires thélJl be able to generate and render a wide range of high
fidelity dynamic behavior. Hence as electio mechanically actuated articulated
mechanical systesy high-performanceHUl should possesshuman matched force
capabilities, sizeable workspacéow inertia, high stiffness, low friction, baakivability,
nearzero backlashand gravitational countédalancing, Particular stress is place on the
transparency of the device so that thel does not distort the reflected fordes¢ues by
its electremechanical characteristics. To this end, we are proposing to desighomlev

implement and validate HUhased on parallel mechanism architecture.
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Figure 2: The fundamental issues at the core of haptic realism are tied closely to complexity of
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Haptic User Interfaces.

In this thesis, we focus on studying various

The physical design of the haptic device, in terms of selection of the type, number,

location and actuation of the individual articulations plays an important role in

determining the capabilities and overall performance of the system. The system must be

designed and controlled carefully in order to minimize singular configurations, perform a

wide range of constrained motidorce manipulation tasks with dexterity and strength,

while remaining robust to local controller lapses and environmental disturbances.



1.2 Problem Statement

Considerthe illustrative casscenerio ofcreating a haptic devid® be usel for
simulatingvirtual knee replacement surgery.dny such typical orthopedic surgetle
surgeon needs foerform gross motor tasks (such as cuttimgugh tissues, drilling and
sawing through bones, hamnmgy in pins to attach a jig as well a finer sensomotor
tasks (such as paring, shaving auduring. Figure 3 is a representativellustration of
some of these typical tasks. In seeking to credtapticallyenabledvirtual simulator to
train theg sensorimotor skills, a designer needs to first transtese various tasks
specifications into design specifications. For example, the size diypieal working
region, the rangeof motion needed for the various tasks, the ramgeforces (from

suturing to drilling and sawinghatneed tabe rendeed are important taskpecifications

() (b) - © (d

Figure 3: Typical tasks involved in a knee replacement surgery (a) drilling through bones; (b)

hammering pins; (c) sawing through bones; and (d) suturing.

The operation region required to perform the surgery define e 6 wor ks pac e
haptic device (although proper scaling canusedto reducethe required space)The
requiremento move in various directions awdientations definethe degreef-freedom

of the haptic devices. The ability to render high force and high stiffness for drilling and



sawing simulation probablyavors a parallelarchitecture haptic devicdesign overa
seriatlarchitecture one.

Ideally, these design specificationsan be captured and characterized by
appropriate quantitative performance measures (workspace, manipulability, and stiffness),
wherein it is desirable to retain a parametric relationship to critical device parameters
(link lengths, types of joints, etc.). In this setting, the process of design of a haptic device
to meet desired specifications can be reduced to an optimization problem with
appropriate performance measures to serve as objective function over the design space of

the unknown device parametgvghich we adopt)

1.3 Serial vs. Parallel Architecture Haptic Devices

Parallel architecture manipulators consist of a moving platform that is attached to
a fixed base by several articulated kinematic chains, which create one ocloszé
kinematic loops within the systefh-2]. While seral architectures possess a large work
volume and high dexterity, numerous disadvantages such as low precision, poor force
exertion capability, low payloath-weight ratio, and high inertias tend to limit its use in
such applications. On the other handafial mechanisms based devices are \ketiwn
for their high stiffness, low inertia, high rigidity and accuracy, and high paymad
weight ratios, which enable large bandwidth transmission of forces. Other desired
properties can be achieved through opting the underlying mechanical design and
selection of suitabl e contr ol scheme.
computation have now almost overcome the limitations ontireal placed by the
complicated inpubutput relationships. Hence, applicatisettings such as the medtxis
grinding machining center3-6]. Other applications to benefit from the high motion

6
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agility and payload capacity of parallel architectures include flight simulgte8k agile

eyes[9], human motion simulatof40], and force reflecting hand controll¢fs-13].

References: )
1] PHANTOM Premium 1.5 by Sensahble; | [6] Mirage by Quanser Inc.;

[
[2] PHANTOM OMNO by Sensable; [7] Freedom by MPB Technologies;
[3] PHANTOM Desktop by Sensf-zble [8] HapticMaster by MOOG FCS Robotics;
[4] VIRTUOSE 3D15-25 by Haption; [9] VIRTUOSE 6D40-40 by Haption;
[5] VIRTUOSE 6D35-45 by Haption; [10] PHANTOM Premium 3.0 by Sensable,

Figure 4: Examples of commercial haptic devices based on serial architecture.

Parallelarchitecture haptic devices offer significant advantages over -serial
architecture counterparts in applications requiring high stiffness and highaegctio
this end, many haptic devices have been created and deployed by modularly piecing
together several serighain arms to form an 4parallel system. However, the overall
system performance depends both on the nature of the individual arms as tell as
interactions. We build on the rich theoretical background of constrained articulated
mechanical systems to provide a systematic framework for formulation of skestein
kinematic performance from individuatm characteristics. Specifically, we @éop the

systemlevel kinematic model in a symbolic (yet algorithmic) fashion that facilitates: (i)



computational development of pertinent symbolic equations; (ii) generalization to
arbitrary architectures; and (iii) combined symbolic/numeric analysesbrmance
(workspace, singularities, and design sensitivities). These various aspects are illustrated
using the example of the Quanser High Definition Haptic Device ¥H@n inparallel

haptic device formed by coupling tweliBk Phantom 1.5 type serighain manipulators

with appropriate passive joints.

-----
)

Parallel Architecture Haptic Devices Design

References:

[1] High Definition Haptic Device by Quanser Inc; [5] 5-DOF Pantograph by Quanser Inc.;

[2] delta.3 by ForceDim ension; [6] 3-DOF Planar Pantograph by Quanser Inc;
[3] delta.6 by ForceDim ension; [7]1 VIRTUOSE 6D-Desktop by Haption;

[4] Novint Falcon by Novint; [8] Cubic by MPB Technologies;

Figure 5: Examples of commercial haptic devices design based on parallel architecture.

Recently, there has been considerable interesraating parallelarchitecture
haptic devices as Hparallel systems by a modular composition approasghgerein
multiple articulated seriathain arms cooperate to control a common-eiffiector. Such a
compositesystem can now potentially allow for increased redundancy, robustness, and

reliability and even active reconfigurability for different tasks. Further, in promoting



reuse of components,-bbacko aampmprdad ah iidual

engineering practice.

However such modularitycreates increased desigmoices in terns of methods
to realize given tasks, anequires a desigrselection proces$o determine the best
designs. However, the system performance in a modularly composed system depends
both the nature of the individual modules as well as their interactionsh wheates
challengesThe physicalayoutof the parallel haptic device, in terms of selection of the
type and number of the-parallel articulated chainand their attachment to the mobile
platform determines the topologyf the system The subsequenselection of type,
number, location and actuation of the individual articulatignsthin the chain
completes the determination the workspace, mobility, controllabilityand overall
performance of the system.

This is an aspect that we examine in tbhatext of the Quanser High Definition
Haptic Device (HDj i an inparallel haptic device formed by coupling twelirk
Phantom 1.5 type serial chain manipulators to a commose#actor handle. However,
the twothreelink manipulators cannot be arbitrgricoupled to the handle due to the
potential kinematic incompatibility (of the velocities at the end effector). Hence, further
passive articulations are necessary in order to accommodate the rigid body constraints. In
(HD)? system, this role is played biget passive revolute and universal joirtgence, a
systematic (and preferably computational) framework for evaluation of the design

choices on individual moduland systertevel characteristics is desirable.



Parallel Haptic Devices by Composite Method

Figure 6: In-parallel haptic devices by modularly combining two or more serial architecture haptic
devices.

Performance measures play a critical role in design, optimization and control of
robotic systemsSee[14-17] for surveys ofvarious local performance measures derived
from the generalized Jacobian matrix. The singular value decomposition of the
generalized kinematic Jacobian and the geometric relationship (volume, eccentricity, etc.)
of the manipulability ellipsoichasbeen inestigated. Other researchers have examined
the development of dynamics based measures by extending the notion of manipulability
and isotropy to the dynamics dom§l8-19]. Equivalent force performance measures for
the local velodly based measures may be computed by virtue of the principle of virtual
work and used for the synthesis and design of @tk mechanisms.

The resulting performance measures have been employed as a means to evaluate
the workspace qualitj20], measure of kinematic accuraf31], selection of operating
regions[22], design of modular kinematic structuf@g], and improvement of numerical

properties for resolved velocity and accelerataamtrol of manipulatorg24]. While
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many such measures have tended to be local, several authors have obtained global
measures by spatial integration of local measures over a rg&fdror by integration

over ime. However, as Pafli6] and van den Doel and Hdi7] note, the sheer diversity

of measures to quantify qualitative measures is partially due to the adoption of a local
coordinate representation and hence advocate the formulation of coordinate independent
measures using the unifying framework ofeliéntial geometry.

Extensions to manipulability analysis have been studied both in the context of
multiple cooperating robot arms as well as parallel manipuld8<28]. Park and
Bobrow[29] examine the optimal base positioning of two cooperatingtrofanipulators
in a geometric framework. Park and Kif30-31] present an elegant differential
geometrc framework for analysis of manipulability of both redundaiaityuated and
exactlyactuated parallel manipulator systems in a unified fashion, whicbhowgared

our results with

1.4 Contributions

To this end, we leverage the rich theoretical analysis bagkdrtor constrained
articulated mechanical systems. In particular, we exploit a-baiseéd analysis of in
parallel system$32] to create the underlying performandearacterization framework.
The novel contributions of thisvork come from: (i) algorithmic maaling of the
individual arms, especially exploiting symbolic computational tools; (ii) systematic
systemlevel motion analysis, by composing contributions from the individual modules;

and (iii) validation within a combined simulation and hardwiaréhe-loop environment.
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........

Desin Choices increases with Modular Composite Method

Figure 7. Modularity creates design choices. The performance of the overall system depends on
the nature of the individual module as well as their interactions.

1.5 Thesis Organization

The remainder of this thess organized as follows:

In Chapter 2, we discussed some of the design issues for parahékecture
haptic devices.In Chapter3, we outlined several existing methods to formulate the
Jacobian of both serial and parallel manipulator. Using an RRR &RIRR system as
example, we motivate the use of twitsed Jacobian formulation for serial and parallel
manipulators, which allows systematic Jacobian formulation that we use in this work.

In Chapter4, performance measures we use in this thesis wesepted and their
formulations were given. Several planaipiarallel manipulators were use as examples to
illustrate the presented ideas.

In Chapter5, we study the PHANToM 1.5 system, which is a serial type
manipulator but with a parallelogram ssjssten ( some aut hor s cal | e

manipulator). Specifically, we study the effect of the added parallelograsaystdm to
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the overall performance of the system. In Chagter we study the Quar

Definition Haptic Devicei HD? a 5DOF inparallel haptic device created from
modularlypiecing together two PHANTOM 1.5 haptic devices. We show the workspace,
manipulability and stiffness of this device. Similar to the PHANToMsy&iem we also
study the effect of the two added parallelogramsygiens to theoverall performance of
the device.

In Chapter7, we look at the design of haptic device from another perspective.
Since a haptic device is always coupled with a human user while in use, we proposed a
musculoskeletal analysis framework in whichstimulate of a human user with a device
is possible. Using this framework, we can parametrically study various design variables
and perform optimization to study design parameters that affect hdevigce
interactions. Chapte8 summarizes the contributisnin this work, and concludes the

work by providing directions for future research.
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2 Background

Parallel architecture haptic devices feature multiple cléseeimatic loops and
kinematic/ actuation redundancy which creatgpportunities for perfomance

enhancemerds well as challenges modeling and contrabf such systems

2.1 Parallel Architecture Manipulator

) [ In-Parallel Haptic Devices created by Modular Composite Approach l

References:
[1] PHAToM OMNI Haptic Device by Sensable;

[2] 2-DOF Pantograph Mk-II from McGill University Haptics Laboratory; [6] PATHOS-II from Pohang University of Science and Technology (POSTECH); H
[3] 6-DOF Haptic Device from Korea Atomic Energy Research Institute; 7] 6-DOF Haptic Device from Kwangju Ins Science and Technology (KJIST); !
[4] 5-DOF Haptic Wand by Quanser Inc.; 6-DOF Haptic Device from Harbin Institute of Technology, China;

Figure 8: Using a 2-DOF RR manipulator as building block, many interesting haptic devices can
be developed by modilarly piecing the individual small system in different ways to create multi

DOF haptic devices.
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Immense possiliies exist for realization thedesign of paralletarchitecture
manipulatorsbasel on number of supporting chains, the type and numberiofsjin
each chain and the location of their attachment to the fixed and moving platfeems
[33] and [34-35] for detailed listing of parallelarchitecture robotsand related
bibliography.

From a design perspective, three overlapping task decomposition stages will be
considered. First, the designer has to select between competing comporgg slesh
as selection of type, location and number of articulations within each parallel chain and
then number of chairisa pr ocess which we will | oosely
considerable freedom still exists from the viewpoint of selectiorhefdharacteristic
dimensions of the subhains, locations of attachment for the manipulatoes process
which we will term fidi mensional synthesiso
still assume several infinities of postures/configuratioesmitting the selection of an

Aopti mal 0 icaopro&EBguwat woh!|l teymtliiesinddgur at.i

/Useful workspace \

\ Cartesian workspace -
/ P —-—

Kinetostatic Design Optimization to improve both Workspace VYolume
and Quality (stiffness, accuracy, velocity and force performance)

Figure 9: Kinetostatic design optimization to improve both workspace volume and quality
(stiffness, accuracy, velocity ard force performance)
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Major design variant@re possible based on naturetbé intermediate cham
connectingthe fixed and moving platformPantograph legs, fivbar linkages, serial
chain linkages, spherical linkages, or even cable tendon transmesioall viable
candidatesand choice of leg design and its paramesgggificantly influence system
workspaceandperformancéSeeFigure8). For a parallel mechanisrie workspace of a
PKM has not a simple geometric shape, @adunctional volume is reduced, compared
to the space occupied by the mactB®@]. The velocity and force transmission ratarsd
endeffector stiffnesanay vary significantlyin the workspacdat various locations and
along different directionshecause the displacement of the tool is not linearly related to
the displacement of the actuatdfsirther, unlike serial chain manipulatorsygularities
appear insidéhe workspace due to individuahain or systentevel effects[37]. Hence,
we will pay special attention tonproving boththe size and quality of the workspamg
consideration of kinetostatic criteriaat every stage in the design proce3he
development and use guantitativekinetostaticmeasurs, basedon the conditioning of
the combinedsystemJacobian matrixallow a transformation of the design problero
a design optimization probleniThe overall optimal design can thus by realizedaby
combined desigisynthesis and simulatidpased desigrefinement approacf88-39]. It
is noteworthy thathe framework of Park and Kirf80-31] permits treatment of these
issues,including the effects of redundancy and indeterminaoya coordinatefree

differentiatgeometric setting

2.2 Parallel Architecture Manipulator C ontrol
The system must be subsequently designed and contaatefully due to the
presence of closed kinematic chaimigh configurations chosen in order to: (i) minimize
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singular configurations of the systdB¥]; (ii) enhance mutual cooperation (motions and
forces) to take advantage of redundancy during task performance; and (iii) improved
robustness to local controller lapses and environmental disturbances.

A major difficulty that prevents application of the tasontrol literature
developed for the serial counterparts to redundantly actuated parallel manipulators is the
lack of an efficient dynamical model for re@he control. Unlike unconstrained or ron
holonomically constrained mechanical systems, Yun amda®[40] survey several
methods for modeling systems with holonomic constraints, and present an elegant unified
statespace formulation for such systems we will adopt. The configuration kinematic
model will be determined and extended tee tconfiguration dynamic model by a
Lagrangian reduction onto the tangent velocity distribu{id®41] permitting us to
connect this parallel manipulator to the standard control literature.

Redundanactuation provides an effective means for eliminating singularities of a
parallel manipulator, thereby improving its performance such as Cartesian stiffness and
homogeneous output forces. The use of redundant actuation also gives rise to more
homogeneousutput forces and minimized internal loading torques of the actuators of the
manipulator{42-44]. There have been papers on dynanoitcparallel manipulators with
normal or norredundant actuatiof@5-47] but, research on redundantly actuated parallel
manipulators is scardd8].

The redundant actuation, in the articulatioven be used to actively control both
the relative configuration and the interaction forces between the modules simultaneously.
Most of the developed schemes (in other contexts), seek to achieve this by decoupling

position control from the force contraither in the task/operational space or joint space.
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While the decoupling of the motions and force control in operational §pateields
algorithms that lack coordinate and frame invarian¢®8] configuration space
decoupling approachd81-52] do not suffer from similar problems. We will develop a
hybrid velocity/force control method of Z. 48] in the configuration space. The
velocity controller will be designed in the constrained configuration motion space while
projected interaction forces, in the orthogonal joint force space, may be controlled by
controlling the integral of the force errby implicit, explicit force control or impedance

based approaches.

2.3 Virtual and Physical Prototyping Implementation

Time domain simulation of ordinarand partialdifferential equations will play a
major role both in the initial@sign, test and integran of haptic simulation systems and

subsequently in the scenabased training ofearmal and abnormal procedures.

HIL Simulation & Testing Framework

Integrated Software Framework
Distributed e fre fr e I g Remote
Virtual ) . Distributed
Prototyping Control
Ethemeﬂcv ; @wmeb‘TCPIP
Virtual Prototype Physical Prototype
Simulation-based refinement Hardware 1O interfaces

Kinematics, Dynamics, FEM

PO Design
= Refinement

Figure 10: Rapid virtual and p hysical prototyping application developed for 5-DOF parallel
haptic device.
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However, it is highly desirable to be able to completely simulate a wide variety of
scenarios digitally initially and to subsequently be able to validate models against actual
field results. Suchan approach is again both simulation intensive and incorporates
elements of HIL data acquisitio®ur approach emphasizes: (a) Development of the
models and algorithms in a graphical, kigkel block diagrammatic language, Simulink
[53] that preserves design intent but permits hierarchical abetraend encapsulation;

(b) Simulation, testing and refinement of the models and algorithmapy distributed
virtual prototyping; and (c) Rapid conversion of the refined algorithms intetineal
executable, usin@RT-LAB for operation on the distribudecomputing environment for
hardwarein-the-loop testing with the sensors and actuatdrss. anticipate that these will

play a significant role in speeding up the process of development and testing of our

systems of interest.
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3 Technical Background

Parallelarchite¢ure haptic devices offer significant advantages over serial
architecture counterparts in applications requiring high stiffness and high accuracy. To
this end, many haptic devices have been created and deployed by modularly piecing
together several serighain arms to form an diparallel system.The concept of
modularly piecing serial chains or simple parallel chain (i.e. thelbavieto form parallel
haptic systems with multiple degreéfreedom (DOF)such as the dietrahedral
mechanism, Hayward mecham, and Compass mechanigifigcussed by Hui, et §4]
as early as 1995he 6DOF Penrbased Force Displajp5] and 6DOF Haptic Master
[56] developed by Hiroo Iwataf University of Tsukuba in Japan were created by
modularly piecing together two and three PHANToM 1.5 like manipulator, are examples
of such systems.

However, the overall system performance depends both on the nature of the
individual arms as well as timeinteractions.In order to study the performance of the
haptic devices, we need to formulate the Jacobian of the syétenbuild on the rich
theoretical background of constrained articulated mechanical systems to provide a
systematic framework for forntation of systerevel kinematic performance from
individualarm characteristics. Specifically, we develop the sydeaml kinematic model

in a symbolic (yet algorithmic) fashion that facilitates: (i) computational development of
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pertinent symbolic equatns; (ii) generalization to arbitrary architectures; and (iii)
combined symbolic/numeric analys of performance (workspace, manipulahilagd
stiffness.

In this Chapter, we show varioesiting formulations for obtaining the Jacobian
of serial manipuleor, including Conventional method (by differentiating position vector),
the Spatial Vector Formulatioshown in[34], and finally the Twisbased Jacobian
Formulation (including Bodyrixed Twist and Spatial Twt). Followed by using a -3
RRR manipulator as an exate, we show the process of obtaining systewel Jacobian
for parallel manipulatorusing various methods and with Twisised Jacobian
Formulation methodIn particular, we show the process fofmulating systemlevel
Jacobian for irparallel systemfrom Jacobian of individual chain, which we use in our

work to study and analyze variousparallel haptic devices.

3.1 Serial Manipulator Jacobian Formulation

3.1.1 Conventional Method

The Jacobian of a serial maolatorshown for a three link RRR manipulatan
be obtained byfirst expressing e position ofa point onthe endeffector of the
manipulator with respectot the global frame of reference, andibsequently
differentiaing the equatiorto obtain the velcity-level relationship between emdfector

velocity and joint rat¢24].
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Figure 11: Reference frames assignment for &RRR manipulator.

The posdiion vector to the endffecta expressed in the fixed fran§@} can be

written as:
¢e 01 + 02 + 03
X, | =|L,cos@,)+L,cosf,+0,)+L  cosf,+ 6 ,+6, Q)
A L, sin(@) +L,sin(0, +0) +L sin(6,+60,+6)

The Jacobiancan beobtained bysimply differentiating the position vectoksith respect

to time
9, 1 1 1|4,
X |=|-L,sind -L,sind  -L sinf . Lk sind L _sind . L= _sinf 0 . (@
A L, cost +L,co¥ ,+L ,co8 . L 6 cas +L , cOds, L , oBs,0,

wheresind . = sin(f, +0,+6,), andcog) ., = cos¢,+0,+ 0 .
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3.1.2 Spatial Vector Formulation

While the above formulation works well for planar system, for spatial system, the
analytic Jacobian does not yield the systéacobian.Instead we adopt aystematic
approachwhich utilizes the DH frame assignmento determine variousolumrs of the
Jacobian matrix (the twist contribution from each joittging the origin of the end
effector reference frame as reference point to describe the velocity state of the end

effecor, the enekffector velocity can be expressed34):

v, => |0 3 xR +2d ®)

]

w = 0z (4)

n i
i=1

whered andd are the rate of rotation aboiit joint and rate of translation alorj

joint, z is a unit vector along™ joint axis, and‘p; is a vector defined from the
reference frame aof" link to the origin of the enéffector frame. Note that all vectors in
Eqgn. (3) and(4) are expressed in the fixed reference frame. Note that the expression of
subscripti in bothz and‘p; in Eqn.(3) and (4) is related to the DH convention used

(Here weshow a variant usinghe modified DH convention outlined if57], if the
conventional DH is used, refer [84], their resulting Jacobian matrix will be the same

Writing Eqn.(3) and(4) in matrix form, we obtain

=Jq ®)

where
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J=0,3,..3,)

zx'p o

J =" . " for revolute joint, (6)
Z . o

J = 6 for prismatic joint.

For spatial system, the ldftand side of Eqn(5) is a6x 1 (3x 1 for planar
system) vector with velocity and angulatw, component. The rigkttand side of Eqgn.
(5) is the product of the Jacobian matrix with the vector of all the actuated joint rates. The

joint rates are given ap = [q, (o VS g], and the™ column of the Jacobian matrix,

J., represent theontribution fromi™ joint rate to the velocity of the ereffector.

Equation(5) allows the systematic symbolic computation of the Jacobiam for
given system. To compute the Jacobian, E&h.shows that we need to compute the
location and direction of each joint axis, and this can be accomplished using the

following relations:

0

z =°R |0,

I [} 7
1 (7)

P =R+,

where
a
r.,=|-d sing ®)

di cosqy

Which is the position vector defined in the DH convention used to create the
homogeneous transformation matrix. Equatiénhand (8) shows that, once we assigned

coordinate frames according to DH convention to a robotic system, the homogeneous
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transformation matrices‘/&lﬂ) that generated from these frame assignment contain all

the necessary information we need to compute Ednand (8), thereby allow the

automatic generation of the Jacobian matrix symbolically, since

i i
RiJrl ri+1

o 1 (9)

1

We demonstrate this process with a planar 3 link manipul&atee. DH frame
assignment and the corresponding DH parameters are givelRigure 11. The

corresponding homogenous transformation matraze given as:

cosf, —sing, O cost, —sind, O L, cost, —sind, O L,
on _|SING, cosv, O Q@ |sinf, cosy, O O, |sinf, cosf, O Q
A=l g 0o 102 |o0 0 1 0 ® | O 0o 10
0 0 0 0 0 0 O 0 0 0 O
10 0L,
s 00100
“0 01 0
0 00 O
The direction of each joint axis (as expressed in the base frame) is given by
0 |0
0
z, = R10:0,22:°R20:0,23:°R30=0 (20
1 |1 1

The vector p; , is given by:
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0| |L,cos@, +0,+0)
°p, = R,°r, = R,| 0| =|L,sin@ +0+ 6),
L, 0
L,| |L,cos@,+0.+0) L gos(0,+0) +L gos(0 ,+ 6 ,+0)

?p, = "R,%r,+ %, ="R,|0|+|L,sin@+04 0), | =|Lsin( 6, +6,)+L,sin@0,+06,+6)|(11)
0 L, 0
L, L, cos@,)+L ,cosf, +0,)+L ,cosf,+0,+ 0,

'p, =R, +%P,="R,|0|+%,=|Lsin@)+L sin(® +6)+L sin(@ +6 +6),
0 0

Since all three joints are revolute joints, the columns of the Jacobian can then be

calculated from Eqn(6):

-L,sin(@)-L,sin(0,+6)-L sin(0, +0,+0)

z x'p,
3, = 1 ) 4| _ L,cos@,)+L,cosf,+ 6,)+L ,cos@,+ 6,46,
1 1
2 %25 -L,sin(0, +0,)-L sin(0,+0,+6)
2
3, = ) 4l _ L,cos@, +6,)+L ,cosf,+ 0,40, (12
2 1
2 %% -L,sin(0, +6,+6.)
J, = Sz “|=|L,cos@,+0,+0,)
3
1

Note that in Eqn(12), the resulting), are 6 x 1 vectors but reduced t8x 1 since it is a
planar system. Finally, the Jacobian is given as:

J=P,3,...3,]
-Llsinel -Lzsine12 -L 3sin&123 E 2sin0 Lt 3sin0 P E 3sin9 y
= L1 cos.«91+L2 co§12+L 5 coé123 L 5 cc$12+L 5 cﬁsmL
1 1 1

T

Which is identical to the one obtain in EqA), when we expres% = [wn v | instead

. T
of X = [v w
n n
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3.1.3 Twist based Jacobian Formulation

Screw theory was introduced by Sir Robert S. Ball in 1876 to generalize two
important theorems in the study of rigid body mechanics. Chasles Theorem states that a
rigid body moves from one posih to another by means of a rotation about an axis (line),
followed by translation that is parallel to that axis (line). Analogously, Poinsot Theorem
states that any rigid body acted under a force system can be replaced by a single force
along an axis (he) combined with a torque that is about that axis (line). Hence, a rigid
body motion can be described by the notion of screw motion, and the infinitesimal
version of such motion is calledtaist Due to the duality relationship, the force system
can be eferred as avrenchthat is dual to twistHence, the analysis of motion and force
system can be analyzed in a unified manner using screw tifeoiyterested reader may
refer to Hun{58] for the more traditional lindased screstheoretic modeling.

The adopted twisbasednodeling approach emphasizes the linkagmatrixLie
group based modeling and analysis of rgatly mechanid89]. Specifically, the 3step
process discussed below emphasizes: (i) systematically constructing theatvigtfor
each joint in the local proximal frame, from a homogeneous transfornratitnx
representation; (ii) transforming the joint twisttrices into a common reference frame,
using adjoint transformations; and (iii) extracting twist vectors and osmg@ into a

Twist-Assembled Jacobian Matrix (TAJM).
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Figure 122 Homogeneous Transformation between two frames.

The relative configuration of a moving franfjE} relative to a fixed framg§F}

is defined by the homogeneous transformation expressed indamatrix form as

F RE Fg
o 1

A = "A. €SE 3 (14)

where"R. € SO3) ={Re€ R**: RR' =|detR =+1} is a rotation matrix, and

Fd € R® is a displacement vector. A twist matiixcse(3) can be represented by a

4 x 4 matrix of the form

0 —w w
Qv z y

T = . o=@ 0 —w|eso3 (19
—w, W, 0

where(} is a skewsymmetric matrixw € R®, andv € R®. Thetwist vector then takes

T
T T

.
the form ofM =|lw V

€ R® wherew is the angular velocity and is a linear
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velocity vector. An unskew operation may also be defined on the set of twist matrices

thatallows the extraction of twist vectors as:

T

Unskew(T) =[t =o' V (16)

3.1.3.1Spatial Twist

In general, spatial twist matrixcorrespondingo the motion of the moving frame

{E} with respect to its immediately preceding frafit®@ (as expressed in the frame

{F} ) can be formed as

F .
| Te| =A™ an
Such a twist matrix can then be transformed to any arbitrary f{&heby a

similarity transformation as

el = [T

A *1] (19)

The forward kinematics of an articulated system wWithoints can be formulated
in terms of homogeneotkansforms as:
A, =DA,NA (19

The total twist can be considered as a linear combination of various twist

contributions oindividual articulated degrees of freedom expressed in a common frame:
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' Oy o a (20
A [ R
T_N
Using Eq. (18), this can be transformed to inertial frafve} as:
]
=[a A @

i f o RSN R

A
T, 4T+ 4T,

Finally, these twist matrices can be rewritten as linear combinations of twist

vectors parameterized by the corresponding manipulation variable
ratesn =[n, 10, - 7 I . A twistassembled Jacobian matrixd_() may now be
constructed in the form of

h
W[t]:lﬁ - t:N‘ 722 (22)

3 uN

Where'f :Unskew('zli') are the twist vears corresponding to the manipulation variable

rates ofr, , 7,, &,,, respectively. The Jacobian matrik () can be interpreted as the

linear operator thamaps the contribution of the manipulation variable rate at each

actuated joint in the system to the inertial twist at frfiivé .
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Again, using a RRR manipulator as our example, withDH frame assignment
shown in Figure 1, the oxal transformation matrix for this 3 link system can be written
as:

0 0
A, = AR A A, (23)
Taking the derivative of Eqf23), we obtain:

OA4 = OAlao‘zAsA 4_'_'& i&ﬁz 3A3 4

. . (24)
FARAAFARARRN,

Postmultiplying Eqn (24) by °A,*, we obtain:

0A4%‘;1: %‘.1A2A3’&4A};1+A0€‘l"%‘2%3ﬁo‘oll (25
+ OAleZ%\3A4A;1+ Ai&ﬁz és 4A074‘
Where’A,' = A AA A, TR LK UANS YA T recognizingAA Tt =1
we obtained the following expression:

AR= DA A RRA Y 26

A AR AR R RN
The Jacobian obtained by assemble the twists contributed from all joint screws

(the last term in EQi26) is zero sincegA4 = 0), expressed in fixed framd=} [60], is

given as:
o |1 1 1 0,
x.|=|0 L sin@) L,sin@)-+L,sin@,+0)|6, (27)
y,| |0 -L cosp,) L cosg )L,cos,+6,)0,
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On the other hand, the Jacobian obtained by assembles the twists vectors

contributed from all joint @ews, expressed in frarfe/} ({W} is located at the end

effector while having the same orientation as the fixed friif}e), is given as:

o, 1 1 1|6
X |=|-Lsind -L,sinf_-L _sing . L sind L+ _sind . L sid 9 (298)
A L,cosd +L,co® ,+L , co8 . L b cas +L , cés, L , obs,lo,

Comparing Eqn(2) with Eqgn (28), we see that the Jacobian matrix formulated
using the conventional method and the Jacobian matrix formulated using spatial twist

expressed in endffector frame{W} are identical.

3.1.3.2Body Fixed Twist
A body-fixed twist corresponding to the motion of the moving fraf&g , with

respect to its immediate preceding fraff® , expressed in the moving frarfE} is

given by:
E E
BRARENS CAE NI e @9
. 0 W o Ty E T
where [FQE}:—wX 0 w, | and [FVE}:[VX V, V| . Using the unskew
w —Ww 0

operation, the twist veat can be extracted as:

E[FEE}T _ T

T T
w Vv

(30
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where one can interpret a befiyed twist as follow: v = (v, v, v) and

w=(w, w,, w)) are instantaneous linear and angular velocities of fra@Eje with
respect to framé¢F} , as expressed in moving frarfig} .

The Jacobian of a serial RR&mulated using bodfixed twist Expressed in the
endeffector frame{E} ) can be obtained by praultiplying °A,* to the derivative of the
position transformation matrix (Eq24)):

OAZI%MZ %‘;1 AlAZA ﬁ 4 +A0:11A0'01‘1%2A53 T

. . 31
+ OAA:]- ()A1A2A3A4+A:11A061'2Az%34 ( )
where °A;' = A A A A 471 = R, KA YA, recognizing AA T =
and™A " ="A_, we obtained the following expression:
AN, =ACAR A R IAT AT AT 1
+ AT AAL AL+ AR,
(32

=“‘A A'A, A*1+A AN A“’l
+ ‘A, A, A;1+ A;%&A

TheresultingJacobian matrix, formulated using befilyed twist, is given as:

¢, 1 1 1/,
X,|=| L,sind,+L,sind, L ,sing, 0 QZ (33
y L,cosd,, +L,co9,+L, L, co8,+L ,L [0,

Summarizing theJacobian obtained usingl methods discussed above in the

following table:
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1 1 1
prferentiating POsIon | | sing, -L,sind,, L ,sinf,, £ ,sing b sind - sim)
L,cost, +L,cod ,+L co8 ,, L, cab +L , cbs, L , cBS,
. 1 1 1
gg?raillg{;cntor -L,sind -L,sind ,-L sind . L sind Lt .sind . L= sind
L,cosf +L,co¥ ,+L co8 L 6 cab +L , cbs, L ., oBs,
1 1 1
TAJM with Spatial Twist [0 L, sin(@,) L, sin(f) +L ,sin(6,+6)
0 -,cosp,) L cosg )L, cosf,+6,
1 1 1
I]A{\\]AI\//I} w[ltrr;:]zatial Tust -L,sinf -L,sind ,-L  sind . Lk ,sind t .sind . L sind |
L,cost +L,co¥ +L co8 . L, cas + , cés, L , obs,
1 1 1
TAJ with BodyFixed | sing,, +L,sing, L,sing, O
L,cost,, +L,co9,+L, L, co8,+ L

Table 1: Table summarizing the Jacobian matrix formulated using various methods.

The body and spatial lexities are physically interpreted as the instantaneous
translational and rotational velocity written relative to the body or spatial frame,
respectively.Body-fixed twist and Spatial twist of a manipulator can elated by
Adjoint Transformatior[61]. While the various twist formulations all represent the-end
effectortwist in terms of joint rates, care has to be taken when use the resulting Jacobian
matrix to compute performaacmeasures such as manipulability ellipsoid, stiffness
ellipsoid of a manipulatorThe linear velocity portion of the Jacobian formulated using
spatial twist represent the velocity of a point on the-&ffiector that is located at frame

{F} (imagine the eneffector as a rigid body such that parttok body include a point
that islocated on the origin of framf} ). The bodyfixed twist, on the other hand,

represent the linear and angular velocity of thd-effector but expressed in the end
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effector frame, let sayE} . It can be used to compute performance measures of the
system such as manipulability indices and stiffness indjed®re orientation is not
considered see Figure 13). However, to compute the manipulability ellipsoid and
stiffness ellipsoid, the ellipsoid needs to compensate foartigelardifference between
frame{F} and frame{E} to express tha properly(seeFigure14). This tends to be a
tedious process for spatial manipulatbr. particular, Jacobian matrix resultifgom
using spatial twisand expressenh {W} frameis the formulation we uskin this thesis

to obtain the Jacobian of-parallel manipulator as it represgtte velocity of the end

efffector expressed in a frame that is common to all chains

Analytical Jacobian Twist Asssembled Jacobian
{Rel. Coordinates) [Spatial Twist, { W } Frame)

Isotropy Index
[ N R "I =]
Isotropy Index
[= T RS- -

y-position ’ ®-position y-position ’ ®-position
Twist Asssembled Jacobian Twist-Assemhbled Jacobian

(Spatial Twist, { F } Frame) {Body-fixed Twist, { E} Frame)

Isotropy Index
Isotropy Index
L A R L= 2 = =]

y-position ) ¥-position y-position ) ¥-position
Figure 13 Surface plot of isotropy index over the entire workspace of a two link RR manipulator
computed using the Jacobian formulated using (top left) analytical method, (top right) spatial -
twist expressed in {W} frame, (bottow left) spatial twist expressed in {F} frame, and (bottom

right) body -fixed twist expressed in {E} frame.
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Figure 14: Manipulability ellipsoid computed from Jacobian formulated using (a) spatial twist,
{W} frame.

expressed in{F} frame; (b) body-fixed twist, express in {E} ; and (c) spatial twist, expressed in
3.1.4 Reciprocal Screws

The wrenches combine naturally with twist to define instantaneous work gone b

are vectors of angular

and
WT _[ T

=[r

the mechanical system. Given a twist=[w' V ] R®, wherew € R® andv ¢ R®
linear

velocities,

respectively and a wrench
f' 1€ R®, wheref € R® andm < R? are linear force and angular moment,
respectively. We can ten define the infinitesimal work as:

W =wWt=7-w+f v

(34)
A wrenchw is said to be reciprocal twistif the value of&W vanishes. This

means the action of wrenak on the twistt produces no workGiven a twist systenT
spanned the set of twis{g,t

-t} , we can form the Jacobian matdx. The

reciprocal wrench system df, can be dermine using linear algebra approach, where
Wr :{WrIWrZ '”’Wr 6ﬂ} ’W :[er’Wr

w . ], andW is the left nullspace of .
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As outlined in[61], the twists and the wrenches can be visualized using a RRR

manipulator as an example.this example Wwist are expressed ast. =[w, v vy]T :

wrenches are expressed d&. =[M_ F Fy]T . Thetwist vecbrs, expressed in frame

X

{W} , are:
1 1 1
", =| -L,sind,-L sind L sind | "t,=|-L. sind, -L sind | "t,=|L,sind,,
L,cosf ., +L,co¥ ,+L , cos L,cosb . +L,cod, L, cosb,,,

The wrenches are:

where:

One can verify the resulting wrenches by making sure

, etc.
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